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Preface

Sepsis is a quintessential medical problem for physicians, intensive care unit (ICU) special-
ist, as well as biomedical researchers including microbiologists, immunologists, and phar-
macologists involved in care and management of patients with sepsis and development of
techniques for its early diagnosis, pathogenesis, and potential therapeutic targets. Study of
sepsis in itself leads to the development of a different branch of medicine/medical sciences,
as it can be seen in a wide variety of hosts from neonates to old-age population. Also, it can
originate from different causes of the infection that is Gram-negative and Gram-positive
bacteria, viruses, fungi, and parasites. Additionally, like other branches of science, the field
of sepsis has also kept changing, for example, as per the Third International Consensus Defi-
nitions for Sepsis and Septic Shock (Sepsis-3) in 2016, the term systemic inflammatory re-
sponse syndrome (SIRS) has been omitted from sepsis, and the term sepsis is now defined as
life-threatening organ dysfunction caused by a dysregulated host response to infection sys-
temically. Additionally, for clinical operationalization, Sequential [sepsis-related] Organ
Failure Assessment (SOFA) score has now been introduced in 2016. Thus, this book is de-
signed to keep its readers up to date in the continuously developing field of sepsis. Each
section will prove helpful to students and researchers interested in the field of sepsis re-
search. I hope this first edition of the book entitled Sepsis will convey its dynamism to its
readers with chapters including metabolic interaction between pathogen and host during
sepsis pathogenesis, age dependency in sepsis in pathogenesis, acute kidney injury in sepsis,
and kallistatin-mediated immunoregulatory mechanism during sepsis along with develop-
ments in early diagnostic techniques for sepsis and sepsis-associated encephalitis. The field
of sepsis research is continuously developing and changing very fast with the scientific ad-
vancement. Each chapter is written by an expert in the field, but, in some areas, there may
be differences of opinion expressed by equally established authors. I will ask the readers to
take this in note and follow the development and advancement in the sepsis research on
both clinical and basic science levels.

Vijay Kumar, PhD

Research Fellow

Children’s Health Clinical Unit, Queensland
Faculty of Medicine

University of Queensland, Brisbane
Queensland, Australia
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Chapter 1

Interaction of Host-Microbial Metabolism in Sepsis

Beloborodova Natalia Vladimirovna

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/68046

Abstract

The majority of species of the human gut microbiota is not cultivated on artificial nutri-
ent media, but they are included in the functioning of microbial metabolic conveyor.
Between the numerous gut bacteria (transmitter) and billions of intracellular mitochon-
dria (receiver), the function of signaling molecules performs aromatic metabolites. Sepsis
destroys the coordinated work of the indigenous anaerobic microflora. This leads to the
imbalance of aromatic microbial metabolites (AMM). We hypothesized and proved diag-
nostic and pathogenic significance of this. First, deficiency of the end products of micro-
bial metabolism —lipophilic AMM (PhPA and derivatives-cinnamic and benzoic acids)
in sepsis, and second, excessive accumulation in blood of intermediate products named,
“sepsis-associated” AMM —both lead to the development of mitochondrial dysfunction.
Particularly, the total suppressed production of mROS can manifest by “hibernate-like
state” of cells and lead to MOF. The participation of aromatic metabolites in the devel-
opment of septic shock can be explained by the inhibition of tyrosine hydroxylase and
impaired synthesis of catecholamines. In clinical research, the high levels of “sepsis-asso-
ciated” AMM (p-HPhAA, p-HPhLA, and PhLA) correlate with the severity according to
APACHE I, Sepsis-related Organ Failure Assessments (SOFA) score and mortality. To
improve the survival of ICU patients, requires more attention to the role of imbalance of
microbial metabolites in sepsis.

Keywords: sepsis, microbiota, aromatic microbial metabolites, organ dysfunction,
mitochondrial dysfunction, tyrosine, septic shock

1. Introduction

Currently, improvement of diagnostic and medical technologies in surgery and intensive
care allows us to provide real treatment of patients, including previously considered incur-
able. However, the development of infectious complications, syndrome of multiple organ
failure (MOF), and septic shock significantly worsens the results. Every year the problem of

I m EC H © 2017 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons
Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
open science | open minds distribution, and reproduction in any medium, provided the original work is properly cited. [{(cc) ExgNN
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increasing sepsis-associated mortality becomes more acute in different categories of high-risk
patients (e.g., premature infants and elderly, patients with cancer, diabetes mellitus, states
after injuries, strokes, surgeries, transplants, etc.). Further progress in medicine is impossible
without a revision of basic ideas about the important role of metabolic disturbances of the
microbiota in the pathogenesis of sepsis. Nowadays, the question of the role of the microbiota
comes to the forefront. Numerous research teams conduct in-depth study using the most con-
temporary technologies, including metagenomics sequencing, etc. Identifying the microbial
DNA and RNA, scientists try to decipher hundreds of species of microorganisms living in the
human gut. It is important to note that the majority of species of the intestinal microbiota of
man is not cultivated on artificial nutrient media, but is included in the functioning of mul-
tistage microbial metabolic reactor [1]. More and more data appear on crosstalk between the
organism and host microbial ecology, including epigenomic and metagenomic programming
with the involvement of gut microbiota [2]. There are serious reasons to believe that in order
to decipher mechanisms of sepsis, it is essential to evaluate the functional component of the
microbial metabolism. Integration of the metabolism of the host and its normal microbiota
provides the human health sepsis means a profound failure in the general metabolic path-
ways of man and microbiota, often irreversible that leads to unfavorable outcome.

The absence of a unique approach to an objective assessment of vital threat of damage in
the main integration points of host-microbial metabolism makes difficult an early diagnosis,
prognosis, and targeted treatment of sepsis. In this chapter, we summarize knowledge avail-
able from the literature and the results of our own experience of research, the pathogenetic
significance of some microbial metabolites in sepsis—at the organismal, cellular, and subcel-
lular levels.

2. Microbial metabolism in healthy and in sepsis

The symbiosis of the host and its microbiota exists due to the large number and variety of
species of bacteria (aerobic, facultative anaerobic, and strict anaerobic bacteria). The micro-
ecological system is the boundary of the inner sterile environment from the external world
(all of the mucous membranes and skin), but most richly represented in the gut microbiota.

A large number of different types of microorganisms perform the biochemical functions as
a multilevel “conveyor”, which involved numerous members of the microbiota. The result
depends on many factors. The quality and quantity of substrate (food components), the func-
tion of the stomach, pancreas, liver, gallbladder, and bowel motility, etc. definitely influence
the metabolism of microbiota. At the same time, the diversity of species with different bio-
chemical activity provides coordinated work of the microbiota. Therefore, in normal biotrans-
formation of any of the substrates in the intestinal lumen takes place sequentially and ends
with the formation of the final metabolites.

Itis important to note that many microbial metabolites have biological activity and perform
important functions in the host organism. They are necessary for the normal functioning
of organs and systems. For example, fecal short-chain fatty acids (SCFAs) are important
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energy substrate for enterocytes. They provide functioning of the local immunological
barrier, preventing bacterial translocation. SCFAs are sent directly into the cells of the
intestinal epithelium and “delayed” at the level of the mucosa, therefore, normally they
are not detected in the blood of healthy people. Other products of microbial metabolism
permanently enter the internal environment of the organism (blood and lymph); therefore,
they are called extracellular microbial metabolites or exometabolites.

In the body of a healthy person have well-functioning mechanisms to maintain the homeosta-
sis of microbial metabolites at a constant level [3]. If microbial exometabolites enter the blood
in excess amounts, they are neutralized in the liver (for example, phenol is converted into cre-
sol), form sulfates and conjugates with amino acids (glycine and glutamine) and glucuronic
acid, etc., then in the form of water-soluble compounds excreted in the urine.

MS-based metabolomics studies (using LC- and GH-MS) on germ-free (gnotobiotic) mam-
mals showed that many classes of low molecular weight compounds (free or conjugate) in
blood are of microbial origin [4]. For example, many phenolic metabolites, such as phenyl sul-
fate, p-kresol sulfate, conjugate of phenyl propionic, and cinnamic acids (phenylpropionylg-
licine and cinnamoylglicine) observed only in normal (conventional) animals. Concentrations
of other phenolic compounds were many times higher in the blood of normal animals com-
pared to germ-free animals, p-value 10°® to 107, such as phenyl benzoic conjugate (hippuric)
and phenyl acetic conjugate (phenylacetylglycine).

The humans carry out their activities in close contact with the inhabiting microflora from
the first day after birth to the last, i.e., throughout life. In ontogenesis, there created a system
of human-microbiota, thanks to close and mutually beneficial metabolic integration [5]. The
presence of integration of host-microbial metabolism is confirmed by the fact that

* the number of microbial cells inhabiting the human community is huge, according to some
authors exceeds [6] or at least comparable [7] with the number of cells in the human body;

¢ high speed reproduction of microorganisms and cell renewal of the microbial community
indicates active metabolic process in bacteria;

* qualitative and quantitative composition of biological community indicates the existence
of mechanisms of regulation within the microbial community, the so-called “quorum
sensing;”

* number of mechanisms of immunoreactivity aimed at maintaining a symbiotic relation-
ship that indicates the existence of mutual regulation through a system of common me-
tabolites and/or signaling molecules.

The results of our research allow us to assert that the number of products of microbial metabo-
lism namely phenolic acids entering the bloodstream of critically ill patients in large amounts
can block the respiratory chain of mitochondria, disrupting the functions of organs and tis-
sues that are directly involved in the genesis of multiple organ failure (MOF).

These relationships change radically in patients with severe illnesses, reaching a maximum
deviation from the norm in critical conditions, until the development of irreversible disorders
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of homeostasis and death of the host organisms. Massive tissue damage of any origin is
accompanied by hypoxia, shortage of energetically plastic materials, which reflects violations
of the metabolic processes of microorganism and influences the metabolism of its microbiota.
When the host organism is under extreme conditions (massive hemorrhage, hypoxia, hypo-
or hyperthermia, starvation, hypovolemia, poisoning, irradiation, etc.), that means the rapid
changes in the environment of microorganisms inhabiting gut of host.

Sepsis is characterized by sudden depletion and simplification of the microbiota as follows:

e first of all, destroyed biofilms of microbial symbionts, namely indigenous anaerobes
(Bifidobacteria, Lactobacilli, etc.) [8];

* facultative anaerobes (enterobacteria, staphylococci, etc.) form biofilms in the upper diges-
tive tract (bacterial expansion in the small intestine) [9, 10];

* clinically it is manifested by the failure of intestinal barrier and bacterial translocation
(11, 12];

¢ the blood circulating bacteria from gut “in search of” more favorable conditions, which are
recorded as “bacteremia” [13];

* resistant to the ongoing antibiotic treatment, bacteria remains in the micro thrombus, exu-
date, and damaged epithelium/endothelium, forming local foci of infection [14].

3. Why aromatic microbial metabolites (AMM) are the most important
in sepsis?

To study the metabolomics profile of biological fluids different technologies including the most
gas chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrometry
(with two mass analyzers in one mass spec instrument) (LC-MS/MS), 1H (H)- (proton nuclear
magnetic resonance) spectroscopy (NMR), etc. are used. Global metabolic profiling —spanning
hundreds of small molecules—holds the potential to reveal not only host and microbial metab-
olites, novel biomarkers, but also provides insight into disease pathogenesis.

In our experiments, we used GC-MS analysis of blood serum, as in sepsis in the blood enters
the microbial exometabolites from the intestine and from foci of infection. Blood microbial
metabolites spread throughout the body to the cells of all organs (Figure 1). Comparing qual-
itative and quantitative composition of low molecular metabolites in the blood of different
groups of patients, we found that most of qualitative and quantitative significant differences
between the healthy and the sick are observed among aromatic metabolites. In the blood of
healthy and sick people, we have identified and measured tens of aromatic metabolites such as
phenol, benzole, and their derivatives (p-cresol, benzyl alcohol, benzoic acid, 2,4-dihydroxy-
benzoic acid, 3,4-dihydroxybenzoic acid, and p-hydroxybenzoic acid), carbolic acids (lactic,
malic, fumaric, succinic, 2-ketoglutaric, 2-hydroxyglutaric, 2-hydroxybutyric, etc.), phenyl
carboxylic acids (phenylacetic, p-hydroxyphenylacetic, 2-hydroxyphenylacetic, phenyl-
propionic, p-hydroxyphenyl propionic, cinnamic, p-hydroxyphenyl cinnamic, phenyllactic,
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mitochondria

Figure 1. Sources and targets of serum aromatic microbial metabolites (AMM) in sepsis.

p-hydroxyphenyllactic, phenylpyruvic, p-hydroxyphenylpyruvic, and o-hydroxyphenylace-
tic), indolic acids (1-indoleacetic acid and 3-indoleacetic acid), etc.

It proved the microbial origin of phenyl carboxylic acids in the human body [15]. The exami-
nation and comparison of different groups of people discovered that some aromatic metabo-
lites in the blood of patients with sepsis strongly differed from all other groups of patients. We
named these compounds as “sepsis-associated” aromatic microbial metabolites (AMM). On
chemical structure, they can be attributed to phenolic or phenyl carboxylic acids (Figure 2).

Jenner et al. [16] analyzed the profile of aromatic compounds (about 50) in the gut of healthy
people. The results showed that they are quantitatively dominated by such metabolites

PhAA > p-HPhAA >3, 4 di-HCinA > PhPA > BA (1)

Our research has shown that most of these AMMs are also present in the serum of healthy
people [17], but in a different ratio:

p-HPhLA >BA > p-HPhAA > PhAA > PhLA > PhPA 2

Differences in the proportion of AMM in the blood compared to the intestine can be explained
by the fact that most hydrophilic (p-HPhAA, p-HPhLA, and PhLA) metabolites are excreted
by the kidneys, while lipophilic metabolites (BA, PhAA, and PhPA) are absorbed by cells of
tissue barriers (intestinal wall, lymphoid tissue, liver, vascular endothelium, etc.).
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OH OH
COCH COOH COOH
OH
p-hydroxyphenyllactic phenyllactic phenylpropionic
acid (p-HPLA) acid (PLA) acid (PPA)
COOH COOH —
OH
p-hydroxyphenylacetic benzoic phenylacetic
acid (p-HPAA) acid (BA) acid (PAA)

Figure 2. “Sepsis-associated” aromatic microbial metabolites (AMM).

It is important to note that all patients with a diagnosis of sepsis discovered the highest levels
in the serum of PhLA, p-HPhLA, p-HPhAA, and always-no PhPA [18].

The comparisons of the levels of microbial aromatic metabolites (AMM) in the blood of septic
patients versus a normal level of metabolites in the blood and in bowel (fecal water) of healthy
are presented in Table 1.

Figure 3 presents visual comparison data on serum concentrations of six AMM (GC-MS,
ng/ml) in groups of healthy and patients with chronic heart failure, familial mediterranean
fever (FMF), pneumonia, and sepsis. It is important to note that the concentration of lipophilic
AMM is so small that the image is almost not visible. At the same time, the concentration of
the three “sepsis-associated acids” (PhLA, p-HPhLA, and p-HPhAA) in patients with sepsis
greatly exceeds the levels of AMM when comparing groups.

The studies had different questions as follows:

1. Does not such a high level of AMM in violation of their elimination from the body, for
example, in renal or hepatic failure (excluding sepsis)?

2. Increase of sepsis-associated AMM in patients with severe trauma without sepsis?

3. What about patients with phenylketonuria?

After the examination of six different groups of patients, such doubts were dispelled and

again shows that sepsis is characterized by increase of all three “sepsis-associated” AMM —
PhLA, p-HPhLA, and p-HPhAA (Figure 4).
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AMM AMM in the blood of septic AMM in the blood of AMM in the bowel (faecal
patients, uM, median healthy, pM, median water) of healthy, data from
(IR 25-75%) (IR 25-75%) [7], uM

Lipophilic AMM

PhPA nd’ 0,2 (0,1-0,4) 200-600

PhAA 0,4 (0,1-0,7) 0,4 (0,3-0,6) 400-1100

BA 0,9 (0,8-2,0) 0,7 (0,6-0,8) 23-25

Hydrophilic AMM

di-HCinA nd nd 50-200

PhLA 2,7 (1,4-5,1) 0,3 (0,2-0,4) nd

p-HPhLA 7,6 (2,9-15,5) 1,1 (0,9-2,0) nd

p-HPhAA 14,1 (7,8-35,9) 0,5 (0,4-0,6) 60-400

" nd, not detected.

Table 1. The levels of microbial aromatic metabolites (AMM) in the blood of septic patients versus a normal level of
metabolites in the blood and in bowel (faecal water) of healthy.

=
&
=
< I p-HPLA
£ . PLA
= p-HPAA
o FP&
I Pas
I BA
heaithy chronic FMF pneumonia SEPSIS
heart
failure

Figure 3. High serum concentrations of p-HPhAA, p-HPhLA, and PhLA (GC/MS, ng/ml) in septic patients versus
healthy and chronic heart failure, familial mediterranean fever (FMF), and pneumonia.

The first report on the potential diagnostic value of the level of AMM in sepsis has been
reported to us on the International Sepsis Forum (ISF-2007, Paris) and then was published
[19]. There was a presentation on the results of GC-MS analysis, which revealed the highest
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level PhCAs, mcmolll
b

40
m ¥
severe sepsi
i ehioic reial failure
10 severe frauma
henylketonuria
g k

/ chronic liver failure
local infection (abscess)

healthy person

Figure 4. The levels of six phenyl carboxylic acids in blood of six groups of patients (GC-MS, uM).

levels of p-HPhAA, p-HPhLA, and PhLA in 44 septic patients. Then, the levels of AMM in
patients were examined in the dynamics. It is shown that aromatic metabolites accurately
reflect the efficiency of ICU treatment and the prognostic significance of the some aromatic
metabolites is higher than that of lactate [20].

The highest levels of “sepsis-associated” AMM discovered in patients with a fatal outcome
in end-stage sepsis, on the last day of life (<24 h before death). Table 2 shows a significant

Parameter Time to death (retrospective analysis) The multiplicity of p=
4825 h 28-0h changes, Me

MODS_2 5(3-7) 9 (6—10) 1,8 <0.001

Lactate, uM 3,6 (24—5,1) 4,2 (3,0—10,6) 12 0.030

PhLA, uM, median 4,27 (2,14—9,33) 7,97 (5,07—17,90) 1,9 <0.001

(IR 25-75%)

p-HPhAA, uM, median 10,45 (1,99—25,81) 20,14 (7,27—65,49) 19 <0.001
(IR 25-75%)

p-HPhLA, uM, median 9,14 (5,73—25,51) 22,06 (13,64—67,04) 2,4 <0.001
(IR 25-75%)

Y3 AMM, uM, median 33,47 (12,40—63,98) 78,02 (38,92 —156,26) 2,3 <0.001
(IR 25-75%)

Table 2. Some clinical and laboratory data of the monitoring terminal ICU patients in the last 2 days of life (n = 34).
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increase in the level of AMM (p-HPhAA, p-HPhLA, and PhLA) in the last 2 days of life in ter-
minal ICU patients (n-34) and significantly the highest concentration for the moment of death.

Later, the relationship was also found between p-HPhLA and 28-day mortality in a large
study from Roger et al., after analysis of metabolic profiling of plasma samples from 90 ICU
subjects [21].

These facts point to the possible own biological activity of AMM and their direct participation
in the mechanisms of pathogenesis and thanatogenesis of sepsis.

4. The role of microbial metabolites in the pathogenesis of sepsis

4.1. Bacterial load and neutrophils

Studies have confirmed that increased bacterial load is accompanied by an increase in the
total blood concentration of AMM [22] that contributes to the transition from local infection
to sepsis. This can be observed with late diagnosis, inadequate antibiotic therapy, or delayed
surgical rehabilitation of the infection focus. So, when comparing patients with different
severity of bacterial infection, it is shown that in the group of patients with sepsis, serum con-
centrations of hydrophilic AMM were significantly higher versus the group of local infections
of skin and soft tissues [23].

It is shown that the AMM level reflects the severity of the infectious process and is directly
correlated with the number of clinical signs of inflammation, indicators of severity APACHEII
and SOFA scores [24].

Neutrophils are the first line of defense against bacteria. They quickly migrate to the site
of infection or inflammation, neutralize foreign particles, phagocytose, and destroy bacteria.
Polymorphonuclear leukocytes also transmit signals to other cells of the nonspecific immune
system about the threat of invasion of foreign agents. Neutrophil dysfunction is one of the key
mechanisms of severe infection and sepsis development.

Thus, the microbial load in sepsis associated with microbial metabolites. To test the hypoth-
esis about the influence of AMM on the phagocytic activity of neutrophils, experiments were
conducted in vitro. It was shown that in vitro some sepsis-associated AMM in clinically rele-
vant concentrations are able to inhibit phagocytic activity of neutrophils. In experiments with
neutrophils observed the disruption caused by the influence of AMM in vitro. They were asso-
ciated with suppressed production of ROS and similar to those found in patients with sepsis;
therefore, among the reasons for mitochondrial dysfunction in sepsis can play an important
role in the imbalance of microbial metabolites [25].

4.2. Organ dysfunction

Retrospective analysis of the causes of deaths by group of authors (Vincent, Nelson, and
Williams), using a database of 28 countries, which contains all information about 4459 patients
with severe sepsis [26]. It has been shown that for the period, by the 28th day from the time

11
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of diagnosis of sepsis died 1201 patients and mortality was 27%. The analysis showed that all
the deceased patients showed an increase in the dynamics of the severity of organ disorders,
which were objectively evaluated by the growing points on the SOFA scale. The main causes
of death were multiple organ failure (MOF) associated with sepsis (43%) and refractory septic
shock (22.6%). At the same time, the results of histological findings in postmortem studies of
organs and tissues from patients, who died from sepsis, are not consistent with the degree
of the organ dysfunction. Cells of heart, kidney, liver, and lungs in the death of sepsis were
subjected to minimal changes. In patients with clinical signs of myocardial depression had no
data on the damage of cardiomyocytes. Kidney (nephrons and tubules) were intact. That is,
the organs looked normal while they are clinically noted MOF with fatal outcome [27]. Thus,
it is quite reasonable today in the center of attention —the causes and mechanisms of MOF in
patients with sepsis [28].

Fortunately, more than half of patients with sepsis survive. Organ dysfunction in sepsis is
sometimes called “hibernation-like state” from the point of view of its reversibility [29]. In
other words, MOF means something disrupts normal functioning of the cells, in sepsis it is
not so much hypoxia, but how much a reduction in energy availability. Unique to sepsis are
the coexisting findings: metabolic acidosis means increased oxygen demand, at the same time
recorded a decrease of oxygen consumption. The greatest attention is paid to study mitochon-
drial mechanisms of sepsis-induced organ failure.

It is known that the mitochondria in human cells are similar to bacteria not only in size.
Mitochondria have their own DNA, which is similar to bacterial DNA and very different
from the DNA of human cells. Mitochondria and bacteria have also some similar pathways
for energy production. A number of other biological characteristics also point to a prokaryotic
origin of mitochondria in ontogenesis [30].

4.3. Mitochondrial dysfunction

According to the authors, mitochondria reduce the supply of energy to the cell to cause meta-
bolic shutdown. This adaptive mechanism is similar to hibernation, it prevents massive cell
death and thereby, gives a chance of complete recovery of organ function after recovery in
survivors [31].

The concept of mitochondrial dysfunction and bioenergetics failure during sepsis is not new
[32], but it remains unclear why in sepsis does this unique mechanism and what role bacteria
play. Our experimental approaches have revealed the influence of AMM on mitochondrial
function that have novel and interesting findings [33]. It turned out that some aromatic micro-
bial metabolites are able to inhibit the NAD-dependent mitochondrial respiration. It is shown
that the degree of inhibition depends on the chemical structure of metabolites [34]. In the
experiment, in vitro the degree of inhibition of respiration of mitochondria by cinnamic acid
was taken as 100% (Figure 5). We can conclude that inhibition of mitochondrial respiration
can only occupy lipophilic AMM and its derivates (benzoic and cinnamic acids are metabo-
lites of PhPA).
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The inhibition of NAD-dependent respiration of mitochondria by cinnamic acid was taken
to be 100%. The concentration of phenolic acids was 100 pM. Data are expressed as the
means = SEM of five independent determinations

Figure 5. Effect of phenolic acids of microbial origin on NAD-dependent respiration of mitochondria.

ROS production (%)

CA BA PPA PAA  PLA p-HPLA p-HPAA
* cinnamic (CA), benzoic (BA), phenylpropionic (PPA), phenylacetic (PAA),
p-hydroxyphenylpropionic (p-HPPA), phenyllactic (PLA), p-hydroxyphenyllactic (p-HPLA
Data are expressed as means = SEM of five independent determinations
at a concentration of 100 pM

Figure 6. Comparison of the effect of phenolic acids* on menadione-activated ROS production by mitochondria.
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When studying the effect of AMM on the production of ROS by mitochondria, activated by
menadione, the differences were in the opposite direction: lipophilic AMM (cinnamic CA,
benzoic BA, phenylpropionic PPA, and phenylacetic PAA) activated, and hydrophilic AMM
(p-hydroxyphenyl propionic p-HPPA), phenyllactic PLA, and p-hydroxyphenyllactic p-HPLA
opposite suppressed (Figure 6). It is known that a very large number of mitochondrial reac-
tive oxygen species (mROS) directly damage proteins, lipids, and nucleic acids. At the same
time, a complete lack of ROS production is also very harmful, so the lower levels of mROS
are necessary for normal cell homeostasis. Low levels mROS perform the functions signaling
molecules and need to adapt to the stress [35].

It is also shown the in vitro ability of microbial metabolites to influence the amount of metabo-
lites of the tricarboxylic acid cycle in the blood of septic patients affects the activity of mito-
chondrial enzymes [36]. The clinical confirmation and significance of these facts to be assessed
in the near future.

4.4. Hemodynamic instability and shock

Some authors view excessive bacterial load as the main cause of uncontrollable progression
of hypotension in critically ill patients [37]. It has been shown that the earlier the onset of
antimicrobial therapy (immediately on admission of a critical patient with signs of arterial
hypotension) may have a significant impact on survival. So, hemodynamic instability and
septic shock are undoubtedly connected with bacteria, but how? Attempts to explain the
leading effect only of LPS (structural component of cell walls of gram-negative rods or endo-
toxin) is not satisfied, because they do not allow you to monitor and manage this process.

Our clinical monitoring of patients with high risk of septic shock indicates the potential
involvement of AMM in the development of this life-threatening condition, accompanied by
high mortality [38, 39]. In our view, an important role is played by disruption of the normal
participation of microflora in the metabolism of aromatic amino acids, especially tyrosine
and products of its metabolism. First, it is shown that an excess of toxic endogenous and
microbial metabolic products of tyrosine and dopamine cannot be fully disposed of anaerobic
microbiota [40]. However, these aromatic metabolites on the principle of feedback can inhibit
the normal metabolic pathway of synthesis of hormones. Recently, we have obtained indirect
evidence of “microbial” mechanism in the development of septic shock through the inhibition
of tyrosine hydroxylase. In this way, the products of microbial metabolism may interfere with
the normal synthesis of catecholamines from dopamine and to result in arterial hypotension.
Search connection between endogenous hormones and bacterial exometabolites potentially
related to hypotension in patients with infection will continue [41].

5. Conclusion

Sepsis integration of metabolism of humans and microbiota is disturbed and takes patho-
logical character directed against the owner. Previously, it has been shown that phenyl car-
boxylic acids could have microbial origin in human blood of healthy people. Microbiota
has to survive under adverse conditions, the indigenous anaerobic microflora are not able
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to fulfill its “helpful” metabolic functions [14]. Studies have shown that in septic patients,
most violations occur in the metabolism of aromatic compounds. We documented imbal-
ance of aromatic acids metabolites in septic patients: absence of serum PPA and high level
of PLA, p-HPLA, and p-HPAA are associated with severity and mortality. Experimentally
demonstrated the influence of some aromatic microbial metabolites (AMMSs) on mitochon-
drial function, participate in the development of organ dysfunctions in sepsis. In-vitro some
AMMs in clinically significant concentrations are able to inhibit phagocytic activity of neu-
trophils. Metabolism of tyrosine is severely disrupted in sepsis. Some microbial exometabo-
lites may suppress the activity of enzymes such as tyrosine-hydroxylase. There is an excess
of products of microbial biodegradation of endogenous metabolites of aromatic amino acids
in the blood, including the reason of failure function of indigenous anaerobes. The obtained
results indicate new promising target in the diagnosis, prevention, and treatment of sepsis.

