Chapter 7
Mechanisms of Organ Dysfunction
and Altered Metabolism in Sepsis

Douglas R. Closser, Mathew C. Exline, and Elliott D. Crouser

Sepsis Overview

The term “sepsis” was first described by Hippocrates (c.a. 460-370 BC) in reference
to blood putrefaction (septicemia) and fever, and the connection between sepsis and
bacteria was made by French chemist Louis Pasteur (1822—1895). No treatment has
been shown to prevent the onset or hasten recovery of failed organ systems during
sepsis, which often persists long after the infection has been eliminated and ultimately
leads to the death of the patient. Mechanisms linking host-pathogen interactions to
organ dysfunction remain poorly understood and related insights may provide the
key to more effectively treating sepsis-induced organ failures. This chapter will
discuss the current theories of sepsis-induced organ failure and potential future
therapies that might be derived from new understanding of the pathophysiology
of sepsis.

Severe Sepsis and Organ Dysfunction

As discussed in preceding chapters, sepsis is historically defined as the presence of
two of the four systemic inflammatory response syndrome (SIRS) criteria and a
known or suspected infection. The definition of sepsis is limited by the nonspecific
nature of the SIRS criteria which can be manifested in many diseases and even in
healthy subjects undergoing physical or emotional stress. It is also limited by the
difficulty in detecting or confirming infections.
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As displayed in Table 7.1, any vital organ can be adversely affected by sepsis.
The extreme diversity of presentations both in terms of severity of organ dysfunc-
tion and heterogeneity of organ involvement has historically prompted investigators
to look for systemic and unifying mechanisms of organ dysfunction, rather than
considering organ-specific mechanisms. In this regard, circulating toxins released
from infectious organisms and activated immune cells and/or alterations in the dis-
tribution of vital metabolic substrates are most commonly incriminated in the
pathogenesis of sepsis-induced organ failures. However, these simplistic models of
disease have not held up to scientific scrutiny, and new paradigms are emerging to
explain the vital organ dysfunction in the context of sepsis.

The Spectrum of Organ Damage during Human Sepsis
and Septic Shock

Before considering the likely mechanisms contributing to organ failures during
human sepsis, which is most often gleaned from animal models, it is important to
first establish what is observed to exist in humans. Beyond the physiological (e.g.,
fever, tachycardia, tachypnea, hypotension, lactic acidosis) and peripheral immune
(e.g., leukocytosis or leukopenia) manifestations of sepsis, relatively little is known
about the mechanisms contributing directly to organ failures in humans.
Unfortunately, meaningful real-time analyses of the altered cells and tissues of fail-
ing organs are not feasible in living humans in the hospital setting, and mechanisms
must be inferred from tissue specimens derived from nonvital organs (e.g., blood,
skeletal muscle), imaging studies, or from post-mortem examinations.
Post-mortem examination of failed organs in the context of sepsis is logistically
complicated and rarely feasible within a timeframe that would provide useful infor-
mation. This is mainly due to the rapid degradation of the tissues and the need for
immediate tissue harvesting. Several studies have overcome these obstacles and
have provided critical insights into the likely mechanisms of sepsis-induced organ
failures. An interesting series of investigations performed in the late 1970s sought to
determine the ultrastructural changes in vital organs in the context of acute, over-
whelming, and ultimately fatal septic shock [1, 2]. For example, one of the septic
patients selected for these studies developed refractory shock with multiple organ
failures and death within 24 h of acute bowel perforation. This scenario is uncom-
mon in modern ICUs due to rapid resuscitation protocols. Nonetheless, ultrastruc-
tural analysis of the vital organs in those who died acutely of septic shock revealed
widespread endoplasmic reticulum (ER) and mitochondrial swelling and disruption
of mitochondrial structures with evidence of extensive cell necrosis. By contrast,
those who survived the early phase of shock only to die of sustained multiple organ
failures had evidence of extensive autophagocytosis, which is in keeping with
attempts to remove damaged cellular components to avoid cell death. It was further
noted that delayed deaths in septic shock were associated with a discrepancy
between profound organ failure and the paucity of ultrastructural abnormalities.
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These early observations were substantiated in a more recent study by Takasu et al.
wherein immediate autopsy was performed on patients who survived the early
phases of severe sepsis or septic shock and had died thereafter during “chronic sepsis”
(on average ~6 days after sepsis onset). Despite ongoing hemodynamic instability
and renal dysfunction at the time of death, these patients were noted to have moder-
ate degrees of mitochondrial swelling and autophagocytosis in the heart and kidneys
with minimal cell death or signs of irreversible damage (e.g., fibrosis) [3]. In a
comparable study, cardiac magnetic resonance imaging performed on severe sepsis
survivors in a late stage of the disease (on average 6 days after sepsis onset) demon-
strated a dramatic increase in mid-myocardial T2 signal intensity, in a non-ischemic
pattern (i.e., sparing the endomyocardium), which implies altered metabolism or
inflammation [4]. These findings are consistent with other observations in septic
humans and animals, discussed in the following sections, challenging the notion
that impaired tissue perfusion is primarily responsible for altered organ function in
the setting of sepsis.

