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Abstract

Sepsis is a complex, heterogeneous physiologic condition that represents a significant public health concern.
While many insights into the pathophysiology of sepsis have been elucidated over the past decades of research,
important questions remain. This article serves as a review of several important areas in sepsis research.
Understanding the innate immune response has been at the forefront as of late, especially in the context of
cytokine-directed therapeutic trials. Cellular bioenergetic changes provide insight into the development of organ
dysfunction in sepsis. Autophagy and mitophagy perform crucial cell housekeeping and stress response func-
tions. Finally, age-related changes and their potential impact on the septic response are reviewed.

SEPSIS poses a considerable burden to the health care
system, with nearly 750,000 cases each year in the United
States alone and billions in annual costs [1,2]. Case fatality
estimates range from 20% to 50%, with increasing incidence
and greater proportions of severe sepsis representing a seri-
ous public health concern [1-4]. Despite the frequency with
which the disease process is encountered, treatment for se-
vere sepsis and septic shock remains limited essentially to
supportive measures. The increase of early goal-directed
therapy in the past two decades has allowed advances to be
made in the resuscitation of patients with sepsis, leading to
advantages in mortality and some improvements in long-term
organ dysfunction. Recently, the benefits of these measures
have been called into question. However, as noted, these
treatments are directed at supporting failing organ systems
and awaiting recovery of function, rather than addressing
directly the root cause of organ dysfunction [5,6]. Recent
research has led to a wide array of discoveries in areas related
to the biology and immunometabolism of sepsis. Herein we
review relevant mechanisms of innate immunity, cellular
bioenergetics, and autophagy in sepsis.

Innate Immunity: Pathogen and Cell Damage Pattern
Recognition

The body’s immune response to infectious insult is divided
into two components: The adaptive and innate immunity.
Innate immunity functions through a variety of pattern rec-
ognition receptors (PRR) that recognize microbial as well as
host-derived molecules and subsequently ignite a cascade of
immune responses within the cell. Pattern recognition re-
ceptors have been characterized as either membrane-bound

or cytoplasmic with regards to their orientation on or within
the cell: Toll-like receptor (TLR), C-type lectin receptor
(CLR), nucleotide-binding oligomerization domain (NOD)-
like receptors (NLR), retinoic acid-inducible gene I (RIG-I)-
like receptors (RLR), and others [7,8]. This organization is
based, in part, on the pathogen-associated molecular pattern
(PAMP) to which they are cognate. Toll-like receptor 4 re-
sponding to lipopolysaccharide (LPS) of gram-negative or-
ganisms is embedded in the cell membrane surface. In contrast,
other PRR are located in endosomal membranes to detect nu-
cleic acids or the cytosol to detect viral-associated nucleic acid
PAMPs [7,9]. There are numerous examples of PAMPs, rang-
ing from viral deoxyribonucleic acid/ribonucleic acid (DNA/
RNA) to bacterial cell surface lipoproteins, LPS, bacterial nu-
cleic acids, and many other molecules [7,8]. Recognition of
these conserved molecular patterns is key for the activation of
the innate immune response by pathogens and vital for survival.

The functions of PRR on immune and non-immune cells are
only partially understood. Toll-like receptor 4 is one of the best
studied because of its role in LPS recognition. Mice rendered
genetically deficient in TLR4 expression have been shown to
be “resistant” to LPS administration yet susceptible to gram-
negative sepsis [10]. Toll-like receptor 4 has been shown to
have a key role in regulating LPS and bacterial clearance in
models of sepsis, although the role of TLR4 in inflammatory
regulation varies by cell type [11]. In experiments by Deng
et al. [11], hepatocytes were found to clear LPS in a TLR4-
dependent manner, whereas leukocytes participated in the
septic response by phagocytosis and clearance of bacteria after
TLR4 activation. Interestingly, TLR4 has been shown to in-
duce not only pro-inflammatory but also anti-inflammatory
responses and may thus serve a role in ‘‘balancing” the
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inflammatory response to LPS [12]. It is possible to pharma-
cologically block the TLR4 receptor in experimental models of
sepsis, which in turn blocks activation of nuclear factor kappa
B (NF-«xB) and downregulates interleukin (IL)-6 and tumor
necrosis factor-a (TNF-o) production both in vitro and in vivo.
Efforts have been made to test anti-TLR4 agents in patients
with severe sepsis using the investigational drug eritoran to
block LPS binding at the TLR4 receptor; however, a large
multi-national clinical trial unfortunately did not yield any
difference in 28-d mortality between experimental and control
groups [13-15]. This is explained potentially by varied and
cell-specific roles of TLR4 in sepsis and by the contributions of
many other PRR and PAMP/damage-associated molecular
patterns (DAMPs) in driving the host response to sepsis.