We believe that the development of laboratory technologies, the use of other more sophisti-
cated methods aimed at detection and measurement of metabolites of microbial origin in the
human body, is the real path to success in solving the problem of sepsis in the near future.

6. Methods

We used gas chromatography-mass spectrometry (GC-MS) method to quantify metabolites
in human serum from patients with pneumonia or abdomen sepsis, patients with local infec-
tion of the skin and soft tissues, healthy (as control). In the process, we adapted the sample
preparation and measurement method for working in clinical laboratory conditions on GC-
FID [42]. Clinical and laboratory data, APACHE II and SOFA scores in patients were matched.
Methods for in vitro studies of the biological activity of microbial metabolites on the neutro-
phils and mitochondria are described in detail in articles listed in references. In microbio-
logical experiments, we measured also the concentration of the metabolites by GH-MS in the
nutrient medium after the cultivation of various species of aerobic or anaerobic bacteria. Data
were compared by Mann-Whitney U-test; p-values less than 0.05 were considered significant.
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Abstract

Sepsis is a complex condition that is initiated by infection. The incidence of sepsis and
its severity are higher at an older age (mean age of approximately 65 years). Clinical
manifestations of sepsis are derived from systemic inflammatory response syndrome.
Age-related defects in immunity are shown by changes in cellular and humoral immu-
nity. Recent studies have shown significant changes in the innate response (e.g., changes
in toll-like receptor expression, abnormal activation of mitogen-activated protein kinases,
and production of reactive oxygen species) in older people. Transcriptomic analysis on a
large scale has provided interesting information showing that specific groups of patients
actually have singular profiles for inflammatory responses. Findings from our research
group have identified major molecular pathways that are particularly affected in older
people during sepsis. Oxidative phosphorylation pathways and mitochondrial dysfunc-
tion are altered the most in older people with sepsis compared with younger patients
with sepsis. These pathways might have a pivotal role in worsening clinical outcomes
compared with younger people with sepsis. The mechanisms leading to specific dysfunc-
tion of several signaling pathways in the immune response of older people are complex
and appear to involve multiple factors, including environmental factors, microRNAs,
and epigenetic changes.

Keywords: sepsis, aging, inflammation, transcriptomics

1. Introduction

Sepsis is a complex disease that is triggered by infection and characterized by massive deregula-
tion of the immune system [1]. Clinical manifestations of sepsis, such as fever, a hypercoagulable
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state, and peripheral hypotension, are derived from systemic inflammatory response syndrome
(SIRS). Clinically, SIRS can be classified according to the nature of the symptoms manifested by
the individual, such as (1) hypothermia or fever, (2) tachycardia, (3) tachypnea, and (4) leuko-
cytosis or leucopenia [2]. Infection is probably the most common cause of SIRS, associated with
the action of cytokines that are derived from cells of the immune system acting in organs and
systems with specific receptors [3]. Figure 1 illustrates the stages of evolution of sepsis using
SIRS as the standard diagnosis.

Recently, the Journal of the American Medical Association (JAMA) published the “Third
International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3).” This is the
most recent international consensus on diagnostic criteria for sepsis and septic shock.
According to the new criteria for the diagnosis of sepsis, organ dysfunction promoted by
the disease must be considered [4]. In this regard, SIRS is no longer used as a diagnostic cri-
terion for sepsis, and organ dysfunction is represented by an increase of two or more points
in the Sequential Organ Failure Assessment (SOFA) score. The SOFA score is obtained by
using a scoring scheme that assigns one to four points. The SOFA score uses variables,
such as the platelet count, bilirubin, and oxygenation index, using variables as scoring of
platelet, bilirubin, oxygenation index, use of vasoactive drugs, the Glasgow Coma Scale,
and creatinine.

Septic patients have an average age of approximately 65 years [5], and the incidence of
sepsis and its severity are significantly increased at an older age [6, 7]. Factors that con-
tribute to this increase include defects in the integrity of epithelial barriers, dysfunction in
the cough reflex, changes in level of consciousness, immobility, comorbidities, presence of
invasive medical devices, a decrease in physiological reserves, endocrine disorders, and
malnutrition [8, 9].

Immune defects associated with age are shown by changes in cellular and humoral immunity
[10]. Aging is associated with an increase in memory T-cell [9] repertoire and in the responses
of types 1 and 2 [11, 12]. B cells gradually decrease with age, while the production of immu-
noglobulin increases [13].

Initial reports described preservation of the innate immune response in older people [14],
but recent studies have shown significant changes in these components [9]. Studies have

Evolution of the disease

SIRS Sepsis Severe sepsis Septic shock

SIRS + Infection Sepsis + hypoperfusion Sepsis + hypotension
or dysfunction of at least  unresponsive to volume
1 organ replacement

Figure 1. Evolution of sepsis.



Septic Shock in Older People
http://dx.doi.org/10.5772/68080

suggested changes in expression and toll-like receptor (TLR) function as age advances
and that this affects the response to pathogens [15]. An increase in the basal levels of
inflammatory mediators [16, 17], aberrant activation of mitogen-activated protein kinases
[18], an increased number of apoptotic cells [19], defects in the process of phagocytosis,
production of reactive oxygen species (ROS), and deregulation in expression of accessory
molecules have been reported [20]. Indeed, evidence indicates that older people produce
higher levels of pro-inflammatory cytokines, coagulation factors, and acute phase proteins
in the absence of infection [21-23].

However, the inflammatory response of older people in the presence of a serious infectious
process remains controversial. Because of the increasing aging population, this issue has
received great attention from the scientific community (Figure 2). Studies have identified a
higher mortality, inflammatory response, hypothermia, disseminated intravascular coagula-
tion, and apoptosis in aged animals undergoing experimental models of sepsis [24]. Aspects

Proportion of population sged 60 years or obder, by country, 2015

Figure 2. Population aging around the world. Source: World Health Organization—World report on Ageing and Health
—2015.
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of immunosenescence and a more intense inflammatory response in aged rodents with sepsis
have been well characterized [25, 26]. However, intriguingly, clinical studies (including our
own research group) have detected a similar immune response profile when comparing older
patients with sepsis with younger patients [27-30].

2. Transcriptomics in sepsis

Transcriptomics is a powerful technique, which can be used for detecting new therapeutic
biomarkers and targets in the field of infectious diseases [31, 32]. Several studies of gene
expression in sepsis on a large scale have been performed. These studies have shown persis-
tent repression of genes of adaptive immunity and massive activation of pathways of innate
immunity in septic shock [33]. Using RNA obtained from total blood, Wong and colleagues
[34] identified activation of oxidative phosphorylation, signaling by interleukin (IL)-10, TLRs,
TREM, NF-xB, the protein ubiquitination pathway, and IL-6 in macrophages. These authors
also described suppression of specific pathways of T lymphocytes and signaling by chemo-
kines (CCR5). Similarly, Cvijanovich and colleagues [35] detected activation of TLRs, IL-10,
IL-6, and NF-«B with concomitant suppression of T lymphocytes. Additionally, they detected
activation of protein in the acute phase, p38, the complement system, and some nuclear recep-
tors (LXR and PPAR) in association with repression of antigenic presentation pathways.

Shanley et al. [36] used total blood RNA from septic patients and performed global gene
expression experiments. Their results agree with those studies described above in many
aspects, except that they also identified integrin activation, IGF-1, GM-CSF, and insulin
receiver. Tang et al. [37] described activation of apoptosis genes, including CARD12, APAF1,
and ELMOD?2, in mononuclear cells of septic patients. Moreover, a recent study in patients
with severe blunt trauma described surprisingly similar results with activation of a large
number of genes involved in inflammation, pattern recognition, and antimicrobial function
[38]. This study also showed simultaneous repression of genes involved in antigenic presenta-
tion and proliferation of T cells, suggesting that severe physiological stress, regardless of the
cause, has similar genetic signatures.

3. Sepsis: a heterogeneous disease

Sepsis affects different groups of patients (e.g., those with an older age, diabetes, nephropathy,
multiple trauma, surgery, and obesity). Historically, each specific group of patients is thought
to be present with a characteristic inflammatory response. In the course of sepsis, transition
of the inflammatory response to standard immunosuppression has been suggested to explain
the disappointing results obtained by clinical studies that investigated the use of anti-inflam-
matory drugs in this population of patients [39—41]. Transcriptomic analysis on a large scale
has provided interesting information in this regard, showing that specific groups of patients
actually have singular profiles [42-44]. However, a recently published systematic review was
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unable to detect distinct pro-inflammatory and anti-inflammatory phases in sepsis or differ-
ences in gene expression when analyzing different sub-populations [45]. Therefore, this issue
remains extremely controversial.

To the best of our knowledge, our research group was the first to study characteristics of
sepsis in older people through transcriptomics analysis on a large scale [46]. We detected 388
genes that were differentially expressed between older and younger people with sepsis and
442 genes among older and healthy younger subjects.

Interestingly, oxidative phosphorylation pathways and mitochondrial dysfunction were the
most altered in older people with sepsis compared with younger patients with sepsis. Other
relevant pathways were signaling by TGF-3, Wnt/p3-catenin, and calcium, as well as pathways
that have been less studied in this disease, such as those involved in nerve growth factor and
bone morphogenic protein.

Initially, our results confirmed that, regarding the production of TNF-a, IL-6, IL-1f3, TLRs,
and other classical markers of cell activation, younger and older people respond similarly
to a severe infectious insult. Some other pathways, as described above, appear to be more
affected in older patients in a critical condition than in younger patients. We consider that
defects of mitochondrial function and oxidative phosphorylation, and signaling by TGF-{,
Wnt/(-catenin, bone morphogenic protein, nerve growth factor, and calcium are different in
older patients with sepsis than in younger patients with sepsis.

Confirming our hypothesis, we observed a notable decrease in gene expression of the
mitochondprial respiratory chain in older patients with sepsis [46]. Mitochondrial dysfunc-
tion is known for contributing to multiple organ failure in sepsis. Physiologically, small
amounts of reactive species of oxygen are produced by complex I and III of the respiratory
chain. Sepsis is characterized by an increase in oxidative stress due to increased production
of neutrophils, an increase in xanthine oxidase activity, increased plasma levels of nitric
oxide, and decreased antioxidant capacity of plasma [47]. Pro-inflammatory mediators and
oxidative stress deregulate the function of respiratory chain enzymes and lead to structural
damage of lipids, proteins, and mitochondrial DNA [48, 49], promoting failure of multiple
organs [50]. Mitochondrial damage and secondary dysfunction to oxidative stress are also
characteristic of the aging process [6, 51, 52]. Mice that have defective function of mito-
chondrial DNA polymerase enzyme have a shorter life and show many signs of premature
aging, such as alopecia, decreased physical activity, and early loss of reproductive function
[53].

The mechanisms that lead to specific dysfunction of several signaling pathways in the
immune response of older people are complex and involve multiple factors. We propose
that environmental factors [54, 55], microRNAs [56], and epigenetic changes [57] play a
major role in modulating the immune response cascades that are particularly affected in
older patients.

Our data confirm previous reports that aging is accompanied by changes in gene expres-
sion of immune system pathways [58]. Another important result of our research group shows
that noncoding long RNA subgroups are deregulated in sepsis and during the aging process.
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Therefore, extensive studies are required to investigate the biological role played by this class
of transcripts in septic shock in older individuals.

4. Conclusion

There is great expectation that studying biological systems can provide a better understand-
ing of several complex diseases. Further information could be used to identify new therapeu-
tic targets and groups of patients who should benefit from such interventions.

Using this strategy, we have identified the main pathways that are altered in older people
with sepsis. Our findings highlight that the systemic inflammatory response differs depend-
ing on the population that is studied. Oxidative stress appears to play a central role, induc-
ing various types of dysfunction, in older patients with sepsis. Moreover, we have identified
several other genes and signaling pathways that are altered in these patients. This information
will facilitate understanding of the nature of the immune response in this situation.
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Abstract

Sepsis is a systemic inflammatory response to infection, leading to multiorgan injury and
mortality. Kallistatin is an endogenous protein expressed in the liver and tissues relevant
to cardiovascular function. Kallistatin levels are markedly reduced in patients with sepsis
and liver disease and in lipopolysaccharide (LPS)-induced septic mice. Kallistatin admin-
istration attenuates inflammation, multiorgan damage, and lethality in septic mice with
LPS treatment, group A streptococcal, or polymicrobial infection. Importantly, kallistatin
treatment not only prevents but also reverses organ injury and lethality in septic mice.
Kallistatin decreases sepsis-induced inflammatory responses and tissue damage by modu-
lating differential signaling pathways, including: (1) stimulating endothelial nitric oxide
(eNOS) and sirtuin 1 (SIRT) synthesis, and NO formation; (2) increasing suppressor of cyto-
kine signaling-3 (SOCS3) expression; (3) antagonizing tumor necrosis factor-a (TNF-a) and
high mobility group box 1 (HMGB1)-mediated oxidative stress and inflammatory gene
expression; and (4) displaying bactericidal effects by stimulating superoxide formation.
Therefore, kallistatin's multifactorial activities provide effective protection during septic
shock in animal models. As kallistatin displays no apparent cytotoxicity, kallistatin therapy
may provide a promising approach for the treatment of sepsis in humans.

Keywords: kallistatin, sepsis, oxidative stress, inflammation, organ injury

1. Introduction

Sepsis is a major contributor to the morbidity and mortality of intensive care patients and a
leading cause of death worldwide [1, 2]. Sepsis is a systemic inflammatory response to infec-
tion that can lead to multiorgan dysfunction and is mediated by both early (tumor necrosis
factor-a, TNF-a) and late (high mobility group box 1, HMGB1) inflammatory cytokines [2,
3]. Although the underlying pathophysiology of sepsis has not been completely elucidated,
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TNF-a and HMGB1 upregulation is known to play a critical role in the inflammatory
response [4-6]. Moreover, suppressor of cytokine signaling-3 (SOCS3), a feedback inhibitor of
lipopolysaccharide (LPS)-induced inflammation, has been shown to be a key player in inhib-
iting nuclear factor (NF)-kB-mediated pro-inflammatory cytokine production [7-9]. Anti-
inflammatory strategies have been investigated with favorable effects in animal models of
sepsis but with marginal results in humans [10]. Consequently, clinical trials for sepsis have
been referred to as the “graveyard for pharmaceutical companies” [10]. Because numerous
signaling cascades are triggered during septic shock, selective blocking of inflammatory
mediators is not sufficient to arrest this process. Therefore, the development of novel strate-
gies is vital to the effective treatment of sepsis patients.

Kallistatin was first identified in human plasma as a tissue kallikrein-binding protein (KBP)
and a new serine proteinase inhibitor (serpin) [11-13]. Kallistatin modulates a wide spectrum
of biological activities independent of tissue kallikrein [14-20]. Kallistatin is mainly expressed
in the liver but is also present in the heart, kidney, and blood vessel [21-23]. Kallistatin pro-
tein contains two structural elements: an active site and a heparin-binding domain [24-26].
The active site of kallistatin is necessary for complex formation with tissue kallikrein and
thus inhibition of tissue kallikrein activity and bioavailability [13, 27]. Kallistatin's heparin-
binding domain, however, is essential for antagonizing signaling pathways mediated by
vascular endothelial growth factor (VEGF), TNF-a, HMGBs, and transforming growth factor
(TGF)-p [16, 20, 28, 29]. Kallistatin levels are markedly reduced in hypertensive or normo-
tensive rodents with cardiac and renal injury or streptozotocin-induced diabetes [11, 18,
30-32]. Circulatory kallistatin levels are also diminished in patients with liver disease, sep-
tic syndrome, diabetic retinopathy, severe pneumonia, inflammatory bowel disease, obesity,
prostate, and colon cancer [33—40]. Kallistatin administration by gene or protein delivery pro-
tects against the pathogenesis of hypertension, heart and kidney damage, arthritis, influenza
virus infection, tumor growth, and metastasis in animal models [15-19, 41-46]. Conversely,
depletion of endogenous kallistatin by neutralizing antibody injection exacerbates cardio-
vascular and renal injury in hypertensive rats [47]. These findings indicate that kallistatin
modulates a wide spectrum of biological activities, such as blood pressure, inflammation,
multiorgan injury, and cancer.

2. Kallistatin via its structural elements regulates differential
signaling pathways

Kallistatin through its two functional domains modulates numerous signaling pathways and
biological activities. Kallistatin's active site is crucial for: (1) complex formation with tissue
kallikrein and inhibiting tissue kallikrein activity and bioavailability [13, 27]; (2) increasing
eNOS and SIRT1 expression and activation, leading to elevated NO formation [28]; (3) stimu-
lating SOCS3 expression [48]; and (4) interacting with a tyrosine kinase [28, 48]. Kallistatin
via its heparin-binding domain interacts with cell surface heparan sulfate proteoglycans,
thereby antagonizing the following biological effects: (1) VEGF-mediated angiogenesis and
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vascular permeability [16, 20]; (2) TNF-a—induced NF-kB activation, inflammation, oxidative
stress, and apoptosis [20]; (3) HMGB1-induced inflammatory gene expression and oxidative
stress [29]; (4) TGF-p-induced endothelial-mesenchymal transition (EndMT), and epithelial-
mesenchymal transition (EMT) [28]; (5) Wnt-mediated cancer cell proliferation, migration,
invasion, and autophagy [42, 44]; and (6) EGF-induced cancer cell migration and invasion
(unpublished results). Thus, kallistatin, with its multifactorial activities, regulates a wide
spectrum of biological processes, such as angiogenesis, inflammation, oxidative stress, apop-
tosis, fibrosis, and cancer development.

3. Depleted kallistatin expression and levels in organ damage and sepsis

Kallistatin is a member of the serpin family, which also includes al-antitrypsin and
al-antichymotrypsisn [21]. In contrast to al-antitrypsin, kallistatin is a negative acute-phase
protein, as kallistatin expression in rat liver is rapidly downregulated within 24 h after
lipopolysaccharide (LPS)-induced endotoxemia [31]. Kallistatin levels are depleted in ani-
mal models with hypertension, diabetes, cardiovascular, and renal damage [11, 18, 29-31].
Circulatory kallistatin levels are markedly reduced in patients with septic syndrome, liver
disease, diabetic retinopathy, inflammatory bowel disease, and severe pneumonia [33, 34,
36-38]. LPS (endotoxin) from Gram-negative bacteria, or peptidoglycan (PepG) and lipotei-
choic acid (LTA) from Gram-positive bacteria, are capable of inducing TNF-a synthesis and
reactive oxygen species (ROS) formation [49-54]. TNF-a stimulates ROS information in endo-
thelial cells and endothelial progenitor cells [17, 43, 55, 56]. Kallistatin expression and levels
are negatively regulated by H,O, through JNK-dependent FOXO1 activation in endothelial
cells [57]. Like ROS, TNF-a dramatically suppresses kallistatin expression in endothelial cells
(Figure 1A). Therefore, kallistatin levels are depleted by the activation of the TNF-a-ROS
signaling pathway during septic shock (Figure 1B).
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Figure 1. (A) TNF-a inhibits kallistatin expression in endothelial cells. TNF-« (10 ng/ml) significantly decreases kallistatin
expression in endothelial cells. 7 = 3, *P < 0.05 vs. control groups. (B) LPS/PepG exposure leads to TNF-a synthesis and
inhibition of kallistatin expression through a ROS-JNK signaling pathway.
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4. Kallistatin is a potent anti-inflammatory agent

Sepsis is a systemic inflammation in response to bacterial infection. Exogenous kallistatin
attenuates inflammation and multiorgan damage in animals with cardiovascular and renal
disorders [14, 17-20, 41]. For example, kallistatin gene delivery significantly reduces inflam-
matory responses and joint swelling in arthritic rats [19]. Kallistatin administration also
suppresses inflammatory cell infiltration and prevents complement factor C5a-induced
paw edema and vascular leakage in mice [20]. Local delivery of the kallistatin gene into rat
heart enhances cardiac performance and attenuates inflammatory cell infiltration after acute
myocardial ischemia/reperfusion (I/R) [41]. In salt-induced hypertensive rats, kallistatin
therapy attenuates vascular and renal damage and reduces oxidative stress and inflammation
[17, 18], while depletion of endogenous kallistatin augments organ injury and accentuates
oxidative stress, inflammation, and fibrosis [47].

Kallistatin suppresses inflammatory responses by modulating differential signaling pathways.
Kallistatin's active site is responsible for upregulating eNOS and SIRT1 expression, and thus
increasing NO production [28]. NO, in turn, blocks TNF-a—induced ROS formation by inhib-
iting NADPH oxidase activity and NF-kB activation [58, 59]. Kallistatin via its active site
induces the expression of SOCS3, a negative regulator of inflammation [48], thereby inhibit-
ing LPS-induced TNEF-a production in cultured macrophages [48, 60]. Moreover, kallistatin
via its heparin-binding site antagonizes TNF-a—induced oxidative stress, NF-kB activation
and inflammatory gene expression in vitro [20]. Likewise, kallistatin blocks HMGB1-mediated
synthesis of inflammatory genes in endothelial cells [29]. Moreover, kallistatin ameliorates
inflammation by blocking VEGF-induced endothelial cell permeability [16, 20]. Thus, kal-
listatin via its two structural domains exerts anti-inflammatory actions by: (1) stimulating
eNOS and SIRT1 synthesis and NO formation; (2) increasing SOCS3 expression; (3) antago-
nizing TNF-a—- and HMGB1-mediated inflammatory gene expression and oxidative stress;
and (4) blocking VEGF-induced vascular permeability. Together, these findings indicate that
kallistatin protects against organ damage by inhibiting inflammatory responses through
multiple mechanisms.

5. Kallistatin attenuates organ damage and mortality in septic
animal models

In Gram-negative infections, the cell wall component LPS (endotoxin) is the main initiator
of the cascade of cellular reactions that lead to circulatory failure and organ injury [61].
Staphylococcus aureus is one of the most common Gram-positive bacteria isolated from
patients with sepsis [61-63]. Gram-positive bacteria contain two major cell wall components,
PepG and LTA, which cause sepsis and multiple organ injury in the absence of LPS [49-53].
A human kallistatin gene polymorphism is correlated with a decreased risk of developing
acute kidney injury in patients with septic shock [64]. Kallistatin treatment exerts beneficial
effects in Gram-negative and Gram-positive bacteremia, as well as “mixed” polymicrobial
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infection [29, 35, 48, 65]. Transgenic mice expressing kallistatin are highly resistant to
mortality induced by LPS [66]. Moreover, kallistatin gene transfer reduces mortality, bacte-
rial counts, and inflammatory cell numbers, as well as skin and liver damage, in a mouse
model of streptococcal infection [65]. Kallistatin treatment in septic mice with polymicrobial
infection attenuates lethality, peritoneal bacterial counts, renal injury and inflammation, and
splenic apoptosis [29]. The protective effects of kallistatin in the kidney occurred in conjunc-
tion with reduced expression of TNF-a and HMGBI1 and increased eNOS synthesis and NO
levels [29]. NO inhibits oxidative organ damage by inactivating NAD(P)H oxidase activity
[59]. Furthermore, delayed kallistatin administration after the onset of sepsis attenuates mor-
tality, kidney and liver injury in mouse models of polymicrobial sepsis and endotoxemia [48].
Kallistatin treatment inhibits systemic inflammation by reducing circulatory levels of TNF-a
and HMGBI, and dramatically upregulating SOCS3 expression in the kidney and lung [48].
Kallistatin delivery improves mortality, attenuates acute lung damage in LPS-induced septic
mice, and inhibits ROS-mediated inflammation and apoptosis in cultured lung epithelial cells
[35]. These findings indicate that kallistatin administration significantly enhances survival
and protects against multiorgan damage during sepsis.

6. Kallistatin enhances bacterial killing by elevated oxidative stress

Oxidative stress has been shown to have beneficial effects with bacterial killing activity in
inflammatory disorders [67, 68]. Human kallistatin treatment significantly enhances bacte-
rial clearance and antimicrobial activity in group A streptococcus-infected mice by increas-
ing superoxide production in immune cells [65]. Likewise, kallistatin administration leads to
more than 10-fold decrease of bacterial counts in the peritoneal fluid of mice with polymiro-
bial sepsis [29]. The bactericidal activity of kallistatin is most likely attributed to elevated ROS
formation in peritoneal neutrophils [61]. Kallistatin also enhances immune cell viability and
reduces their apoptosis [65]. Kallistatin through its active site increases SOCS3 expression in
macrophages and SIRT1 synthesis in endothelial cells, but the effects are blocked by genis-
tein [28]. Genistein also abolishes kallistatin's stimulation on endogenous H,O, formation in
vascular smooth muscle cells (unpublished results). These combined findings implicate a role
of kallistatin's active site in enhancing ROS formation by interaction with a cell surface tyro-
sine kinase. Thus, kallistatin has a double-edged role in oxidative stress, depending on the
pathological conditions. In addition to inhibiting oxidative stress and multiorgan damage,
kallistatin is capable of exerting potent bactericidal activity by stimulating ROS formation in
immune cells of animals with bacterial infection.

7. Signaling mechanisms mediated by kallistatin in sepsis

LPS (endotoxin) derived from Gram-negative bacteria, or PepG and LTA from Gram-positive
bacteria, can lead to multiorgan injury and lethality by inducing the synthesis of TNF-a
and HMGBI, thus elevating ROS formation [49-54]. TNF-a activates pro-inflammatory
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transcription factor NF-«B and the expression of inflammatory genes, such as ICAM-1 and
VCAM-1. Kallistatin via its active site stimulates eNOS and SIRT1 expression and activation
and increases NO formation in endothelial cells; NO in turn inhibits ROS formation [28, 59].
Kallistatin's active site is also crucial for increasing SOCS3 expression, leading to inhibition of
LPS-induced TNF-a synthesis [48, 60]. Kallistatin via its heparin-binding domain blocks TNEF-
a— and HMGB1-induced NF-kB activation, inflammatory gene expression, and ROS forma-
tion [20, 29]. However, kallistatin's active site is involved in superoxide formation in immune
cells, leading to a bacterial killing effect [65]. The signaling pathways mediated by kallistatin
in the protection against sepsis are shown in Figure 2.

Kallistatin
Gram-negative Gram-positive
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Figure 2.Signaling pathways mediated by kallistatin in sepsis. Kallistatin via its heparin-binding domain blocks
TNF-a— and HMGB1-induced NF-kB activation, inflammatory gene expression, and ROS formation. Kallistatin via its
active site stimulates eNOS, SIRT1 and SOCS3 expression, and NO formation, leading to inhibition of oxidative stress.
Kallistatin increases ROS formation in immune cells. Kallistatin protects against organ injury and lethality during sepsis
by modulating these differential signaling cascades.

8. Therapeutic implications of kallistatin

Sepsis is a systemic inflammatory response to infection. Kallistatin is an effective anti-
inflammatory agent by triggering multiple signaling cascades in protection against septic
shock. Reduction of plasma kallistatin levels is observed in patients with sepsis syndrome and
is associated with severity of community-acquired pneumonia [33, 36]. Therefore, circulating
kallistatin levels may serve as a biomarker for patients with severe sepsis and septic shock.
Although the beneficial properties of kallistatin treatment in sepsis have been shown in animal
studies, they still have yet to be confirmed in humans. Therapeutic application of kallistatin
may provide a new approach for the treatment of sepsis and septic shock in humans.