Host-Pathogen Interactions and Induction of Organ Failures

The observed nearly simultaneous or rapidly sequential failing of organs during sepsis
implies a common and widespread process. Though systemic oxygen and other energy
substrate deliveries (e.g., glucose, ketones) may be impaired under extreme circum-
stances with refractory septic shock, systemic blood flow is typically high and indices
of tissue hypoxia are lacking during most cases of established sepsis-induced organ
failures. It follows that circulating factors other than oxygen, glucose, or other metabolic
substrates are contributing to organ damage and dysfunction during sepsis.

The concept of “blood poisoning” originally applied to microbial factors that are
either directly or indirectly (through activation of immune cells) toxic to systemic
organs. Among the first bacterial toxins to be carefully described in septic humans
is a component of streptococcal bacteria that directly inhibits the action of coen-
zyme diphosphopyridine nucleotide (DPN). This compound inhibits numerous
metabolic pathways, including constituents of the citric acid cycle, which is vital for
mitochondrial oxidative metabolism [5]. There have been many other bacterial
toxins described, exhibiting an array of cytopathic effects and pathological manifes-
tations. These include virulence factors introduced into eukaryotic cells by gram-
negative organisms via a direct intercellular type III secretion mechanism.
Exoenzymes-S and -T are potentially cytotoxic through inhibition of vital signaling
pathways (e.g., RAS) and disruption of the cytoskeleton [6]. PA-I lectin/adhesin
potently disrupts vital barrier functions to allow the translocation of bacteria across
epithelial barriers (e.g., the gut) [7]. A comprehensive review of this topic is beyond
the scope of this chapter; however, a summary of the putative mechanisms linking
host-pathogen interactions to organ failures is provided in Fig. 7.1.

Bacteria, viruses, and other pathogens commonly promote cell and organ damage
indirectly through the activation of an intense immune response. This leads to the
destruction of the pathogen and simultaneously causes “collateral damage” to the host.
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Fig. 7.1 Mechanisms of host-pathogen interaction in sepsis-related organ failure

Eukaryotic organisms have evolved a system by which common pathogen-associated
molecular patterns (PAMPs) are identified to elicit a brisk counter-response by compo-
nents of the immune system. The pattern recognizing receptors of the immune system,
including Toll-like receptors (TLRs), nucleotide-binding oligomerization domain
(NOD)-like receptors (NLRs), are somewhat specific in terms of the PAMPs to which
they respond. The pattern of receptor activations leads to specialized immune responses
designed to overcome the invasive features of each pathogen.

In the context of organ damage induced indirectly by the immune response to
PAMPs, an important breakthrough in understanding these mechanisms was pro-
vided by Kevin Tracey and colleagues in the late 1980s. This study was the first to
provide convincing evidence that tumor necrosis factor-alpha (TNFa) was produced
by the host in response to bacterial infection and that release of this immune mediator
was sufficient to produce a systemic inflammatory response and related organ injury
equivalent to that induced by the infection itself [8]. This observation spawned a
generation of research aimed to suppress the immune response during the early
phases of sepsis. Despite numerous encouraging preclinical studies in animals
wherein early inhibition of TNFx or other inflammatory mediators was shown to be
protective, no single immune-modulating agent has proven effective in human sepsis
clinical trials. The explanations for these failures are unclear, but presumably relates
to the timing of therapy relative to the onset of sepsis in humans, which is often
delayed by hours or days, and the complex nature of the host-immune response.
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In addition to PAMPs and the robust immune response, tissue damage is capable
of perpetuating the immune response through the release of host factors, referred to
as “danger associated molecular patterns (DAMPs).” DAMPs are mimics of bacte-
rial PAMPs. For instance, mitochondria are derived from bacterial ancestors and
retain many bacterial features, including N-formylated proteins, hypomethylated
CpG DNA, cardiolipin, ATP, and mitochondrial transcription factor A (TFAM). All
of these components are immunogenic in humans. Endogenous DAMPs are nor-
mally sequestered within intact host cells only to be released during cell damage or
apoptosis. There are a number of DAMPs that have been reported in the context of
trauma or tissue inflammation (e.g., arthritis), but only a few are implicated in the
context of sepsis. Among these, mitochondrial factors have been detected systemi-
cally during severe sepsis in animals and mitochondrial DNA is shown to serve as a
biomarker of mortality in septic humans [9, 10]. However, the contribution of mito-
chondrial and non-mitochondrial DAMPs to the pathogenesis of sepsis-induced
organ failures remains to be more clearly defined.