No discussion of PAMPs and activation of the innate im-
munity would be complete without also mentioning the topic
of endogenous DAMPs. These molecules are ‘‘normally”
unavailable to the immune system and originate from various
intra-cellular and extra-cellular compartments in response to
systemic stresses including sepsis, trauma, or ischemia.
Damage-associated molecular patterns originate from the
nucleus (e.g., DNA, high-mobility group box 1 protein
[HMGB1]), cytoplasm (RNA), the extra-cellular matrix
(hyaluronic acid, heparin sulfate), or from other organelles
(mitochondrial deoxyribonucleic acid [mtDNA], andenosine
triphosphate [ATP]), either from direct damage to the cell or
from cellular secretion during periods of stress [7,16—18].
These molecules have many shared receptors with PAMPs
and are known to stimulate TLR, CLR, and receptors of ad-
vanced glycosylation end products (RAGE), among others
[7,16-18]. Thus, the inflammatory response in sepsis can be
attributed to PAMP stimulation of the innate immune system
initially, but it stands to reason that the host gains additional
signaling from DAMPs after stress and tissue damage has
occurred.

One of the best-studied DAMPs is the nuclear-derived
HMGBI. High-mobility group box 1 protein is a DAMP re-
leased as a late mediator of sepsis or endotoxemia and is
conserved highly in mammals. High-mobility group box 1
protein is also released after cells sustain damage in sterile
inflammatory states such as trauma [19,20]. High-mobility
group box 1 protein is capable of producing a robust in-
flammatory response independent of LPS when administered
to experimental subjects [20,19]. Similar effects have been
reported in both rodent sepsis models, as well as human pa-
tients with sepsis [19]. High-mobility group box 1 protein
activates signaling through TLR4, TLR2, TLR9, and RAGE
receptors and serves to stimulate cytokine production and
function as a chemo-attractant [20]. The receptor specificity
of extra-cellular HMGBI is determined by the redox states of
its three conserved cysteines, which in turn can regulate its
potential binding partners [20]. The similar inflammatory
responses when TLR4 is stimulated either by LPS (a PAMP)
or disulfide HMGB1 (a DAMP) suggests that a final common
pathway exists between infectious and non-infectious (i.e.,
trauma, ischemia) etiologies of cellular stress [21].

Other examples to be considered are nucleic acid receptors
such as TLR3 and TLR9, which recognize microbial nucleic
acids and RNA or DNA from cell necrosis to drive an in-
flammatory response [22-24]. Just as PAMP-induced inflam-
mation can lead to tissue damage and DAMP release, it is also
reasonable to consider that DAMP-modulated inflammation

