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Abstract

The host’s inflammatory response to sepsis can be divided into two phases, the initial detection
and response to the pathogen initiated by the innate immune response, and the persistent
inflammatory state characterized by multiple organ dysfunction syndrome (MODS). New
therapies aimed at pathogen recognition receptors (PRRs) particularly the TLRs and the NOD-like
receptors offer hope to suppress the initial inflammatory response in early sepsis and to bolster this
response in late sepsis. The persistence of MODS after the initial inflammatory surge can also be a
determining factor to host survival. MODS is due to the cellular damage and death induced by
sepsis. The mechanism of this cell death depends in part upon mitochondrial dysfunction.
Damaged mitochondria have increased membrane permeability prompting their autophagic
removal if few mitochondria are involved but apoptotic cell death may occur if the mitochondrial
losses are more extensive. In addition. severe loss of mitochondria results in low cell energy
stores, necrotic cell death, and increased inflammation driven by the release of cell components
such as HMGBJ1. Therapies, which aim at improving cellular energy reserves such as the
promotion of mitochondrial biogenesis by insulin, may have a role in future sepsis therapies.
Finally, both the inflammatory responses and the susceptibility to organ failure may be modulated
by nutritional status and micronutrients, such as zinc, Therapies aimed at micronutrient repletion
may further augment approaches targeting PRR function and mitochondrial viability.

1. INTRODUCTION

How and why humans respond to sepsis (pathogen invasion of the blood stream) with such
devastating consequences as shock and organ failure remains a mystery. Is the host response
excessive in some cases, leading to collateral damage to organs and tissue or, on the
contrary, is the invasive nature of the pathogen challenge such that this seemingly excessive
“septic” response is critical for survival? Of course, insight into the host response must be
considered from an evolutionary perspective, i.e. from a pre-antibiotic era. How does the
septic response improve the host’s chance of surviving an infectious challenge? From a
therapeutics perspective, improved knowledge of the details of this complex response is
likely to be required in order to develop comprehensive and definitive therapeutic
approaches that extend beyond anti-infectives and supportive care.

It is in this context that we have chosen to focus on two different aspects of the host
response to sepsis that we consider to be linearly connected albeit not all-inclusive. First, we
direct our attention to the ability of the host to recognize and sense pathogens and to
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discriminate friend from foe. Much has been learned in the past decade about pathogen
sensing. Importantly, pathogen sensing has important effects on the sensor cells that
dramatically modulate their function with an attention to suppressing pathogen growth. This
concept of sensing-induced changes in host metabolism directs us to the final and most
intriguing aspect of our considerations here.

Second, we delve into fundamental aspects of the host response that highlight the role of
host cell metabolism and the recently recognized secondary phase of inflammation due to
release of constitutive/ components from damaged cells. The focus is on mitochondria and
regulation of energy conservation in cells emphasizing non-specific stress on the host
(oxidant stress caused by neutrophils, shock, intracellular free iron, and mitochondrial
damage). These consequences are dictated by factors such as age (metabolic reserve) and
nutrition (e.g., antioxidant status). Related to this, we then single out a vital nutritional
factor, zinc, that we believe may predispose the host to the septic insult. How does
nutritional status, with an emphasis upon a micronutrient such as zinc, impact the host’s
ability to mount an appropriate response to the challenge ? Emerging evidence is provided in
support that predisposing factors linked to nutritional status may provide the impetus for the
persistence of the inflammatory response and progressive loss of organ function even after
eradication of the offending organisms

2. PATHOGEN SENSING IN SEPSIS RESPONSE

The traditional view of sepsis is one of infection and a disproportionate and overwhelming
inflammatory response to the pathogen resulting in organ dysfunction and death [1].
However, therapies aimed at inhibiting the inflammatory cascade have largely proven
ineffective in larger clinical studies in either blunting the host’s inflammatory response or
improving survival [2, 3]. Specifically, these studies have included evaluating ubiquitous,
downstream inflammatory cytokines such as TNFa [4, 5] and IL-1p [6] as well as general
anti-inflammatory therapy with corticosteroids [7, 8]. Indeed, the only immunosuppressive
therapy to have shown benefit in large randomized controlled trials is drotrecogin o or
activated protein C [9].

The failure of immunosuppressive therapy in sepsis to demonstrate benefit is likely due to
several issues. First, the production of these inflammatory cytokines is a relatively early step
in the pathophysiology of sepsis, patients presenting with established sepsis are unlikely to
benefit from anti-TNF or IL-1p therapy [2]. Second, our understanding of the
pathophysiology of sepsis has changed from overwhelming inflammation to a secondary
immunosuppressed state with persistent organ failure and an inability to respond to
secondary infections [10]. This aspect of sepsis will be discussed in more detail elsewhere in
this Special Issue. Lastly, the redundancy of the inflammatory cascade in response to
infection precludes blockade of a single cytokine or mediator to arrest the inflammatory
response of the host. This realization has driven investigators to evaluate the initial innate
immune response to pathogens as a potential therapeutic target, either as an anti-
inflammatory therapy in early sepsis or to bolster the immune response during late sepsis.
The chief targets of this early innate immune response are the pathogen sensing proteins,
particularly the Toll-like receptors (TLRs) and the NOD-like receptors (NLRs), which
regulate downstream effector enzymes, including inflammatory caspases.

Toll-Like Receptors

Toll was initially described in a Drosophila mutant [11] and later, homologs in mammals
were identified. In 1998 toll-like receptor 4 (TLR4) was identified as the receptor
responsible for endotoxin (LPS) responsiveness [12, 13] and a TLR4 mutation in mouse
strains C3H/HeJ and C57BL/10ScCr was identified as being responsible the resistance these
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animals showed to endotoxemia. TLR4 was one of the first recognized pathogen sensing or
pathogen recognition receptors (PRR). Each PRR identifies a specific pathogen-associated
molecular pattern (PAMP) [14]. The PRR are highly conserved across species and represent
the hosts initial defense against infection [15]. Since the identification of TLR4, ten TLRs
have been identified in humans each with a different PAMP that is recognized including:
peptidoglycan and atypical LPS by TLR2, LPS by TLR4, flagellin by TLR5, and bacterial
DNA (CpG DNA) by TLR9 [16]. TLRs are type 1 membrane receptors with a N-terminal
leucine-rich repeat (LRR) domain, a transmembrane domain, and a toll-1L-1 receptor (TIR)
cytoplasmic domain [14]. The LRR domain is thought to act as the sensing region for
PAMP.