While it appears evident from this discussion that early intervention to prevent
excessive activation of the immune response in the setting of sepsis would help
reduce organ damage, there is little evidence supporting this approach in the clinical
setting. Despite numerous animal studies showing that pretreatment or early treat-
ment with anti-TNFa agents or inhibitors of PAMPS or their receptors is protective
against sepsis-induced organ failures, none of the subsequent human trials (>30
randomized controlled trials) have shown a benefit to these anti-inflammatory
approaches. Indeed, most patients have passed through the “hyperimmune” phase
of sepsis by the time they present to the healthcare providers, which explains why
these strategies are ineffective. Thus, the focus has turned to the mechanisms
responsible for organ failures in the later stages of sepsis during which most
mortality is observed.

Theories of Sepsis-Induced Organ Dysfunction

Oxygen Debt Versus Altered Oxygen Utilization

Early models of ICU care were based upon the premise that organ failures were
primarily caused by inadequate energy substrate delivery. An influential clinical
observation published in the journal Science in 1964 and coauthored by Max
H. Weil, one of the founding members of the Society of Critical Care Medicine,
demonstrated a dramatic correlation between lactic acidosis severity and mortality
in critically ill patients [11]. Since lactic acidosis often is associated with systemic
hypotension and with the development of organ failures, it was logical to assume
that the latter was a consequence of tissue hypoperfusion or “oxygen debt.”
This paradigm strongly influenced patient management in the ICU setting for the
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past 50 years, such as the standardized use of monitoring parameters relating to
tissue oxygen delivery (pulse oximetry, central venous oxygen probes), evolution of
invasive (e.g., pulmonary artery catheters) and noninvasive measures of cardiac out-
put, and efforts to monitor blood lactate levels. These parameters were used to guide
therapies designed to optimize systemic oxygen delivery, based upon Eq. (7.1),
wherein oxygen delivery (DO,) is directly related to cardiac output (CO; Eq. 7.1a)
and the amount of oxygen present in the blood (VO,; Eq. 7.1b). However, it is
becoming evident with time and further study that septic shock is distinct from other
forms of shock and new research calls into the question the role of tissue hypoxia as
a primary mechanism of organ failures in those with severe sepsis.

DO, =COxVO, (7.1)
CO = stroke volume x heart rate (7.1a)

(Hgb g/100mix1.34ml O, / gm HgbxSpO, ><0.01)
* | +(0.003 ml /mmHg x PaO, ) (7.1b)

Based upon the common finding of lactic acidosis in the context of severe sepsis
and septic shock, it has long been assumed and is presently taught in medical
schools worldwide that lactic acidosis equates with inadequate tissue perfusion
and portends ischemic organ injury and related organ failures. Many of the compo-
nents of the Surviving Sepsis Management Bundle endorsed by the Society of
Critical Care Medicine and many other institutions are focused on timely monitor-
ing of blood lactate and correction of hemodynamic variables during the early
phases of sepsis. Collectively, these measures to optimize hemodynamic parame-
ters and to reverse lactic acidosis during sepsis are referred to as “Early Goal-
Directed Therapy” (EGDT). However, a number of studies conducted in patients
with established severe sepsis (with organ failures) failed to show a benefit to
enhancing or “optimizing” systemic oxygen delivery either through the use of
ionotropic therapies or by increasing the oxygen carrying capacity of the blood
[12, 13]. In fact, the use of ionotropic agents showed a trend toward increased sep-
sis mortality. Likewise, efforts to optimize systemic oxygen delivery using pulmo-
nary artery catheters to guide therapy have not been shown to improve mortality
[14]. Most recently, the efficacy of EGDT has been questioned by a large study
published in the New England Journal of Medicine showing no clinical benefit
relative to standard care [15, 16]. Finally, efforts to augment tissue perfusion by
addressing potential mismatching of perfusion with energy substrate utilization at
the microvascular level (i.e., microcirculatory dysfunction) with a potent vasodilator
(nitric oxide) have shown no benefit in the setting of sepsis-induced organ failures
and did not reduce lactate levels [17, 18]. These studies imply that impaired tissue
perfusion at either macro- or micro-circulatory levels is not the primary cause of
organ failures during sepsis.