Kallistatin in Sepsis: Protective Actions and Potential Therapeutic Applications
http://dx.doi.org/10.5772/67988

9. Concluding remarks

Kallistatin levels are markedly reduced in septic shock and inflammatory disease. Kallistatin
administration exerts beneficial effects during septic shock induced by Gram-negative bacteremia,
Gram-positive bacteremia, or polymicrobial infection. Kallistatin possesses potent anti-inflam-
matory activities. Kallistatin via its two structural elements ameliorates inflammatory responses
by regulating differential signaling cascades. Kallistatin's active site is crucial for stimulating
eNOS, SIRT1, and SOCS3 expression and/or activation. Kallistatin via the heparin-binding site
antagonizes both early (TNF-a) and late (HMGB1) cytokine-induced oxidative stress and inflam-
matory gene synthesis. Interestingly, kallistatin has a double-edged role in oxidative stress. In
addition to suppressing oxidative stress, kallistatin exerts a marked bactericidal effect by stim-
ulating ROS production in immune cells of mice with microbial infection. Kallistatin with its

pleiotropic activities is an effective therapeutic agent in tissue injury and consequences of septic
shock.
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Abstract

Different clinical studies have demonstrated that fish oil, rich in the very-long-chain
w-3 polyunsaturated fatty acids (PUFAs), has immunomodulatory effects, suppressing
the production of pro-inflammatory cytokines in diverse groups of critically ill patients.
Moreover, such compounds have been found to attenuate the inflammatory response
within 2-3 days upon parenteral administration. Recent experimental data suggest that
activation of the cholinergic anti-inflammatory pathway constitutes a novel mechanism
of such immune-regulatory effects. Since enhanced vagal tone has been associated with
decreased cytokine secretion, novel monitoring tools of its activity at the bedside are
needed, in order to evaluate nutritional manipulation of inflammatory response in the
critically ill. The present chapter provides an overview of the mechanisms of action
through which w-3 PUFA modulates immune response in critically ill patients suffer-
ing from sepsis and septic shock. Furthermore, it summarizes the current evidence
regarding clinical effects from administration of fish oil rich in w-3 PUFAs in septic
patients. Finally, it presents data that suggest the existence of a continuous interrelation
between immune status and autonomic nervous system during systemic inflammation
and proposes novel tools of autonomic nervous system monitoring at the bedside, in
order to assess pharmacological manipulation of immune response by w-3 PUFAs in
acute illness.

Keywords: w-3 fatty acids, lipid emulsions, sepsis, heart rate variability, enteral,
parenteral, nutrition, critical care, autonomic nervous system
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1. Introduction

Acute systemic inflammation is the host response to various insults, such as infection, trauma,
hemorrhage, etc., and is mediated by the release in circulation of different cytokines, such
as tumor necrosis factor alpha (TNF-a) and interleukin-1 (IL-1), IL-4, IL-6, or IL-10 [1, 2].
Such mediators possess both pro- and anti-inflammatory properties. Furthermore, they are
capable to activate the hypothalamo-pituitary-adrenal (HPA) axis and both the sympathetic
and parasympathetic divisions of the autonomic nervous system (ANS), which subsequently
may affect the immune response [1].

However, safety mechanisms do sometimes fail, leading to a new continuum of disease —sepsis,
septic shock, and multiple organ dysfunction syndrome (MODS). In this respect, patients
develop nutrient deficiencies, which are associated with an increased risk of developing
infections, organ failure, and death [3]. Consequently, artificial nutrition via the enteral or
parenteral route is considered as an integral part of standard care. Recently, the concept of
pharmaconutrition has emerged as an alternative approach, considering nutrition an active
therapy rather than an adjunctive care [4]. Thus, specific nutrients have been designed to
modulate the host immune response and suppress systemic inflammation. Moreover, lipid
components of parenteral nutrition have been found to provide powerful bioactive molecules
that may act to reduce inflammatory responses [5].

Different clinical trials have shown that fatty acids from fish oil can be considered as powerful
disease-modifying nutrients in patients with acute lung injury and sepsis [6, 7]. Particularly,
feeding with fish oil rich in the very-long-chain, w-3 polyunsaturated fatty acids (PUFAs),
eicosapentaenoic acid (EPA), and docasahexaenoic acid (DHA) has been found to attenu-
ate the production of different cytokines, chemokines, and other effectors of innate immune
response [8]. In addition, the recent discovery of resolvins generated by EPA and DHA has
shed more light on resolution of inflammation, as a possible mechanism of the anti-inflam-
matory actions of w-3 PUFAs during systemic inflammation [9]. However, oral administra-
tion of these compounds is required for several weeks to affect metabolic and inflammatory
pathways in humans. Nevertheless, it has been recently demonstrated that intravenous
administration of fat emulsions rich in w-3 PUFAs can lead to their rapid incorporation into
phospholipids of different cells, such as platelets or monocytes, within the first 2 days of
feeding, reducing serum pro-inflammatory cytokines over the next 7-8 days [10-12]. This
may affect membrane fluidity, ion channel opening, or different signal pathways, leading
to decreased production of TNF-a and IL-6 [8, 10]. The bypass of the intestinal process of
absorption that is significantly delayed during critical illness could be another reason for
such immediate effects.

2. Anti-inflammatory mechanisms of w-3 PUFA

There are two types of naturally occurring essential fatty acids (EFAs) which cannot be syn-
thesized in the body and need to be obtained in our diet, the w-6 series derived from lin-
oleic acid (LA) and the w-3 series derived from «a-linolenic acid (ALA). Both the w-6 and @-3
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series are metabolized by the same set of enzymes to their responsive long-chain metabolites.
In general, the term EFA includes all unsaturated fatty acids. In this respect, all EFAs are
PUFAs, but all PUFAs are not EFAs [13]. The major metabolic pathways of w-3 include (1)
incorporation into triglycerides that are found in circulating lipoproteins; (2) incorporation
into phospholipids of either circulating lipoproteins as well or part of cellular membranes; (3)
be circulated as free (nonesterified) fatty acids (FFAs) in the plasma, mostly bound in albumin;
and (4) undergo oxidation generating substrates for ATP synthesis. w-3 PUFAs incorporated
in membrane phospholipids are capable to affect membrane fluidity and membrane-associ-
ated protein function. Furthermore, they can be cleaved by different phospholipases, giving
rise to FFAs that subsequently are further oxidized to form various metabolites that are called
eicosanoids (such as prostaglandins and leukotrienes) [8, 13]. These eicosanoids derived from
EPA through different cyclo- and lipo-oxygenases are generally considered less pro-inflam-
matory in relation with their counterparts derived from the very-long-chain w-6 PUFA, such
as arachidonic acid (AA). The major PUFA-derived mediators are lipoxins, resolvins, and pro-
tectins which are highly active and are involved in different physiological and pathophysi-
ological processes. In this respect, experimental studies have shown that protectin D1 (PD1)
reduces inflammatory infiltration, enhances phagocytosis of apoptotic neutrophils by mac-
rophages, and, finally, increases macrophage migration to sites of antigen presentation. As a
result, these metabolites seem to both inhibit the initiation of an overwhelmed inflammatory
response and accelerate at the same time its resolution [8, 13].

The w-3 PUFA can also inhibit the activity of nuclear factor kB (NF-kB), which is consid-
ered a pivotal pro-inflammatory transcription factor and induces the expression of many
pro-inflammatory genes, mediating through the production of different cytokines, the innate
immune response [8, 9].

3. w-3 PUFA, the autonomic nervous system, and heart rate variability

Different experimental studies have confirmed that there is a continuous cross talk between
the brain and the immune response to different inflammatory insults during both an acute
and chronic inflammation. In this respect, it has been postulated that the brain may coordi-
nate and affect at the same time the immune response. The first mechanism is based on the
activation of vagus nerve afferent fibers, which convey the information that an inflammatory
response takes place, through different mediators, such as cytokines [14-16].

Cytokines can activate visceral vagus afferent fibers which terminate within the dorsal vagal
complex (DVC) of the medulla oblongata. The nucleus tractus solitarius (NTS) and the dorsal
motor nucleus (DMN) of the vagus are part of DVC and give projections to hypothalamic
paraventricular nucleus (PVN) that is responsible for the synthesis and release of corticotro-
pin-releasing hormone (CRH), with subsequent production of adrenocorticotropin hormone
(ACTH) from the anterior pituitary. ACTH is the main inducer of the synthesis of immu-
nosuppressive glucocorticoids from the adrenal cortex. DMN that is connected with NTS is
believed to constitute the main site of origin of preganglionic vagus efferent fibers. NTS is also
connected to rostral ventrolateral medulla (RVLM), which increases noradrenergic pregan-
glionic neurons’ depolarization in the spinal cord [17]. In conclusion, the brain may alter the
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immune response through the activation of both the sympathetic (SNS) and parasympathetic
nervous systems (PNS), as well as the activation of the HPA axis. In this respect, the SNS may
induce local inflammatory response through a,-subtype adrenoreceptor stimulation by nor-
epinephrine (NE), in the early stage of inflammation. Nevertheless, stimulation of 3, -subtype
adrenoreceptor-cAMP-protein kinase A pathway can also reduce pro-inflammatory cytokine
production [18-20], suggesting that SNS activation can both protect the organism from the
detrimental effects of pro-inflammatory cytokines and increase at same time local inflamma-
tory response [21, 22].

Apart from the SNS, a link between the PNS of the ANS and immunoregulatory processes has
been suggested. Thus, acetylcholine is capable to decrease TNF-a production from human
macrophage cultures and immune cells located in the spleen upon stimulation with endo-
toxin, leading to its reduced release into the circulation. This effect is mediated by the specific
a7-subunit of the nicotinic acetylcholine receptor [23-25]. Acetylcholine is also effective in
suppressing other pro-inflammatory cytokines such as IL-1f3, IL-6, and high mobility group
box 1 (HMGB1) [26].

A novel anti-inflammatory mechanism of lipid-diet immunosuppressive effects has been
recently described by Luyer and colleagues [27]. They demonstrated that high-fat enteral
nutrition was able to lead to attenuation of systemic inflammation in rats subjected to hemor-
rhagic shock, through stimulation of cholecystokinin (CCK) receptors and subsequent activa-
tion of the cholinergic anti-inflammatory pathway.

In this respect, Tracey has suggested that for the development of new monitoring tools of
the w-3 PUFA effects upon the cholinergic pathway in the clinic, new surrogate markers are
needed [28], such as heart rate variability (HRV) analysis that is the variability of R-R series
in the electrocardiogram (ECG). HRV reflects both sympathetic and parasympathetic inputs
upon the heart and can be estimated via frequency domain methods, which calculate the dif-
ferent frequency components of a heart rate signal through a fast Fourier transformation (FFT)
of an R-R time series [29]. The method displays in a plot at least three peaks —fast periodicities
[high frequency (HF), 0.15-0.4 Hz] which are largely due to the influence of vagal tone—and
has the largest impact on HRV. Recently, it has been found that central muscarinic cholinergic
stimulation (usually in the context of balancing cytokine production) is also accompanied
by activation of the HF component of HRV and an instantaneous increase in total variabil-
ity [30]. Low-frequency periodicities (LF, 0.04-0.15 Hz) are produced by baroreflex feedback
loops, affected mostly by sympathetic modulation of the heart, and very low frequency (VLF)
periodicities (less than 0.04 Hz) are related to vasomotor activity. The LF/HF ratio has been
considered as a surrogate marker of sympathovagal balance [29, 31].

Studying physiological signals of critically ill patients can easily identify “hidden” informa-
tion, which can estimate variability and information content (entropy) as a measure of com-
plexity, within time series [32]. It has been suggested that such measures are significantly
altered during critical illness and may predict different outcomes of interest, such as the
onset of septic shock and late organ dysfunction [33]. In addition, implementation of variabil-
ity analysis of physiological signals at the bedside might give rise to new markers of disease.
Such “physiomarkers” are generally considered more appropriate for better and more accu-
rate early warning signs for patients, since they can be easily measured at the bedside. On the
contrary, it has been repeatedly demonstrated that various “biomarkers” such as cytokines
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exhibit marked interdependence, pleiotropy (multiple effects), and redundancy (multiple
cytokines with the same effect). At the same time, their plasma concentrations fluctuate from
day to day and correlate poorly with classic physiologic variables in septic patients [33, 34].

Both LF and HF frequency components and overall HRV are significantly reduced in septic
patients, whereas the degree of attenuation has been found to be prognostic of survival [22,
35]. The reduction in instantaneous HRV has been associated with an overproduction of cyto-
kines [36], whereas pharmacological stimulation of the efferent vagus nerve has been found
to increase the HF component of HRV and inhibit at the same time TNF-« secretion in septic
animals [37]. Many studies have shown that oral supplementation of w-3 PUFAs increases
instantaneous HRV, reduces LF/HF ratio, and confers protection against ischemia-induced
ventricular tachycardia and sudden cardiac death [38, 39]. In this respect, Christensen and
colleagues [39] demonstrated that fish oil feeding can induce an incorporation of DHA into
the membranes of granulocytes that is associated with a dose-response increase in HRV and
may protect against serious ventricular arrhythmias. In a recent study [40], the intravenous
administration of fish oil with w-3 PUFAs, before endotoxin injection in healthy volunteers,
was able to blunt fever response and sympathetic stimulation and enhance vagal tone, esti-
mated with HRV analysis. This reduction was associated with a significant decrease in plasma
norepinephrine and adrenocorticotropin hormone (ACTH) levels. Such effects of fish oil
reflect an enhanced efferent vagal activity via a central-acting mechanism due to a possible
suppression of pro-inflammatory cytokines, which have been found to inhibit central vagal
neurons [8§, 41].

However, different interventional studies on w-3 PUFAs and HRYV in patients with heart dis-
ease have found inconsistent results, with only 8 out of the 20 trials published so far, support-
ing a beneficial effect on HRV [42]. Thus, Mozaffarian et al. [43] found that individuals with
the highest fish consumption (=5 meals/week) exhibited 1.5 ms greater HRV than those with
the lowest fish consumption. Moreover, this modest reduction in HRV was associated with
only a 1.1% reduction in the relative risk for sudden cardiac death. As we have stated else-
where [44], “reasons for such inconsistency might include heterogeneous populations, lim-
ited sample sizes or different study protocols with variable administered doses of w-3 PUFA
and length of intervention.” Furthermore, “different methods of measurement of HRV with
variable time of recordings could be an additional confounder” [42-44]. Another potential
limitation of such measures could be associated with the fact that a reduction in pacemaker
funny current rather than an alteration in autonomic neural output was found to be respon-
sible for heart rate reduction and increase in HRV in an animal study with administration of
w-3 PUFAs [45]. Nevertheless, a potential impact of autonomic tone on HRV cannot be evalu-
ated in this study since experiments were performed in denervated hearts.

In conclusion, an association has been suggested between increased HRV and fish oil admin-
istration in different groups of patients with cardiovascular diseases [38, 39, 42]. However,
the possible relationship between HRV changes and inflammatory markers during fish oil
feeding has not been studied yet, in septic patients. Thus, we think that a promising approach
could be the assessment of the relationship between vagal activity estimated with HRV and
inflammatory markers in septic patients, during parenteral fish oil feeding. In this case, we
assume a beneficial effect of w-3 PUFAs on HRV and cytokine response, early in the course
of disease.
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4. Clinical studies

In Europe there are currently three available lipid emulsions containing w-3 fish oil for IV
administration: Omegaven (Fresenius Kabi, Germany) that is a 10% fish oil emulsion supple-
ment; Lipoplus/Lipidem (B Braun, Germany) that contains a mixture of 50% medium-chain
triglycerides (MCT) and 40% soybean oil (SO) that is rich in w-6 PUFA, such as LA and 10%
fish oil; and Smoflipid (Fresenius Kabi, Germany) that is a four-oil mixture of 30% soybean oil,
30% MCT, 25% olive oil, and 15% fish oil [13].

Numerous studies in critically ill patients have found favorable effects of w-3 fish oil on differ-
ent aspects of inflammatory response. Mayer and colleagues [10] randomized 21 septic patients
requiring parenteral nutrition to receive an IV lipid emulsion rich either in w-3 (Omegaven)
or w-6 (Lipoven) PUFAs. They were able to show that the first group within 2 days of infu-
sion demonstrated a rapid incorporation of w-3 fatty acids into mononuclear leukocyte mem-
branes. In addition, fish oil rich in w-3 was found to suppress generation of pro-inflammatory
cytokines from mononuclear leukocytes upon ex vivo stimulation with endotoxin. Heller and
colleagues [46] demonstrated that IV w-3 PUFA administration (Omegaven) in 661 surgical
critically ill patients improved survival and reduced infection rates, antibiotic requirement,
and length of stay in a dose-dependent manner. Moreover, IV fish oil was found safe, confer-
ring significant clinical benefits when administered in doses between 0.1 and 0.2 gr/Kg/day. In
two other studies evaluating fish oil parenteral administration in surgical patients admitted to
the Intensive Care Unit (ICU), it was found that although a short-term (<5 days) administra-
tion influences immune parameters, postoperative administration may further reduce length
of stay and infectious complications in the ICU [12, 47]. In this respect Braga et al. concluded
that w-3 should be given prior to surgery in order to enhance their anti-inflammatory effects
in the postoperative period [48].

Barbosa et al. [11] evaluated the effects of IV fish oil administration (Lipoplus) for 5 days in 25
septic ICU patients. They found a significant decrease in IL-6 plasma concentration, reduced
hospital length of stay and amelioration in gas exchange during the sixth day of stay in the ICU.

In 2014, Manzanares and colleagues [49] after aggregating six randomized controlled trials
(RCTs) evaluating the effects of parenteral fish oil on relevant clinical outcomes in a hetero-
geneous group of critically ill patients were able to demonstrate a significant reduction in
mortality and duration of mechanical ventilation. In 2015, the same group of researchers,
after analyzing data from 10 RCTs involving 733 patients, was not able to find any survival
benefit from parenteral fish oil feeding in septic patients [50]. Nevertheless, a reduction in the
incidence of infections and a trend toward reduced duration of mechanical ventilation and
length of stay in ICU were reported. Furthermore, intravenous fish oil feeding exhibited a
nonsignificant trend toward reduced mortality. Since conflicting data have been originated
from other systematic reviews and meta-analyses [51, 52] “low sample size and heterogeneity
of the cohorts included do not permit a final recommendation on the use of w-3 PUFAs as a
pharmaconutrient strategy in septic ICU patients” [50].

The European Society for Clinical Nutrition and Metabolism (ESPEN) Guidelines on Parenteral
Nutrition in Intensive Care has suggested that both EPA and DHA can affect cell membranes and,
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subsequently, reduce the intensity of inflammatory response. As a result, fish oil-enriched lipid
emulsions might decrease duration of hospitalization in critically ill patients [53]. Canadian
recommendations also endorse the use of fish oil-enriched lipid emulsions when parenteral
nutrition is indicated [54]. Finally, the American Society for Parenteral and Enteral Nutrition
(ASPEN) in its recently published guidelines cannot recommend fish oil parenteral feeding
in critically ill patients at this time, due to lack of availability on the market of these products
in the United States, despite approval by the FDA in 2013 [55]. Nevertheless, it considers as
appropriate its future administration either in patients with septic shock who are candidates
for parenteral nutrition due to hemodynamic compromise, such as hypotensive (mean arterial
blood pressure < 50 mm Hg); patients for whom catecholamine agents (e.g. norepinephrine,
epinephrine) are being initiated and patients for whom escalating doses are required to main-
tain hemodynamic stability; or surgical postoperative patients who are not eligible for enteral
nutrition (e.g. short bowel) [55].

Different studies have also assessed potential differences between SO and fish oil lipid IV fat
emulsions in septic patients. In a recent systematic review of 12 RCTS including 806 patients
by Manzanares and colleagues, no significant difference in outcome benefits was found [56].
In another meta-analysis of eight RCTS involving 391 patients by Palmer et al. [52], a signifi-
cant reduction in hospital length of stay was demonstrated by nearly 10 days in those receiv-
ing w-3 fish oil in relation with either SO-based or SO + MCT-based lipid emulsions. However,
no differences were seen between groups with regard to ICU length of stay, infectious compli-
cations, and mortality. The strongest evidence in favor of fish oil PUFAs than SO-based lipid
emulsions comes from small observational studies [55]. In this respect, data collected from
an International Nutritional Survey showed a significantly lower ICU length of stay, reduced
duration of mechanical ventilation, and reduced ICU mortality in septic patients receiving
fish oil PUFAs when compared with SO-based lipid emulsions [57].

Another issue that has been tested in different RCTs is associated with safety and tolerability.
Recently, a meta-analysis of 23 trials involving 1503 patients receiving long-term parenteral
nutrition with IV fish oil found no evidence of any deleterious effects [58]. Consequently,
ESPEN Guidelines on Parenteral Nutrition in Intensive Care suggests that lipids and essential
fatty acids should be an integral part of the regimen to provide energy and should be admin-
istered at a rate of 0.7-1.5 gr/Kg over 12-24 h [53].

Considering enteral administration of lipid emulsions rich in w-3 PUFAs in critically ill
patients with sepsis and septic shock, strong evidence is still lacking. While early studies
and meta-analyses suggested reduced infection rates, ICU length of stay, and duration of
mechanical ventilation, in both medical and surgical patients in a general ICU [59], Heyland
and colleagues found a modest reduction in hospital length of stay, particularly in medical
patients [60]. Furthermore and according to ASPEN Guidelines, current evidence does not
support the use of enteral fish oil administration, particularly in medical ICU patients, due to
heterogeneity of studies, variety of experimental and commercial lipid formulations, variable
dosage of individual components, and increased costs [55]. Finally, two recent meta-analyses
showed that the effect of fish oil lipid emulsions on mortality in septic patients was not influ-
enced by the route of administration (enteral vs. parenteral) [50, 61].
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5. Conclusions

Many experimental studies have confirmed that w-3 PUFAs possess different anti-inflammatory
properties. Either through effect on membrane fluidity with subsequent attenuation of cytokine
production or through indirect activation of the cholinergic anti-inflammatory pathway (immu-
noreflex), fish oil lipids have demonstrated immune-regulatory activities in different experimen-
tal settings. As a result, different investigators have evaluated their role in different groups of
patients exhibiting systemic inflammation, such as surgical or septic patients treated in the ICU.
However, extreme heterogeneity in patients’ populations, route of administration, doses and
duration of therapy, as well as commercially available products limits generalizability of results
derived from numerous systematic reviews and meta-analyses. Consequently and since the cur-
rent evidence is still too weak and sparse to make recommendations about the role of fish oil in
the treatment of the critically ill, we suggest that HRV could be adopted as end point for moni-
toring nutritional manipulation of inflammatory response at the bedside, helping translation of
basic science results into successful randomized controlled trials. In this case, we assume that w-3
PUFAs upon parenteral administration will be rapidly incorporated into the phospholipid mem-
branes of different immune cell types, reducing the inflammatory response and increasing HRV.

In this respect, 24 h recordings and longitudinal changes of HRV in two groups of septic
patients with similar severity of disease and receiving parenteral nutrition with the same vol-
ume of glucose, nitrogen, and fat but different lipid composition could be tested. In the case
that HRV metrics predict outcomes of interest, such as lower infection rate and/or attenuated
organ dysfunction, such a study might identify a unique value of HRV analysis as a monitor-
ing tool of inflammatory modulation by fish oil feeding, in septic patients. Another potential
use of HRV in artificial nutrition of septic patients as has been suggested by Tracey [62] could
be its adoption as a physiomarker to early identify patients with reduced vagal tone. In this
case, a susceptibility to increased inflammation can be assumed, whereas HRV metrics might
serve as an early alarm to identify patients who might benefit from pharmacological stimula-
tion of the cholinergic anti-inflammatory pathway, such as w-3 PUFAs [62].
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Abstract

Sepsis is a life-threatening condition caused by a dysregulated immune response to
infection. Interestingly, sepsis mortality increases with acute kidney injury (AKI)
and patients with AKI worsen with sepsis. It is interesting to note that most of
the clinical trials on sepsis treatment that derived from the results of translational
researches are a failure. This is, in part, because of the complexity of human sepsis
in comparison with animal models. Another reason for the failure-translation
might be the improper matching of the animal models to the individual patient.
It is possible that the main mechanism of sepsis induction in each patient with the
variety causes of sepsis might be different. Indeed, immune response to sepsis depends
on genetic background, route of immune activation, and organisms. Thus, sepsis
treatment classified by “mechanistic approach” to individual patient might be more
proper than the classification with “sepsis severity”. Specific treatment of sepsis in
individual patient according to the specific immune response characteristic might be
a more proper translational strategy. Indeed, the understanding in immune response
pattern of sepsis and sepsis pathophysiology is necessary for “sepsis mechanistic
approach”. Then, we conclude most of the topics and our hypothesis regarding
SA-AKI in this review.
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1. Introduction

Sepsis is a condition with life-threatening organ dysfunction caused by a dysregulated host
response to systemic infection [1]. Sepsis is the leading cause of acute kidney injury (AKI) in
critically ill patients especially in the intensive care unit (ICU). The morbidity and mortality
of patients with sepsis-associated AKI (SA-AKI) is still high despite an advance in supportive
care [2, 3]. Therefore, a well understanding of SA-AKI is essential not only for nephrologists
but also for all physicians to enhance awareness and proper initiation of managements. In
this chapter, we discuss several topics in SA-AK]I, including the potential new therapeutic
managements.

2. Definition and classification

Because SA-AKI definition follows the definition of AKI, in general, the understanding in AKI
definition is necessary. Despite the heterogeneity in AKI definition with more than 35 equiva-
lent terms within the last few decades [4], RIFLE (Risk, Injury, Failure, Loss of kidney function,
End-stage kidney disease) and AKIN (Acute Kidney Injury Network) classification systems,
published in 2004 and 2007, respectively, are widely accepted [5]. RIFLE classification stratifies
AKI according to AKI severity as determined by serum creatinine (SCr) or glomerular filtra-
tion rate (GFR) and urine output (UO) into three categories; Risk (R), Injury (I), and Failure
(F). In addition, RIFLE criteria also categorize advanced AKI into other two categories based
on the duration of AKI, kidney function loss (L, persistent AKI > 4 weeks), and end-stage
kidney disease (E, AKI > 3 months) [5]. In RIFLE classification, worsening of SCr must be
over a 7-day period and persists for at least 24 h. In case of unknown data on previous SCr
level, a baseline GFR between 75 and 100 ml/min/1.73 m? is assumed, and the modification
of diet in renal disease (MDRD) equation is recommended for an estimation of baseline renal
function. However, the poor prediction of clinical outcomes from renal function derived by
MDRD equation is demonstrated [6]. Therefore, RIFLE and AKIN classifications are modified
[7]. In modified AKIN classification, the diagnostic accuracy is improved by precluding either
SCr or GFR which discards the requirement of baseline SCr for AKI classification. Despite
the improved diagnostic sensitivity of AKIN in comparison with RIFLE classification, AKI
outcomes are not in consideration of AKIN system [8]. And AKIN does not synergize with
RIFLE criteria in predicting in-hospital mortality of patients with critical illness. Recently,
the kidney disease improving global outcomes (KDIGO) work group merges the RIFLE and
AKIN classifications in order to establish one AKI classification [9]. KDIGO system defines
AKl as an increase in SCr 20.3 mg/dL within 48 h or an increase in SCr to 1.5 times of baseline
SCr or a urine volume of <0.5 mL/kg/h for 6 h. Baseline SCr is the known or presumed value
that has occurred within the previous 7 days. In addition, AKI staging of KDIGO follows
the AKIN classification with a simplification. KDIGO system shows some advantages over
the RIFLE and AKIN classifications in AKI identification and AKI-outcomes prediction.
Moreover, KDIGO introduces a new term of “acute kidney disease, AKD” which means the
slower increase in SCr or GFR, >7 days but <3 months. This is because renal injury in some
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conditions progresses slowly and does not match with AKI definition where significant renal
function declines within 7 days after the insults.

Regarding SA-AKI classification, Pereira et al. [10] demonstrate that SA-AKI with all of these
three classifications—RIFLE, AKIN, and KDIGO—shows similar prediction ability (assessed
by the area under the receiver operating characteristic (AUROC) curve) for in-hospital
mortality (RIFLE 0.652, p < 0.001; AKIN 0.686, p < 0.001; KDIGO 0.658, p < 0.001). However,
the study shows that RIFLE and KDIGO classifications identify AKI more than AKIN criteria.
Thus, SA-AKI is AKI induced or enhanced by sepsis which could be classified with any of
these three classification systems. It is also interesting to note that SA-AKI is another entity
that should be separated from nephrotoxic and ischemic causes of AKI. In fact, inflammatory
responses in SA-AKI seem to be more prominent than ischemic and nephrotoxic AKI [11].

3. Epidemiology

A longitudinal, 10 years, cohort with more than 20 ICUs and almost 90,000 patients
demonstrates the increased incidence of AKI by 2.8% per year [12]. In parallel, the incidence of
sepsis and septic shock is on the rise. In the United States, the retrospective data from 22 years
of hospital records reveal 8.7% annual increase in diagnosis of sepsis [13]. Sepsis is the most
common contributing factor for AKI. The incidence of SA-AKI is 10-45% based on etiology
and population [14, 15]. In surgical condition, the incidence may be as high as 60-70% [16],
especially in the ICU setting (>50%) [3]. The severity of SA-AKI also depends on the underlying
diseases as well as causes of sepsis [17].