The mechanism by which TLR proteins detect their respective PAMP is unclear. It appears
that the PAMP is brought in proximity to the TLR by an membrane associated adapter
molecules for example CD14 and MD2 for TLR4 or CD36 for TLR2 [17]. Once activated
TLR initiate the inflammatory response via adapter molecules, MyD88 or TRIF. These
adaptors then initiate a signal cascade which results in the initiation of the innate immune
response: interferon and TNF release, nitric oxide synthase production, and activation of
NF«B [18].

Toll-like receptors are essential to the initiation of the host immune response as evidenced
by the finding that the expression at both a message and protein level for TLR 2 and 4
correlated with survival in a mouse model of sepsis [19]. Deficiency of TLR4 can render the
host resistant to endotoxemia [12], however its role in true infection and sepsis is less clear.
Original work using TLR4 knockout mice indicated that the lack of LPS responsiveness in
TLR4 knockouts increased susceptibility to Gram negative infections such as Salmonella
[20, 21], E. coli [22], and Neisseria [23]. In polymicrobial sepsis the picture is less clear
with some investigators reporting decreased survival in mice lacking the Toll signal adaptor
protein MyD88 [24], others reporting no significant difference [25], and others reporting a
survival benefit [26]. Alves-Fiho et al. in 2006 reported that TLR4 knockout mice had
impaired clearance and decreased survival when given Gram-negative Salmonella
intraperitoneally, had no survival advantage to a sublethal polymicrobial, cecal ligation and
perforation (CLP) sepsis model and had improved survival with a lethal CLP [20]. They
hypothesized that this difference was accounted for by an impairment of neutrophil
migration that was associated with the lethal CLP model in the wild-type mouse, thus the
severity and type of infection may determine whether Toll-like receptors represent an
adaptive response to sepsis.

Work to investigate pharmacologic blockade of TLR4 is ongoing. TAK-242 a signal
transduction inhibitor of TLR4 has demonstrated improved survival in murine models of
endotoxemia [27] and another signal transduction inhibitor M62812 has shown improved
survival in a murine CLP model of sepsis [28]. Other investigators have looked at
monoclonal antibodies directed at the TLR4/MD-2 complex, which, have improved sepsis
outcomes in a rat endotoxemia and CLP model of sepsis [29].

Human trials of TLR4 inhibition in sepsis are ongoing, although findings from these trial
have not yet been published. However, there is some data that the prior use of HMG-COA
reductase inhibitors (statins) by patients decreased the rate of severe sepsis [30, 31]. Recent
work has demonstrated that pretreatment with simvastatin resulted in a blunted upregulation
of TLR2 and TLR4 mRNA in monocytes during an endotoxemia in healthy hosts [32]. From
this we may infer that inhibition of TLR transcription is a possible mechanism for the
protective effects of HMG-COA reductase inhibitors during sepsis, but further study needs
to be done in this area.
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Genetic evaluation of TLR4 mutations in sepsis show mixed results, with some series
showing that inhibition of TLR4 signaling is beneficial and others showing that inhibition of
TLR4 is deleterious in sepsis. In a study of 91 septic shock patients and 73 healthy controls,
individuals with a mutation in the TLR4 receptor that renders them hyporesponsive to
endotoxin were shown to have an increased incidence of septic shock and an increased
incidence of Gram-negative infection [33]. Furthermore, burn victims at high risk to develop
sepsis had a further increased risk of severe sepsis if they had the TLR +896G allele which
renders them hyporesponsive to endotoxin [34].

In contrast, other studies have demonstrated a beneficial effect to TLR4 mutations resulting
in inhibition of TLR4 downstream signaling. A function variant allele for the adapter protein
Mal, which is downstream of both TLR2 and TLR4, shows that attenuation of TLR signal
transduction was protective from invasive pneumococcal disease, bacteremia, malaria, and
tuberculosis [35]. In addition, a variant haplotype of the NFkB inhibitor IRAK-1 which
results in a gain of function in the NFKB signal transduction secondary to toll signaling
shows an increase risk of organ failure and death [36]. Evaluating the early animal work and
genetic studies in human sepsis together, it is too soon to tell if blockade of toll signaling
will be beneficial in sepsis if administered in a clinically relevant time frame. The potential
role of therapy aimed at toll signaling will likely also depend on the pathogens involved.
Further study is needed to determine the therapeutic potential of these agents.

NLR Proteins (NODs and NALPSs)

The NLR proteins, also known as CATERPILLAR proteins, NODs or NALPs, are a family
of PRR proteins that are intracellular as opposed to the extracellular TLR family. Much like
the TLRs, these proteins consist of a LRR region which is responsible for PAMP binding,
but have a centrally located nucleotide-binding oligomerization domain (NOD) that
mediates self-oligomerization and an amino-terminal effector domain [37]. The effector
domain can be a caspase-recruitment domain in the case of the NODs or a pyrin domain in
the case of the NALPs.

The NOD Proteins

The NOD class of proteins includes NOD1 and NOD2. Both are thought to operate
intracellularly to detect bacterial cell wall components, diaminopimelic acid generally found
in Gram negative bacteria in the case of NOD1 and muramyldipeptide (MDP), a
peptidoglycan found in most bacteria in the case of NOD2 [38]. Once their associated ligand
is detected, the NODs activate the inflammatory cascade via NFkB using receptor-
interacting protein 2 (RIP-2) as an adapter protein [39].