114 D.R. Closser et al.

The apparent disconnect between lactic acidosis and tissue perfusion is obviated
when one considers the challenges of interpreting lactic acidosis in critically ill
patients. In this regard, pyruvate is a critical metabolite of glucose metabolism that
serves as a substrate for the efficient formation of high energy phosphates through
aerobic respiration. The conversion of pyruvate to lactate is favored in the setting of
impaired mitochondrial respiration, disruption of the citric acid cycle, or inhibition
of pyruvate dehydrogenase (PDH). In the context of tissue hypoxia, the ratio of lactate
to pyruvate is relatively high, whereas there is a relative increase in pyruvate in the
setting of cytopathic alterations, such as PDH inhibition or mitochondrial dysfunc-
tion. Research studies conducted in septic humans confirm that the lactate/pyruvate
profile is not in keeping with the tissue hypoxia paradigm, and is more consistent
with inhibition of PDH, and/or altered mitochondrial respiration [19]. Indeed, animal
models indicate that both PDH inhibition and altered mitochondrial respiration, as
well as inhibited lactate clearance by the liver and kidneys, may all contribute to
elevated lactate levels during severe sepsis.

Given that the profile of lactic acidosis during sepsis is not adequately explained
by tissue hypoxia and assuming that tissue hypoxia is deleterious to organ function,
how do we interpret measures of tissue oxygen delivery in the clinical setting?
Systemic oxygen during sepsis is commonly elevated and is characterized by
increased cardiac output, low systemic vascular resistance, and enhanced tissue
blood flow (e.g., warm, hyperemic skin). Adequate tissue oxygen delivery during
septic shock is supported by measures of effluent venous blood (SvO,) and by indi-
rect measures of tissue oxygenation in animal sepsis models [20]. Moreover, serum
derived from patients with sepsis is capable of altering mitochondrial and cellular
respiration in normal human cells, indicating the presence of circulating factors
capable of altering oxygen metabolism at the cell and tissue level, and independent
of blood flow or tissue energy substrate availability [21].

Additional clinical evidence favoring a cytopathic cause of organ failures during
sepsis is provided by recent well-publicized clinical trials. As noted previously, a
large study (1600 septic patients) performed in Australia demonstrated that early,
aggressive resuscitation measures designed to optimize systemic oxygen delivery
using EGDT in the early phase of sepsis had no effect on any patient outcome (e.g.,
mortality, duration of organ support) [15]. Other studies have indicated that the only
interventions that significantly alter the clinical course of sepsis are early antibiotics
and strategies to reduce ventilator-associated lung injury [22, 23].

Furthermore, human studies show that altered mitochondrial function, particu-
larly Complex I-activity, and related changes in high energy phosphate levels are
highly predictive of sepsis mortality [24, 25]. Based upon the existing evidence, it
can be said that current sepsis protocols, which include intravascular volume resus-
citation to optimize systemic blood flow and related oxygen delivery, provide ade-
quate hemodynamic support during sepsis. Moreover, progress toward preventing
and reversing organ failures in the context of sepsis should consider other disease
mechanisms.
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Systemic Inflammation, Organ Injury, and the “Cytokine
Storm”

Another compelling explanation for the pathogenesis of sepsis-induced organ
dysfunction is the concept of an “inflammatory storm,” often attributed to Dr. Lewis
Thomas in his 1972 article [26]. The concept is that it is not the pathogen that results
in organ-failure, but rather it is the host’s immune response to infection and result-
ing “collateral damage” that is responsible. This theory was strongly supported by
investigations carried out by Kevin Tracey’s group in the 1980s showing for the first
time that cytokines, such as TNFa, are capable of recapitulating the systemic inflam-
matory response as occurs in the setting or experimental sepsis or endotoxemia [8].
The theory was further supported by preclinical studies showing that suppression of
TNFa prior to onset of sepsis, conferred potent protection in terms of mortality [27].
However, subsequent clinical trials have shown no benefit of anti-TNFa antibodies
or other proinflammatory molecule inhibitors (e.g., activated protein C) in septic
humans [28]. This is presumably because the recognition and treatment of sepsis in
humans is often delayed such that the therapeutic window is missed.