287

can cause epithelial and endothelial ‘“‘barrier failure,” which
may lead to invasion of pathogens and subsequent additional
immune stimulation from PAMPs [18]. A final area to be ex-
plored is the anti-inflammatory regulatory response. Immune
cells have been shown to become tolerant of PAMP/DAMP
stimulation, and intra-cellular activation of anti-inflammatory
pathways equally serves to decrease cytokine secretion and
stimulate the release of anti-inflammatory mediators such as
resolvins [18,25]. Neuroendocrine stimulation by inflamma-
tory cytokines and PAMPs can activate anti-inflammatory
pathways such as the hypothalamic-pituitary-adrenal axis
to stimulate release of cortisol and catecholamines, which
modulate immunosuppression [18,25]. In addition, vagus nerve
release of acetylcholine can stimulate cholinergic receptors on
macrophages to inhibit the release of pro-inflammatory cyto-
kines [25]. It is important to bear in mind that regulation of the
pro-inflammatory and anti-inflammatory homeostatic balance
is essential; dysregulation of this process has been attributed by
many to be the driving force behind the development of sepsis
and septic shock. These neural anti-inflammatory pathways
are also important to consider when examining in vitro
models of sepsis, cell cultures lack the complex feedback
loops that are present in vivo and result in considerably ele-
vated non-physiologic cytokine responses when stimulated
by PAMPs/DAMPs [18].

Cellular Bioenergetics in Sepsis

A variety of energetic alterations have been noted in sepsis
and other inflammatory states. Sepsis is characterized by
an initial hypermetabolic state with elevated respiration,
ATP production, and endocrine hormone release. However, a
hypometabolic state eventually ensues that manifests with
decreased mitochondrial respiration, ATP production, and
downregulated and/or hormone-resistant endocrine pathways
[26,27]. Singer et al. [28-31] propose a hypometabolic theory
of sepsis wherein cells enter a “‘hibernation’’-like state that
may serve as a protective mechanism that is vital for recov-
ery. This hibernation may protect the cell from ATP depletion
by lowering the cell’s metabolic demands in cellular envi-
ronments in which ATP production is impaired [29].

Several mechanisms are known to contribute to the cell’s
decreased ability to produce ATP during sepsis. Mitochon-
dria are responsible for the production of the vast majority of
ATP in the resting state. Inflammatory molecules present
during sepsis such as nitric oxide and other reactive oxygen
species (ROS) impair the mitochondrial respiratory protein
complex and mitochondrial respiration [29,32]. Additionally,
lower metabolic rates in sepsis have been associated with
decreased quantities of mitochondrial DNA and a resulting
deficit in oxidative phosphorylation capacity [33]. Gene
transcription of proteins necessary for mitochondrial respi-
ration is downregulated [31,34,35]. Furthermore, hormonal
alterations may also contribute to the decreased capacity to
produce ATP via oxidative phosphorylation [28]. Lee and
Hiittemann [36] have proposed that mitochondrial dysfunc-
tion in inflammation and sepsis is driven by successive
changes in the phosphorylation states of cytochrome ¢ oxi-
dase and other mitochondrial proteins that decrease protein
activity and impair oxidative phosphorylation.

Although respiration is impaired, cells retain other mech-
anisms of maintaining energy production. In cecal ligation
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and puncture models of sepsis, hepatocytes show increases in
anaerobic metabolism, especially in pathways processing
proteins and fatty acids [37]. Overall ATP concentrations
were unchanged in hepatocytes during these experiments, but
a notable increase in adenosine monophosphate (AMP) was
observed, which may be important in cellular signaling from
both a metabolic and inflammatory standpoint [37]. Also
noted were increases in tricarboxylic acid (TCA) cycle me-
tabolites [37]. These TCA cycle intermediates play a role in
the regulation of inflammation and production of pro-
inflammatory molecules [38]. In immune cells there have
been well-characterized shifts in metabolic pathways, based
on substrate availability, which promote maintenance of
immune system function under stress [39].

Tissue ATP concentrations have been shown to be variable
in patients with sepsis. Patients who died from severe sepsis
were shown to have decreased muscle ATP content as op-
posed to survivors who maintained or increased their ATP
concentrations [40]. Although in the past it has been proposed
that decreases in oxygen or metabolic substrate supply were
the rate-limiting factors in energy production, this does not
appear to be the case, because mitochondria retain the ability
to utilize a variety of substrates in energy production [41].
Additionally, cells do not suffer from a lack of oxygen supply
at the tissue level during sepsis and tissue consumption of
oxygen has been shown to decrease as sepsis severity in-
creases [31,42]. Further studies by Fink et al. [32] indicate
that the oxygen supply is not the issue in sepsis, rather the
problem lies in the cell/mitochondria’s ability to utilize the
oxygen that is present, which has been coined *‘cytopathic
hypoxia.” Fink et al. [32] further detail that this process is
typically not present in the early stages of sepsis and tends to
appear after hours have passed. They propose that this may
explain some of the therapeutic benefits observed in the
“early goal-directed therapy’’ for sepsis [32].