Current interest in NOD1 in human disease centers on its role in asthma and eczema [40]. Its
role in inflammatory bowel disease is controversial. NOD1 may also play an important role
in maintain mucosal barriers to infection as it represents the primary sensing system for
epithelial cells for Gram negative bacteria [41]. During sepsis, NOD1 in vascular smooth
muscle may potentiate the development of refractory shock through its induction of nitric
oxide synthase-1I in response to NOD1 specific agonists and it is surmised in response to
diaminopimelic acid from Gram negative bacteria as well [42].

Better known for its role in human disease is NOD2. NOD2 was initially described in the
context of familial Crohn’s disease [43] where truncated mutant alleles (Arg702Trp,
Gly908Arg, or Leul007, fsinsC) were demonstrated to reduce NFkB activation secondary to
LPS. Subsequently, NOD2 mutant alleles have also been shown to predispose to Blau
syndrome, early-onset granulomatous arthritis, uveitis and skin rash with camptodactyly
[44]. NOD2 knockout mice have been shown to be deficient in the anti-bacterial peptide
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cryptdins which renders them more susceptible to an enteral bacterial challenge, but not to
an intravenous bacterial challenge [45]. There is some evidence that the Crohn’s disease
mutation in NOD2 results in a paradoxical inflammatory state secondary to persistence of
pathogenic intestinal flora [46].

It has been observed that NOD2 mutant alleles are associated with increased graft versus
host disease during stem cell transplant and increased mortality [47]. This increased
transplant related mortality was largely due to pulmonary and gastrointestinal complications,
leading Brenmoehl et al. to speculate that it was an increase in bacterial translocation in the
epithelial layer of these patients that was responsible [48]. An investigation into the NOD2
variant alleles during sepsis revealed that the Leu1007fsinsC mutant, which results in a
severe reduction in MDP-induced NFKB signal transduction compared with wild-type, is an
independent predictor of sepsis mortality [48-50].

To date, there is very little data on the potential of NOD1 or NOD2 manipulation during
sepsis. Studies competed so far show that upregulation of NOD1 and NOD2 may improve
mucosal integrity and perhaps prevent secondary bacterial translocation during sepsis.
However, NOD2 knockout mice do show attenuation of neuronal dysfunction during sepsis
[51] so further studies into the role of NOD1 and NOD2 during sepsis are needed to fully
assess their potential as therapeutic targets

The NALP Proteins and the Inflammasome

The NALPS are a family of 14 intracellular PRR proteins comprised of an effecter pyrin
domain, a NACHT domain, and the LRR domain thought to be responsible for pathogen
recognition [52]. Little is know about the function of many of the NALPs however NALP1
(as known as DEFCAP) and NALP3 (also known as PY-PAFL1 or cryopyrin) have been
more extensively studied and appear to be important in human disease and especially to the
innate immune response during infection [53].

The function of the NALP family of PRRs is to act as a molecular scaffold for the
inflammasome, a molecular platform for the activation of the inflammatory caspase,
caspase-1 [54]. The activation of caspase-1 depends in part on the NALP scaffold protein,
but requires the apoptosis-associated speck-like protein containing a CARD (ASC) and
another inflammatory caspase, caspase-5 for assembly [55]. Thus far inflammasomes for
several of the NALP proteins have been identified and are thought to assemble in response
to different PAMPs. The structure of the inflammasome is shown in Fig. (1).

The NALP1 inflammasome was the first to be described. It is thought to assemble in
response to LPS [54] or anthrax toxin [56] and induce the activation of caspase-1 which
subsequently triggers the processing and release of IL-1p and IL-18. In addition, activation
of caspase-1 may be an integral contributor to apoptosis seen in sepsis (see discussion
below). The importance of NALP1 in inflammation was recently demonstrated when SNPs
in the NALP1 gene were found in patients with generalized vitiligo, autoimmune thyroid
disease, latent autoimmune diabetes in adults, rheumatoid arthritis, psoriasis, pernicious
anemia, systemic lupus erythematosus, and Addison’s disease [57-59]. The role of NALP1
in human sepsis is not entirely clear; however, our group has recently found that monocytes
from patients with septic shock had decreased mRNA for NALP1 and that the suppression
of NALP1 was associated with increased severity of illness and mortality during septic
shock [60].

The NALP3 inflammasome is better understood as it has been described in several human
disease states. NALP3 inflammasome assembly is thought to occur in response to bacterial
MDP (similar to NOD2) [61]. Mutations in the CIAS1 encoding for NALP3 result in an
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exaggerated production of IL-1p in response to MDP and clinically these patients present
with Muckle-Wells syndrome [62]. Other familial disorders associated with NALP3
mutations include familial cold urticaria [63], AA amyloidosis [64], and neonatalonset
multisystem inflammatory disease (NOMID or chronic infantile neurologic, cutaneous,
articular CINCA syndrome) [65, 66]. All of these conditions result in periodic inflammatory
changes thought to result from the dysregulation of caspase-1 activation by NALP3. Another
potentially important molecule in sepsis response is the protein pyrin discovered as the
molecule responsible for familial Mediterranean fever [67, 68], a disease characterized by
excessive IL-1p production and relapsing fevers. Pyrin provided the prototype for the pyrin
domain (PYD) structure which is present in all NALPs. Pyrin has been shown to variably
enhance or suppress inflammasome function [69, 70].

The role of NALP3 and pyrin during sepsis is only beginning to be studied. In NALP3
knock out mice there was only partial protection from endotoxemia [71]. We have recently
found an interesting relationship with pyrin expression in critically ill children, i.e.,
enhanced survival in those who downregulated monocyte pyrin mRNA levels [72],
presumably secondary to pyrin’s suppression of NALP3 and caspase-1 activation. In
contrast, genetic studies have demonstrated a higher prevalence of mutations in the pyrin
gene, not associated with symptomatic FMF, in individuals with infections or sepsis [73].
This increased prevalence was attributed to an increased inflammatory state of individuals
with the pyrin mutation. Thus, the role of NALP1 and NALP3 during sepsis is likely related
to the etiology and time course of the infection and further study into the NALPs in human
sepsis are needed to assess their potential as therapeutic targets. In total the data on NALPs
in sepsis support the central role of caspase-1 in sepsis as discussed below.