Populations with a high risk of SA-AKI are elderly patients, female gender, and medical
comorbidities, including diabetes mellitus, chronic kidney disease (CKD), congestive heart
failure, advanced liver disease, and malignancy [18, 19]. In addition, the source of infection
and side effect of treatment also contribute as risk factors of SA-AKI. As such, intra-abdominal
infection, urological sepsis, infective endocarditis, and blood stream infection are conditions
that are susceptible to SA-AKL

4. Immune responses in sepsis

Sepsis immune responses are very complex and possibly different among diverse etiologies. The
progression of sepsis definition is parallel to the current understanding of sepsis pathophysiology
in each period (Figure 1).

Indeed, the importance of hyperinflammation as a major component of sepsis is gradually
altered by the progression in the understanding of sepsis-induced hypoinflammatory responses.
The updated definition of sepsis focuses on organ dysfunction, host responses, and infection as
an etiology [1]. This is due to the recognition that sepsis in the individual patient is different
due to host factors (underlying disease, genetic susceptibility, duration of infection, and
organ involvement) and organism factors (virulence and antibiotic susceptibility). Hence, the
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Figure 1. Summary of sepsis definition or main mechanisms in each period.

major mechanisms responsible for sepsis and the proper therapeutic strategies to encounter
sepsis for each patient might be different. Indeed, several responsible molecular pathways of
sepsis-induced hyperinflammatory response have been demonstrated (e.g., Toll-like receptor
4, Toll-like receptor 9, HMGB1, NF-«B, etc.) mostly in animal models with very rapid clinical
progression [20]. These sepsis models enlighten us that the harness of innate immune responses
in several processes with adequate organism control attenuates sepsis severity [21-29]. However,
the control of innate immune-induced hyperinflammation results in only 50% survival. This
demonstrates that other mechanisms might also contribute to the severity of sepsis. Indeed,
the clinical observation from patients with sepsis demonstrates immunosuppression in sepsis
as determined by (i) high susceptibility to secondary infection, (ii) defect in delayed-type
hypersensitivity responses, and (iii) reactivation of dormant virus (e.g., herpes group) [30].
From these clinical observations, immunosuppressive phase of sepsis seems to occur at the
late phase. However, Hotchkiss et al. nicely demonstrate the importance of sepsis-induced
immune suppression and conclude that moribund stage of patients with sepsis could occur
shortly after the onset of sepsis (either hyperimmune or hyporesponsive phase) [30].

As such, the rapid immune exhaustion after sepsis has been demonstrated in mice with the
defect of immune inhibition (Fc gamma receptor IIb-deficient mice) [31]. These mice lack the
inhibitory signaling with prominent immune responses to infection. The preconditioning
with endotoxin induces immune exhaustion and blunt responses of subsequent infection. In
translational aspect, this is an example of the rapid immune-suppressive phase that occurs
shortly after the onset of sepsis due to the preconditioning in the susceptible host. Moreover,
bacterial sepsis also enhances the susceptibility to secondary fungal infection [32]. Interestingly,
Candida albicans intravenous injection alone and with sepsis causes candidemia after injection at
7 days and 6 h, respectively. Sepsis induces candidemia approximately 1 week faster than non-
sepsis control group. This model is also demonstrated that immunosuppression after sepsis
could be very rapid, and the host factors are important for the direction of immune responses.

In animal model, sepsis in the pre-conditioning models, pre-existing AKI or CKD or
lupus manifestation, demonstrates the more severe hyperimmune responses as shown by
the prominent cytokine storms [23, 26, 31, 33]. Then, the host factor is very important for
inducing rapid progression due to hyper- or hypoimmune responses in sepsis. While several
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therapeutic strategies from animal studies are available mostly for controlling hyperimmune
responsiveness, the clinical study in sepsis categorizes patients according to the severity of sepsis
but not by the characteristic of immune response. Therefore, it is not surprising that nearly all
of the clinical studies fail and the difference between animal models versus patients is blamed
for the translational failure. The mechanistic-oriented approach with patient characterization
by molecular biomarkers, but not simply with sepsis severity, should be more appropriate.
Biomarkers for differentiating the direction of sepsis immune response are urgently needed. The
anti-inflammatory treatment should be appropriate for patients in hyperimmune response phase
and vice versa for immunosuppression phage. Moreover, hyper- and hypoimmune response in
sepsis is dynamic and the monitoring biomarkers are necessary.

In addition, the molecular-oriented treatment is also an interesting topic in sepsis. For example,
anti-HMGB1 should be beneficial in sepsis condition with high HMGB1, and anti-TLR-4 should be
appropriate for patients with increased TLR-4 expression on immune cells. Due to the possibility
of heterogeneity pathways of sepsis immune responses, the tailor-made or individualized therapy
might be the most suitable management of sepsis. However, the understanding in sepsis immune
responses is still incomplete. Then, the current sepsis definition depending on sepsis-induced
end-organ damage regardless of mechanistic responses is still fragmentary. More studies are
needed to reach “sepsis mechanistic approach” in the future.

5. Pathophysiology of SA-AKI

Currently, the pathophysiology of SA-AKI is not completely known. Probably renal biopsy
is rarely performed in SA-AKI. Hence, the basic knowledge of SA-AKI is based upon animal
models which might be relevant only to a specific condition of SA-AKI in human [34]. For an
example, AKI from cecal ligation and puncture model might be relevant to intra-abdominal
sepsis but less appropriate representative of pneumonia-induced AKI The interpretation
and results translation from bench to bedside should be properly matched between models
and sepsis conditions in patients. Hence, the experiments on the larger animals are performed
but, unfortunately, the models might not represent all aspects of patient conditions. With the
data gathering from patients and animal studies, the pathophysiology of SA-AKI is, at least
in part, through overt inflammatory process-induced renal injury, tubular tight junction (T7)
injury, cell cycle arrest, cellular adaptation/apoptosis, and so on [35]. Perhaps, an alteration in
microvascular oxygen transport during sepsis might be the major pathophysiology of SA-AKIL
Here, we summarized the mechanisms of SA-AKI mentioned in the literatures (Figure 2).

5.1. Microscopic hemodynamic disturbances

The renal microcirculation is an important delivery system of blood and oxygen to kidney
tissue. Decreased glomerular perfusion pressure in sepsis is due to microdynamic disturbance
with approximately normal renal blood flow (RBF) [36]. However, reduced RBF in sepsis
could be found only in some patients with the failure of cardiac output. In fact, sepsis induces
hyper-dynamic cardiac responses with relatively high cardiac output. Although RBF is
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Figure 2. Immune responses in sepsis. Due to renal microcirculation dysfunction (glomerular and tubular capillary),
sepsis induces chemotaxis of inflammatory cells and proinflammatory responses leading to endothelial injury (a).
Vascular permeability increases due to the downregulation of endothelial nitric oxide synthase (eNOS) activity and
induction of inducible nitric oxide synthase (iNOS) (b). In parallel, inflammatory responses increase tissue factor and
induce the coagulation system as demonstrated by microvascular thrombosis (c). In addition, inflammatory responses
induce tubular cell injury, activate cell cycle arrest at G1 phase and cell apoptosis (d). The insufficient cell energy induces
the abnormality in fusion/fission mechanisms of mitochondria resulting in mitochondrial injury (e). The toxic cell
environment induced predominant mitochondria fission and dysfunction mitochondria (gray circle). The successful or
failure of mitophagy activates cell regeneration or cell apoptosis, respectively (e, lower part).

maintained or increased in sepsis, glomerular capillary hydrostatic pressure is insufficient to
permit effective filtration because of efferent-afferent arteriolar imbalance function. Reduced
GEFR in persistent AKI is a result of several mechanisms including inappropriate activation of
tubuloglomerular feedback (TG feedback) [37], tubular back-leak [38], tubular stasis/obstruction,
nephrosarca, and altered glomerular permeability.

Normally, TG feedback is controlled by the concentration of chloride delivery to the distal
nephron for the induction of afferent arteriole vasoconstriction. Its role is important to
limit the hyperfiltration in case of high glomerular perfusion pressure. In SA-AKI, TG
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feedback is inappropriate due to high chloride presentation at distal nephron because of
decreased chloride reabsorption at the proximal renal tubule. This results in overt afferent
arteriole vasoconstriction. Marked arteriole vasoconstriction in combination with systemic
hypotension causes profound decline in GFR [37].

Tubular cell tight junction disturbance (tubular back-leak) is in the leak-back of non-selective
ultrafiltration and ions from renal luminal site into basolateral portion. In SA-AKI, T] is one
of the target actions of endotoxin. Eadon et al. demonstrates direct structural damage of LPS
at T]. The injury of TJ, as determined by the injury at zonula occludens-1 (ZO-1) and claudins,
is too severe to explain with LPS-induced-hemodynamic disturbance alone [38]. The tubular
back-leak from TJ damage reduces UO by (i) reduced urine volume due to the leaking back
of urine into circulation, (ii) increasing intra-renal pressure (renal intracapsular pressure or
nephrosarca) [39], and (iii) cell debris-induced tubular lumen obstruction, tubular T] damage,
and abnormal TG feedback mechanisms. The reduction of GFR in SA-AKI also associates
with altered glomerular permeability due to inflammation and endotoxins-induced direct
glomerular endothelium damage [40, 41]. Nevertheless, the exact mechanisms of glomerular
endothelium injury in human remain unknown.

Additionally, an alteration of renal microcirculation might be a physiologic mechanism
that aims to limit oxygen and nutrition of organisms. Melican et al. [42] demonstrated, in
a urosepsis model, that renal ischemia facilitates bacterial isolation and defends against
organisms in sepsis. The suppression of intravascular coagulation by heparin causes fatal
urosepsis despite improved microvascular architectures.

5.2. Renal endothelial cells injury

Renal endothelial cells and its function play a central role in microcirculatory dysfunction during
sepsis. Sepsis-induced systemic inflammatory cytokines activate endothelium cells and initiate
the inflammatory process [41]. Moreover, sepsis induces hypercoagulable state in vessels at both
micro- and macroscopic levels. In animal SA-AKI model, Drake et al. demonstrates an increased
expression of tissue factor by glomerular endothelial cells in Escherichia coli sepsis [43]. The
hypercoagulable state in SA-AKI also contributes to localized ischemia and hypoxia in the related
intravascular thrombosis area, even though GFR is preserved [42].

Endothelial nitric oxide (NO) synthase (eNOS) induces NO which inhibits platelet aggregation
and leukocyte activation. During sepsis, there is depletion of eNOS and activation of inducible
NO synthase (iNOS). While eNOS has been shown to attenuate tissue ischemia, iNOS released
from activated leukocytes and vascular smooth muscle cells causes vascular dysfunction [44,
45]. Langenberg et al. has recently demonstrated that NOS isoforms increase significantly in
SA-AK]I, particularly in renal cortex more than in medulla [46]. This may potentially lead to
medullary ischemia due to intrarenal shunting.

5.3. Mitochondrial cell dysfunction, autophagy, and apoptosis

Mitochondria are organelles found in every cell and are very prominent in cells of energetic
organs including kidney. They are known as the powerhouses of cells. Renal mitochondria are



70

Sepsis

most densely concentrated due to the high and constant demand for adenosine triphosphate.
Indeed, lack of cell energy and mitochondrial injury is demonstrated in several organs in
sepsis [47]. Normally, mitochondrial dynamics is described as characteristics of “fission”and
“fusion.”The mitochondrial fission, a cleavage of the defective parts of a mitochondrion,
may be important for the maintenance of healthy organelles and necessary for mitochondria
distribution to daughter cells during cell division. On the other hand, mitochondrial fusion
is the multiple steps fusion between adjacent mitochondria to improve their functions. Both
mitochondrial fission and fusion facilitate inter-mitochondria exchanges of metabolites and
substrates to maintain the optimal functions that are essential to cell viability [48].

Autophagy is a cellular process by which cytoplasmic organelles are sequestered and delivered
to lysosomes for the proper degradation. Therefore, it plays a crucial role in intracellular
nutrient turnover, cell differentiation, cellular homeostasis, and viability [49]. But the
overactivity of autophagy, however, may cause cell injury or death. In mouse models
of SA-AKI, autophagy is rapidly induced and plays important roles in renoprotection
[50]. Because mitochondria are prokaryote inhabited inside eukaryotic cell in symbiosis
relationship, the breakdown of mitochondria will release several prokaryotic molecules that
are capable of inflammatory activation as other pathogen-associated molecular patterns
(PAMPs). Hence, the autophagy on mitochondria, as referred to mitophagy, protects
unnecessary inflammatory responses and recycles nutrients from the injured mitochondria.
In the same line with apoptosis, autophagy is the process that requires enough cell energy.
In the condition with the excess injured-mitochondria for autophagy, some mitochondria
rupture and mitochondrial cytochrome C further activate cell apoptosis. As such, if there
are too many apoptotic bodies to clear by phagocytic cells, apoptotic cells will progress into
secondary necrosis where the rupture of its membrane induces prominent inflammation.
Hence, mitophagy is also postulated to be another cytoprotective process to control cellular
metabolism through the balance in number of mitochondria. Mitophagy is linked to mitochondrial
dynamics—fission and fusion—through the surveillance and clearance mechanisms [51].

Taken together, it is conceivable that during the early phase of SA-AKI, mitophagy is increased to
control and clear the damaged mitochondria. However, as sepsis progress, the autophagy may
be overwhelmed by injured mitochondria, and/or the autophagic processes are disrupted,
leads to the abnormal cell functions. Therefore, well homeostasis of intracellular mitochondria
to restore healthy mitochondrial mass may be essential for renoprotection and the recovery of
renal function in SA-AKI

5.4. Cell cycle arrest

Cell cycle arrest is a protective mechanism to avoid entering the cell cycle during injury [52],
thereby temporarily arresting cell cycle at G, stage for reducing cell damage. In cecal ligation
and puncture septic model and folic acid-induced AKI, cyclosporine A, a known cell cycle
arrest inducer attenuates AKI [53, 54].

In human, Kashani and colleagues propose biomarkers of cell cycle as an early biomarker of
AKI [55]; tissue inhibitor of metalloproteinases-2 (TIMP-2), a natural inhibitor of the group of
matrix metalloproteinase, and insulin-like growth factor-binding protein 7 IGFBP7). IGFBP7
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regulates the availability of insulin-like growth factor and stimulates cell adhesion. In
addition, both TIMP-2 and IGFBP7 are responsible for several molecular pathways,
including oxidative stress, detoxification, and inflammatory responses. Therefore, they
represent the early stage of any stresses that affect kidney. After tubular cells injury, IGFBP7
directly increases the expression of p21 and p53. Simultaneously, TIMP2 enhances p27
expression through an autocrine and paracrine manners. All of these p-proteins block the
functions of the cyclin-dependent protein kinase complexes (CyclD-CDK4 and CyclE-CDK2)
during the cell-cycle promotion process. G1 cell-cycle arrest occurs momentarily for avoiding
cell division during the injury, and this alarm could send to adjacent cells as paracrine effect.
This mechanism needs further exploration. More recently, a new interesting hypothesis
mentioned that all of the injuries are the results of the cell maladaptation to an insufficient
energy condition [56]. More studies are needed to support this interesting hypothesis.

In the real clinical situations, multiple mechanisms in combination might be responsible for
the individual patient. Therefore, a mechanistic approach to patients with SA-AKI needs
the integration and understanding of these mechanisms. The biomarkers for detecting these
events might be helpful for sepsis mechanistic approach in the future.

6. Clinical approach to SA-AKI

Clinical presentation of SA-AKI is completely uncertain especially in the early phase of sepsis.
SA-AKI may develop simultaneously with sepsis or follow by sepsis. Therefore, physicians
must be alert of SA-AKI when encountering with sepsis patients and vice versa—during
evaluation of patients with AKL. In clinical practice, the individual baseline characteristics of
patients are very useful for the proper SA-AKI management. Signs and symptoms of sepsis
in individual patients depend upon individual susceptibilities and are usually masked by the
organ involvement. As mentioned earlier, the SA-AKI diagnosis depends on SCr (absolute
increase of SCr concentration of 0.3 mg/dL over 48 h or a relative change in SCr concentration of
1.5- to 1.9-fold to baseline over 7 days) or UO (less than 0.5 mL/kg/h for 6 h). SCr measurement,
however, is insensitive indicator of AKI due to the time dependence accumulation. In mice
with bilateral nephrectomy, SCr increases from baseline as late as 12-18 h after surgery [33].
According to SCr half-life (t,), increments in SCr concentration lag the decrements in GFR by
an hour. In addition, sepsis leads to the reduction in muscular production of creatinine from
inflammatory process. And diuretic administration in AKI for promoting the non-oliguric
phase results in the unreliable UO criteria. Thus, other biomarkers in addition to SCr and
UO are required. Urine analysis and urine biochemistry indices may be useful as adjunctive
biomarkers to support or differentiate SA-AKI. The presence of urine granular cast and renal
epithelial cells is not only for the differentiation between pre-renal AKI and ATN but also for
SA-AKI versus non-septic AKI [57]. Urinary sediment examination remains a classic, cost-
effectiveness, and worthwhile method for the differentiation of AKI etiologies. By contrast,
urine chemistry indices including urine sodium (U, ), fractional excretion of sodium (FE,)),
and fractional excretion of urea (FE ) are beneficial for the differentiation of pre-renal AKI
from acute tubular necrosis (ATN) but unfortunately unable to differentiate between SA-AKI
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versus non-septic AKI. However, Vanmassenhove et al. [58] demonstrates that low FE and
low FE _ are predictive of transient AKI and oliguria is predictive for impending AKI in early

sepsis. Although some studies demonstrate the benefit of urine chemistry indices in SA-AKI,
there is still no established urine chemistry test to differentiate SA-AKI from non-septic AKL

As such, the quest for novel biomarkers as an earlier assessment tool for detecting SA-AKI
is crucial. Such biomarkers are categorized into two groups: (i) the determination of renal
functions and (ii) the detection of renal cell injury. Some lists of candidate new biomarker of
SA-AKI are cystatin C (Cys-C), neutrophil gelatinase-associated lipocalin (NGAL), kidney
injury molecule-1 (KIM-1), interleukin-18 (IL-18), liver-type fatty acid-binding (L-FABP),
soluble-triggering receptor expressed on myeloid cells-1 (STREM-1), and activating
transcriptional factor 3 (ATE-3). The sensitivity and specificity of these biomarkers vary
depending on the timing of measurement and clinical samples. Generally, blood (serum)
biomarkers show a lower sensitivity for AKI diagnosis than urinary biomarkers [59, 60].
NGAL is currently the most considered biomarker in AKI. However, it is non-specific to AKI
and may be increased by activated neutrophils due to the response of systemic infection. We
have demonstrated the benefit of NGAL and Cys-C in SA-AKI with bilateral nephrectomy
and bilateral ureter obstruction models [33, 61]. Cys-C is generated from all nucleated cells
and NGAL produced from several organs (lung, heart, kidney, and spleen). Because NGAL
is reabsorbed from proximal tubules but produced from distal renal tubules [62], NGAL is not
only a biomarker of proximal tubular function but also a biomarker of renal injury. Although
both molecules are not specific for kidney, NGAL and Cys-C increase more rapidly than SCr after
bilateral nephrectomy, possibly due to the more intrinsic sources in the body than SCr. While
SCr is generated from muscle due to the utilization of creatine, these molecules are generated
from several organs including muscle. It is interesting to note that renal NGAL, as determined
by Western blot analysis, after bilateral ureter obstruction, does not increase as rapidly as serum
NGAL [33]. This implies the possible limited utilization of kidney-specific NGAL (monomeric
form of NGAL) for SA-AKI diagnosis. It is also interesting to note that sepsis does not enhance the
production of creatinine, NGAL and Cys-C. SCr and Cys-C after CLP in bilateral nephrectomized
mice are lower than CLP in normal mice. And serum NGAL in bilateral nephrectomized mice is
not different to the level of CLP in normal mice [33]. In this aspect, among these biomarkers, SCr
has several limitations and NGAL is the best representative for SA-AKI in these mouse models.

For other biomarkers, urine IL-18 is a cytokine that respond not only to AKI but also to
inflammation and infection. Urine L-FABP has been reported as a good predictor of mortality
in patients with sepsis in ICU and shows the significant higher level in SA-AKI in comparison
with sepsis-non-AKI[63]. In addition, urine exosome is another interesting source of candidate
AKI biomarkers. Exosome is the nanosize vesicle containing molecules from cytoplasm
or nuclei surrounded by some parts of cell membrane [62, 64-66]. Exosome is another
mechanism of cell-cell communication possibly aiming to deliver non-soluble molecules
and/or ligands of cell membrane receptor. As such, MHC-containing exosome could activate
other immune cells in a distance without the necessary for the close proximity activation [64].
Moreover, several rapid-degradable molecules (RNA, miRNAs) or molecules of intra-nuclei
(e.g., transcriptional factors) could be protected and delivered by exosome. Likewise, our
group recently demonstrates the role of urine exosomal ATF-3 as a good additional biomarker
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for determining the onset of AKI in sepsis [62]. The summary of promising urine and serum
biomarkers for SA-SKI is shown in Table 1. Although only a single biomarker might be
already useful for SA-AKI determination, the combination would be even more beneficial in
the clinical practice. For examples, an increase in biomarkers of injury but not biomarkers of
renal function could represent subclinical AKI (normal SCr). And an increase in functional
biomarkers but not biomarkers of cell injury may represent CKD. More studies are needed.

The discovery of early biomarker of SA-AKI not only improves the clinical management
strategiesbutalsoaddsup theunderstandingin the pathophysiology of SA-AKI. Unfortunately,
SA-AKI pathophysiology in patients is not straightforward. Several comorbidities and the
exposure to other AKI inducers (radiologic contrast-media (contrast-induced nephropathy),
antibiotics (nephrotoxic ATN or acute interstitial nephritis), and hypotensive state (ischemic
ATN) enhance the complexity of sepsis in patients. Hence, the major molecules responsible
for SA-AKI in each patient might be different and the different approach and therapies
might be necessary. For an example, SA-AKI with the predominant of HMGB1 versus high
activated protein C might require the different managements. Therefore, it might be difficult
to recognize the molecular responses of SA-AKI only by patient history or current biomarkers.
More serum, urine, or tissue biomarkers should be beneficial. Thus, appropriate techniques of
renal biopsy in an appropriate time point of SA-AKI might be helpful for an early diagnosis
and exploration of the individual molecular responses. This approach could be one of the
strategies for “sepsis-individualized therapy.” As such, numerous renal biopsy techniques
have high yields, safe and effortless [67, 68]. The studies of renal biopsy in the selected case of
patients with AKI will be very interesting.

In addition, the interpretation of some non-renal biomarkers in AKI should be cautious. For
examples, cardiac troponin I, a biomarker of cardiac muscle injury, is usually high in patients
with abnormal renal function [69]. Troponin I of >0.8 ng/dL or the alterations from baseline
level or additional use of other biomarkers (e.g., myocardial creatinine kinase; CKMB) might
be helpful to determine cardiac cell injury. Fluid status in SA-AKI could affect N-terminal
pro-B-type natriuretic peptide (NT-BNP) and troponin T [70]. We also explore microRNA-122
(miR122), a new liver injury biomarker, in several mouse models including sepsis [71]. We
found that miR-122 is not superior than alanine transaminase (ALT) for the detection of
sepsis-induced liver injury.

Indices Timing of AUROC Threshold Sensitivity Specificity References (year)
measurement values

Urine biomarker(s)

NGAL® (ng/mg 12-h following 0.86 >68 0.71 1.0 Martensson et al. [72]

creatinine) septic shock (2010)

sTREM-1° (pg/mL)  48-h before AKI 0.92 69.04 0.94 0.76 Su et al. [73] (2011)
diagnosis*

Cys-C* (mg/L) Within 8 days after 0.86 0.106 0.85 0.80 Aydogdu et al. [60]
admission (2013)

NGAL*® (ng/mL) 0.80 29.5 0.88 0.73
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Indices Timing of AUROC Threshold Sensitivity Specificity References (year)
measurement values

NGAL® (ng/mL) 7 days after onset  0.86 402 0.89 0.74 Fan et al. [74]
of sepsis

NGAL® (ng/mL) 24 h after 0.78 350 0.75 0.82 Matsa et al. [75] (2014)
admission

alm? (mg/L) 24 h before AKI 0.74 47.9 0.88 0.62 Terzi et al. [76] (2014)
onset

Cys-C* (mg/L) 24 h before AKI 0.74 N/A N/A N/A Dai et al. [77] (2015)
onset

NGAL? (ng/mL) 0.88 N/A N/A N/A

sTREM-1° (pg/mL) 0.78 N/A N/A N/A

ATF3* (ng/mL) 24 h before AKI 0.84 12 0.93 0.85 Panich et al. [62] (2017)
onset

NGALP (ng/mL) 0.64 150 0.98 0.44

Serum or plasma biomarker(s)

NGAL (ng/mL) 12 h following 0.67 >120 0.83 0.50 Martensson et al. [72]
septic shock (2010)

Cys-C (mg/L) Within 8 days of 0.82 15 0.73 0.68 Aydogdu et al. [60]
admission (2013)

NGAL (ng/mL) 0.44 N/A N/A N/A

NGAL (ng/mL) 24 h after 0.88 400 0.79 0.75 Matsa et al [75](2014)
admission

Presepsin (pg/mL)  Within 24 h of 0.70 670 0.70 0.81 Nakamura et al. [78]
admission

Procalcitonin (ng/ ~ Within 24 h of 0.88 0.42 0.95 0.65 Nakamura et al. [79]

mL) admission (2015)

Cys-C (mg/L) 24 h before AKI 0.74 N/A N/A N/A Dai et al. [77] (2015)
onset

NGAL (ng/mL) 0.83 N/A N/A N/A

sTREM-1 (pg/mL) 0.75 N/A N/A N/A

alm, alpha-1-microglobulin; AKI, acute kidney injury; ATF3, activating transcriptional factor 3; AUROC, area under
the receiver operating characteristic curve; Cys-C, cystatin-C; N/A, data not available; NGAL, neutrophil gelatinase-
associated lipocalin; sSTREM-1, soluble-triggering receptor expressed on myeloid cells-1.

*No data were available 24 h before AKI onset.
*Detection from urinary soluble fraction part.

"Detection from urinary exosomal part.

Table 1. Summary of the published studies in early urine and plasma biomarkers for detecting SA-AKI.
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7. Managements

Similar to general managements in sepsis, SA-AKI treatment bases upon the rapidly
appropriate antibiotic administration and best supportive cares. Here, we summarized the
important points in SA-AKI management.

7.1. Fluid therapy

Fluid administration is the corner stone of resuscitation especially in sepsis. Theoretically,
fluid responder defines by a patient whose stroke volume (SV) increases by 10-15% after a
fluid challenge (250-500 mL) [80], but less than 40% of septic patients are fluid responders
[81]. According to Frank-Starling principle, as the preload increases, SV increases until the
optimal preload is achieved. Thus, if the fluid challenge does not increase SV, the amount of
volume loading would be harmful from the increase in arterial pressure, venous pressure,
and, in the end, pulmonary hydrostatic pressures. Moreover, these responses stimulate the
release of natriuretic peptide that induces fluid shift from intravascular portion into interstitial
space. Of note, kidney is also particularly affected by increased venous pressure resulting in
increased renal subcapsular pressure and decreased GFR.