With advances in the supportive care of critically ill patients within the past
20 years, many more septic patients survive the acute hyper-inflammatory phase of
sepsis only to die days or weeks later. The cause of delayed deaths in septic patients
is currently unknown. It is noted that as many as 50% of these patients develop
secondary infections with organisms that are not typically pathogenic in immune
competent hosts (e.g., candida species) [29, 30]. Additionally, reactivation of latent
infections, such as CMV, has been shown to significantly increase mortality risk
[31]. The cause of immune suppression is complex and discussed in another chap-
ter. It is unclear if immune suppression and related secondary infections further
delay or exacerbate organ failures. However, it is apparent that suppression of the
immune response is not a viable treatment for patients during the late phases of
sepsis, which represents a growing majority of hospitalized and institutionalized
sepsis patients. Thus, other mechanisms to reverse organ failures need to be consid-
ered. If such therapies could be identified there is hope that septic patients will be
liberated from life support devices and discharged from ICUs and hospitals, such
that the associated risks of secondary infections would be minimized.

Mechanisms of Altered Metabolism during Sepsis

The Early “Cytopathic” Phase of Sepsis

The early phase of sepsis is often associated with dramatic changes in the patient as
they progress from localized infection to severe sepsis or septic shock (Table 7.2).
In cases of acutely fatal septic shock, there is widespread tissue damage evident
during histological and ultrastructural analyses in vital organs [1]. However, the
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Table 7.2 Common clinical manifestations of sepsis, severe sepsis, and septic shock

Clinical Localized
findings infection Sepsis Severe sepsis Septic shock
Symptoms | Fever e Fever * Altered ¢ Moribund
e Localized e Chills mental status
symptoms e Rigors e Oliguria
at the site e Malaise
of infection | Diaphoresis
* Hypokinetic
e Dyspnea
e Loss of appetite
e +/— Localizing
symptoms
Vital signs | ¢ Fever e Fever or *  Meet multiple |* Meet multiple
e Otherwise hypothermia SIRS criteria SIRS criteria
stable e Tachycardia with normal e Hypotension

e Tachypnea

blood pressure

Exam e Localizing |+ Acutelyill * Somnolentor |* Unresponsive
findings signs of appearing disoriented or delirious
infection ¢ Anxious, alert ¢  Warm
and responsive extremities
e +/— accessory (occasionally
respiratory cool
muscle use, extremities)
crackles on lung e Thready pulses
exam

¢ Warm extremities
¢ Normal pulses

severity and extent of vital organ injury is probably much less in most septic patients.
As will be discussed in the following sections, those who survive the early phase of
sepsis and go on to die days or weeks later have little evidence of cell death or irre-
versible cell or tissue damage. Despite the relatively favorable histology findings,
none of the treatments currently available have demonstrable benefits in terms of
reversing organ damage. Thus, a better understanding of the mechanisms contribut-
ing to organ failures during the late phase of sepsis will likely be required to identify
novel treatments.

Metabolic Compensation During Established Sepsis

Mitochondria are vital for the function of cells and organs, and are vulnerable to
injury during sepsis. In addition to their well-known functions relating to aerobic
energy metabolism, mitochondria are the major source of potentially toxic reac-
tive oxygen species (ROS) and are critical regulators of cell death. Mitochondria
are dynamic in that new ones are produced to match the metabolic needs of the
cell. Similarly, senescent or damaged mitochondria or unneeded mitochondria
(e.g., during fasting) are efficiently removed during the lifespan of most cells.
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This mitochondrial turnover allows for the adaptation of cells to the environment.
Changes in mitochondrial mass and increases in mitochondrial turnover are com-
mon during acute illnesses, such as the acute phase of sepsis. Autophagy selec-
tively targets de-energized mitochondria and leads to reduced mitochondrial mass
and net improvement in cellular efficiency [9].