Inflammatory Caspases

The inflammatory caspases (cysteinyl aspartic acid protease) including principally
caspase-1, also referred to as interleukin-1 converting enzyme (ICE), play an integral role in
the severity of the host response to sepsis (Fig. 1). Caspase-1 is constituently expressed in
monocytes, macrophages, and neutrophils [74]. As the downstream target of the NALP
proteins and as the processor of IL-1p and IL-18, caspase-1 is necessary for the initial
attempt at bacterial clearance by the innate immune system [75]. Caspase-1 has been
implicated as both pro-inflammatory and pro-apoptotic [76] and contributes to the apoptosis
of the immune system associated with sepsis [77].

The full role of the caspase-1 during sepsis is unclear, but the extent of caspase-1 activity
may correlated with the severity of septic injury. In a murine model of intra-abdominal
sepsis, caspase-1 messenger RNA correlates with the degree of apoptosis of the gut
epithelium [78] and in murine endotoxemia, caspase-1 activity in the spleen was increased
in mice receiving lethal injury compared with sub-lethal endotoxin doses [79].

Insight into the importance of caspase-1 in sepsis can be seen in the recently described
caspase-12 sepsis connection. Wild-type caspase-12 (the long form) is believed to inhibit
caspase-1. It confers hyporesponsiveness to LPS and is associated with an increased risk of
severe sepsis in human population studies [80]. The wild-type gene is less frequent than the
mutant allele which is found worldwide except in some populations of African descent. It
has been speculated that the mutated caspase-12 gene which has a premature stop codon
resulting in a truncated protein was evolutionarily selected as population densities and thus
risk of infectious disease and sepsis increased [81]. Mice that are caspase-12 deficient show
a resistance to intraabdominal sepsis and enhanced bacterial clearance [82]. The contribution
of caspase-12 in sepsis may be linked to regulatory effects on caspase-1, as caspase-1
activation is important to the initial phase of bacterial clearance during sepsis. It’s role in
late sepsis is less clear
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Caspase-1 knockout mice are resistant to endotoxemia [83] and initial work using synthetic
generalized caspase inhibitors demonstrated improved mortality in mouse CLP models of
sepsis [84, 85]. Our group showed that mice deficient in caspase-1 are protected from sepsis
induced apoptosis and death due to intraperitoneal E.coli [77] and that this protection was
independent of its role as an activator of IL-1 and IL-18 and thought to be secondary to a
reduction in lymphocyte apoptosis. Caspase-1 knockout mice were also protected from
enteral salmonella infections without any difference compared with wild-types when
challenged with intravenous Salmonella [86]. Notably, inhibition of caspase-1 also protected
against endotoxin induced acute renal failure [87] and acute pancreatitis associated acute
lung injury [88].

However, controversy as to the beneficial effects of caspase-1 inhibition exists, as caspase-1
knockout animals have also been shown to be susceptible to Shigella when given
intranasally [89], and to pathogenic stains of E.coli given intraperitoneally [79]. Taken
together, it may be that the benefits of caspase-1 inhibition depends of the extent of
inhibition and the timing of drug delivery as therapy with caspase-1 inhibitors results in
improved survival in a wide variety of murine sepsis models, even when given hours post
infectious insult [77, 84, 85, 90]. Thus caspase-1 inhibitors may be a promising new therapy
in sepsis and further study to define the risks and benefits of these agents are needed.

Other Potential Functions of Pathogen Sensing

Although therapeutic approaches attempting to modulate the host response to pathogen
sensing have traditionally focused on blocking the effects of secreted cytokines (as
highlighted above), increased understanding of the downstream consequences of TLR and
NLR signaling events will be crucial to the development of novel therapeutics. Responses to
pathogens may also modulate more fundamental functions of the host cell. As the studies
that have focused on caspase-1 regulation highlight, early receptor mediated activation of
NF«B and caspases can have profound effects on many other functions including regulation
of essential nutrients (e.g. Fe++ and Zn++) and upregulation of antimicrobial peptides
[91-99]. Furthermore, it is becoming abundantly clear that the host’s baseline tissue and
organ energy reserve is a critical predictor of outcome. Although pathogen challenges may
acutely modulate tissue energy reserves, constitutive factors such as age, baseline nutritional
status, and antioxidant stores are likely important contributing factors that determine the
overall effectiveness of the host response. Furthermore, when host cells do succumb to these
added pressures, their death may produce a second wave of cell stress via the release of cell
components (e.g. HMGB1) that are also inflammatory. These fundamental but often
overlooked aspects of the sepsis response are reviewed in the last section of this review.

3. THE MECHANISTIC LINK BETWEEN ORGAN DAMAGE AND
INFLAMMATION

Recent advances in our understanding of the mechanistic link between early organ injury,
resulting from inflammation and/or tissue hypoperfusion (shock), and delayed organ
failures, commonly referred to as multiple organ dysfunction syndrome (MODS), may
provide novel therapeutic opportunities. The risk of sepsis-related mortality increases
significantly as the number of organ failures increases [100], with most deaths occurring
days to weeks after the onset of sepsis. In some cases death occurs after the primary
infection has been controlled through the innate immune response and clinical interventions,
including surgical drainage and antimicrobial treatments [101]. While certain components of
the immune system are compromised following the acute phase of sepsis, others remain
hyperactive, as reflected by ongoing inflammation at sites remote from the source of
infection [102] and high levels of circulating pro-inflammatory cytokines [103]. Until
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recently it was unclear why certain aspects of the immune system remain active even after
the resolution of the acute infection.