“Fluid expansion as supportive therapy” (FEAST) is the most explicit study that demonstrates
the harmful of fluid loading in sepsis [82]. In this randomized study, aggressive fluid
loading is associated with an increased risk of death. After the concept of early aggressive
fluid resuscitation — “early goal directed therapy” (EGDT)—published in 2001 [83], a number
of studies using EGDT protocol have been published subsequently [84-86]. Interestingly,
these studies show an obvious reduction in mortality rate, especially during 2010-2015, which
associates with the decline in the volume of fluid resuscitation in the first 72 h. Although
the fluid resuscitation in an early phase of sepsis with a significant decrease in effective
circulatory volume sounds reasonable, the ongoing fluid maintenance therapy remains in
trouble, particularly in SA-AKI [87]. Fluid therapy, moreover, is not only incapable of effective
reverse septic shock but also contribute to the more renal dysfunction through several
mechanisms. For instance, an increased venous pressure following fluid therapy directly
increases pressure in renal interstitium and peritubular area in animal models [88]. Because
a large fluid bolus (20-30 mL/kg) is associated with volume overload, the approach with the
less volume of fluid bolus (200-500 mL) is currently recommended [89]. Acute dialysis quality
initiative (ADQI) suggests the approach of fluid therapy in sepsis by dividing into four stages:
rescue, optimization, stabilization, and de-escalation [5]. High-volume resuscitation is needed
during the rescue stage followed by optimization and stabilization protocol depending on the
individual patient. After that, the de-escalation consists of reduced total fluid water in patients
where diuretics and/or renal replacement therapy (RRT) might be necessary. Regarding fluid
therapy monitoring, passive leg-raising maneuver (PLR) after fluid bolus combined with the
real-time SV measurement is the only procedure with a high clinical accuracy of fluid status
[80, 89]. Due to the availability of ultrasonography in most of the ICUs, the exclusion of fluid
overload by the real-time detection of B-line and abnormal curtain sign in the lung, the vena cava
collapsibility by M-mode ultrasonography, and the abnormalities in cardiac function is noninvasive
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and might be helpful as the additional information in the real clinical situation. But these
procedures are operator dependent that need a special training. Nevertheless, physical
examination, central venous pressure (CVP), central venous oxygen saturation (ScvO,), chest
radiography, and the vena-caval collapsibility index by ultrasonography show limited value
in fluid monitoring and is not generally recommended for fluid challenge purpose [90-92]. It
might be important to note that in patients with previous normal blood pressure, the mean
arterial pressure (MAP) at 65-70 mmHg might be adequate for maintaining renal perfusion.
But MAP at 80-85 mmHg might be needed in patient with a history of hypertension [93].
Moreover, serum lactate should be less than 2 mmol/L. The new definition of septic shock
from the Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3), the
stage with the need of vasopressor from maintaining MAP >65 mmHg and serum lactate more
than 2 mmol/L, implies the importance of serum lactate and vasopressor in clinical practice [1].

In addition to the amount of volume, fluid composition is another issue that must be considered
in SA-AKI. Normal saline (0.9% NaCl), a non-physiologic solution, is possibly less beneficial in
SA-AKI than other new fluid preparations. Normal saline causes a hyperchloremic metabolic
acidosis resulting in decreased renal blood flow (by activation of TG feedback mechanisms
and afferent vasoconstriction) and increases the risk of further renal injury [94, 95]. Moreover,
normal saline is associated with an increased risk of death in comparison with physiologic
salts solution. Similarly, synthetic hydroxyethyl starch is potentially nephrotoxic and not
recommended in SA-AKI patients [96]. Blood transfusion is used to improve microcirculatory
hemoglobin and tissue oxygenation. However, the results of blood transfusion in reducing
morbidity and mortality remain inconclusive [96, 97]. Despite theoretical disadvantage of
normal saline in SA-AKI, the result from randomized control trial is still controversy.
Moreover, normal saline is generally available in a reasonable price worldwide. Thus, normal
saline should still be a main fluid replacement used in SA-AKI. However, the alternative
administration of normal saline with other fluid preparations or the limited volume of normal
saline might be more beneficial. Recently, Steward approach on acid-base proposed the ratio of
serum chloride/sodium (S /S, ) at higher than 0.76 as the indication of chloride access and the
timing for the replacement of normal saline into other solutions [98]. More studies are needed.

7.2. Control of acidosis

Acidosis is common in patients with sepsis which might be due to lactic acidosis, respiratory
acidosis, and/or hyperchloremic metabolic acidosis from high volume of normal saline.
But bicarbonate treatment is not recommended unless blood pH is lower than 7.15.
Sodium bicarbonate infusion leads to hypernatremia, hypervolemia, intracellular shift of
calcium-induced hypocalcemia, intracellular acidosis, and impaired oxygen delivery [99].
Improved tissue perfusion, proper respiratory machine adjustment, and balance administration
of high-volume normal saline with other fluid therapy (e.g., other balance solutions) should be
helpful. Tris-hydroxy methyl amino methane (THAM), a weak base with intracellular diffusion,
might be beneficial due to the lower intracellular acidosis in comparison with bicarbonate
infusion. However, THAM causes hyperkalemia, hypoglycemia, pseudohyponatremia, and
increased osmolol gap in patients with preexisting renal dysfunction due to the excretion
through kidney [100].
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7.3. Antibiotics and other nephrotoxic

The rapid control organism is still the main theme of sepsis treatment. The survival rate of
patients with sepsis declines 7.6% for every hour of delayed appropriate antibiotic treatment
[101]. Regarding AKI from antibiotic, vancomycin is reported to induce AKI despite
appropriate therapeutic level (1520 mg/dL; the recommended level for the treatment
of methicillin-resistance Staphylococcus aureus (MRSA)). Vancomycin is also reported to enhance
nephrotoxic of piperacillin-tazobactam [102]. Although these events might be due to the
contaminants, vancomycin administration in a high dose should be careful and blood level
monitoring might be helpful. Other unnecessary nephrotoxic substances, such as amphotericin
B, iodinated contrast agents, and so on, should be avoided. In addition, there is only a report
of gadolinium (a contrast for MRI)-induced AKI [103] but several reports on increase incidence of
nephrogenic systemic fibrosis in gadolinium injection in patients with preexisting renal injury.

7.4. Vasopressors

In SA-AK], the alteration of vascular tone is a major cause of hypotension and renal injury.
Norepinephrine maintains mean arterial pressure and increases renal medullary circulation
without RBF alteration leading to improved renal function both in animal models and in human
[93, 104-106]. Norepinephrine also restores normal capillary velocity and filtration pressure
[107]. Thus, norepinephrine is the first-line drug for septic shock. On the other hand, iloprost, a
vasodilatory prostacyclin, has been considered to reduce cortical microcirculatory hypoxia and
preserve renal function in animal model of SA-AKI [108]. But the clinical data on the efficacy
and safety of iloprost administration are still limited.

7.5. Renal replacement therapy

The general four concerning aspects of renal replacement therapy (indications, timing,
modality, and delivered dose) and the traditional clinical indications of RRT (“A-E-I-O-U”;
A-acidosis, E-electrolyte disturbance, I-intoxication, O-fluid overload, and U-uremia) should
be applied to SA-AKI as other causes of AKI. Indeed, severe metabolic acidosis, fluid overload,
and uremia are the top three common indications for RRT in SA-AKI

Regarding the timing of RRT initiation, the data are heterogeneous, inconclusive, and centers
dependence. Although adverse effect of delayed RRT initiation has been reported with a
higher mortality rate and worse renal outcome in SA-AKI [109], many consensus guidelines
remain set as individual timing based on the only published randomized controlled trial.
Bouman et al. [110] demonstrated non-significant differences in renal outcomes or patient
survival between early and late initiation of hemofiltration. As such, the recently two large,
high-profile randomized trials, specifically designed for the determination of RRT initiation
in patients with AKI and critically ill condition, show the discordant conclusions [111, 112].
Single-center early versus late initiation of renal replacement therapy on mortality in critically
ill patients with acute kidney injury (ELAIN) demonstrates the benefit of an early strategy of
RRT initiation over a delay strategy in the mortality rate of critically ill patients [113]. Although
eligible patients are at KDIGO stage 2, they have high sequential organ failure assessment
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(SOFA) score at 15.6-16.0. On the contrary, the artificial kidney initiation in kidney injury
(AKIKI) study shows a negative result for early strategy of RRT initiation [114]. But patients
enrolled in the AKIKI trial are at KDIGO stage 3 with SOFA score at 10.8-10.9 which is lower
than the patients in ELAIN study. In addition, SOFA score in the renal component in AKIKI
trial is also less than ELAIN study. Therefore, these two studies may have come to different
conclusions because of the different inclusion criteria. The patients enrolled in the ELAIN trial
are at an earlier AKI stage but more severe sepsis. Nevertheless, another trial for answering
the optimal RRT timing is now ongoing —STARRT-AKI (standard vs. accelerated initiation of
renal replacement therapy in acute kidney injury) study; clinicaltrial.gov NCT02568722.

The choice of hemodialysis (HD) modality for patients with SA-AKI is also important to
mention. Although the best choice of HD modality in SA-AKI remains inconclusive, only some
studies showed the benefit of continuous renal replacement therapy (CRRT) over intermittent
hemodialysis (IHD) in survival and duration before renal recovery [115, 116]. Regarding CRRT
in SA-AKI setting, continuous venovenous hemofiltration (CVVH) has recently demonstrated
the promising results in comparison with extended daily hemofiltration (EDHF) [115]. Despite
more severe sepsis (oliguria and severity of metabolic acidosis) of patients in CVVH group,
they have a superior renal outcome on 60-day dialysis independence periods. However, a
retrospective cohort study by AlEnezi et al. showed that CVVH does not attenuate mortality
and length of hospital stay in comparison with continuous venovenous hemodiafiltration
(CVVHDF) [116].

Although the benefit of renal recovery is superior in CRRT, over IHD, owing to the better fluid
control with the fewer hypotensive episodes, CRRT is more expensive. On the other hand, on-line
hemodiafiltration (Ol-HDF), an intermittent hemodialysis modality that increase mid-to-large
molecular clearance by combining diffuse and convective transport with ultrapure dialysate, is a
promising alternative modality for SA-AKI. Data from our study demonstrated that Ol-HDF not
only benefits in renal support but also offers a potential role in immune modulation in SA-AKI
[117]. The comparison of beneficial effects on renal outcomes and patient survival between
CVVH and OI-HDF in SA-AKI patients is ongoing in our center.

In addition, optimal CRRT dose is evaluated in two clinical trials with nonspecific causes of
AKI at an effluent rate of 25-30 and 40 mL/kg/h [118-120]. Although there is a tendency toward
the reduced mortality rate in the higher dose of CRRT (40 mL/kg/h), it is not enough to reach
a significant level. Likewise, the CRRT prescription dose at 30-35 mL/kg/h or 25% addition
to the usual dose of CRRT is recommended by some centers to ensure an adequate delivered
dose [121]. By theory, delivered CRRT dose over 35 mL/kg/h as known as “high-volume
hemofiltration” may remove systemic inflammation and improve septic shock survival, but it
is not supported by several clinical studies.

It seems that CVVH has more benefit than IHD only in limited parameters with a significantly
higher cost. Hence, we recommend IHD or sustained/slow low-efficiency dialysis (SLED)
as a first choice of RRT modality followed by standard dose of CVVH (20-25 mL/kg/h) in
SA-AKI depending on patient conditions. In addition, in the area with the limited resources,
with less severe sepsis, and/or without other choices of RRT, peritoneal dialysis (PD) might
be an alternative RRT modality [122]. However, the adequacy of PD in sepsis and the high
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glucose level in peritoneal dialysate is the major limitation of PD in sepsis. On the other hand,
extracorporeal blood purification (EBP) is currently considered as one of the treatments for
balancing homeostasis of sepsis immune responses. The absorption therapy with polymyxin B
or other cytokine absorbents shows benefit in hemodynamic parameters and mortality rate in
some studies [123] but still inconclusive. Therefore, the specific indication and/or proper bio-
markers (i.e., stress-, injury-, functional loss-, and recovery biomarkers) to select patients with
the highest probability to be beneficial from any treatment methods are urgently in need [124].

8. Conclusions

Sepsis is often accompanied by acute renal failure, also called sepsis-associated acute kidney
injury. The mechanisms by which sepsis and endotoxemia lead to SA-AKI are incompletely
understood. However, growing evidences suggest that SA-AKI is a result of sustained renal
microvascular hypoperfusion, insufficient cell energy, mitochondria dysfunction, endothelial
injury, and cell cycle arrest. SA-AKI is associated with normal or even elevated renal blood
flow, which is, at least in part, due to redistribution of blood flow from cortical to medullary
region. Fluid therapy and proper antibiotics are crucial managements. Because too much
fluid administration in sepsis increase organ dysfunction, hemodynamic-guided approach of
fluid therapy and early vasopressor administration in SA-AKI would be beneficial. Currently,
the role of renal replacement (RRT) in SA-AKI for renal support and immunomodulation
has been evaluated. Although there is no consensus guideline, retrospective clinical studies
have suggested that the early initiation of RRT and the use of continuous methods are
associated with a better hemodynamic tolerance and renal outcome. Timing and dose of RRT
are ongoing debate, yet recently randomized clinical trials remain unable to demonstrate any
beneficial impacts of early RRT. In the future, we propose “sepsis mechanistic approach” as
an individualized therapy for sepsis and the better matching between the results from the
translational researches and the specific patient characteristics.

Author details

Wiwat Chancharoenthana'®, Asada Leelahavanichkul®* and Somchai Eiam-Ong?
*Address all correspondence to: aleelahavanit@gmail.com

1 Section of Critical Care Nephrology, Division of Nephrology and Hypertension, Depart-
ment of Medicine, HRH Princess Chulabhorn College of Medical Science, Chulabhorn
Royal Academy of Science (CRAS), Bangkok, Thailand

2 Immunology Unit, Department of Microbiology, Chulalongkorn University, Bangkok,
Thailand

3 Division of Nephrology, Department of Medicine, Chulalongkorn University, Bangkok,
Thailand



80

Sepsis

References

(1]

Singer M, Deutschman CS, Seymour CW, Shankar-Hari M, Annane D, Bauer M, Bellomo
R, Bernard GR, Chiche JD, Coopersmith CM et al. The Third International consensus
definitions for sepsis and septic shock (Sepsis-3). Journal of American Medical Association.
2016;315(8):801-810

Bagshaw SM, Uchino S, Bellomo R, Morimatsu H, Morgera S, Schetz M, Tan I, Bouman
C, Macedo E, Gibney N et al. Septic acute kidney injury in critically ill patients: clinical
characteristics and outcomes. Clinical Journal of American Society of Nephrology.
2007;2(3):431-439

Uchino S, Kellum JA, Bellomo R, Doig GS, Morimatsu H, Morgera S, Schetz M, Tan I,
Bouman C, Macedo E et al. Acute renal failure in critically ill patients: A multinational,
multicenter study. Journal of American Medical Association. 2005;294(7):813-818

Kellum JA, Levin N, Bouman C, Lameire N. Developing a consensus classification
system for acute renal failure. Current Opinion in Critical Care. 2002;8(6):509-514

Kellum JA, Mythen MG, Shaw AD. The 12th consensus conference of the acute dialysis
quality initiative (ADQI XII). British Journal of Anaesthesia. 2014;113(5):729-731

Coca SG, Peixoto AJ, Garg AX, Krumholz HM, Parikh CR. The prognostic importance of
a small acute decrement in kidney function in hospitalized patients: A systematic review
and meta-analysis. American Journal of Kidney Disease. 2007;50(5):712-720

Mehta RL, Kellum JA, Shah SV, Molitoris BA, Ronco C, Warnock DG, Levin A. Acute
kidney injury network: Report of an initiative to improve outcomes in acute kidney
injury. Critical Care. 2007;11(2):R31

Lopes JA, Fernandes P, Jorge S, Goncalves S, Alvarez A, Costa e Silva Z, Franca C, Prata
MM. Acute kidney injury in intensive care unit patients: A comparison between the
RIFLE and the acute kidney injury network classifications. Critical Care. 2008;12(4):R110

Okusa MD, Davenport A. Reading between the (guide)lines--the KDIGO practice
guideline on acute kidney injury in the individual patient. Kidney International. 2014;
85(1):39-48

Gameiro ], Neves JB, Rodrigues N, Bekerman C, Melo MJ, Pereira M, Teixeira C, Mendes
I, Jorge S, Rosa R et al. Acute kidney injury, long-term renal function and mortality in
patients undergoing major abdominal surgery: A cohort analysis. Clinical Kidney Journal.
2016;9(2):192-200

Doi K. Role of kidney injury in sepsis. Journal of Intensive Care. 2016;4:17

Bagshaw SM, George C, Bellomo R. Changes in the incidence and outcome for early acute
kidney injury in a cohort of Australian intensive care units. Critical Care. 2007;11(3):R68

Martin GS, Mannino DM, Eaton S, Moss M. The epidemiology of sepsis in the United
States from 1979 through 2000. New England Journal of Medicine. 2003;348(16):1546-1554



Sepsis-associated Acute Kidney Injury 81
http://dx.doi.org/10.5772/intechopen.69612

[14] Hoste EA, Lameire NH, Vanholder RC, Benoit DD, Decruyenaere JM, Colardyn FA.
Acute renal failure in patients with sepsis in a surgical ICU: Predictive factors, incidence,
comorbidity, and outcome. Journal of American Society of Nephrology. 2003;14(4):
1022-1030

[15] Bagshaw SM, George C, Bellomo R. Early acute kidney injury and sepsis: A multicentre
evaluation. Critical Care. 2008;12(2):R47

[16] White LE, Hassoun HT, Bihorac A, Moore L], Sailors RM, McKinley BA, Valdivia A, Moore
FA. Acute kidney injury is surprisingly common and a powerful predictor of mortality
in surgical sepsis. Journal of Trauma and Acute Care Surgery. 2013;75(3):432-438

[17] Rangel-Frausto MS, Pittet D, Costigan M, Hwang T, Davis CS, Wenzel RP. The natural
history of the systemic inflammatory response syndrome (SIRS). A prospective study.
Journal of American Medical Association. 1995;273(2):117-123

[18] Bagshaw SM, Lapinsky S, Dial S, Arabi Y, Dodek P, Wood G, Ellis P, Guzman J, Marshall
J, Parrillo JE et al. Acute kidney injury in septic shock: Clinical outcomes and impact
of duration of hypotension prior to initiation of antimicrobial therapy. Intensive Care
Medicine. 2009;35(5):871-881

[19] Oppert M, Engel C, Brunkhorst FM, Bogatsch H, Reinhart K, Frei U, Eckardt KU,
Loeffler M, John S. Acute renal failure in patients with severe sepsis and septic shock—-A
significant independent risk factor for mortality: Results from the German Prevalence
Study. Nephrology Dialysis Transplantation. 2008;23(3):904-909

[20] DoiK, Leelahavanichkul A, Yuen PS, Star RA. Animal models of sepsis and sepsis-induced
kidney injury. Journal of Clinical Investigation. 2009;119(10):2868-2878

[21] Leelahavanichkul A, Bocharov AV, Kurlander R, Baranova IN, Vishnyakova TG, Souza
AC, Hu X, Doi K, Vaisman B, Amar M et al. Class B scavenger receptor types I and II
and CD36 targeting improves sepsis survival and acute outcomes in mice. Journal of
Immunology. 2012;188(6):2749-2758

[22] Zafrani L, Gerotziafas G, Byrnes C, Hu X, Perez ], Levi C, Placier S, Letavernier E,
Leelahavanichkul A, Haymann JP et al. Calpastatin controls polymicrobial sepsis by
limiting procoagulant microparticle release. American Journal of Respiratory and
Critical Care Medicine. 2012;185(7):744-755

[23] Leelahavanichkul A, Huang Y, Hu X, Zhou H, Tsuji T, Chen R, Kopp JB, Schnermann
J, Yuen PS, Star RA. Chronic kidney disease worsens sepsis and sepsis-induced acute

kidney injury by releasing high mobility group box protein-1. Kidney International.
2011;80(11):1198-1211

[24] Nemeth K, Leelahavanichkul A, Yuen PS, Mayer B, Parmelee A, Doi K, Robey PG,
Leelahavanichkul K, Koller BH, Brown JM et al. Bone marrow stromal cells attenuate
sepsis via prostaglandin E(2)-dependent reprogramming of host macrophages to increase
their interleukin-10 production. Nature Medicine. 2009;15(1):42-49



82

Sepsis

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

Leelahavanichkul A, Yasuda H, Doi K, Hu X, Zhou H, Yuen PS, Star RA. Methyl-2-
acetamidoacrylate, anethyl pyruvateanalog, decreasessepsis-induced acutekidney injury
in mice. American Journal of Physiology and Renal Physiology 2008;295(6):F1825-1835

Doi K, Leelahavanichkul A, Hu X, Sidransky KL, Zhou H, Qin Y, Eisner C, Schnermann
J, Yuen PS, Star RA. Pre-existing renal disease promotes sepsis-induced acute kidney
injury and worsens outcome. Kidney International. 2008;74(8):1017-1025

Doi K, Hu X, Yuen PS, Leelahavanichkul A, Yasuda H, Kim SM, Schnermann J, Jonassen
TE, Frokiaer ], Nielsen S et al. AP214, an analogue of alpha-melanocyte-stimulating
hormone, ameliorates sepsis-induced acute kidney injury and mortality. Kidney
International. 2008;73(11):1266-1274

Yasuda H, Leelahavanichkul A, Tsunoda S, Dear JW, Takahashi Y, Ito S, Hu X, Zhou H,
Doi K, Childs R et al. Chloroquine and inhibition of Toll-like receptor 9 protect from
sepsis-induced acute kidney injury. American Journal of Physiology. Renal Physiology.
2008;294(5):F1050-F1058

Dear JW, Leelahavanichkul A, Aponte A, Hu X, Constant SL, Hewitt SM, Yuen PS,
Star RA. Liver proteomics for therapeutic drug discovery: Inhibition of the cyclophilin
receptor CD147 attenuates sepsis-induced acute renal failure. Critical Care Medicine.
2007;35(10):2319-2328

Hotchkiss RS, Monneret G, Payen D. Immunosuppression in sepsis: A novel understanding
of the disorder and a new therapeutic approach. The Lancet Infectious Diseases.
2013;13(3):260-268

Ondee T, Surawut S, Taratummarat S, Hirankan N, Palaga T, Pisitkun P, Pisitkun T,
Leelahavanichkul A. FC gamma receptor IIB deficient mice: A lupus model with
increased endotoxin tolerance-related sepsis susceptibility. Shock. 2016

Leelahavanichkul A, Somparn P, Bootprapan T, Tu H, Tangtanatakul P, Nuengjumnong
R, WorasilchaiN, Tiranathanagul K, Eiam-ong S, Levine M et al. High-dose ascorbate with
low-dose amphotericin B attenuates severity of disease in a model of the reappearance
of candidemia during sepsis in the mouse. American Journal of Physiology. Regulatory,
Integrative and Comparative Physiology. 2015;309(3):R223-R234

Leelahavanichkul A, Somparn P, Issara-Amphorn ], Eiam-ong S, Avihingsanon Y,
Hirankarn N, Srisawat N. Serum neutrophil gelatinase associated lipocalin (NGAL) out-
performs serum creatinine in detecting sepsis-induced acute kidney injury, experiments
on bilateral nephrectomy and bilateral ureter obstruction mouse models. Shock.
2016;45(5):570-576

Heyman SN, Lieberthal W, Rogiers P, Bonventre JV. Animal models of acute tubular
necrosis. Current Opinion in Critical Care. 2002;8(6):526-534

Sharfuddin AA, Molitoris BA. Pathophysiology of ischemic acute kidney injury. Nature
Review Nephrology. 2011;7(4):189-200



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

Sepsis-associated Acute Kidney Injury
http://dx.doi.org/10.5772/intechopen.69612

Langenberg C, Wan L, Egi M, May CN, Bellomo R. Renal blood flow and function
during recovery from experimental septic acute kidney injury. Intensive Care Medicine.
2007;33(9):1614-1618

Singh P, Okusa MD. The role of tubuloglomerular feedback in the pathogenesis of acute
kidney injury. Contributions to Nephrology. 2011;174:12-21

Eadon MT, Hack BK, Xu C, Ko B, Toback FG, Cunningham PN. Endotoxemia alters tight
junction gene and protein expression in the kidney. American Journal of Physiology.
Renal Physiology. 2012;303(6):F821-F830

Herrler T, Tischer A, Meyer A, Feiler S, Guba M, Nowak S, Rentsch M, Bartenstein P,
Hacker M, Jauch KW. The intrinsic renal compartment syndrome: New perspectives in
kidney transplantation. Transplantation. 2010;89(1):40-46

Xu C, Chang A, Hack BK, Eadon MT, Alper SL, Cunningham PN. TNF-mediated damage
to glomerular endothelium is an important determinant of acute kidney injury in sepsis.
Kidney International. 2014;85(1):72-81

De Backer D, Creteur ], Preiser JC, Dubois M]J, Vincent JL. Microvascular blood flow
is altered in patients with sepsis. American Journal of Respiratory and Critical Care
Medicine. 2002;166(1):98-104

Melican K, Boekel ], Mansson LE, Sandoval RM, Tanner GA, Kallskog O, Palm F, Molitoris
BA, Richter-Dahlfors A. Bacterial infection-mediated mucosal signalling induces local
renal ischaemia as a defence against sepsis. Cell Microbiology. 2008;10(10):1987-1998

Drake TA, Cheng ], Chang A, Taylor FB, Jr. Expression of tissue factor, thrombomodulin,
and E-selectin in baboons with lethal Escherichia coli sepsis. American Journal of
Pathology. 1993;142(5):1458-1470

He X, SuF, Velissaris D, Salgado DR, de Souza Barros D, Lorent S, Taccone FS, Vincent JL,
De Backer D. Administration of tetrahydrobiopterin improves the microcirculation and
outcome in an ovine model of septic shock. Critical Care Medicine. 2012;40(10):2833-2840

Legrand M, Almac E, Mik EG, Johannes T, Kandil A, Bezemer R, Payen D, Ince C.
L-NIL prevents renal microvascular hypoxia and increase of renal oxygen consumption
after ischemia-reperfusion in rats. American Journal of Physiology. Renal Physiology.
2009;296(5):F1109-F1117

Langenberg C, Gobe G, Hood S, May CN, Bellomo R. Renal histopathology during
experimental septic acute kidney injury and recovery. Critical Care Medicine. 2014;
42(1):e58-67

Brealey D, Brand M, Hargreaves I, Heales S, Land J, Smolenski R, Davies NA, Cooper
CE, Singer M. Association between mitochondrial dysfunction and severity and outcome
of septic shock. Lancet. 2002;360(9328):219-223

ZhanM, BrooksC, LiuF, SunL, Dong Z. Mitochondrial dynamics: Regulatory mechanisms
and emerging role in renal pathophysiology. Kidney International. 2013;83(4):
568-581

83



84  Sepsis

[49]
[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

Levine B, Kroemer G. Autophagy in the pathogenesis of disease. Cell. 2008;132(1):27-42

Howell GM, Gomez H, Collage RD, Loughran P, Zhang X, Escobar DA, Billiar TR,
Zuckerbraun BS, Rosengart MR. Augmenting autophagy to treat acute kidney injury
during endotoxemia in mice. PLoS One. 2013;8(7):e69520

Youle RJ, Narendra DP. Mechanisms of mitophagy. Nature Reviews Molecular Cell
Biology. 2011;12(1):9-14

Jaeschke H. Mechanisms of Liver Injury. II. Mechanisms of neutrophil-induced liver cell
injury during hepatic ischemia-reperfusion and other acute inflammatory conditions.
American Journal of Physiolpgy. Gastrointestinal and Liver Physiology. 2006;
290(6):G1083-G1088

Wen X, Peng Z, Li Y, Wang H, Bishop JV, Chedwick LR, Singbartl K, Kellum JA. One
dose of cyclosporine A is protective at initiation of folic acid-induced acute kidney injury
in mice. Nephrology Dialysis Transplantation. 2012;27(8):3100-3109

Peng ZG, Tian ]. Higher serum trough levels of tacrolimus increase 5-year allograft
survival in antibody positive renal transplant patients. Clinical Transplantation. 2014:
30,209-214

Kashani K, Al-Khafaji A, Ardiles T, Artigas A, Bagshaw SM, Bell M, Bihorac A, Birkhahn
R, Cely CM, Chawla LS et al. Discovery and validation of cell cycle arrest biomarkers in
human acute kidney injury. Critical Care. 2013;17(1):R25

Gomez H, Kellum JA, Ronco C. Metabolic reprogramming and tolerance during
sepsis-induced AKI. Nature Review Nephrology. 2017

Bagshaw SM, Haase M, Haase-Fielitz A, Bennett M, Devarajan P, Bellomo R. A prospective
evaluation of urine microscopy in septic and non-septic acute kidney injury. Nephrology
Dialysis Transplantation. 2012;27(2):582-588

Vanmassenhove ], Glorieux G, Hoste E, Dhondt A, Vanholder R, Van Biesen W. Urinary
output and fractional excretion of sodium and urea as indicators of transient versus
intrinsic acute kidney injury during early sepsis. Critical Care. 2013;17(5):R234

Di Nardo M, Ficarella A, Ricci Z, Luciano R, Stoppa F, Picardo S, Picca S, Muraca M,
Cogo P. Impact of severe sepsis on serum and urinary biomarkers of acute kidney injury
in critically ill children: An observational study. Blood Purification. 2013;35(1-3):172-176