Disruptions in cell bioenergetics have been implicated
in the pathogenesis of sepsis-induced organ failure, which
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itself is a strong predictor of mortality [2]. The exact
mechanism behind the observed hypometabolic state is still
a subject of debate, but may involve a combination of
impairment of the oxidative phosphorylation apparatus,
damage to mtDNA, and increases in cellular protective
pathways such as autophagy.

Autophagy and its Role in Cell Maintenance

Autophagy is a cytoprotective process that allows cells to
degrade and recycle biomolecules, especially under times of
stress [43—48]. Literally meaning ‘‘self-eating,” it has been
described classically as a response to times of nutrient star-
vation wherein the cell can maintain critical cell processes by
recycling cell components [43—45]. The process is evolu-
tionarily conserved across all eukaryotes, and the materials
processed range from individual molecules to entire organ-
elles [43,44]. In addition to its role in energy conservation
during stress, autophagy also serves an important role in
immune activation via both the innate and adaptive immune
systems [43,48]. Autophagy regulates the immune response
in multiple ways, from assisting in antigen presentation to
lymphocyte differentiation to regulation of cytokine pro-
duction [43,48]. Autophagy also serves a role in removal of
intra-cellular pathogens [43,46,48].

The morphologic hallmark of autophagy in the cell is the
formation of a double membrane vesicle termed an autopha-
gosome (Fig. 1) [43,44,48]. These structures form de novo, as
opposed to budding off of existing membranes, and the process
is initiated at sites called phagopore assembly sites. After
initiation, a growth step of phagopore elongation occurs during
which the membrane grows around the desired target of deg-
radation [43,47]. Molecular signaling to initiate autophagy
involves the target of rapamycin (TOR) protein, a serine/
threonine kinase that is intrinsically active and inhibits au-
tophagy under nutrient-rich conditions [43,46] This molecule
serves as a vital sensor of the nutritional state of the cell and

Autophagy is inhibited by the metabolic growth rheostat mammalian target of rapamycin (mTOR) that inhibits

autophagy when adenosine triphosphate (ATP) and nutrients are plentiful. Sepsis and metabolic stress lead to inhibition of
mTOR and initiation of the isolation membrane. Atgl2-Atg5-Atgl6L and LC3-II localize to the phagopore to capture
selected targets for degradation. Upon completion of autophagosome formation, the Atgl2-Atg5-Atgl6L complex disso-
ciates while LC3-II remains on it. The autophagosome ultimately fuses with the lysosome to form an autolysosome, where
its contents are degraded. DAMPs = damage-associated molecular patterns; PAMPs = pathogen-associated molecular pat-
terns; ROS=reactive oxygen species; CaMK =-calcium/calmodulin-dependent protein kinases; AMPK =adenosine
monophosphate-activated protein kinase. Color image is available online at www.liebertpub.com/sur



BIOLOGY AND METABOLISM OF SEPSIS

becomes inhibited under nutrient-poor conditions, at which
point autophagy is promoted [46]. The mammalian target of
rapamycin (mTOR) is known to be a sensor of nitrogen/amino
acids and is also regulated by protein kinase A and adenosine
monophosphate-activated protein kinase [47]. Adenosine
monophosphate-activated protein kinase (AMPK) serves as
an energy rheostat and is sensitive to the ratio of AMP to ATP
in the cell. Adenosine monophosphate-activated protein
kinase functions to inhibit mTOR directly and indirectly [47].
Inhibiting mTOR decreases the phosphorylation concentration
of autophagy-specific protein (Atg) 13, which then inter-
acts with Atgl and a series of additional Atg proteins to ini-
tiate autophagy [46]. The formation of phagopores is also
upregulated by phosphatidylinositol 3-kinase VPS34, which
forms a complex with beclin-1 (another autophagy-inducing
factor) to promote formation of phagopores [43].