Whereas many inflammatory mediators likely contribute to altered metabolism,
TNFa is a prototypical mediator of the sepsis syndrome [27] and is capable of caus-
ing profound mitochondrial dysfunction. TNFa is released from activated mono-
nuclear cells in response to various pathogen-associated mediators, such as
lipopolysaccharide, and the release of TNFa is further regulated by the sympathetic
and parasympathetic nervous systems [32]. TNFa binds to a number of TNF recep-
tors, which promotes the intracellular release of ceramide and also the production of
reactive oxygen species (ROS) formation, which are known to favor mitochondria
dysfunction. TNF receptor activation promotes NF-kB pro-inflammatory pathways
in various immune cells including PMNs and monocytes, which strongly induces
ROS formation leading to mitochondrial DNA damage and inhibition of mitochon-
drial complex activities in exposed cells. Inhibition of mitochondrial complexes
favors diversion of electrons through the Q-cycle to produce even more
ROS. Ultimately, the formation of ROS exceeds the robust mitochondrial antioxi-
dant mechanisms (manganese superoxide dismutase, glutathione reductase) which
can trigger a catastrophic mitochondrial deenergization relating to the opening of
mitochondrial “permeability transition pores” (PTP) [33]. The resulting mitochon-
drial permeability transition leads to dissolution of the electrochemical gradient
required to form ATP and these deenergized mitochondria are targeted for removal
via “self-ingestion” (i.e., autophagy) by lysosomes. Widespread induction of the
mitochondrial PTP involving many mitochondria simultaneously can promote
necrotic or programmed cell death (apoptosis). Finally, TNFa also inhibits mito-
chondrial biogenesis, in part through induction of HIFla by inflammatory mecha-
nisms [34, 35]. Thus, systemic TNFa release in the early phase of sepsis leads to a
net reduction in mitochondrial mass and impaired mitochondrial function. It is also
apparent that inflammatory mediators, such as TNFa, can alter the status of mito-
chondria during sepsis thereby influencing the viability and function of cells and
vital organs through the induction of cell death, as noted above. In keeping with the
notion that mitochondrial depletion contributes to organ failures, animal models of
sepsis indicate that restoration of mitochondrial populations through biogenesis
pathways is essential for recovery from sepsis [36].

Altered Function of Other Metabolic Pathways During Sepsis

In addition to changes in mitochondrial mass, qualitative changes in mitochondrial
function and a shift toward glycolytic pathways are regulated by various hormones,
enzymes, and regulatory pathways within the cells. Oxidant stress, particularly
reactive derivatives of nitric oxide and superoxide anion (peroxynitrite), promote
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glycolysis by activating the rate-limiting step of the pentose pathway, glucose-6-
phosphate dehydrogenase. The pentose pathway, in turn, leads to the formation of
NADPH in favor of NADH. Whereas NADH is the substrate for high-energy phos-
phate formation mitochondrial oxidative phosphorylation, NADPH is vital for the
formation and repair of proteins, DNA, and lipids. Consequently, by diverting gly-
colytic intermediates from the Kreb’s cycle to suppress aerobic mitochondrial res-
piration, the cells and tissues transition to a state of reduced oxygen consumption
and lower ATP production. This is commonly referred to (e.g., in the context of
cancer) as the “Warburg effect.” Under these circumstances, the cells and tissues are
less reliant upon oxidative metabolism, thereby reducing oxidative stress and pro-
moting the formation of reducing equivalents (e.g., Lactic acid, NADPH) that favor
cell repair [37]. The Warburg effect and related mediators, such as HIF1a, are shown
to be induced under conditions modeling sepsis [38] and confer cytoprotection in
vital organs and inhibit inflammation under conditions of acute cell stress [39, 40].
However, HIF-1a activation inimmune cells is shown to perpetuate pro-inflammatory
pathway activation as well [41]. This serves as to remind us of the complex mecha-
nisms at play during sepsis and why attempts to block any specific molecular target
have failed to improve outcomes.

In addition to altered glucose metabolism, sepsis promotes the mobilization of free
fatty acids (FFA) from fat stores and amino acids from skeletal muscle. FFA may be
converted to ketones by the liver or directly metabolized by tissues to promote mito-
chondrial ATP formation. Amino acids released from muscle, particularly glutamine,
are variably converted to acute phase proteins or deaminated to form urea by the liver
[42]. Alternatively, amino acids can also serve as a mitochondrial energy substrate or
can be recycled for the purpose of replacing damaged proteins in other vital organs.
Thus, nonvital fat and skeletal muscle is scavenged to preserve vital organs (Fig. 7.2).

The notion of “multiple organ failure” versus “multiple organ success” refers to
the benefits of adopting a lower resting metabolic state (impaired organ function)
and associated alterations of the metabolic profile to promote tissue repair following
the early phases of sepsis [43]. In this regard, and in contrast to current practice pat-
terns wherein adrenergic agonists are commonly used to provide hemodynamic
support in the setting of severe sepsis and septic shock, a recent clinical trial pro-
vides evidence that beta-adrenergic inhibition reduces metabolic demand (VO,),
reduces fluid resuscitation requirements, protects against organ damage, and appears
to reduce mortality in these patients [44, 45]. Moreover, measures to aggressively
correct hyperglycemia resulting in transient hypoglycemia or efforts to fully correct
protein catabolism by providing enteral protein-rich diets appear to be associated
with increased mortality [46].