Aydogdu M, Gursel G, Sancak B, Yeni S, Sari G, Tasyurek S, Turk M, Yuksel S, Senes M,
Ozis TN. The use of plasma and urine neutrophil gelatinase associated lipocalin (NGAL)
and cystatin C in early diagnosis of septic acute kidney injury in critically ill patients.
Disease Markers. 2013;34(4):237-246

Leelahavanichkul A, Souza AC, Street JM, Hsu V, Tsuji T, Doi K, Li L, Hu X, Zhou H,
Kumar P et al. Comparison of serum creatinine and serum cystatin C as biomarkers
to detect sepsis-induced acute kidney injury and to predict mortality in CD-1 mice.
American Journal of Physiology. Renal Physiology. 2014;307(8):F939-F948



[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

Sepsis-associated Acute Kidney Injury
http://dx.doi.org/10.5772/intechopen.69612

Panich T, Chancharoenthana W, Somparn P, Issara-Amphorn ], Hirankarn N,
Leelahavanichkul A. Urinary exosomal activating transcriptional factor 3 as the early
diagnostic biomarker for sepsis-induced acute kidney injury. BMC Nephrology.
2017;18(1):10

Doi K, Noiri E, Sugaya T. Urinary L-type fatty acid-binding protein as a new renal
biomarker in critical care. Current Opinion in Critical Care. 2010;16(6):545-549

Huebner AR, Somparn P, Benjachat T, Leelahavanichkul A, Avihingsanon Y, Fenton RA,
Pisitkun T. Exosomes in urine biomarker discovery. Advances in Experimental Medicine
and Biology. 2015;845:43-58

Zhou H, Kajiyama H, Tsuji T, Hu X, Leelahavanichkul A, Vento S, Frank R, Kopp JB,
Trachtman H, Star RA et al. Urinary exosomal Wilms' tumor-1 as a potential biomarker
for podocyte injury. American Journal of Physiology. Renal Physiology. 2013;
305(4):F553-F559

Zhou H, Cheruvanky A, Hu X, Matsumoto T, Hiramatsu N, Cho ME, Berger A,
Leelahavanichkul A, Doi K, Chawla LS et al. Urinary exosomal transcription factors, a
new class of biomarkers for renal disease. Kidney International. 2008;74(5):613-621

Babaei Jandaghi A, Lebady M, Zamani AA, Heidarzadeh A, Monfared A, Pourghorban R.
A randomised clinical trial to compare coaxial and noncoaxial techniques in percutaneous
core needle biopsy of renal parenchyma. Cardiovascular and Interventional Radiology.
2017;40(1):106-111

Chancharoenthana W, Kanjanabuch T, Kittikowit W, Srisawat N, Tiranathanagul
K, Praditpornsilpa K, Tungsanga K, Eiam-Ong S. The novel middle part approach
ultrasound-guided percutaneous native renal biopsy: A better tissue providing
technique. Asian Biomedicine. 2014;8(2):203-210

Donnino MW, Karriem-Norwood V, Rivers EP, Gupta A, Nguyen HB, Jacobsen G,
McCord J, Tomlanovich MC. Prevalence of elevated troponin I in end-stage renal disease
patients receiving hemodialysis. Academic Emergency Medicine. 2004;11(9):979-981

Sommerer C, Beimler ], Schwenger V, Heckele N, Katus HA, Giannitsis E, Zeier M.
Cardiac biomarkers and survival in haemodialysis patients. European Journal of Clinical
Investigation. 2007;37(5):350-356

Leelahavanichkul A, Somparn P, Panich T, Chancharoenthana W, Wongphom J, Pisitkun
T, Hirankarn N, Eiam-Ong S. Serum miRNA-122 in acute liver injury induced by kidney
injury and sepsis in CD-1 mouse models. Hepatology Research. 2015;45(13):1341-1352

Martensson J, Bell M, Oldner A, Xu S, Venge P, Martling CR. Neutrophil gelatinase-
associated lipocalin in adult septic patients with and without acute kidney injury.
Intensive Care Medicine. 2010;36(8):1333-1340

Su LX, Feng L, Zhang ], Xiao Y], Jia YH, Yan P, Feng D, Xie LX. Diagnostic value of urine
SsTREM-1 for sepsis and relevant acute kidney injuries: A prospective study. Critical
Care. 2011;15(5):R250

85



86

Sepsis

[74]

[75]

[76]

[77]

(78]

[79]

(80]

[81]

[82]

(83]

[84]

[85]

Fan H, Zhao Y, Zhu JH, Song FC. Urine neutrophil gelatinase-associated lipocalin in
septic patients with and without acute kidney injury. Renal Failure. 2014;36(9):1399-1403

Matsa R, Ashley E, Sharma V, Walden AP, Keating L. Plasma and urine neutrophil
gelatinase-associated lipocalin in the diagnosis of new onset acute kidney injury in critically
ill patients. Critical Care. 2014;18(4):R137

Terzi I, Papaioannou V, Papanas N, Dragoumanis C, Petala A, Theodorou V, Gioka T,
Vargemezis V, Maltezos E, Pneumatikos I. Alphal-microglobulin as an early biomarker
of sepsis-associated acute kidney injury: A prospective cohort study. Hippokratia. 2014;
18(3):262e8

Dai X, Zeng Z, Fu C, Zhang S, Cai Y, Chen Z. Diagnostic value of neutrophil gelatinase-
associated lipocalin, cystatin C, and soluble triggering receptor expressed on myeloid
cells-1 in critically ill patients with sepsis-associated acute kidney injury. Critical Care.
2015;19:223

Nakamura Y, Ishikura H, Nishida T, Kawano Y, Yuge R, Ichiki R, Murai A. Usefulness
of presepsin in the diagnosis of sepsis in patients with or without acute kidney injury.
BMC Anesthesiology. 2014;14:88

Nakamura Y, Murai A, Mizunuma M, Ohta D, Kawano Y, Matsumoto N, Nishida T,
Ishikura H. Potential use of procalcitonin as biomarker for bacterial sepsis in patients
with or without acute kidney injury. Journal of Infection and Chemotherapy. 2015;
21(4):257-263

Marik PE, Monnet X, Teboul JL. Hemodynamic parameters to guide fluid therapy.
Annals of Intensive Care. 2011;1(1):1

Mallat J, Meddour M, Durville E, Lemyze M, Pepy F, Temime ], Vangrunderbeeck N,
Tronchon L, Thevenin D, Tavernier B. Decrease in pulse pressure and stroke volume
variations after mini-fluid challenge accurately predicts fluid responsiveness dagger.
British Journal of Anaesthesiology. 2015;115(3):449-456

Maitland K, Kiguli S, Opoka RO, Engoru C, Olupot-Olupot P, Akech SO, Nyeko R,
Mtove G, Reyburn H, Lang T et al. Mortality after fluid bolus in African children with
severe infection. New England Journal of Medicine. 2011;364(26):2483-2495

Rivers E, Nguyen B, Havstad S, Ressler ], Muzzin A, Knoblich B, Peterson E, Tomlanovich
M. Early goal-directed therapy in the treatment of severe sepsis and septic shock. New
England Journal of Medicine. 2001;345(19):1368-1377

Yealy DM, Kellum JA, Huang DT, Barnato AE, Weissfeld LA, Pike F, Terndrup T, Wang
HE, Hou PC, LoVecchio F et al. A randomized trial of protocol-based care for early septic
shock. New England Journal of Medicine. 2014;370(18):1683-1693

Peake SL, Delaney A, Bailey M, Bellomo R, Cameron PA, Cooper DJ, Higgins AM,
Holdgate A, Howe BD, Webb SA et al. Goal-directed resuscitation for patients with early
septic shock. New England Journal of Medicine. 2014;371(16):1496-1506



Sepsis-associated Acute Kidney Injury 87
http://dx.doi.org/10.5772/intechopen.69612

[86] Mouncey PR, Osborn TM, Power GS, Harrison DA, Sadique MZ, Grieve RD, Jahan
R, Harvey SE, Bell D, Bion JF et al. Trial of early, goal-directed resuscitation for septic
shock. New England Journal of Medicine. 2015;372(14):1301-1311

[87] Prowle JR, Kirwan CJ, Bellomo R. Fluid management for the prevention and attenuation
of acute kidney injury. Nature Review Nephrology. 2014;10(1):37-47

[88] LiX, Liu M, Bedja D, Thoburn C, Gabrielson K, Racusen L, Rabb H. Acute renal venous
obstruction is more detrimental to the kidney than arterial occlusion: Implication

for murine models of acute kidney injury. American Journal of Physiology. Renal
Physiology. 2012;302(5):F519-F525

[89] Marik PE. Fluid therapy in 2015 and beyond: The mini-fluid challenge and mini-fluid
bolus approach. British Journal of Anaesthesiology. 2015;115(3):347-349

[90] Saugel B, Ringmaier S, Holzapfel K, Schuster T, Phillip V, Schmid RM, Huber W.
Physical examination, central venous pressure, and chest radiography for the prediction
of transpulmonary thermodilution-derived hemodynamic parameters in critically ill
patients: a prospective trial. Journal of Critical Care. 2011;26(4):402-410

[91] Marik PE, Cavallazzi R. Does the central venous pressure predict fluid responsiveness?
An updated meta-analysis and a plea for some common sense. Critical Care Medicine.
2013;41(7):1774-1781

[92] Corl K, Napoli AM, Gardiner F. Bedside sonographic measurement of the inferior vena
cava caval index is a poor predictor of fluid responsiveness in emergency department
patients. Emergency Medicine Australasia. 2012;24(5):534-539

[93] Asfar P, Meziani F, Hamel JF, Grelon F, Megarbane B, Anguel N, Mira JP, Dequin PF,
Gergaud S, Weiss N et al. High versus low blood-pressure target in patients with septic
shock. New England Journal of Medicine. 2014;370(17):1583-1593

[94] Chowdhury AH, Cox EF, Francis ST, Lobo DN. A randomized, controlled, double-blind
crossover study on the effects of 2-L infusions of 0.9% saline and plasma-lyte(R) 148
on renal blood flow velocity and renal cortical tissue perfusion in healthy volunteers.
Annals of Surgery. 2012;256(1):18-24

[95] Kellum JA, Bellomo R, Kramer DJ, Pinsky MR. Etiology of metabolic acidosis during
saline resuscitation in endotoxemia. Shock. 1998;9(5):364-368

[96] Perner A, Haase N, Guttormsen AB, Tenhunen ], Klemenzson G, Aneman A, Madsen
KR, Moller MH, Elkjaer JM, Poulsen LM et al. Hydroxyethyl starch 130/0.42 versus
Ringer's acetate in severe sepsis. New England Journal of Medicine. 2012;367(2):124-134

[97] SakrY, Chierego M, Piagnerelli M, Verdant C, Dubois MJ, Koch M, Creteur ], Gullo A,
Vincent JL, De Backer D. Microvascular response to red blood cell transfusion in patients
with severe sepsis. Critical Care Medicine. 2007;35(7):1639-1644

[98] Adrogue HJ, Madias NE. Assessing acid-base status: Physiologic versus physicochemical
approach. American Journal of Kidney Disease. 2016;68(5):793-802



88

Sepsis

[99] Kraut JA, Madias NE. Lactic acidosis. New England Journal of Medicine. 2014;371(24):

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

2309-2319

Hoste EA, Colpaert K, Vanholder RC, Lameire NH, De Waele JJ, Blot SI, Colardyn
FA. Sodium bicarbonate versus THAM in ICU patients with mild metabolic acidosis.
Journal of Nephrology. 2005;18(3):303-307

Kumar A, Roberts D, Wood KE, Light B, Parrillo JE, Sharma S, Suppes R, Feinstein
D, Zanotti S, Taiberg L et al. Duration of hypotension before initiation of effective
antimicrobial therapy is the critical determinant of survival in human septic shock.
Critical Care Medicine. 2006;34(6):1589-1596

Meaney CJ, Hynicka LM, Tsoukleris MG. Vancomycin-associated nephrotoxicity in
adult medicine patients: Incidence, outcomes, and risk factors. Pharmacotherapy.
2014;34(7):653-661

Chien CC, Wang HY, Wang J], Kan WC, Chien TW, Lin CY, Su SB. Risk of acute kidney
injury after exposure to gadolinium-based contrast in patients with renal impairment.
Renal Failure. 2011;33(8):758-764

Faivre V, Kaskos H, Callebert ], Losser MR, Milliez P, Bonnin P, Payen D, Mebazaa A.
Cardiac and renal effects of levosimendan, arginine vasopressin, and norepinephrine in
lipopolysaccharide-treated rabbits. Anesthesiology. 2005;103(3):514-521

Albert M, Losser MR, Hayon D, Faivre V, Payen D. Systemic and renal macro- and
microcirculatory responses to arginine vasopressin in endotoxic rabbits. Critical Care
Medicine. 2004;32(9):1891-1898

Burban M, Hamel JF, Tabka M, de La Bourdonnaye MR, Duveau A, Mercat A, Cales P,
Asfar P, Lerolle N. Renal macro- and microcirculation autoregulatory capacity during
early sepsis and norepinephrine infusion in rats. Critical Care. 2013;17(4):R139

Albanese J, Leone M, Garnier F, Bourgoin A, Antonini F, Martin C. Renal effects of
norepinephrine in septic and nonseptic patients. Chest. 2004;126(2):534-539

Johannes T, Ince C, Klingel K, Unertl KE, Mik EG. Iloprost preserves renal oxygenation
and restores kidney function in endotoxemia-related acute renal failure in the rat.
Critical Care Medicine. 2009;37(4):1423-1432

Liu KD, Himmelfarb J, Paganini E, Ikizler TA, Soroko SH, Mehta RL, Chertow GM.
Timing of initiation of dialysis in critically ill patients with acute kidney injury. Clinical
Journal of the American Society of Nephrology. 2006;1(5):915-919

Bouman CS, Oudemans-Van Straaten HM, Tijssen JG, Zandstra DF, Kesecioglu J. Effects
of early high-volume continuous venovenous hemofiltration on survival and recovery
of renal function in intensive care patients with acute renal failure: A prospective,
randomized trial. Critical Care Medicine. 2002;30(10):2205-2211

Zarbock A, Kellum JA, Schmidt C, Van Aken H, Wempe C, Pavenstadt H, Boanta A,
Gerss J, Meersch M. Effect of early vs delayed initiation of renal replacement therapy



Sepsis-associated Acute Kidney Injury 89
http://dx.doi.org/10.5772/intechopen.69612

on mortality in critically Ill patients with acute kidney injury: The ELAIN randomized
clinical trial. Journal of Amrican Medical Association. 2016;315(20):2190-2199

[112] Gaudry S, Hajage D, Schortgen F, Martin-Lefevre L, Pons B, Boulet E, Boyer A, Chevrel
G, Lerolle N, Carpentier D et al. Initiation strategies for renal-replacement therapy in
the intensive care unit. New England Journal of Medicine. 2016,375(2):122-133

[113] Wald R, Shariff SZ, Adhikari NK, Bagshaw SM, Burns KE, Friedrich JO, Garg AX, Harel
Z, Kitchlu A, Ray JG. The association between renal replacement therapy modality and
long-term outcomes among critically ill adults with acute kidney injury: A retrospective
cohort study. Critical Care Medicine. 2014;42(4):868-877

[114] Schneider AG, Bellomo R, Bagshaw SM, Glassford NJ, Lo S, Jun M, Cass A, Gallagher
M. Choice of renal replacement therapy modality and dialysis dependence after acute
kidney injury: A systematic review and meta-analysis. Intensive Care Medicine.
2013;39(6):987-997

[115] Sun Z, Ye H, Shen X, Chao H, Wu X, Yang J. Continuous venovenous hemofiltration
versus extended daily hemofiltration in patients with septic acute kidney injury: A
retrospective cohort study. Critical Care. 2014;18(2):R70

[116] AlEneziF, Alhazzani W, Ma ], Alanazi S, Salib M, Attia M, Thabane L, Fox-Robichaud A.
Continuous venovenous hemofiltration versus continuous venovenous hemodiafiltration
in critically ill patients: A retrospective cohort study from a Canadian tertiary centre.
Canadian Respiratory Journal. 2014;21(3):176-180

[117] Chancharoenthana W, TiranathanagulK, SrisawatN, Susantitaphong P, Leelahavanichkul
A, Praditpornsilpa K, Tungsanga K, Eiam-Ong S. Enhanced vascular endothelial growth
factor and inflammatory cytokine removal with online hemodiafiltration over high-flux
hemodialysis in sepsis-related acute kidney injury patients. Therapeutic Apheresis
Dialysis. 2013;17(5):557-563

[118] Bellomo R, Cass A, Cole L, Finfer S, Gallagher M, Lo S, McArthur C, McGuinness
S, Myburgh J, Norton R et al. Intensity of continuous renal-replacement therapy in
critically ill patients. New England Journal of Medicine. 2009;361(17):1627-1638

[119] Palevsky PM, Zhang JH, O'Connor TZ, Chertow GM, Crowley ST, Choudhury D, Finkel
K, Kellum JA, Paganini E, Schein RM et al. Intensity of renal support in critically ill
patients with acute kidney injury. New England Journal of Medicine. 2008;359(1):7-20

[120] Kellum JA, Ronco C. Dialysis: Results of RENAL--what is the optimal CRRT target
dose? Nature Review Nephrology. 2010;6(4):191-192

[121] Vesconi S, Cruz DN, Fumagalli R, Kindgen-Milles D, Monti G, Marinho A, Mariano F,
Formica M, Marchesi M, Rene R et al. Delivered dose of renal replacement therapy and
mortality in critically ill patients with acute kidney injury. Critical Care. 2009;13(2):R57

[122] Phu NH, Hien TT, Mai NT, Chau TT, Chuong LV, Loc PP, Winearls C, Farrar ], White
N, Day N. Hemofiltration and peritoneal dialysis in infection-associated acute renal
failure in Vietnam. New England Journal of Medicine. 2002;347(12):895-902



90

Sepsis

[123]

[124]

Cruz DN, Antonelli M, Fumagalli R, Foltran F, Brienza N, Donati A, Malcangi V, Petrini
F, Volta G, Bobbio Pallavicini FM et al. Early use of polymyxin B hemoperfusion in
abdominal septic shock: The EUPHAS randomized controlled trial. Journal of American
Medical Association. 2009;301(23):2445-2452

Bellomo R, Kellum JA, Ronco C, Wald R, Martensson J, Maiden M, Bagshaw SM,
Glassford NJ, Lankadeva Y, Vaara ST, Schneider A. Acute kidney injury in sepsis.
Intensive Care Medicine. 2017, Mar 31. Doi: 10.1007/s00134-017-4755-7. [Epub ahead
of print]



Section 6

Development in Clinical Prognosis and
Diagnosis of Sepsis







Chapter 6

Clinical Assays in Sepsis: Prognosis, Diagnosis,
Outcomes, and the Genetic Basis of Sepsis

Alice Georgia Vassiliou, Stylianos E. Orfanos and
Anastasia Kotanidou

Additional information is available at the end of the chapter

http://dx.doi.org/10.5772/67985

Abstract

Sepsis is the most widespread medical disorder of the intensive care unit (ICU) and the
most common cause of death in hospitalized patients. Several endothelium-related mol-
ecules have been investigated as potential biomarkers for early diagnosis and/or progno-
sis of sepsis, providing different results depending on study designs. Therefore, it seems
that we are still far from the right combination of sepsis markers to be used in clinical
practice. It is more probable that a panel of diverse biomarkers will be more efficient in
clinical practice. More recently, the potential use of genetic biomarkers for prognostic
purposes started emerging for sepsis, in the form of genome-wide association studies.
The successful use of modern molecular diagnostics could enable rapid identification of
particularly susceptible or less susceptible individuals, leading to tailored therapeutic
treatments.

Keywords: sepsis, biomarkers, polymorphisms

1. Introduction

Sepsis, as defined by the third consensus definitions for sepsis and septic shock, is a life-
threatening organ dysfunction caused by a dysregulated host response to infection, while
septic shock is a subset of sepsis with circulatory and cellular/metabolic dysfunction associ-
ated with a higher risk of mortality [1]. However, in the studies used to establish the sepsis-3
guidelines, patient populations were primarily characterized by the previous definitions of
sepsis, severe sepsis, and septic shock [2].
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Sepsis is the most common medical disorder of the intensive care unit (ICU) and the most fre-
quent cause of death in hospitalized patients; it accounts for 1,000,000 cases and 200,000 deaths
annually in the United States alone [3]. Unlike other major epidemic illnesses, treatment for
sepsis is nonspecific. The new surviving sepsis guidelines [4], that provide an update to the
older guidelines [5, 6], presented statements on early management and resuscitation, limited
primarily to support organ function and administration of intravenous fluids, antibiotics, and
oxygen. Sepsis is a syndrome, not a disease [7] and it occurs in patients with infection [8].
There are no approved drugs that specifically target sepsis. Drotrecogin alfa (activated pro-
tein C), the only approved drug specifically indicated for the treatment of severe sepsis, was
withdrawn from the market in 2011 [5, 9].

Hence, in the last several years, the search for prognostic and diagnostic markers of sep-
sis for their use in clinical practice reached its peak. Indeed, the 2001 International Sepsis
Definitions Conference [2] introduced C-reactive protein (CRP) and procalcitonin (PCT) as
inflammatory markers in the diagnostic criteria for sepsis. However, the new sepsis-3 defini-
tions [1] recognized that sepsis is a syndrome without as yet a validated standard diagnos-
tic test. Sepsis is recognized to involve early activation of both pro- and anti-inflammatory
responses [10] along with major modifications in nonimmunologic pathways such as cardio-
vascular, neuronal, autonomic, hormonal, bioenergetic, metabolic, and coagulation [11], all of
which have prognostic significance. The use of biomarkers for the early diagnosis of sepsis
may permit early intervention which may reduce the risk of death. Combinations of pro- and
anti-inflammatory biomarkers in a multimarker testing kit may help identify patients who
develop severe sepsis before organ dysfunction has advanced too far [12]. Biomarker-guided
immunotherapy that is administered to patients at the proper immune phase of sepsis may
potentially be a major advance in the treatment of sepsis.

In the first part of the chapter, the most commonly studied biomarkers of sepsis are reviewed
for their current uses and diagnostic accuracies, including C-reactive protein, procalcitonin,
various cytokines and chemokines, endothelial biomarkers, and lactate. The second part of
the chapter will focus on the genetic markers of sepsis.

2. Sepsis biomarkers

2.1. Pro-inflammatory biomarkers (acute-phase)

2.1.1. C-reactive protein (CRP)

Proteins, such as C-reactive protein and procalcitonin, are synthesized in response to infection
and inflammation. CRP, named after its ability to precipitate the somatic C-polysaccharide of
Streptococcus pneumoniae, was the first acute-phase protein to be described and comprises a
very sensitive systemic marker of inflammation and tissue damage [13]. Currently, CRP is
used as a clinical marker to assess the presence of infection and can help discriminate bacte-
rial and viral infections [14]. Various studies have shown CRP to be a valuable marker for the
diagnosis of sepsis [15-19] and disease severity [15, 20]. Besides its use in the diagnosis of
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sepsis, CRP has also been evaluated as a prognostic marker. More specifically, in ICU patients,
elevated concentrations of serum CRP on admission have been associated with increased risk
of organ failure and mortality [21, 22]. There have been studies, however, that have not been
able to demonstrate that CRP levels are indicative of survival in septic patients [23, 24].

2.1.2. Procalcitonin (PCT)

PCT is a protein consisting of 116 amino acids with a molecular weight of 13 kDa and is a
precursor of calcitonin produced by C-cells of the thyroid gland, which is intracellularly
cleaved by proteolytic enzymes into the active hormone [25]. In 1993 when its elevated level
was found in patients with bacterial infection, PCT became an important protein in the
detection and differential diagnosis of inflammatory states [26]. The highest levels of PCT
are achieved in acute bacterial infections and sepsis. Since then, it has been widely inves-
tigated for its prognostic value in sepsis, and has become the most widely used biomarker
in the management of infection and sepsis in Europe [27]. The efficacy of serial PCT con-
centrations has been evaluated as a prognostic biomarker of outcome in sepsis [28, 29]. PCT
clearance has also been extensively studied as a biomarker for monitoring sepsis outcomes;
at this end various reports have demonstrated significant improvement in PCT clearance
in survivors compared to nonsurvivors in both severe sepsis and septic shock patients [28,
30-32]. A large meta-analysis comprising 23 studies with 3944 patients concluded that PCT
nonclearance was a prognostic factor of death in patients with sepsis [33]. Hence, it has
been suggested that PCT clearance could be indicative of patient outcome and serial PCT
concentration measurements throughout hospitalization could facilitate treatment planning
to improve patient outcome.

Several meta-analyses have investigated the value of PCT as a diagnostic marker of sepsis.
However, this vast number of studies and meta-analyses has produced conflicting results.
Uzzan et al. found that PCT represents a good biological diagnostic marker for sepsis, severe
sepsis, or septic shock and suggested that procalcitonin should be included in diagnostic
guidelines for sepsis and in clinical practice in intensive care units [34]. The findings of Tang
et al. on the other hand do not support the widespread use of the procalcitonin test in criti-
cal care settings [35]. Another large meta-analysis consisting of 3244 patients suggested that
PCT is a helpful biomarker for early diagnosis of sepsis in critically ill patients [36]. As far
as prognosis is concerned, a meta-analysis of 2353 patients proved that there is a significant
difference between PCT levels as early as day 1 between survivors and nonsurvivors among
septic patients [37].

The efficacy of procalcitonin-guided antibiotic treatment has also been studied. A meta-anal-
ysis of 1075 patients concluded that procalcitonin is a helpful method to guide antibiotic ther-
apy and surgical interventions without, however, exhibiting a beneficial effect on mortality
[38]. The major benefit was shorter antibiotic treatment duration.

In conclusion, PCT in some studies has been found to be a superior marker of infection than
CRP in critically ill patients, and nonetheless is a useful marker of the severity of infection
[15, 39-43].

95



96

Sepsis

2.2, Cytokine/chemokine biomarkers

Cytokines are immuno-regulators produced in response to an infection or injury. A more
clear understanding of the pathophysiological basis of sepsis, including the pro- and anti-
inflammatory response during the hyperinflammatory and immunosuppressive phase of
the disease, respectively, can lead to an alternative treatment approach. In septic patients,
secretion of pro-inflammatory cytokines at the systemic inflammatory response syn-
drome or SIRS and anti-inflammatory cytokines, at the compensatory anti-inflammatory
response syndrome (CARS) [44], occurs in a simultaneous manner from the very first
instant of infection [45]. Mean serum levels of cytokines are higher in septic compared
to nonseptic patients. Cytokines have therefore been proposed to be sepsis biomarkers
in cases of neonatal and adult sepsis [46, 47]. Interleukin-6 (IL-6), IL-8, and IL-10 are the
most extensively studied cytokines in diagnosing sepsis, evaluating the intensity of the
inflammatory response and determining the prognosis for the patient. IL-6 comprises
a pro-inflammatory cytokine, IL-8 is a major chemokine, and IL-10 represents an anti-
inflammatory cytokine.

2.2.1. Pro-inflammatory cytokines and chemokines

Tumor necrosis factor-alpha (TNF-a), IL-1p3, and IL-6 are the cytokines that mediate the ini-
tial response of the innate immune system to injury or infection. Neutrophils are the first
and most important cellular host defense against invading pathogens. Neutrophils migrate
rapidly from the blood to the site of infection and this recruitment is mediated by pro-inflam-
matory mediators, such as TNF-a, IL-13, and neutrophil-active chemoattractants, like IL-8.
Therefore, these cytokines are essentially responsible for the features of SIRS and could be
potentially useful as biomarkers of sepsis. IL-6 enhances the liver's production of the so-called
acute phase reactants, including CRP, and also stimulates a shift in the production of cells in
the bone marrow so that more polymorphonuclear cells (PMNs) are produced. However, it
is also possible that the cells entering circulation could disseminate inflammation into other
organs, eventually leading to damage [48]. Impairment of neutrophil migration has been
described in sepsis, suggesting that in human sepsis, failure of neutrophil migration is associ-
ated with a poor prognosis. In human sepsis, lipopolysaccharide (LPS) is known to induce
TNF-a production by activating various kinases, leading to NF kB (nuclear factor kappa light
chain enhancer of activated B cells) activation.