After initiation of autophagy, two molecular pathways have
been described that promote phagopore elongation: (1) the
Atgl2-Atg5-Atg16 complex and (2) the Atg8-LC3 system [47].
Both of these pathways are dependent on Atg7 and involve
ubiquitin-like proteins (UBL) during phagopore expansion
[47]. The phosphatidylethanolamine-conjugated LC3-II protein
is a marker associated with completed autophagosomes and can
be a useful experimental marker of autophagy [49]. The ex-
panding membrane eventually fuses with itself and envelops the
material to be degraded [47].

The completed autophagosome will be directed toward
a lysosome in a microtubule-dependent manner and then
will fuse to form an autolysosome, within which the bioma-
terials are degraded [47]. The fusion mechanism of the au-
tophagosome with a lysosome is incompletely understood,
but is known to be dependent on the protein VTIIB [47].
The autolysosome maturation process is also enhanced by
VPS34 [43].

Alternative pathways of autophagy activation have been
described. One of particular interest is that of the calcium/
calmodulin-dependent protein kinases (CaMK), which are
responsive to varying concentrations of intra-cellular calcium
[50]. Stress-induced endoplasmic reticulum calcium release
stimulates autophagy by increasing cytosolic calcium con-
centrations [51,52]. CaMKIa and CaMKIV have been shown
previously to regulate inflammation in LPS models of sepsis
through HMGBI1 shuttling and release [53,54]. Evidence
suggests that CaMKIa regulates autophagy in macrophages
exposed to LPS via the CaMKKo/B-CaMKla-AMPK path-
way in a manner that is independent of mTOR inhibition [55].

In models of sepsis, autophagy is induced by LPS stimulation
of TLR4, suggesting that PRR activation serves both pro- and
anti-inflammatory roles while also upregulating cytoprotec-
tive pathways [12,43]. Other TLR such as TLR3 and TLR7
can also be activated by their respective ligands to induce
autophagy [43]. After TLRs are stimulated, they activate both
NF-kB and the mitogen-activated protein kinases (MAPK),
the former serving to augment the inflammatory response
whereas the latter have varying pro- or anti-autophagy effects.
NF-kB upregulates pro-inflammatory cytokine production
while down-regulating autophagy [43]. The MAPK JNK,
also activated by TLR, phosphorylates Bcl-2, releasing it
from the Bcl-2/beclin-1 autophagy inhibitory complex and
promoting autophagy [43,56]. Lipopolysaccharide stimula-
tion of TLR4 also induces autophagy via a p38 MAPK/
VPS34 signaling pathway that activates heme oxygenase-1
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(HO-1) [57]. The upregulation during sepsis of HO-1 as an
anti-inflammatory molecule not only induces autophagy as
described above but also produces carbon monoxide, which
has been shown to decrease nitric oxide (NO) synthesis by
inhibiting inducible nitric oxide synthase (iNOS) dimer for-
mation [58]. Nitric oxide has been shown to be an inhibitor of
autophagy by several mechanisms [59]. Thus, activation of
TLRs of the innate immune system serves to initiate in-
flammation but also simultaneously induces autophagy
pathways to aid in cell recovery.

Although we have presented autophagy primarily as a
beneficial adaptive mechanism, it is important to note that its
prolonged or inappropriate activation may have deleterious
effects as well. Autophagy can serve as a cytoprotective pro-
cess against apoptosis, however, it can also degrade a large
enough portion of the cellular components that cell death
ensues, a process called pyroptosis [60]. In cancer research,
autophagy has been documented to have roles in both on-
cogenesis and tumor suppression [48]. Defective autophagy
has been implicated in the development of neurodegenera-
tive diseases, cystic fibrosis, and some myopathies [48].