Organ-Specific Mechanisms

In addition to the global changes in cellular metabolism incriminated in the patho-
genesis of organ failure, the mechanisms specifically contributing to altered organ
function may vary from one organ to the next. Moreover, host factors, including age
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Fig. 7.2 Altered lipid and protein metabolism in sepsis

and comorbid disease, contribute significantly to organ failures during sepsis. In this
regard, it is interesting to note that genetic variations associated with enhanced
mitochondrial function are the only known genetic predictors of sepsis mortality
[47]. Hence, it is likely that global metabolic alterations combined with organ-
specific mechanisms conspire to promote organ failures. Other chapters address the
organ-specific mechanisms that lead to impaired function, but the lung is special in
that damage to the vascular endothelium is sufficient to cause impaired lung func-
tion due to altered vascular permeability and increased lung fluid (non-cardiogenic
pulmonary edema). Support for the role of vascular injury (e.g., tissue edema or
impaired blood flow) in other vital organs is not as convincing. Recent studies of the
heart provide convincing evidence in support of the concept that altered energy
substrate delivery, the accepted paradigm, does not primarily promote organ failure
or damage in the context of sepsis.

Cardiac Dysfunction

Severe sepsis is commonly associated with reduced LVEF and troponin release.
Troponin elevation predicts mortality even in the absence of atherosclerotic coro-
nary disease and irrespective of hemodynamic status (e.g., shock) [48, 49]. This
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indicates that myocardial damage may be a manifestation of a more global process
affecting multiple organs. In this regard, the concept of “demand ischemia” has
been applied to the condition of myocardial injury in the setting of severe sepsis.
“Demand ischemia” is based on the premise that increased oxygen demands relating
to the septic response (i.e., tachycardia, increased cardiac output) lead to ischemic
injury. However, recent post-mortem analyses of the heart in the setting of fatal
sepsis show no evidence of myocardial ischemia [3]. Histologic analysis of cardiac
tissues shows no significant myocardial cell death by necrosis or apoptosis com-
pared to matching ICU controls. Ultrastructural evaluation (electron microscopy) of
the heart demonstrates moderate mitochondrial swelling and damage but the appear-
ance of the contractile units and all other cardiomyocyte structures largely appeared
normal [3]. In keeping with the post-mortem findings, in vitro cardiac magnetic
resonance imaging performed within days after the onset of sepsis revealed a non-
ischemic injury pattern characterized by epicardial and mid-myocardial T2 eleva-
tion. This pattern of T2 elevation is in contrast to ischemic heart disease which is
associated with an endomyocardial T2 pattern [4]. Thus, the mechanism of cardiac
injury in the context of severe sepsis is unlikely to relate to irreversible ischemic
damage (e.g., necrosis), and other explanations need to be considered.

The experimental evidence provided from animal models of sepsis points to
multiple potential mechanisms contributing to non-ischemic myocardial injury and
dysfunction (Fig. 7.3). A recent review by Antonucci et al. nicely summarizes many
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of these mechanisms, and further suggests that a single therapeutic treatment is
unlikely to normalize myocardial function or prevent myocardial injury [50].
Given the extensive research relating to cardiac dysfunction during sepsis, a full
review of all proposed mechanisms of myocardial injury and dysfunction is beyond
the scope of this chapter. Suffice it to say that more research is needed to explain the
early damage and adaptations of the heart to the stress of sepsis, a condition that is
associated with a nearly twofold higher risk of all-cause mortality [51, 52].

Evidence that Metabolic Alterations Contribute to Dysfunction
of Other Vital Organs

Other chapters will address organ-specific mechanisms of injury and altered func-
tion during sepsis. However, this chapter focuses on critical metabolic pathways
that are common to all vital organs and are likely to contribute independently to
altered organ function.