The potent immune response required to effectively eradicate infection produces significant
collateral damage, wherein the toxic enzymes and oxidant species released from activated
immune cells are capable of destroying regional parenchymal cells. Furthermore, in some
cases the hemodynamic manifestations of sepsis (i.e., shock) serve to amplify cell and organ
damage. In the case of pneumonia or other localized infections, the normal tissue
architecture may be almost entirely replaced by inflammatory cells and damaged cellular
debris. Cell damage is initially restricted to the area of infection; however, a delocalization
of the inflammatory response can occur in the setting of severe sepsis causing wide-spread
cell and tissue damage remote from the site of infection. The putative mechanism of MODS
in the context of severe localized infection or other types of focal tissue damage (e.g., burns,
pancreatitis) is the systemic release of pro-inflammatory cytokines resulting in the
expression of endothelial receptors for neutrophil adherence [104] and stimulation of large
reservoirs of macrophages in the liver spleen and lungs [105, 106], a phenomenon that has
been dubbed the “systemic inflammatory response syndrome” or SIRS [107]. However, it is
becoming increasingly apparent that other signals, including the release of components of
damaged cells that are recognized by the immune system, contribute significantly to MODS.

The Mechanism of Cell Injury Dictates the Inmune Response

Upon resolution of the infection, inflammatory cells and damaged parenchymal cells are
removed through programmed cell death (apoptosis) and/or ingested by regional
macrophages. Apoptosis is considered to be the preferred mode of cell death, as this process
is not associated with induction of innate immune cell activation. In fact, it has recently been
shown that recognition of specific apoptotic cell-associated antigens by CD8 alpha(+)
dendritic cells results in suppression of immune responses to cell-associated antigens [108].
In contrast, during “accidental” or necrotic cell death potent immune cells are mobilized and
activated. In this way, acute cell and tissue damage can provoke secondary activation of the
immune system.

In contrast to apoptotic cell death wherein potentially immunogenic components, such as
DNA and proteins, are enzymatically degraded, necrotic cell death leads to the release of
intact proinflammatory antigens that are normally sequestered within the cell. This is an
emerging area of research and, as expected, some controversy surrounds the mechanism by
which necrotic cells promote the activation of immune cells. In this regard, in 1982 Carp
demonstrated that mitochondrial DNA-encoded peptides, which are similar to bacterial
peptides in that they possess N-formyl peptide sequences, are potent chemoattractants for
neutrophils [109]. More recently, Scaffidi et al. reported that monocytes respond specifically
to a nuclear chromatin binding protein, high mobility group box 1 (HMGB1), through the
activation of receptors for advanced glycation end products [110]. However, subsequent
studies have suggested that highly purified (uncontaminated) HMGB1 has no intrinsic pro-
inflammatory action [111], but acts in synergy with other antigens, particularly CpG
dinucleotides, to promote innate immune responses [112]. In eukaryotes, CpG dinucleotides
are restricted to the mitochondrial compartment where they are associated with
mitochondria-specific chromatin binding proteins [113]. Thus, it is unclear how HMGB1
would become associated with mitochondrial DNA in the context of cell necrosis.
Nonetheless, it would appear that CpG DNA and HMGBL can contribute to “sterile”
inflammation in the context of autoimmune disease [114], and HMGBZ1 has been shown to
prime the immune system to bacterial antigens responses [115]. However, recent
investigations clearly demonstrate that HMGBL1 is not primarily responsible for the
induction of innate immune responses to necrotic cells in vivo [116]. Thus, other
intracellular antigens are incriminated. Interestingly, using cell fractionation techniques,
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unpublished data from our laboratories show that the mitochondrial fraction of necrotic cells
is by far the most potent in terms of inducing innate immune responses. Moreover, the
mitochondrial homologue of HMGB1, mitochondrial transcription factor A (TFAM), can act
synergistically with other mitochondrial antigens to promote immune cell activation. Thus,
more work is needed to identify the specific antigens and the immune cell receptors
responsible for inducing inflammatory responses to necrotic cells and damaged tissues in the
context of sepsis-induced organ injury.

Despite the controversy currently surrounding the specific cell components responsible,
there is evidence that interruption of the cycle of tissue damage and inflammation is possible
even after sepsis is well established. To the extent that damaged parenchymal cells and
inflammatory cells committed to death during their activation by LPS and other bacterial
components [117] promote delayed systemic inflammation through the release of HMGB1
and other immunogenic factors, it follows that treatments designed to interrupt this
inflammatory response would be effective in the late phase of sepsis. In this regard, a recent
study showed that a blocking antibody against HMGB1 effectively reduces mortality in
mice, even when administered 24 hrs after the onset of sepsis [118]. Similar results were
obtained with a soluble inhibitor of the receptor for advanced glycation end products
(RAGE), a putative receptor for HMGBL1 [119]. The potential benefits of inhibiting
TREM-1/TLRA4 [115], TLR9 [112] and other receptors known to promote inflammatory
responses to self-antigens remain to be determined in the context of sepsis and other
conditions associated with acute tissue damage (pancreatitis, trauma, burns, etc.). However,
attenuation of innate immune responses consequent to tissue damage holds promise for the
treatment of patients with signs of ongoing inflammation in the absence of identifiable
infection, which commonly occurs in the late phase of sepsis during the evolution of MODS.

Cytoprotective Measures as a Strategy to Interrupt the Cycle of SIRS and MODS

The mechanisms regulating cell apoptosis are discussed in detail elsewhere in this issue.
However, several observations are worthy of discussion in the context of inflammation. The
response of a cell to stress, such as occurs in areas of inflammation or ischemia caused by
shock, varies according to the nature of the cell and other host factors, including age,
nutritional status, and genetics. These factors dictate how effectively the cell will fend itself
from oxidative stress (e.g., antioxidants), how quickly oxidant stress will be resolved (e.g.,
DNA repair enzymes, enzymatic removal of irreversibly altered lipids and proteins), and
how effectively the damaged components of the cell are replaced. In this regard, sublethal
cell injury is associated with the autodigestion of irreversibly damaged cell organelles, such
as damaged mitochondria [120-122]. The mechanisms regulating mitochondrial autophagy
also dictate cell life-death decisions [122]. In particular, the open/closed status of the
mitochondrial permeability transition pore (MPTP), a high conductance pore that is
permeable to molecules and solutes up to 1.5 kDa in size is highly relevant. Sustained
opening of the MPTP, commonly referred to as the mitochondrial permeability transition
(MPT), leads to dissolution of the chemiosmotic gradient generated across the inner
mitochondrial membrane by proton pumping (the result of electron transport) and the
inability to produce ATP. The de-energization of the mitochondrion causes activation of
endogenous enzymes (autolysis) and eventual lysosomal removal (autophagy) of individual
mitochondrion [120]. When a critical number of mitochondria become damaged/
deenergized, mitochondrial apoptosis is triggered [122]. All of these cell-repair processes
are energy-requiring, and the condition of sepsis is further complicated by compromise of
the bioenergetic pathways, most notably altered mitochondrial respiration [123-125]. Thus,
it becomes necessary for a compromised cell to “shut down” in order to facilitate its own
repair, thus superseding its contribution to organ function. Otherwise, the energy status of
the cell, as reflected by ATP levels, would reach critically low values, leading to necrotic

Curr Pharm Des. Author manuscript; available in PMC 2012 January 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crouser et al.