Levels of circulating cytokines are frequently increased in sepsis [49-57]. IL-6 levels are
increased in patients with infectious complications and have been used to differentiate SIRS
from sepsis [58]. Studies have shown that high concentrations of TNF-a and IL-6 are predic-
tive of organ failure and increased mortality in septic patients [55, 57, 59]. IL-8 has been used
to predict the severity of sepsis in pediatric patients, although the use of IL-8 has not been
confirmed in adults [60, 61]. A very recent study showed that the interleukin-1 receptor 2
(IL1R2) might be a better biomarker not only for sepsis diagnosis but also for differentiation
of sepsis infected with G-positive or G-negative bacteria compared to PCT, Acute Physiology
and Chronic Health Evaluation II (APACHE II), and CRP [62].
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In line with this, clinical trials with an anti-TNF-a monoclonal antibody in septic patients
did not show any advantage [63]. Interestingly, it was demonstrated in subsequent studies
that blocking IL-6 caused a complete inhibition of endotoxin-induced activation of coagula-
tion [64]. Administration of an IL-1 receptor antagonist partly blocked the pro-coagulant
response in experimental sepsis models and inhibited thrombin generation in patients [65].
Overall, anti-TNF-a0 and IL-1f clinical trials undertaken in patients with sepsis have been
unsuccessful [66].

2.2.2.1L-27

IL-27, a bioactive member of the IL-12 cytokine family, may serve as a useful biomarker in
estimating risk of bacterial infection among critically ill pediatric and adult patients [67-70].
Moreover, when used in combination with PCT, IL-27 may improve classification of critically
ill adults with sepsis [68, 71].

2.2.3. Anti-inflammatory cytokines

Just as described above how the pro-inflammatory syndrome is characterized by many dif-
ferent and sometimes redundant cytokines, the CARS response also seems to involve many
cytokines. The most important, however, is IL-10 [72]. It now has been established that IL-10
has multiple immunosuppressive roles [73] with its most important being the downregula-
tion of TNF-a. Poor patient outcome has been associated with increased blood levels of the
anti-inflammatory cytokine IL-10 [74]. IL-10 has been shown to protect endotoxemic mice
[75-77], whereas in models of polymicrobial sepsis it seems to be deleterious [78, 79]. These
inconsistent results likely depend on the time of administration and the severity of infection.
Indeed, in view of these contradicting results, studies have documented that administration
of anti-IL-10 monoclonal antibodies beyond the initial pro-inflammatory state of polymicro-
bial sepsis improves survival of animals subjected to sepsis [80], and furthermore, it is the tim-
ing and scale of the anti-inflammatory response that predicts severity of infection in murine
model of sepsis [81].

To summarize, pro- and anti-inflammatory cytokines and chemokines have some value in
the evaluation of the inflammatory response; however, they lack discriminative power to
differentiate between infectious and noninfectious systemic inflammation. Elevated lev-
els of pro- and anti-inflammatory cytokines are found mostly in nonsurvivors, whereas
reduced levels are found in survivors of sepsis [82]. Even though they play an important
part in the pathogenesis of sepsis, the role of cytokines as sepsis biomarkers remains to be
established.

2.3. Endothelial proteins as potential biomarkers

Since early widespread endothelial dysfunction and/or damage appear to be directly involved
in sepsis [83], there is a strong biological rationale for targeting markers of endothelial activa-
tion and dysfunction as biomarkers of the septic syndrome.
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2.3.1. Angiopoietins

Angiopoietin-1 (Ang-1) and angiopoietin-2 are antagonistic factors that trigger endothelial
cell (EC) activation; the role of angiopoietin-1 is to maintain vessel integrity and block vas-
cular leakage, while angiopoietin-2 (Ang-2) counteracts the protective effects of Ang-1-Tie2
signaling [84, 85]. Ang-2 has been proposed as a biomarker in sepsis, since its release directly
reflects vascular barrier breakdown [86-88]. More specifically, Ang-2 levels have been found
to be elevated in patients with severe sepsis compared to patients with sepsis or not [§9-91],
higher Ang-2 levels have been reported in septic patients with worse clinical outcome [92—
94], and increased Ang-2 levels have been demonstrated in nonsurvivors compared to sur-
vivors [95, 96]. Fewer studies have examined the role of Ang-1 in sepsis; those reports have
shown either decreased levels of Ang-1 in critically ill patients compared to healthy controls,
or have associated decreased levels at ICU admission with higher mortality [94, 97].

2.3.2. Selectins

Prior to the firm adhesion of leukocytes to the vascular endothelium and their transmigra-
tion to the sites of injury and inflammation, capture and rolling of leukocytes along the
endothelium occurs. This is mediated by a family of cell adhesion molecules (or CAMs),
called the selectin family [98]. Levels of soluble (s)E-selectin are very low in healthy indi-
viduals, whereas increased concentrations have been reported in various inflammatory
pathologies [99-102]; other investigations have shown higher levels in nonsurvivors than
survivors [103, 104]. Recently, it was demonstrated that sE-selectin levels may be used as
predictor of fatal outcome in patients with SIRS [105]. Moreover, sE-selectin has also been
proposed as a predictor of bacteremia in severe sepsis patients [106]. P-selectin has a similar
function, but is constitutively expressed in lung ECs, and correlates with lung endothelial
injury [107]. A recent study by Wang et al. [108] demonstrated in patients hospitalized for
infections that higher baseline levels of interleukin-6, sE-selectin, and soluble intercellu-
lar adhesion molecule-1 (sICAM-1) may differentiate those patients who will develop a
mild response to infection from those who will develop full-blown sepsis. A most recent
study showed that high levels of the circulating endothelial adhesion molecules sE- and
sP-selectin, measured at ICU admission, appear to be associated with sepsis development
in time [109].

2.3.3. Soluble intercellular adhesion molecule-1 (sICAM-1)

Both the innate and adaptive immune responses depend on the migration of leukocytes across
endothelial cells [110]. Specific adhesion glycoproteins are required for the binding of leuko-
cytes to ECs. One such glycoprotein, intercellular adhesion molecule-1 (ICAM-1), controls the
firm adhesion of neutrophils on endothelium and consequently their transmigration to the
sites of infection. ICAM-1 has been studied as a biomarker of sepsis severity and outcome.
These studies have produced inconsistent and conflicting results, possibly reflecting the time
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point at which they were measured [105]. ICAM-1 production has been shown to be induced
by endotoxins and has been associated with sepsis severity [102, 111] or mortality [111, 112],
while SICAM-1 seems to be a reliable biomarker for distinguishing patients with sepsis from
those with noninfectious SIRS [105].

2.3.4. Soluble platelet/endothelial cell adhesion molecule-1 (sPECAM-1)

Platelet/endothelial cell adhesion molecule-1 (PECAM-1, CD31) is a 130-kDa cell adhesion
molecule that is expressed on the surfaces of leukocytes, such as monocytes, neutrophils, and
some T-cell subsets, as well as on platelets and the intercellular junctions of endothelial cells
[113]. Serum levels of sSPECAM-1 have been demonstrated to be higher in septic patients com-
pared with nonseptic patients at admission and are also higher compared to healthy controls
[114, 115].

2.3.5. Endocan

Endocan is a proteoglycan expressed and secreted by the vascular endothelium in the lung
and kidney, in response to pro-inflammatory cytokines and pro-angiogenic factors, which
inhibits leukocyte migration [116]. The molecule is cleaved through the activity by cathepsin
G generating a novel endocan peptide fragment of 14 kDa, named p14, which exhibits higher
concentrations in septic patients compared to healthy volunteers [117]. Several studies have
shown that this glycoprotein can be used as a strong and significant predictor of sepsis sever-
ity and outcome [118-122].

2.4. Receptor biomarkers

2.4.1. Soluble urokinase-type plasminogen activator receptor (suPAR)

The soluble urokinase-type plasminogen activator receptor (suPAR) was first identified in
1985 as a cellular binding site for urokinase [123]. Since then suPAR has been investigated
as a potential prognostic marker in the ICU. In critically ill patients, several studies have
reported elevated suPAR in SIRS, bacteremia, sepsis, and septic shock, in which high circu-
lating suPAR levels indicated a poor prognosis, including organ dysfunction and mortality
[124-127].

Systematic reviews have concluded, however, that the diagnostic value of suPAR in sepsis is
limited [128] and suPAR does not appear to be better in diagnosing sepsis compared to other
biomarkers, like CRP and PCT [129, 130]. Plasma suPAR levels are, however, a sensitive and
specific independent prognostic biomarker in patients with bacteremia. This plasma protein
may be used to identify patients who are severely ill with pneumococcal bacteremia, and
predict mortality [131-133].
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2.4.2. Soluble triggering receptor expressed on myeloid cells-1 (sTREM-1)

Triggering receptor expressed on myeloid cells-1 (TREM-1) is an immunoglobulin whose signal-
ing induces the production of cytokines, chemokines, and reactive oxygen species, all of which
contribute to the inflammatory response. Furthermore, TREM-1 signaling leads to degranula-
tion of neutrophils and increased phagocytosis. A soluble form of TREM-1 (STREM-1) can be
measured in body fluids and has potential as a diagnostic and prognostic biomarker of sep-
sis [134-139]. Other studies, however, have not been able to demonstrate STREM-1 as a single
marker sufficient for sepsis diagnosis and prognosis [140-142].

Systematic reviews of the literature have shown that elevated sSTREM-1 concentrations have
a moderate diagnostic performance in differentiating sepsis from SIRS and were not suffi-
cient for sepsis diagnosis in systemic inflammatory patients [140]. Furthermore, it exhibits a
moderate prognostic significance in assessing the mortality of infection in adult patients and
SsTREM-1 alone is insufficient to predict mortality as a biomarker [142]. However, sSTREM-1
represents a reliable biological marker of bacterial infection [143].

2.4.3. Soluble endothelial protein C receptor (SEPCR)

The protein C (PC) anticoagulant system provides important control of both blood coagu-
lation and inflammatory pathways [144]. This system also involves protein S (PS), and the
endothelial receptors thrombomodulin (TM) and endothelial protein C receptor (EPCR).
Conversion of PC to activated PC (APC) is generated by TM-bound thrombin and is dras-
tically augmented by the presence of EPCR [145]. The presence of a soluble form of EPCR
(sEPCR) that exists under normal conditions and which is elevated in conditions marked by
enhanced inflammation [146], supports the notion of EPCR shedding. While the role of mem-
brane EPCR is clearly antithrombotic and anti-inflammatory, the physiological significance of
circulating sSEPCR in vivo is as yet not fully understood and it is still unknown whether soluble
EPCR levels may have a predictive value in the appearance of sepsis.

In previous studies, SEPCR levels in septic patients were found to be significantly higher
[146, 147], unchanged [148], or even lower [149] than in healthy volunteers. A study by
Kager et al. [150] showed that increased plasma sEPCR levels correlate with accelerated
mortality in patients with melioidosis, while overexpression of EPCR in transgenic animals
aggravates outcome during Gram-negative pneumonia-derived sepsis. In another recent
report, early kinetics of sEPCR levels in severe sepsis was correlated with outcome [151],
by a proposed mechanism of counteracting the anticoagulant action of membrane EPCR.
The authors suggested that sSEPCR could provide an early biological marker of outcome in
severe sepsis. Vassiliou et al. [152] showed that levels of soluble EPCR at ICU admission are
higher in originally nonseptic patients who subsequently become septic compared to those
who will not.

2.4.4. Presepsin

Cluster of differentiation 14 (CD14) is a glycoprotein expressed on monocytes and macro-
phages, which serves as a receptor for lipopolysaccharides. As a pattern recognition molecule
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it plays a role in the innate immune system by activating a pro-inflammatory signaling cas-
cade upon contact with microorganisms [153]. During inflammation, protease activity releases
soluble CD14 (sCD14) fragments, one of which has been identified as presepsin (sCD14-ST).

Presepsin was discovered as a new marker in Japan in 2002 [154], as a molecule whose levels
were elevated specifically in the blood of patients with sepsis, and in the last few years has
been extensively studied as a diagnostic and prognostic sepsis biomarker. In 2012, a multi-
center prospective study investigated the clinical usefulness of presepsin for discriminating
between bacterial and nonbacterial infections and compared it with PCT and IL-6 [155]. The
study concluded that presepsin is useful for the diagnosis of sepsis and that it was superior to
conventional markers and blood cultures. Ulla et al. [153] evaluated the diagnostic and prog-
nostic value of presepsin in the emergency department and found that presepsin was useful
in the early diagnosis of infection in a population of patients with SIRS, sepsis, severe sepsis,
and septic shock. Moreover, presepsin exhibited a prognostic value, since its initial levels
were correlated with mortality. In ICU patients, presepsin demonstrated diagnostic capacity
in differentiating sepsis severity and prognostic value in mortality [156], while Masson et al.
[157] found that presepsin measured on the first day in ICU in patients with severe sepsis or
septic shock was higher in nonsurvivors compared to survivors, thus exhibiting useful prog-
nostic importance. In 2015, three large meta-analyses concluded that presepsin has moderate
diagnostic capacity for the detection of sepsis and it is an effective adjunct biomarker, but is
insufficient to detect or rule out sepsis when used alone [158-160].

Since then, more studies have been performed, comparing presepsin to markers such as PCT
and CRP. Results from these studies have shown that presepsin could differentiate between
septic and nonseptic patients with comparable accuracy to CRP and PCT [161, 162], while pre-
sepsin and CRP showed similar performance for predicting 28-day mortality [161]. In patients
with suspected sepsis, presepsin and PCT showed a good diagnostic accuracy in predicting
bacteremia and bacterial DNAemia, superior to CRP [163]. In two very recent studies, pre-
sepsin seemed to be as valuable a biomarker as PCT or CRP in the evaluation of infectious
complications in patients after heart transplantation [164], while another study concluded
that the introduction of presepsin in clinical practice is not justified, since although it is a valu-
able biomarker for diagnosis of infection and sepsis, its diagnostic accuracy does not improve
that of PCT [165].

Presepsin has been shown to be beneficial as a sepsis marker in adults. Nevertheless, very
few data are available in neonates. Recent studies have shown that presepsin is significantly
higher in preterm infants with early onset sepsis (EOS) compared with uninfected infants
[166] and that it may be used as a reliable and accurate marker for both diagnosis and follow-
up of EOS [167]. Pugni et al. [168] provided reference ranges for presepsin as an effective
sepsis marker in neonates.

2.5. Lactate

Lactate is currently the most commonly used biomarker to identify sepsis. In the last years,
several studies have emphasized the prognostic value of initial lactate levels or lactate
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clearance [169, 170]. Lactate, apart from being the end product of anaerobic glycolysis
reflecting tissue oxygen delivery-utilization, is also increased during stress and critical
illness [171]. Elevated serum lactate levels are associated with poor outcomes in diverse
populations of critically ill patients, such as multiple organ failure, morbidity, and mor-
tality [172-175]. Clinically, serum lactate is a potentially useful biomarker to risk-stratify
patients with severe sepsis presenting to the emergency department [170, 174, 175], so it
has been hypothesized that early detection of elevated lactate levels may result in early
identification of patients at risk of adverse outcomes [176]. In sepsis these elevated levels
may be due to either impaired lactate clearance or excessive production [177, 178]. Two
very recent studies [176, 179] utilized serum lactate levels at admission in order to diag-
nose sepsis in undifferentiated patients with suspected sepsis, emphasizing on the util-
ity of early lactate measurement in such context, while Vassiliou et al. demonstrated that
combining sE- and sP-selectin with serum lactate offers better prognostic value for sepsis
development in initially nonseptic ICU patients [180].

Lactate kinetics has proved a valuable marker for response to resuscitative handlings in septic
patients, associated with clinical outcome and mortality. Thus, according to the new sepsis-3
guidelines “patients with septic shock can be clinically identified by a vasopressor require-
ment to maintain a mean arterial pressure of 65 mmHg or greater and serum lactate level
greater than 2 mmol/L (>18 mg/dL) in the absence of hypovolemia. This combination is associ-
ated with hospital mortality rates greater than 40%” [1].

2.6. Biomarker panels

Since as yet no single accepted biomarker or combination of biomarkers can be clinically
used to diagnose patients with suspected sepsis, the multi-marker or panel approach has
been suggested to improve clinical utility. Many groups have studied such biomarker pan-
els. Kofoed et al. [181] showed that combining data from several markers improves diag-
nostic accuracy in detecting bacterial versus nonbacterial causes of inflammation. Another
study identified a panel of three different biomarkers that could assess risk of organ dys-
function, shock, and death in emergency department patients with suspected sepsis [182].

Another panel including both pro-inflammatory and anti-inflammatory markers, comprising
IL-6, IL-8, and the anti-inflammatory cytokine IL-10 was associated with a worse outcome for
patients with sepsis [183]. As mentioned earlier, high concentrations of TNF-a and IL-6 are
predictive of organ failure and increased mortality [55, 57], but poor patient outcome is also
associated with increased levels of the anti-inflammatory cytokine IL-10 [74]. This apparent
paradox is explained by the proposal that infection induces an initial stage of systemic inflam-
mation (SIRS), with elevated blood levels of pro-inflammatory cytokines (e.g., TNF-a and
IL-1pB), that is followed by a compensatory anti-inflammatory response (CARS) defined by
high circulating levels of anti-inflammatory cytokines (e.g., IL-10 and IL-13), and it is indeed
the sustained overproduction of the anti-inflammatory cytokine IL-10 that is the main predic-
tor of severity and fatal outcome [184].

Figure 1 summarizes all major biomarkers involved in the inflammatory response in sepsis.
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Figure 1. Major biomarkers in sepsis. During the inflammatory response a large number of cytokines, chemokines,
and soluble molecules are secreted, affecting coagulation, endothelial activation and dysfunction, and vascular
barrier permeability. The result is immune dysregulation and persistent immune suppression. The host immune
response to sepsis includes activation of both pro- and anti-inflammatory stages and excessive activation of immune
cells. Proteins, such as CRP and PCT are synthesized in the acute phase in response to infection and inflammation.
The cells of the innate immune system release large amounts of pro- and anti-inflammatory cytokines, such as
IL-1pB, IL-6, IL-8, TNF-a, and IL-10, during the hyper-inflammatory and immunosuppressive phase of the disease,
respectively, from the very first instant of infection. The high levels of circulating cytokines can potentiate organ
damage by endothelial injury and other routes. Ang-2 disrupts the protective effects of Ang-1-Tie2 signaling that
maintains vessel integrity and inhibits vascular leakage. In critically ill patients, the release of Ang-2 directly reflects
vascular barrier breakdown. Endothelial damage is associated with activation of neutrophils and expression of
neutrophil and endothelial adhesion molecules. These molecules help localize leukocytes to the area of injury;
however, before leaving the blood vessel, inflammatory molecules released by activated neutrophils can produce
additional endothelial injury. Both the innate and adaptive immune responses depend on the migration of leukocytes
across endothelial cells. The selectin family, including E-selectin and P-selectin, is an early mediator of the adhesion
of activated neutrophils to endothelia in inflammatory states, before their firm adhesion and diapedesis at sites of
tissue injury and inflammation. ICAM-1 controls the firm adhesion of neutrophils on endothelium and consequently
transendothelial neutrophil migration response to sites of infection. PECAM-1 is a phosphoprotein highly expressed
on endothelial cells and leukocytes, and comprises an important component in the regulation of neutrophil
transendothelial migration. Endocan is a proteoglycan expressed and secreted by the vascular endothelium in
response to pro-inflammatory cytokines and pro-angiogenic factors, and inhibits leukocyte migration. The soluble
forms of these proteins have been found increased in the sera of septic patients. uPAR is a part of the plasminogen
activation system, which is involved in tissue reorganization events. The soluble form of uPAR, suPAR, forms
when UPA binds to uPAR, and its levels are increased in sepsis. TREM-1 is an inflammatory immunoglobulin
superfamily member, which is expressed in neutrophils, monocytes, and macrophages. TREM-1 triggers and
expands the inflammatory response, with promoted production of inflammatory mediators, inhibited expression of
anti-inflammatory mediators, and activated and amplified inflammatory cascade. STREM-1 is a subtype of secreted
TREM-1, which has been shown to be released into the blood during infection. The protein C anticoagulant system
also involves protein S, and the endothelial receptors TM and EPCR. Conversion of protein C to the anticoagulant
APC is generated by TM-bound thrombin and is drastically augmented by the presence of EPCR. The presence
of a soluble form of EPCR (sEPCR) is elevated in conditions marked by enhanced inflammation, of unknown
physiological significance. CD14 is yet another glycoprotein expressed on monocytes and macrophages, and serves
as a receptor for lipopolysaccharides. As a pattern recognition molecule it plays a role in the innate immune system
by activating a pro-inflammatory signaling cascade upon contact with microorganisms. During inflammation,
protease activity releases soluble CD14 (sCD14) fragments, one of which has been identified as presepsin. Other
pattern recognition receptors involved in immunity are TLRs. Stimulation of TLRs by microbial components
triggers expression of several genes that are involved in immune responses. Finally, lactate is also increased due
to production by various tissues through aerobic and anaerobic glycolysis, and from a decreased lactate clearance.
Ang-1, angiopoietin-1; Ang-2, angiopoietin-2, APC, activated protein C; CD14, cluster of differentiation 14; CRP,
C-reactive protein; IL, interleukin; PCT, procalcitonin; sEPCR, soluble endothelial protein C receptor; sICAM-1,
soluble intercellular adhesion molecule-1; sSPECAM-1, soluble platelet/endothelial cell adhesion molecule-1; sSTREM-
1, soluble triggering receptor expressed on myeloid cells-1; suPAR, soluble urokinase-type plasminogen activator
receptor; TM, thrombomodulin; TNF-a, tumor necrosis factor-alpha; TLR, Toll-like receptors; UPA, urokinase-type
plasminogen activator.
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3. Genetic polymorphisms in sepsis

The prospective of genetic biomarkers for prognostic use is well-known for mostly uncom-
mon/rare inherited disorders, but is also emerging for sepsis [185, 186]. Most genes carry
single-nucleotide polymorphisms (SNPs) at specific exonic or intronic regions.

In order to identify potential markers of susceptibility, severity, and clinical outcome,
potential markers for survivors and nonsurvivors, and ultimately to identify targets for
therapeutic intervention, gene polymorphisms have become the most widely used form
of experimental study. In an attempt to deal with the limitations of these studies, such
as small sample size and bias in selecting candidate polymorphisms and genes, genome-
wide association studies (GWAS) are now emerging. GWAS concern large, well-conducted,
multicenter studies that do not involve a prior hypothesis of candidate genes to test for
association with disease.

3.1. Cell signaling pathways of the innate immune system

3.1.1. Pattern recognition receptors (PRR)

3.1.1.1. Toll-like receptors (TLRs)

Functional characterization of Toll-like receptors (TLRs) has established that innate
immunity is an adept system that detects invasion of microbial pathogens. Stimulation
of TLRs by microbial components triggers expression of several genes that are involved
in immune responses [187]. TLR4 is an essential receptor for Gram-negative enteric LPS
recognition [188, 189]. The Asp299Gly mutation in human TLR4 impairs LPS signaling
in homozygous and heterozygous individuals [190], while Smirnova et al. [191] observed
that rare heterozygous missense mutations of TLR4 contribute to the development of
systemic meningococcal disease. The D299G allele of the TLR4 gene has also been associ-
ated with increased susceptibility to severe bacterial infections and Gram-negative sepsis
(192, 193].

3.1.2. Cellular innate immune response
3.1.2.1. IL-8

The 251A/T allele (rs4073) of the IL-§ gene has been studied for its implication in sepsis and
outcomes. Results until now have shown association of the allele with higher plasma IL-8
levels, as well as with survival [194]. The A allele has been suggested to be associated with
protection against sepsis [195], and also with increased risk of sepsis [196]. The heterozygote
AT genotype has been associated with increased risk of developing severe sepsis [197]. In a
more recent study, the male population carrying the homozygote TT genotype was found to
be more susceptible to sepsis, while no association was determined between the 251A/T allele
and IL-8 serum levels in septic patients [198].
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3.2. Adaptive immune response

3.2.1. Cytokines

3.2.1.1. Tumor necrosis factor-a promoter polymorphisms

Initially, the G-to-A polymorphism at position 308nt in the promoter region of the TNF-«
gene was found to be associated with adverse outcome in patients with severe sepsis and
septic shock [199, 200]. A large meta-analysis [201] concluded that the polymorphism is
associated with sepsis, but is not associated with sepsis mortality. However, several stud-
ies later were not able to show association of TNF-a-308 SNP and development of sepsis
[202, 203].

3.2.1.2. IL-6 polymorphisms

A key inflammatory cytokine that has been examined in genetic association studies in infec-
tious diseases is , producing also conflicting results. First of all, studies on the C allele of
the G/C polymorphism at position 174nt of the IL-6 gene have shown its association with
both high and low plasma IL-6 levels [204, 205], or even no association at all [206]. One
study in critically ill patients did not find association between the 174 G/C polymorphism
and sepsis appearance, but associated the polymorphism with improved survival rates in
patients with sepsis [207]. A different study reported that the same polymorphism was not
associated with survival [208]. A meta-analysis on the position 174nt polymorphism and
the risk of sepsis in very low birth weight infants concluded that the available data are not
consistent with more than a modest association between the IL-6 polymorphism and neo-
natal sepsis [209].

3.3. Systemic effectors of inflammation and coagulation
3.3.1. Angiotensin-converting enzyme (ACE)

Studies have compared the effects of the angiotensin-converting enzyme (ACE) inser-
tion/deletion (I/D) polymorphisms on the incidence and outcome of sepsis and acute
respiratory distress syndrome (ARDS). In ventilated low birth weight infants the ACE
insertion/deletion (I/D) polymorphism does not have a significant effect on the incidence
or outcome of sepsis [210, 211]. Studies and meta-analyses showed that carriers of I allele
(D/T genotype and I/I genotype) were at increased sepsis risk [212-214], but the poly-
morphism is not associated with outcome in critically ill septic patients [214, 215]. With
regard to ARDS, the data of Villar et al. [216] do not support an association of the ACE
gene I/D polymorphism with susceptibility or mortality in severe sepsis or with sepsis-
induced ARDS in Spanish patients, but Cardinal-Fernandez et al. demonstrated that the
presence of the allele D of the ACE gene is associated with ARDS in patients with severe
sepsis [217].
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3.3.2. Endothelial protein C receptor (EPCR)

A few studies have compared the effects of the EPCR haplotypes on the incidence and out-
come of sepsis. Two studies have shown that EPCR mutations and polymorphisms influ-
ence the risk of severe sepsis in children and adults [218, 219]. More specifically, the rare
23-bp insertion is significantly more common among patients with severe sepsis [218], while
simultaneous carriers of minor alleles belonging to both the H1 and H3 haplotypes may be at
reduced risk of developing severe sepsis and/or septic shock among critically ill patients [219].

Table 1 lists the role of major circulating biomarkers and genetic polymorphisms in the prog-

nosis and diagnosis of sepsis.