Hypometabolism and Organ Failure in Sepsis

Organ failure is the leading cause of death because of severe
sepsis, and the risk of mortality increases with each successive
system failure [2]. Patients with organ dysfunction or failure
who do not die may still not have a rapid return to normal
function; these patients are at risk of developing a state of
““persistent critical illness” with organ dysfunction that can
persist up to a month or longer from the initial presentation
[18,61]. Organ failure may in part be because of impaired
perfusion, with alterations in vascular tone and capillary
plugging by circulating erythrocytes, leukocytes, and platelets.
However, the early organ failure of sepsis typically occurs
without grossly evident histologic changes [31,32]. Histologic
examination of tissue samples from failing organs in patients
with sepsis demonstrate preservation of the architecture with
minimal amounts of apoptosis, necrosis, or cell damage
[18,28-31,62]. It has been proposed that the tissue changes
leading to organ failure are ‘‘functional rather than structural”
[28]. As noted previously, Singer et al. [28—31] have published
extensively regarding the theory that cells enter a hibernation-
like state as a protective mechanism, which clinically mani-
fests as organ dysfunction. Others have also reported that cells
under the stress of sepsis tend to revert to behaving similar to
“unicellular organisms.” During periods of stress the cells
decrease their metabolic activity, and thus their phenotype, to
preserve themselves at the expense of no longer maintaining
specialized tissue function [18]. As discussed earlier, meta-
bolic substrates and oxygen are readily available in sepsis,
making it unlikely that the organ dysfunction of sepsis is a
consequent of inadequate substrate supply [30,32,41,42]. No-
ted is the observation that eventually oxidative phosphoryla-
tion is decreased after the onset of sepsis. However, it has not
been proven whether this is because of oxidative damage to
mitochondria or a decrease in mitochondrial activity because
of increased cytoprotective pathways (e.g., autophagy/mito-
phagy) [30,32,63]. Long-term organ dysfunction/failure may
be a result of exceeding the maximum duration that cells can
tolerate a hypometabolic state; however, the exact mecha-
nism requires further experimental delineation. The balance



290

between mitochondrial damage/removal and mitochondrial
biogenesis is likely to play an important role.

Mitophagy: Specialized Autophagy

Mitochondria are the primary consumers of cellular oxygen
and produce the vast majority of ATP under aerobic circum-
stances [31]. However, their role extends beyond the classi-
cally taught ‘“powerhouse” function. They also serve to
generate ROS, produce heat, initiate cell apoptosis or necrosis,
and play a vital role in cellular calcium homeostasis [31,64]. In
previous sections we discussed the bioenergetic alterations that
occur during sepsis, including hypometabolism and autop-
hagy. Mitophagy is a specialized form of autophagy for mi-
tochondria that serves roles in normal organelle turnover, cell
maturation, and removal of damaged mitochondria during
periods of stress [47]. As mitochondria become damaged they
become a potential source of harm for the cell, as the mito-
chondrial membrane potential (MMP) can be lost, which leads
to opening of mitochondrial transition permeability pores
(MTP) [18,65,66]. Release of mitochondrial DAMPs such as
mitochondrial DNA drives the innate immune response and
can contribute to further inflammation and injury [66-68].
Other DAMPs, such as cytochrome c, can be released that can
trigger apoptotic pathways [18,65,68].

Depolarization of the MMP, as occurs in periods of in-
creased oxidative stress such as sepsis, is a strong signal for
mitophagy to occur [65,69]. Calcium concentrations in the
cell can vary because of oxidative stress, and the loss of the
MMP because of this stress impairs the mitochondria’s
ability to regulate calcium homeostasis [70-72]. Increased
cytoplasmic concentrations of calcium can then induce ret-
rograde signaling to the nucleus, upregulating NF-xB in a
calcineurin-dependent fashion, which enhances the pro-
inflammatory cascade [71]. Mitophagy has also been shown
to be activated by Sirtl, a NAD*-dependent deacetylase from
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the sirtuin family of proteins, which is in turn is activated by
the TCA cycle intermediate NAD™ [38].