Page 10

cell death [126]. Indeed, in the first human study of its kind, Brealey et al. showed that
tissue ATP levels, and attendant decreases in mitochondrial respiratory capacity, more
accurately predicted sepsis mortality than did conventional severity of illness metrics [124].

Studies using animal sepsis models show that mechanisms contributing to oxidant stress can
be targeted to significantly attenuate organ damage and dysfunction in the context of sepsis.
The situation with oxidant stress is quite complicated, because certain cell compartments are
particularly susceptible to oxidative damage and have adapted unique antioxidant defenses.
For instance, mitochondria, the largest producers of oxidants, are equipped with a series of
enzymes that catalyze the detoxification of superoxide radicals, the exhaust produced during
oxidative phosphorylation, to produce water. In this regard, sepsis induces an imbalance in
the expression of catalase relative to superoxide dismutase resulting in a buildup of
hydrogen peroxide (H,05), which explains the encouraging results of intracellular catalase
mimetics [127] and H,O5 scavengers [128] in reducing organ damage and mortality in
animal models of sepsis.

DNA, both mitochondrial and nuclear, is another important target of oxidative stress, and
DNA damage has important implications for cell and organ function during sepsis. DNA
damage leads to the activation of the DNA repair protein poly(ADP-ribose) polymerase
(PARP), which has a number of important implications in terms of fate of the cell (see
Pacher and Szaho for a comprehensive review [129]). For instance, PARP activation
consumes large amounts of a-nicotinamide adenine dinucleotide (NAD), which, along with
oxygen, is a substrate for mitochondrial ATP production. Consequently, highly aerobic cells
that sustain significant DNA damage undergo rapid ATP depletion and death in response to
excessive PARP activation. Interestingly, supplementation of substrate for mitochondrial
ATP production (i.e., pyruvate) protects against cell death in the setting of acute DNA
damage [130]. The situation during sepsis is further complicated by altered pyruvate [131]
and mitochondrial metabolism [132]. Thus, energy metabolism and DNA repair are
intimately related. Moreover, a direct link between PARP activation and NFkB-regulated
pro-inflammatory gene transcription has also been observed [133]. As shown schematically
in Fig. (2), PARP is centrally positioned to influence cell and organ function and
inflammatory responses in the setting of acute illnesses, such as sepsis.

The relationship between PARP activation and sepsis-induced MODS appears to be
significant. In humans who died of sepsis, the activity of PARP was shown to correlate with
impaired cardiac performance and acute myocardial injury [134]. Furthermore, transgenic
mice deficient in PARP [135] or animals treated with PARP inhibitors [133, 136]
demonstrated less severe organ damage and improved mortality during conditions modeling
sepsis. The encouraging results of animal studies, wherein manipulation of PARP is
performed in advance of sepsis onset, must be viewed with caution pending the results of
trials wherein the intervention is rendered after the onset of sepsis.

Rather than attempting to limit ATP-consuming pathways, such as the DNA and protein
repair mechanisms described above, it may also be beneficial to enhance ATP production.
This approach would presumably allow the cells and organs to maintain function, even in
the face of ATP-dependent cell repair. However, ATP and other high energy phosphates are
unable to penetrate cell membranes and extracellular ATP possesses various pro-
inflammatory actions [137, 138]. Thus, optimization of the ATP-producing mitochondria,
which account for more than 90% of the ATP production of the most cell types, may be the
most effective approach. In this context, measures designed to interrupt mitochondrial
turnover and mitochondria-dependent cell death (apoptosis) related to induction of the MPT
have shown dramatic benefit in animal models. For instance, pharmacological inhibitors of
the MPT, including cyclosporin A and related drugs, are shown to mitigate mitochondrial
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ultrastructural damage [139], preserve mitochondrial respiratory function [139, 140],
improve organ function [121] and reduce mortality [140]. In keeping with these findings,
over-expression of endogenous MPT inhibitors (e.g., Bcl-2) is shown to improve vital organ
function and survival in a murine model of sepsis [140]. Melatonin, a pleiotropic hormone
that is shown to protect mitochondria during sepsis [141], also improves sepsis mortality in
rodents [142]; however, the timing and duration of melatonin administration appears to be
critical [143]. As with most other treatments that have demonstrated benefit in animals, it
remains unclear if these promising new therapies are efficacious after the onset of severe
sepsis or if the findings are relevant to humans.

Mitochondrial Biogenesis: The Role of Insulinomimetic Agents

Typically, the diagnosis and treatment of severe sepsis is significantly delayed such that
some degree of organ damage is already present, which obviates the utility of preventive
measures, such as bolstering of anti-oxidant defenses and inhibition of mitochondrial
autophagy/apoptosis. However, recent advances in our understanding of endogenous
regulators of mitochondrial biogenesis may be of use in terms of repopulating energy-
strapped organs with new mitochondria. Insulin is a potent mitochondrial biogenesis factor
which is shown to preserve mitochondrial integrity [144] and improve clinical outcomes in
patients with more severe sepsis [145]. Like insulin, peroxisome proliferators-activated
receptor-y (PPARY) agonists promote mitochondrial function [146], and are shown to
improve organ function during sepsis. However, the mechanism of organ protection by the
PPARYy agonists may relate more to anti-inflammatory effects rather than direct
mitochondrial effects [147]. The role of other mitochondrial biogenesis factors, such as
nitric oxide derived from the endothelial nitric oxide synthase isoform (eNOS) [148], or
other insulinomimetics, such as zinc complexes [149, 150], have not yet been explored.
Considered together, agents designed to mitigate mitochondrial damage and to augment
mitochondrial biogenesis deserve further consideration as potential treatments for sepsis-
induced organ failures.