Biomarker Diagnostic significance

Prognostic significance

C-reactive protein (CRP) - Discriminates bacterial and viral
infections [14]

- Measurement of CRP is an indicator
of sepsis [15-19]

Procalcitonin (PCT) - PCT is important in the detection and
differential diagnosis of inflammatory
states [26]. The highest levels of PCT
are achieved in acute bacterial
infections and sepsis

- PCT is a good biological diagnostic
marker for sepsis, severe sepsis, or
septic shock [34]

- PCT is a helpful biomarker for early
diagnosis of sepsis in critically ill
patients [36]

- Serial PCT concentrations may have
value in monitoring sepsis outcomes
[28,29]

Tumor necrosis factor-a (TNF-«) - Levels of TNF-a are frequently
increased in sepsis [49, 56]

Interleukin-1p (IL-1p) - Levels of IL-1f are frequently
increased in sepsis [56]

Interleukin-6 (IL-6) - Levels of IL-6 are frequently increased
in sepsis [50, 54, 56]

- IL-6 levels are increased in patients
with infectious complications and have
been used to differentiate systemic
inflammatory response syndrome
(SIRS) from sepsis [58]

- CRP is a valuable marker for the
disease severity [15, 20]

- Elevated concentrations of serum
CRP on admission have been
associated with increased risk of
organ failure and mortality [21, 22]

- PCT nonclearance is a prognostic
factor of death in patients with sepsis
(33]

- Significant difference between PCT
levels as early as day 1 between
survivors and nonsurvivors among
septic patients [37]

- High concentrations of TNF-«

are predictive of organ failure and
increased mortality in septic patients
(55]

- High concentrations of IL-6 are
predictive of organ failure and
increased mortality in septic patients
[57,59]
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Biomarker

Diagnostic significance

Prognostic significance

Interleukin-8 (IL-8)

Interleukin-27 (IL-27)

Interleukin-10 (IL-10)

Angiopoietin-1 (Ang-1)

Angiopoietin-2 (Ang-2)

Selectins

Soluble in tercellular adhesion
molecule-1 (SICAM-1)

Soluble platelet/endothelial cell
adhesion molecule-1 (sSPECAM-1)

Endocan

- Levels of IL-8 are frequently increased
in sepsis [50, 56]

- Useful biomarker in estimating risk
of bacterial infection among critically
ill pediatric and adult patients [67-70]

- In combination with PCT, IL-27 may
improve classification of critically ill
adults with sepsis [68, 71]

- Decreased levels in critically ill septic
or nonseptic patients compared to
healthy controls [94]

- Ang-2 levels are higher in patients
with severe sepsis compared to patients
with or without SIRS or sepsis [89-91]

- Soluble E-selectin concentration
increases in various inflammatory
pathologies [99-102]

-s ICAM-1 production has been shown
to be related to increased sepsis severity
[102, 111]

- sSICAM-1 appears to be a reliable
biomarker for classifying patients with
infectious SIRS, i.e., sepsis, from those
with noninfectious SIRS [105]

- sSPECAM-1 is higher at admission in

septic patients compared with nonseptic

patients and healthy controls [114, 115]

- Exhibits higher concentrations in
septic patients compared to healthy
volunteers [117]

- IL-8 has been used to predict

the severity of sepsis in pediatric
patients, although the use of IL-8 has
not been confirmed in adults [60, 61]

- Poor patient outcome has been
associated with increased blood
levels of the anti-inflammatory
cytokine IL-10 [74]

- Decreased levels of Ang-1 at ICU
admission are correlated with higher
mortality [97]

- Increased Ang-2 plasma levels have
been associated with worst clinical
outcome in patients with major trauma
and severe sepsis or shock [92-94]

- Increased Ang-2 plasma in
nonsurvivors compared to survivors
[95, 96]

- Higher sE-selectin levels in
nonsurvivors than survivors [103,
104]

- sE-selectin levels may be used as
predictor of fatal outcome in patients
with SIRS [105]

- sE-selectin has also been proposed
as a predictor of bacteremia in severe
sepsis patients [106]

High levels of sE- and sP-selectin at
ICU admission, are associated with
sepsis development in time [109]

- SICAM-1 concentration has been
shown to be related to increased
mortality [111, 112]

- A strong and significant predictor
of sepsis severity and outcome
[118-122]
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Biomarker

Diagnostic significance

Prognostic significance

Soluble urokinase-type
plasminogen activator receptor
(suPAR)

Soluble triggering receptor
expressed on myeloid cells-1
(STREM-1)

Soluble endothelial protein C
receptor (sEPCR)

Presepsin

Lactate

- Elevated suPAR in conditions of SIRS,
bacteremia, sepsis, and septic shock
[124-127]

- Diagnostic value of suPAR for
identifying sepsis is limited [128]

- Moderate diagnostic performance in
differentiating sepsis from SIRS [140]

- sSTREM-1 represents a reliable biological
marker of bacterial infection [143]

- sEPCR levels in septic patients have
been found to be significantly higher
[146, 147], unchanged [148], or lower
[149] than in healthy volunteers

- Discriminates between bacterial and
nonbacterial infections [155]

- Early diagnosis of infection in a
population of patients with SIRS, sepsis,
severe sepsis, and septic shock [153]

- In patients with suspected severe
sepsis and septic shock, presepsin
reveals valuable diagnostic capacity to
differentiate sepsis severity [156]

- Presepsin can differentiate between
septic and nonseptic patients with
comparable accuracy to CRP and PCT
[161, 162]

- Elevated serum lactate levels in
sepsis [177, 178]

- Early serum lactate levels can
diagnose sepsis in undifferentiated
patients with suspected sepsis [176, 179]

- High circulating suPAR levels
indicate an unfavorable prognosis,
including organ dysfunction and
mortality [124-127]

- In patients with bacteremia, suPAR
may be used to identify severely ill
patients and predict mortality [131, 133]

- Moderate prognostic significance in
assessing the mortality of infection in
adult patients and sSTREM-1 alone is
insufficient to predict mortality as a
biomarker [142]

- sEPCR levels correlated with worst
outcomes; has been suggested that
it may act as a biological marker of
outcome in severe sepsis [150-152]

- Levels of sEPCR at ICU admission
are higher in originally nonseptic
patients who subsequently become
septic compared to those who will
not [152]

- Initial values significantly
correlated with in-hospital mortality
of patients affected by sepsis, severe
sepsis, or septic shock [156]

- Presepsin reveals prognostic value
with respect to 30 days and 6 months
all-cause mortality throughout the
first week of ICU treatment [153]

- Presepsin measured on the first
day in ICU in patients with severe
sepsis or septic shock was higher in
nonsurvivors compared to survivors
[157]

- Elevated serum lactate levels are
associated with poor outcomes in
diverse populations of critically ill
patients, such as multiple organ failure,
morbidity, and mortality [172-175]

- Serum lactate is a potentially useful
biomarker to risk-stratify patients
with severe sepsis presenting to the
emergency department [170, 174, 175]
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Biomarker

Diagnostic significance

Prognostic significance

Genetic polymorphisms

Toll-like receptors (TLRs)

IL-8

TNF-a

IL-6

Angiotensin-converting enzyme
(ACE)

- Distinguish patients with sepsis
from patients with sterile inflammation

- G-to-A polymorphism associated
with sepsis [201]

- No association of G-to-A
polymorphism and development of
sepsis [202, 203]

- 174 G/C polymorphism showed
modest association with neonatal sepsis
[209]

- Combining sE- and sP-selectin with
serum lactate offers better prognostic
value for sepsis development in

initially nonseptic ICU patients [180]

- Predict long-term outcomes and
identify patients who will be at
risk for developing adverse clinical
outcomes

- D299G allele of TLR4 gene
associated with increased
susceptibility to severe bacterial
infections and Gram-negative sepsis
[192, 193]

- The 251A/T allele has been
associated with survival [194],
protection against sepsis [195], and
also increased risk of sepsis [196]

- The heterozygote AT genotype has
been associated with increased risk
of developing sepsis [197]

- Male T allele carriers are more
susceptible to sepsis [198]

- G-to-A polymorphism associated
with adverse outcomes in patients

with severe sepsis and septic shock
[199, 200]

- G-to-A polymorphism not
associated with sepsis mortality [201]

- 174 G/C polymorphism was
associated with improved survival
rates in patients with sepsis [207]

- 174 G/C polymorphism was not
associated with a difference in
survival [208]

- Insertion/deletion (I/D)
polymorphism does not have an
effect on the incidence or outcome of
sepsis in ventilated low birth infants
[210, 211]

- Carriers of the I allele at increased
sepsis risk [212-214]

- I polymorphism not associated
with outcome in critically ill septic
patients [214-216]

- The presence of the D allele is
associated with ARDS in patients
with severe sepsis [217]
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Biomarker Diagnostic significance Prognostic significance
Endothelial protein C receptor - The rare 23-bp insertion is significantly - Influences the risk of severe sepsis
(EPCR) more common among patients with in children and adults [218, 219]

severe sepsis [218]

- Simultaneous carriers of minor
alleles belonging to both the H1 and
H3 haplotypes may be at reduced
risk of developing severe sepsis and/
or septic shock among critically ill
patients [219]

Table 1. Role of major circulating biomarkers and genetic polymorphisms in sepsis. Please note that the protein names
are capitalized, whereas gene names are capitalized and italicized.

4. Conclusion

Unfortunately, a lot of work remains to find the right combination of markers to be used in
clinical practice. Some have been effective in reducing mortality, but their use in diagnosis
and prognosis of sepsis has been limited. It seems that a panel of diverse biomarkers rather
than a group of two or three related biomarkers will be more efficient in clinical practice.

Genome-wide association studies may help confirm current findings and make them clini-
cally applicable. Hence, developing high-throughput approaches for the analysis of alterna-
tive mechanisms by which SNPs can cause disease will be one of the remaining challenges for
genomic research. Hopefully, the findings that will be generated will facilitate the successful
use of modern molecular diagnostics and could enable rapid identification of particularly
susceptible or less susceptible individuals, leading to tailored therapeutic approaches.
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Abstract

Septic encephalopathy is a devastating symptom of severe sepsis. Many studies have
been performed to uncover the pathophysiological mechanisms of septic encephalopathy;
however, novel technical approaches are still required to overcome this complex symptom.
Because patients are suffering from severe cognitive impairment, coma, or delirium,
which burden not only patients but also caregivers, overcoming septic encephalopathy is
still a major social problem worldwide, especially in the intensive care. Septic encepha-
lopathy seems to be caused by cytokine invasion and/or oxidative stress into the brain,
and this pathological state leads to imbalance of neurotransmitters. In addition to this
pathophysiology, septic encephalopathy causes complicated symptoms (e.g., ischemic
stroke, edema, and aberrant sensory function). For these pathophysiological mecha-
nisms, electrophysiology using animal models, positron emission tomography (PET),
computed tomography, and magnetic resonance imaging for septic patients has provided
important clues. However, the research for septic encephalopathy is currently confronted
with the difficulty of complex symptoms. To overcome this situation, in this chapter,
we introduce our novel methods for in vivo imaging of septic encephalopathy using
near infrared (NIR) nanoparticles, quantum dots. In addition to our recent progress, we
propose a strategy for the future approach to in vivo imaging of septic encephalopathy.

Keywords: septic encephalopathy, molecular mechanism, in vivo imaging, quantum
dots, disseminated intravascular coagulation

1. Introduction

Although the pathophysiological mechanism of septic encephalopathy (SE) still includes
some mystery, recent progress of challenging research using animal models of sepsis has
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gradually uncovered the molecular pathogenesis of SE. For instance, recent pathophysiologi-
cal findings for SE include synaptic deficiency by interleukin-1 beta [1] and acetylcholine [2]
and brain ischemia or edema with disseminated intravascular coagulation (DIC) [3]. These
phenomena are dynamically altered in a time-dependent manner based on the content of
symptoms. Functional magnetic resonance imaging (fMRI) for patients of SE can describe
the status of symptoms; however, it is difficult to track these time-dependent changes in the
septic brain because of the low time resolution of its measurement. To overcome this technical
difficulty, we are working to develop noninvasive near infrared (NIR) imaging as a novel
method to analyze the pathological state of SE.

In this chapter, we introduce current understanding of pathophysiology, the imaging
technology, and the application of novel imaging technology to visualize the pathophysi-
ological mechanism of SE. The contents are described as follows: (1) etiology of SE, (2)
molecular mechanisms of pathogenesis, (3) NIR in vivo imaging, and (4) application to SE.
In particular, we focus on DIC and our approach firstly demonstrates the novel application
of NIR in vivo imaging to DIC. We expect that this review will be helpful to readers such
as basic biomedical students, and scientists who are interested in the future preclinical and
clinical application to SE.

2. Septic encephalopathy (SE)

Septic encephalopathy (SE) is a symptom with brain dysfunction caused by sepsis. Up to 70%
of severe septic patients encountered developed SE [4]. Patients with SE are often suffering
from various neurological symptoms. Many research reports and reviews have discussed
cognitive impairment [5, 6], delirium [7], coma [8-11], and recently seizure and aberrant sen-
sory function [12-16]. In addition, complication symptoms such as ischemic stroke, edema,
etc. occurred [17-19]. However, not all of pathophysiological mechanisms for SE have been
clarified in Ref. [20], and a better understanding of SE is still an important social problem
worldwide [21].

2.1. Etiology

The SE is often found in acute liver failure and cirrhosis patients and triggered by the various
chemical mediators followed by systemic inflammatory response syndromes, whole-body
inflammation [22-24]. SE is different from the brain “encephalitis” which occurs due to patho-
gens (e.g., bacteria, virus, etc.) direct invasion into the brain. Rather than the direct invasion,
SE is caused indirectly by excessive inflammatory response (e.g., cytokine storm). Thus, SE
is a symptom. Clinical studies for SE reported that patients with SE often suffered from
hypotension [25], imbalance of amino acids in plasma [26], and neuronal injury with edema
[27, 28]. Several lines of evidences suggest that a rodent model of SE showed aberrant behavior:
altered sensory function [29, 30], increased anxiety [31, 32], and cognitive impairment [33].
These results are similar to the symptoms of brain dysfunction in SE patients [34]. Thus,
neurological impairment leads to various symptoms in SE.
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3. Molecular mechanisms

3.1. Pathogenesis

To understand the molecular mechanisms, pathophysiological factors (e.g., imbalance of
chemical substances, cellular environment, and molecules) are discussed. Overall pathogen-
esis for SE is summarized in Figure 1. When SE is occurred, various chemical substances
(e.g., neurotransmitter, modulator, etc.) were involved as reviewed elsewhere in Refs. [35, 36].
These chemical substances were mainly important for maintaining homeostasis in the normal
condition. After the SE occurred, the imbalanced rate of substances (e.g., amino acids) [37-41]
abrogated brain metabolic function (e.g., tryptophan metabolism) [42-44], microglial activa-
tion in the brain followed by detachment of pericyte from microvascular basal lamina [45, 46].

Normally, the brain is protected with a barrier called blood brain barrier (BBB). The barrier
consists of brain endothelial cells, and these cells are tightly attached with tight junction. The
barrier is selectively permeable to transport of amino acid, gas, and lipid-soluble chemicals
which are important for neuronal function. Therefore, the inflammatory molecules cannot
affect brain function in the normal condition because the brain is protected with blood brain
barrier, and foreign substances are impeded by this barrier.

Pathogenesis of septic encephalopathy
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Figure 1. Overview of pathogenesis for septic encephalopathy (SE). Severe sepsis often results in septic encephalopathy,
mainly followed by oxidative stress and cytokine storm. Accompanying BBB impairment and DIC, invaded
inflammatory mediators cause aberrant neuronal function. PAMPs: pathogen-associated molecular pattern; DAMPs:
damage-associated molecular patterns; BBB: blood brain barrier; IL: interleukin; TNF: tumor necrosis factor.
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In the septic condition, occurrence of systemic inflammatory response syndromes is followed
by sepsis, the syndromes lead to destruction of this blood brain barrier [47, 48], and harmful
chemical substances disrupt normal brain function. Then, the chemical substances cause
the aberrant neuronal transmission and plasticity [1, 30]. The components of tight junctions
are claudin, occludin, zona occludin, etc. [49]. This tight junction serves as if an adhesive
of cells and underpins the blood brain barriers. Using a mouse model of sepsis, we clearly
demonstrated that the occludin protein was destroyed 20 h after induction of sepsis and led
to a permeabilization of cytokine [1, 30]. Other groups reported that tumor necrosis factor
(TNF)-alpha and calcium-binding proteins were increased in the SE [50].

3.2. Blood brain barrier (BBB) impairment

Why was the tight junction disrupted? Overall mechanisms are still unclear, a hypothesis
is, however, addressed. Neuroinflammation (e.g., microglia/macrophage activation, nitrogen
oxide gas production) resulted in the mitochondria dysfunction with reactive oxygen syn-
thesis (ROS) [51-55] and dysfunction of cerebrovascular endothelial cells [56]. The process is
impeded by ROS inhibitors [57] or mitochondria-targeted peptides [55].

Another hypothesis is as follows. Septic patients sometimes showed a rapid vasoconstriction
of blood vessels, and this mechanical alteration may cause the damage to the microvascu-
lature structure [58, 59]. Endothelin and its receptor which constrict blood vessels might be
involved in that process [60, 61]. Phosphoinositide 3-kinase cascade activated microglial cell
and matrix metalloproteinase (i.e., marker of inflammation) and aggravated BBB impairment
[62]. Consequently, the BBB disruption finally leads to the invasion of inflammatory mediators
into the brain of SE [63].

3.3. Effect of cytokine storm on brain function

In any case, the dysfunction of blood brain barrier after sepsis increases the permeability of
inflammatory molecules as described below and finally causes the brain malfunction.

For example, there are widely discussed cytokines such as interleukins (interleukin-1, -6, -10)
[37, 64], tumor necrosis factor (TNF)-alpha [65, 66], complement C5a [67], and cascade [68].
Epigenetic modulation (e.g., histone acetylation) participates in the trigger of aberrant glu-
tamate receptor subunits [29, 69] and causes memory deficit [70]. In addition, disseminated
blood coagulation [71, 72] and oxidative stress [73-75] aggravated brain dysfunction of SE.
MicroRNA (i.e., noncoding small RNA) involved in RNA silencing and posttranscriptional
modification [76]. Besides nitric oxide (NO), lipid peroxidase, S100B protein [77], and the
prion protein [78] may participate in SE.

3.4. Imbalance of synaptic transmissions on neurons

As a morphological study revealed that the neuronal spine was destabilized in a mouse model
[79], neuronal environment may possibly be altered in SE. Actually, for other potent factors
related to neurotransmission, norepinephrine [80], adrenergic system [81, 82], serotonergic
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system [83], acetylcholine [84-86], gamma-aminobutyric receptor A [87], N-methyl-D-aspartate
receptor 2B [29], and brain neurovascular dysfunction [88] were involved in the pathogenesis
of SE. In summary, sepsis leads to the aberrant conditions in the neuronal and/or glial envi-
ronments and may result in the devastating symptoms in the pathogenesis of SE.

4. Brain activity measurements: from electrophysiology to imaging

4.1. Electrophysiology

Neurophysiological studies have uncovered the neuronal dysfunction in SE. Neurophysiologists
have developed various experimental techniques to study neuronal cell activity. Neuronal
activities recordings can be classified as follows: (1) single neuronal activity and (2) multiple
neuronal activity. To record the single neuronal activity, there are techniques such as patch
clamp recording and intracellular recording.

On the other hand, to record multiple neuronal activity, there are several established
techniques. For example, there are field excitatory postsynaptic potentials (in vitro), local
field potential (in vivo), and optical recording with voltage sensitive dye (in vitro and in
vivo). For example, Kafa et al. reported reduced neuronal population activities in a rat
model of SE [89], and Wang et al. also showed suppression of local field potentials dur-
ing sensory stimulation in SE [30]. These findings are clearly similar to the clinical state of
sensory dysfunction in septic patients [90]. It is useful to uncover the pathophysiological
mechanism. These techniques are very powerful for studying the single neuron or sev-
eral neurons in the local region of the brain. However, symptoms of SE are versatile with
complicated diseases (e.g., stroke, edema, myopathy, etc.) [35, 91, 92]. Integrative analysis
with multiple viewpoints is still required [93].

4.2. Brain imaging

Noninvasive measurement was sought to determine the pathological state and followed by
prognosis of SE [94]. Several research reports suggest that electroencephalogram (EEG) that
placed to the surface of head was useful to study brain dysfunction by various encephalitis and
encephalopathy [95, 96]. In SE, for example, the EEG recordings revealed decreased amplitudes
of EEG signals [97]. Using a rat model, EEG signals were attenuated [83]. In addition, child
patient with coma showed 6-Hz burst firing pattern in SE [98]. Hence, EEG abnormality was
found in the SE [99].

Why have these altered activity patterns due to brain dysfunction occurred? Functional
magnetic resonance imaging (fMRI) has been used to capture the pathological state of brain
cortex in SE [100]. Clinically, patients of SE showed cerebral infarction with multiple ischemic
stroke and white matter lesions [13, 101]. Additionally, cerebral edema was reported [102].
Recently, brain atrophy within the regions including amygdala, hippocampus, basal gan-
glia, brainstem, thalamic, and cerebellar neurons was also shown in Ref. [103, 104]. Hence,
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complicated symptoms, if they represent irreversible morphological alteration, have been
found with fMRI. In addition to fMRI, positron emission tomography (PET) using 18
F-FDG was applied [105]; however, the application was limited. Conversely, reversible
and time-dependent altered symptoms (e.g., neuronal transmission) cannot be determined
with fMRI imaging (and PET) [106]. Because fMRI takes 10-30 min or more to capture
a brain image with the high spatial resolution, it only determines the stable state of the
pathology for SE. To overcome this weak point, we are currently focused on the noninva-
sive NIR imaging.

5. Near infrared (NIR) in vivo imaging

5.1. Probes

NIR imaging is a powerful tool for noninvasive in vivo imaging. Conventionally, visible light
(400-700 nm) has been used for molecular fluorescent imaging in cellular dynamics [107, 108].
However, visible light is difficult to apply to deep-tissue imaging because of the robust
light absorption and scattering by intrinsic chromophores (hemoglobin, melanin, flavin, etc.)
and organelles (mitochondria and cytoskeleton). Autofluorescence from tissues (heart, skin, and
brain) which is excited by NIR light (700-1400 nm) is much lower than that by excited vis-
ible light [109]. In addition, NIR light permeates tissues more than visible light (400-700 nm)
(Figure 2). Therefore, the NIR light, especially 2nd optical window (1000-1400 nm), is currently
expected to be applicable to noninvasive deep tissue imaging.

To label the target tissue, fluorescent probes are necessary. Compared to the visible light
probes, NIR fluorescence probes are limited. For example, single-walled carbon nanotubes
(SWNTs), Ag S quantum dots, PbS quantum dots, and rare-earth-doped nanocomposites are
developed for 2nd optical windows for in vivo imaging (reviewed in Ref. [110]). We previously
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Figure 2. (a) Autofluorescence spectra of the dorsal side of a mouse body. The autofluorescence spectra were taken by
excitation of 482, 670, and 785 nm. The dotted and solid arrows show the wavelength rage of 1st NIR optical window
(I) and 2nd NIR optical window (II), respectively. (b) Absorption spectra of tissue slices of mouse skin, brain, and heart.
Slice thickness of the skin, brain, and heart is 120, 100, and 200 um, respectively. (Citation from Ref. [110]).
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compared these fluorescence probes in the same condition and found that PbS quantum dots
were much brighter than other probes (Figure 3).

5.2. In vivo imaging

We applied PbS quantum dots (maximum fluorescence intensity: 1100 nm) from mouse tail
vein and successfully recorded blood flow in the mouse head in a noninvasive manner [71]
(Figure 4). The head of an anesthetized mouse was fixed on a stage of a microscope, and
fluorescence was recorded through skin and skull (Figure 4a). The fluorescent intensity was
recorded with InGaAs camera which is sensitive from 900-1600 nm. Soon after injection, brain
blood vessels were visible on a mouse head (Figure 4b, right), and the picture was entirely
similar to the image of blood vessels after scalp removal (Figure 4c, upper) and isolated brain
(Figure 4c, lower). These findings suggest that the NIR in vivo imaging can visualize the brain
blood flow non-invasively. If we would like to apply this method to the pathophysiology of
SE, what is the target?

Brain blood vessels are aggravated in SE. Previous reports addressed that, using an animal
model, cerebral microcirculation was reported to be impaired [111]. Disseminated intravas-
cular coagulation (DIC) is an important pathological state of sepsis and worsening of DIC
increases multiple organ dysfunction. Anticoagulant therapy was performed, however, its
effect was limited. Repetitive administration of anticoagulant drug increases the rate of
side effects such as thrombocytopenia [112] and bleeding [113]. To find the pathological state
of DIC, we examined whether NIR in vivo imaging detect DIC in the septic brain as described
in the next section.
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Figure 3. (a) Fluorescence spectra of nanomaterials that emit in the 2nd NIR window: SWNT, Ag,S QD, and PbS QD.
(b) Bright field and fluorescence images (>1000 nm) of SWNT, Ag,S QD, and PbS QD. To compare the fluorescence
brightness, absorbance at the excitation wavelength (720 nm) was adjusted to be the same value of 0.5 for SWNT, Ag S
QD, and PbS QD. (Citation from Ref. [110]).
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Figure 4. (a) Experimental setup for NIR fluorescence imaging of cerebral blood vessels. An anesthetized mouse was
administered QD1100 in a caudal vein. An optical laser (785 nm wavelength) was used as an excitation light source,
and NIR fluorescence was detected with an InGaAs camera; (b) imaging of a mouse head. Bright field image (left),
NIR fluorescence image without QD administration (middle), and the NIR fluorescence image with QD administration
(right). Scale bar: 1 mm; (c) NIR fluorescence images of cerebral blood vessels. Upper: fluorescence image after scalp
removed, lower: fluorescence image after isolation. Scale bars: 1 mm. (Citation from Ref. [71]).

6. Application of NIR in vivo imaging to pathological analyses for septic
encephalopathy

Next, we applied the NIR in vivo imaging to SE brain. To examine this, we studied whether
DIC can be recorded with NIR imaging. Figure 5 demonstrated lipopolysaccharide (LPS)-
induced DIC. Eighteen hours after LPS, clots (arrowheads) can be recorded noninvasively
(Figure 5b, middle). In the isolated brain, the number of clots remarkably increased in the SE
brain (Figure 6). Conversely, the increased clots were similar to the control level in the presence
of heparin (i.e., inhibitor of clots formation), suggesting that the NIR imaging can record DIC
in SE brain.

What is the importance of these findings? In blood vessels of the brain, tissue factor acti-
vation including thrombin and fibrinogen which enhanced blood clot formation was
occurred [114, 115], and this pathology finally led to multiple organ (e.g., lung, liver,
kidney, and brain, etc.) dysfunction [116]. However, it has been difficult to visualize the
pathological state of DIC because of a lack of an effective biomarker [117]. Our present
findings developed a novel approach to analyze the pathological state of brain blood
vessels in SE.
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Figure 5. (a) Time course of experimental procedure for lipopolysaccharide (LPS) and heparin administration; (b)
NIR fluorescence images (>1000 nm) of cerebral blood vessels before and after administration of LPS (LPS (-) and LPS
(+)), and the image following additional administration of heparin (LPS +heparin) with scalp removed. Lower panel
shows the magnification of the images shown by red rectangles. Arrowheads show clots. Scale bars: 1 mm; (c) statistical
analyses of the clots in the cerebral vessels. *: p <0.05, number of mice: LPS (-): n=5, LPS (+): n=>5, LPS + heparin: n=3;
(d) immunofluorescence staining of LPS-treated cerebral blood vessels, where antifibrinogen antibody (Alexa Fluor 488)
was used for staining of fibrinogen. Fibrinogen helps the formation of blood clots. Scale bar: 10 um; (e) ELISA assays
for thrombin-antithrombin complex (TAT) in blood plasma. *: p<0.05, number of mice: LPS (-): n=5, LPS (+): n=5,
LPS +heparin: n=3. (Citation from Ref. [71]).
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Figure 6. (a) Upper panel: NIR fluorescence images (>1000 nm) of cerebral blood vessels of isolated mouse brains. Left:
LPS (-), Middle: LPS (+), Right: LPS + heparin. Red circles: clots. Blue squares: region of interests for the magnified
views of lower panels. Scale bars: 1 mm. Lower panel: magnified NIR fluorescence image of cerebral blood vessels at the
bregma. Red arrows: clots. Scale bars: 100 pm; (b) Number of clots for each mouse. *: p <0.05, number of mice: LPS (-):
n=5, LPS (+): n=>5, LPS + heparin: n=4. (Citation from Ref. [71]).
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7. Future prospect

In this chapter, we introduce the application of NIR in vivo imaging to SE. Currently, imaging
technology is confronted with a turning point. Although there are several noninvasive imaging
technologies (PET, MR, etc.), NIR noninvasive imaging can possibly record the faster time-
dependent changes of pathological state in SE, though further developments of the imaging algo-
rithm are required. In addition, the NIR imaging can label the distinct proteins by several specific
antibodies and perform the multiple molecular in vivo imaging. Therefore, using the biomarker
for SE, we may be able to visualize the novel pathophysiological mechanisms of SE.

Finally, in addition to our challenges, other candidate biomarkers which employ correlation
to the pathological state of SE are recently addressed: S100f3 (i.e., astrocyte-secreting protein)
[77, 118-120], free radicals [121, 122], ascorbate [123-125], and various neuropeptides [126]. In
addition, adult neurogenesis was induced in a rat model of SE and the neurogenesis marker
(e.g., 5-bromo-2'-deoxyuridine) might be useful [127]. In conclusion, these multidisciplinary
approaches may overcome the pathophysiology and lead to innovative therapeutics for SE.
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