Two pathways of mitophagy regulation merit further dis-
cussion: The PINK1/Parkin pathways and the Nix/BNIP3
pathway [47,65,69]. The PINK1/Parkin pathway is activated
during times of oxidative stress and damage to mitochondria
[47,65,69]. The mechanism involves the binding of PINK1 to
the outer mitochondrial membrane after the MMP has been
reduced [47,65,69]. PINK1 then interacts with Parkin after
accumulating on the outer mitochondrial membrane, and
Parkin then facilitates ubiquitination of the damaged mito-
chondria and mitophagy [69]. In contrast, Nix/BNIP3L and
BNIP3 are proteins that are located on the outer mitochon-
drial membrane, which can bind to LC3 or gamma-
aminobutyric acid receptor-associated protein (GABARAP)
on the developing autophagosomes to initiate mitophagy
[69]. These mitophagy receptors on the outer mitochondrial
membrane are believed to serve more of a role in steady-state
mitochondrial maintenance and turnover and in cell matu-
ration, such as with maturing erythrocytes [47,69].

Although it will not be discussed in detail here, it should be
noted that mitochondrial fission and fusion also play a role in
maintenance of a healthy mitochondrial population [69].
These pathways can protect against excessive mitophagy and
perhaps provide some safeguard against cell death [43,69].
The removal of damaged or dysfunctional mitochondria by
mitophagy may be part of the explanation for the observed
hypometabolic state in sepsis, which is in turn counteracted
by the process of generating new mitochondria for the cell:
Mitochondrial biogenesis.

Mitochondrial Biogenesis

Mitochondrial biogenesis (Fig. 2) is the process of gener-
ating new mitochondria and occurs as a response to sepsis-
induced mitochondrial damage [33]. Furthermore, the
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FIG. 2. Mitochondrial biogenesis. Damage to mitochondria by reactive oxygen species sets off a cascade to generate new
mitochondria, which is dependent on activation of both nuclear and mitochondrial genes. MMP =mitochondrial membrane
potential; ROS =reactive oxygen species; HO-1=heme oxygenase-1; NRF=nuclear respiratory factor; Tfam=mitochondrial
transcription factor A; mtDNA =mitochondrial deoxyribonucleic acid. Color image is available online at www.liebertpub

.com/sur
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recovery of respiratory capability and increased metabolic
function is linked with molecular activation of mitochondrial
biogenesis [33,63]. Regeneration of mitochondria requires
the collective and integrated function of proteins encoded in
the cell’s nuclear genome, proteins encoded in the separate
mitochondrial DNA, and signaling between the nucleus and
mitochondria [33,67].

Peroxisome proliferator-activated receptor-y coactivator-1
alpha (PGC-1a) is a protein essential in regulating mito-
chondrial biogenesis, and its upregulation accelerates
recovery of mitochondrial function [73]. Indeed, PGC-1a
has been regarded as a ‘‘master regulator’’ of mitochondrial
biogenesis and it stimulates nuclear respiratory factor 1
(NRF-1) and NRF-2 expression [74,75]. It has also been
noted that greater capability for mitochondrial biogenesis,
measured by PGC-1a concentrations, is associated with in-
creased survival in sepsis [31,35]. The nuclear respiratory
factors in turn promote transcription of nuclear mitochondrial
genes and production of mitochondrial transcription factor
A (Tfam) and B, on which mitochondrial DNA (mtDNA)
replication and transcription are dependent [33,74,75].