4. NUTRITION, IMMUNE FUNCTION AND SEPSIS

Poor nutrition is a significant host factor that causes immune suppression and increases
susceptibility to developing sepsis [151, 152]. Likewise, septic patients have increased
energy expenditure and catabolic needs [153, 154]. Trace elements that support anti-oxidant
function have been recommended as adjuncts for use in critically ill patients yet we do not
know which patients may benefit from trace mineral supplementation. The remainder of this
review will consider the example of a single trace metal, zinc, an essential nutrient that is
intimately connected to pathogen sensing, immune function, oxidative balance, and the
inflammatory response in the setting of sepsis. From this discussion it will become evident
that nutritional variables are likely to contribute significantly to the outcome of sepsis.

Relationship between Zinc and Sepsis

Humans, in response to sepsis or endotoxin administration, experience an acute decrease in
plasma zinc that occurs without a concomitant loss in whole body content [155]. Alterations
in plasma metal content result from bio-redistribution into cellular and tissue compartments
[156]. This redistribution likely reflects the innate host response to redirect trace metals
intracellularly for cyto-protective functions that involve protein synthesis, neutralization of
reactive oxygen species, and prevention of microbial invasion [157]. In addition, enzymes
that regulate oxidant defense including superoxide dismutase, catalase and glutathione
reductase, depend on zinc for normal function. This is particularly relevant since sepsis
patients have a reduced capacity to detoxify reactive oxygen species (ROS)[158, 159].
Moreover, the more severe the insult, the larger is the depletion of antioxidant function
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[160]. The consequences of defective antioxidant defense during sepsis are significant and
can result in augmentation of the systemic inflammatory response and increased cell injury
[161].

Our group has recently observed that zinc deficiency in adult mice, at a level sufficient to
mimic moderate zinc deficiency in humans, significantly augments inflammation, organ
injury, and mortality in response to polymicrobial sepsis (unpublished observation). These
findings are in agreement with other published findings using similar animal models.
Therefore, it is reasonable to postulate that individuals who are nutritionally deficient in
trace metals, in comparison to sufficient individuals, may be at a disadvantage in their
ability to respond to microbial challenges as well as to mount a systemic response during
sepsis. Although zinc nutriture can be determined to some extent, for practical reasons it is
not routinely done. This is further complicated by a lack of specific indices or markers to
accurately determine body content over an extended time frame, prior to sepsis. Considering
the fundamental role that zinc play in so many biologic pathways, we propose that
nutritional zinc status has the potential to significantly influence clinical outcomes in the
setting of sepsis. In particular, zinc deficiency is capable of amplifying the immune response
and increasing host susceptibility to cellular injury and multiple organ dysfunction. If
correct, then the ability to prospectively identify nutritional deficiencies with greater
precision, zinc being one example, may provide opportunities to prevent or treat disease.

Metal Homeostasis, Human Disease and Immune Function

Zinc is a divalent metal cation and micronutrient that is required to sustain life. Maintenance
of total zinc body composition and cellular content in humans, defined as zinc homeostasis,
is tightly controlled with approximately 1% of total body zinc content replenished daily by
dietary intake [157]. Metabolism is tightly regulated in mammals by zinc transporters, a
family of multiple transmembrane spanning domain proteins that are encoded by two solute-
linked carrier (SLC) gene families: SLC30 (a.k.a. ZnT) and SLC39 (a.k.a. Zip). In
collaboration with transporters, zinc plays a fundamental housekeeping role in physiology,
cellular metabolism and gene expression and serves as a catalytic cofactor for over 300
enzymes in addition to stabilizing the structure of literally thousands of protein domains
[162]. When dietary intake is low for sustained periods of time, a negative zinc balance
occurs affecting multiple tissue compartments [163]. At the cellular level, deficits in zinc
content result in diminished cytoprotection, wound healing, tissue repair and modulation of
the inflammatory response [164]. We and others have shown that zinc deficiency enhances
apoptosis in response to relevant inflammatory stimuli and ROS [165-167]. Zinc has also
been proven to play a substantial role in maintenance of host immune function.

Zinc deficiency rapidly diminishes antibody- and cell-mediated responses in both humans
and animals resulting in increased risk of infection. In particular, thymic atrophy,
lymphopenia, and compromised cell- and antibody-mediated responses are immunologic
hallmarks of zinc deficiency in humans [168]. The features of zinc-mediated
immunoparalysis are remarkably similar to the features of immunoparalysis that occur in
sepsis patients [169].

Molecular Targets of Trace Metals

The consequences of zinc deficiency may also be manifest by increasing inflammation,
oxidant stress, tissue dysfunction and in extreme situations, mortality. Since many proteins
utilize zinc as part of their structure or function (greater than 3% of the human genome)
[157] we anticipate that multiple signaling networks are modified by zinc status in the
setting of sepsis. Work by Kitamura and colleagues was the first to reveal a direct
connection between zinc metabolism and pathogen recognition [96]. Nuclear Factor (NF)-
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kB is a transcription factor central to many of the signaling networks involved in sepsis and
its function may be adversely affected by zinc deficiency [170]. NF-«xB is activated by most
pathogens commonly associated with sepsis and its activity is markedly elevated in every
organ studied in septic patients. Moreover, higher levels of activity are associated with a
more robust pro-inflammatory response and higher mortality rates in sepsis patients [171].
Zinc has a concentration-dependent effect on cytokine production. Low physiologic
concentrations of zinc potentiate NF-«xB activity causing enhanced cytokine and chemokine
production (both proinflammatory and anti-inflammatory) whereas supraphysiologic
concentrations of zinc attenuate cytokine production in response to LPS [172, 173] by
interacting with proximal signaling intermediates thereby suppressing NF-«xB activation
[174]. NF-xB activation is also directly linked to SOD function and regulation of ROS.
Inflammation leads to the generation of ROS. Previous reports and our own observations
demonstrate that zinc deficiency leads to attenuation of SOD activity thereby favoring an
increase in the formation of ROS. In fact, zinc itself has the potential to act indirectly as an
antioxidant by virtue of its interaction with sulfur (Zn-S). Within the cell the reversible Zn-S
interaction regulates mechanisms of enzyme catalysis, allows zinc to be tightly bound and
yet to be available, and importantly, generates redox-active coordination environments for
the redox-inert zinc ion thereby allowing zinc to assist in “buffering” oxidant environments
(as reviewed by Maret [175]). Therefore, zinc deficiency can further decrease the
intracellular capacity to tolerate oxidant environments.