The kidneys are particularly sensitive to injury during sepsis, and some degree of
renal dysfunction is detected in a majority of patients with sepsis. Multiple mecha-
nisms including inflammation, oxidative stress, mitochondrial injury, and hypoper-
fusion all likely contribute to AKI during sepsis [53]. AKI in setting of experimental
sepsis is characterized by acute alterations of parenchymal mitochondrial function
and inactivation of endogenous mitochondrial antioxidant functions (e.g., manganese
superoxide dismutase) [54]. Protection is conferred through induction of mitochon-
drial biogenesis or by targeting antioxidants to mitochondria [54, 55]. Given that
delivery of mitochondrial targeted antioxidants and treatments designed to promote
mitochondrial biogenesis are feasible, it is reasonable to expect that such therapies
could prove to be protective against AKI during sepsis.

Altered mentation is the most common central nervous system clinical manifestation
of sepsis. However, little data exists regarding the mechanisms causing encephalopa-
thy during sepsis. There is evidence of neuronal apoptosis in specific regions of the
brain in fatal cases of septic shock [56]. Other studies incriminate alterations of the
blood-brain barrier relating to endothelial damage as a mechanism contributing to
inflammatory cytokine release into the brain [57]. Additionally, regional disruption of
vasoregulation and induction of coagulation pathways may occasionally lead to the
formation of hemorrhagic lesions [57]. Animal models also support the notion that
oxidative stress leads to metabolic reprogramming of neurons to favor cellular repair
(e.g., of DNA damage) while suppressing ATP formation via mitochondrial oxidative
phosphorylation [58]. This altered metabolic profile is equivalent to the “Warburg
effect” that occurs in the context of other pathological conditions.

The mechanisms of gastrointestinal damage during sepsis are complex, and
include oxidative damage to the contractile units and epithelium [59]. The source of
reactive oxidant species includes activated immune cells, damaged mitochondria,
and the intracellular release of highly reactive free iron. The ensuing damage to the gut
epithelium, with attendant release of “danger signals,” can promote the conversion
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of non-pathogenic colonizing bacteria into invasive and pathogenic organisms [59].
As such, preservation of intestinal barrier function may be of primary importance
during the progression and recovery from multiple organ failure during sepsis.

Clinical Implications of Sepsis-Related Metabolism
Alterations

Accepting that sepsis induces alterations of metabolism favoring cell and tissue
repair at the cost of impaired organ function, it follows that certain patient popula-
tions would be predisposed to organ failures during sepsis based upon the concept
of a metabolic “threshold” below which vital organs begin to fail. Direct support
for this concept is provided by compelling population-based genetic data, show-
ing that mitochondrial DNA (mtDNA) genetic variants promoting altered mito-
chondrial function are highly predictive of death due to sepsis. In this regard,
mtDNA haplotype associated with enhanced mitochondrial respiration, including
haplotype H in Europeans and haplotype R in Chinese populations, are highly
protective (OR ~ 0.5) [60, 61]. In contrast, the mtDNA allele 4216C is associated
with sepsis of greater severity in the setting of burn injury [62]. In addition to
these genetic mtDNA variants, it is well recognized that the humans acquire
mtDNA damage and associated loss of mitochondrial function with age, and the
elderly are at greatly increased risk of severe sepsis compared to younger adults
and children [63]. Together with data showing that altered mitochondrial function
is predictive of sepsis mortality, these data strongly suggest that conditions asso-
ciated with altered metabolic reserve predispose to organ failure and death in the
context of sepsis.

Altered glucose metabolism also has important implications for the manage-
ment of sepsis. Glycolysis is promoted in the setting of sepsis and even mild hypo-
glycemia in septic patients portends higher mortality and increased risk for ICU
complications [64, 65]. Indeed, the severity of hypoglycemia correlates strongly
with mortality risk and with adverse neurological outcome [66]. Since mitochon-
drial function is reduced during sepsis, inferring increased reliance on glycolysis
to maintain adequate ATP production, it follows that the combination of sepsis-
induced inhibition of mitochondrial ATP formation together with the lack of glu-
cose as a substrate for glycolytic ATP production would result in critically reduced
tissue ATP levels. Tissue ATP depletion, in turn, is shown to be associated with
increased sepsis mortality [24].

There are many other clinical implications of altered metabolism during sepsis
as relates to patient management. These include the potentially important effects of
commonly used medications that influence metabolic pathways (e.g., antimicro-
bial agents, hypoglycemic medications, lipid altering drugs), the implications
relating to changes in dietary requirements, and controversies relating to early
mobilization of critically patients, all of which have unclear implications in terms
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of metabolic adaptation during sepsis. Finally, it is further unclear how the early
management of septic patients influences organ recovery and quality-of-life in sep-
sis survivors. Extensive research is needed to resolve these controversies and to
better understand the mechanisms of organ failure, repair, and recovery in the context
of severe sepsis.
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