Mitochondrial biogenesis is induced by nitric oxide, which
increases PGC-1o and NRF-1 [29,71,75]. In an LPS model of
sepsis, mice injected with LPS demonstrated a TLR4-
mediated increase in iNOS [76]. Interestingly, NO plays a
role both in inflammatory damage to mitochondria, as well
as, signaling the upregulation of mitochondrial biogenesis;
therefore, it is at least partially responsible for both the de-
crease in mitochondria populations because of oxidative
stress as well as in recovery from the injury [31,63,76]. In
addition to TLR4, mitochondrial biogenesis is dependent on
TLRY recognition of mitochondrial DNA in hepatocytes
[77]. Other mediators from the TCA cycle such as NAD*
induce Sirtl, which upregulates mitochondrial biogenesis in
addition to its previously discussed role of inducing mito-
phagy [38]. Induction of HO-1 has also been associated with
upregulation of mitochondrial biogenesis, adding to its roles
in regulating autophagy and the inflammatory response [31].
Calcium concentration fluctuations because of cell stress also
regulate mitochondrial biogenesis via CaMKIV-induced
expression of PGC-1a [78]. Thus, many of the previously
mentioned molecules that serve regulatory functions in the
inflammatory response also serve as an impetus for the cell to
initiate cellular repair via mitochondrial biogenesis.

Aging and the Response to Sepsis

Increasing age is a risk factor for the development of sepsis
as well as mortality because of sepsis. The elderly represent a
large proportion of patients admitted with sepsis in the United
States (approximately two thirds) [1]. Age-related decline in
mitochondrial respiratory function has been well described
[79]. Analysis of transcriptional profiles in Drosophila, mice,
and human beings reveals decreased expression of the elec-
tron transport chain with age [80]. Others have examined
mitochondrial numbers directly and noted a similar decrease
with age, which correlates with the decreased capacity for
oxidative phosphorylation and decreased gene expression
[81]. Why this occurs remains to be determined.

A proposed theory of the mechanisms of aging centers on
mitochondria sustaining damage from ROS, thereby accumu-
lating mitochondrial DNA mutations in a repetitive fashion.
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This has been termed the ““mitochondrial free radical theory of
aging” [79,81,82]. This theory has been discussed and ex-
plored over the past half-century, leading to several notable
modifications or alternate theories. One study suggests that one
way cells deal with ROS is a mild level of uncoupling of the
oxidative phosphorylation chain, which decreases ROS pro-
duction. Uncoupling was noted to occur at a greater concen-
tration in muscle tissues that were more active and maintained
function longer into old age; this contrasted with less active
muscle tissues, which showed less uncoupling and a greater
decrease in respiratory function with increasing age [83].
However, other recent reviews have minimized the role of ROS
as a driving factor in aging and instead point to clonal expan-
sion of somatic mitochondrial DNA mutations creating mosaic
respiratory chain dysfunction in aging tissues [81]. Still others
have concluded that a low concentration of heteroplasmy of
mitochondrial DNA exists at baseline and natural selection
occurs in mitochondria as a consequence of stress events [84].
It is suggested that non-lethal insults select mitochondria that
are more resilient to subsequent challenges. This leads to the
hypothesis that intermittent insults benefit mitochondrial
health and promote healthy aging and increased longevity [84].
Autophagy changes and their association with aging is an-
other area that has been investigated. Augmenting or pro-
moting autophagy in experimental models has enhanced
fitness and longevity, whereas diminishing autophagy yields
an increase in pro-aging pathways [48]. Decreases in autop-
hagy and mitochondrial biogenesis have been noted to occur
with age [68]. Our group has noted that experimental animals
of increasing age exhibit a decreased capacity for autophagy/
mitophagy, with insufficient induction of cytoprotective
pathways under periods of stress [85]. We observed that young
and old mice to have similar concentrations of basal autop-
hagy, but after septic insult younger mice were more likely to
recover from acute kidney injury and showed greater experi-
mental markers of autophagy [85]. Inhibiting autophagy in
young mice caused them to have a pattern of acute kidney
injury similar to old mice [85]. Older mice treated pharma-
cologically with temsirolimus to augment autophagy had
patterns of autophagy and acute kidney injury that were similar
to that of the young mice [85]. Certainly there are great op-
portunities for research and discovery of potential therapeutics
that augment autophagy or mitochondrial biogenesis in an
effort to relieve some of the physiologic stresses of sepsis.
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