In summary, selected nutritional deficiencies of metals (e.g., zinc) and other nutrients may
have profound effects upon the outcome of sepsis. The example of zinc deficiency
highlights the role of vital nutrients in the regulation of immune responses and cellular
defenses in the context of severe infections. Although the role of zinc deficiency is
emphasized herein (Table 1), there are many other potential predisposing conditions that
could influence clinical outcomes during sepsis. As depicted in Fig. (3), various
environmental factors, including factors that have not yet been considered, are likely to
increase one’s predilection for sepsis-induced organ failure. Additional compounding
genetic and acquired factors undoubtedly are important, with age and history of alcoholism
being particularly recognized. Indeed, bacterial sensing itself may induce compounding
effects on the availability of metals. This has been well known for iron regulation in
response to LPS and inflammation whereby activation of TLRs drives iron regulation [93,
95]. In this context, pathogen-driven signaling events that drive the metal “hoarding”
process are integral predisposing, as well as modifying, components of the sepsis syndrome.

CONCLUSIONS

Host responses to pathogenic challenges represent some of the earliest and most
fundamental functions of living organisms. Beginning with the development of divergent
single cell organisms, it became important for organisms to distinguish self from non-self.
This competition for limited resources between organisms has driven the evolution of
increasingly more complex mechanisms for distinguishing self from non-self and for
distinguishing friend from foe. These mechanisms are undoubtedly hard-wired into our
cellular frameworks and yet we are only now beginning to understand some of the
intricacies and nuances of this struggle. In this review, we have highlighted selected
components of this struggle. Recognition of pathogen challenges by a host of extracellular
(e.g. TLR) and intracellular (e.g. NLR) sensors drive not only alarm signals such as cytokine
release but probably also drive fundamental changes in energy metabolism and decisions
about individual cell survival that have complex effects on organ function and overall host
survival. The ultimate changes within the challenged cell involve important modifications of
mitochondrial function, activation of ROS and a recently described positive inflammatory
feedback loop driven by necrotic cell components like HMGB1 and CpG DNA. Importantly,

Curr Pharm Des. Author manuscript; available in PMC 2012 January 10.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Crouser et al.

Page 14

the overall functional reserve of host cells and organ reserve at the time of a septic challenge
determine overall susceptibility to the detrimental effects of the hard-wired host response. In
short, the interconnections between pathogen sensing, the resultant cell injury and
competition for nutrients demonstrate the complexity of the sepsis response. It is therefore
important that future novel therapeutics take a broad view on the impact that specific
targeted therapies may have upon the interplay among individual components of the host
response.
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Fig. (1). Inflammasome Structure

Pathogens can be recognized intracellularly by NALPs (e.g. NALP1 [54] and NALP3 [61])
via their leucine rich repeats (LRR) and possibly by pyrin [70] to induce the assembly of a
protein complex termed an inflammasome. This interaction involves the electrostatic
interaction of CARD (CRD) domains and pyrin domains (PYD) via the adaptor protein
ASC. An assembled inflammasome can drive cell apoptosis and the generation of “danger”
signals such as IL-1p and IL-18 by the activation of the cysteine protease, caspase-1.
Caspase-12 a homologue of caspase-1 may downregulate the inflammasome [80] as may
pyrin in certain situations .
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Fig. (2). The putative role of PARP in the regulation of cell viability and inflammation

Sepsis presents a number of challenges to host cells, including exposure to oxidants
produced by immune cells (e.g., PMNSs), tissue hypoxia, and direct effects of cytokines (e.g.,
TNFa) on the function of mitochondria [177]. PARP plays a central role in the repair of
oxidant-induced DNA damage, which comes at the expense of ATP substrate (NADH).
Thus, the combination of mitochondrial dysfunction (| capacity of aerobic ATP synthesis)
and PARP activation (| ATP substrate) results in compromised cell function or even
necrotic cell death. The latter, together with activation of NF-xB by PARP, can promote a
second wave of inflammation (see text).
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Fig. (3). The “threshold” hypothesis of organ failure during sepsis

Assuming that a nominal level of metabolic activity is required to sustain the function of any
given cell or vital organ, certain preexisting conditions could predispose to organ failures
during sepsis. Genetic defects of cell metabolism are not rare [176], and given a the same
amount of “collateral damage” resulting from sepsis, represented by the downward arrow,
these patients are expected to be at increased risk for organ failure. Likewise, those with
malnutrition, deconditioning, or co-morbid conditions (e.g., advanced age) would be
susceptible to organ failure in the context of a similar infectious challenge.
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Table 1

Links Between Zinc Deficiency and Stages of Sepsis.”

ZN** Metabolic Status

Stages of
Sepsis Deficient [155,156,164]
Normal (Diet, Genetic, Disease, Age)
+++
Pathogen
Recognition ++ (Increanfg;]esponse)
Pro-Inflammat o
m-Rnesargr?QS ory + (Increased Cyto- and Chemokine Production)
P [96,170,172174]
. +++
Oxidant
Production * (Incre[als;Eg]ROS)
. +++
Anti-Inflammatory
Response + (Immun[olsgg]pressed)
+++
Organ Injury + (Increased Cell Deah)
[164-168]
Increased Decreased Survival
Outcome Survival [32-36]

*

numbers refer to published references for each component.
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