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Abstract

Purpose of the Review This paper will review the evidence for mitochondrial dysfunction in critical illness, describe
the mechanisms which lead to multiple organ failure, and detail the implications of this pathophysiologic process on
nutritional therapy.

Recent Findings Mitochondria are particularly sensitive to increased oxidative stress in critical illness. The functional and
structural abnormalities which occur in this organelle contribute further to the excessive production of reactive oxygen species
and the reduction in generation of adenosine triphosphate (ATP). To reduce metabolic demand, mitochondrial dysfunction
develops (a process likened to hibernation), which helps sustain the life of the cell at a cost of organ system failure.
Aggressive feeding in the early phases of critical illness might inappropriately increase demand at a time when ATP production
is limited, further jeopardizing cell survival and potentiating the processes leading to multiple organ failure.

Summary Several potential therapies exist which would promote mitochondrial function in the intensive care setting through
support of autophagy, antioxidant defense systems, and the biogenesis and recovery of the organelle itself. Nutritional therapy
should supplement micronutrients required in the mitochondrial metabolic pathways and provide reduced delivery of macronu-
trients through slower advancement of feeding in the early phases of critical illness. A better understanding of mitochondrial
dysfunction in the critically ill patient should lead to more innovative therapies in the future.

Keywords Mitochondrial failure - Critical illness - Nutritional therapy - Multiple organ failure

Introduction

Increasing evidence suggests that the acute insult of critical
illness leads to early mitochondrial dysfunction [1ee, 2ee].
Greater degrees of oxidative stress exacerbate the demand
for production of energy in the form of adenosine triphosphate
(ATP). Both functional and structural abnormalities in mito-
chondria cause excessive production of reactive oxygen spe-
cies (ROS) and leakage of mitochondrial products such as
mitochondrial deoxyribonucleic acid (DNA), which serve as
alarmins or danger-associated molecular patterns (DAMPs)
exacerbating immune dysregulation and the systemic inflam-
matory response syndrome (SIRS). A process involving the
mitochondria, akin to hibernation, occurs as an appropriate
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cell-adaptive response to preserve the life of the cell [1ee,
2+¢]. However, the cell-adaptive response leads to an inappro-
priate organ-maladaptive response which emerges clinically
as multiple organ failure [1e, 2+¢]. The insulin resistance in-
curred with increased oxidative stress and the direct
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deterioration of mitochondria, the site for fatty acid metabo-
lism, lead to futile substrate cycling and have important im-
plications for the delivery of nutritional therapy in critical
illness [3].

The etiology of multiple organ failure in critical illness is
variable, with the most common cause being attributed to fluid
volume loss, shock, vasodilation, capillary leak, and ischemia/
reperfusion [3, 4]. However, additional evidence points to the
breakdown of gut-barrier defense systems, bacterial transloca-
tion, and the creation of toxic lymph [4, 5]. Immune dysreg-
ulation emerging clinically as gut sepsis may be a significant
contributor to organ failure, as is the emergence of a virulent
pathobiome (dysbiosis) from the commensal microbiome [4,
5]. Less appreciated, however, is the role of mitochondrial
dysfunction in contributing to clinical organ failure in the
intensive care unit (ICU) [4]. A large amount of data are
now implicating that the mitochondria are the principal source
of ROS leading to the induction of autophagy. A possible
explanation for this surprising evidence is that nutrient depri-
vation leads to a sudden energetic stress that increases demand
for ATP and causes overburdening of mitochondria to cope
with adverse metabolic and pathologic conditions. This in turn
results in electron leakage and increased ROS production [6].

This paper will discuss the traditional role of the mitochon-
drial organelle, the impact of mitochondrial dysfunction on
the patient with a critical illness, and the implications of mi-
tochondrial hibernation in the development of multiple organ
failure. Most importantly, this report will detail how mito-
chondrial failure impacts the progression of nutritional thera-
py through the phases of critical illness.

Normal Mitochondrial Function

As a tiny organelle, the mitochondrion has a considerable
responsibility to power all aspects of cellular function [1ee].
Any work required of the cell, such as the maintenance of ion
potential gradients, the active transport of particles across a
membrane, or the synthesis and configuration of new proteins,
is accomplished through the generation of high energy phos-
phate bonds in the form of ATP. In this sense, the mitochon-
dria represent the “battery” or the energy powerhouse of the
cell, generating ATP to meet the demands of cellular metabo-
lism [2e¢].

Mitochondria have other roles as well, in addition to ATP
production [1¢]. Mitochondria are responsible for heat gener-
ation and thermal regulation. Mitochondria regulate the con-
centration of intracellular calcium, preventing excess build up
in the cytosol. Further, mitochondria are responsible for the
production of ROS and nitric oxide which are critical for cell
signaling, vascular tone, and oxygen-sensing systems. They
are also involved in the function of certain hormones.
Mitochondria are the site of production for cortisol, the site
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of action for thyroid hormone and estrogen, and may serve as
a site of biosynthesis for heme and iron-sulfur clusters [1ee].

The process of glycolysis alone, wherein glucose is metab-
olized to pyruvate and ultimately to lactate, is a relatively
weak process for energy production yielding only two ATP
per molecule of glucose (Fig. 1) [7+¢]. The buildup of lactic
acidosis in critical illness may reflect mitochondrial dysfunc-
tion and the inability to utilize the Krebs cycle and the electron
transport chain (ETC) [7¢]. In contrast, entry into the Krebs
cycle and passage through the proton gradient of the ETC is an
energy-rich process yielding 32 ATP [7ee].

Mitochondria play an essential role in its auto-regulation.
Because damaged or surplus mitochondria can worsen the
morbidity of critical illness, two processes of fusion/fission
and mitophagy help remove damaged mitochondria [1e°].
The mitochondrial auto-regulatory systems are important as
the functional and structural abnormalities of mitochondria in
critical illness serve to exacerbate the clinical sequelae of the
increased oxidative stress. Damaged mitochondria produce
excessive ROS and leak mitochondrial DNA, which worsens
the SIRS response. One of the two auto-regulatory processes
which have evolved to contain such damage is the combina-
tion of fusion and fission (Fig. 2) [1e¢]. In this situation, two
damaged mitochondria fuse, and the defects are contained in
the new product. With subsequent fission, this combined mi-
tochondria splits into two new mitochondria, somehow con-
centrating all of the defects into one new mitochondrion, with
the other being normal without defects. The other process is
mitophagy, which specifically represents the autophagy of the
mitochondrial organelle (Fig. 2) [1¢°]. In this latter process, a
double-layer membrane encircles the damaged mitochondria
forming an autosome, which then fuses with the lysosome
containing proteolytic enzymes capable of breaking down this
large organelle structure. The same system can remove the
damaged endoplasmic reticulum which would otherwise
worsen an unfolded protein response (another critical driver
of oxidative stress) (Fig. 3) [1ee, 8].

An essential function lies in the responsibility of the mito-
chondrial organelle to determine the fate of the cell in the
setting of increasing oxidative stress, serving as the trigger
for cell death pathways (Fig. 4) 1+, 9]. In an uncompensated
stress state, an increasing tissue oxygen deficit is created, and
the capability for ATP production by the mitochondria to meet
the demands of metabolism becomes overwhelmed. If ATP
levels fall below a certain critical point, cell death pathways
are initiated [1+¢]. Early in critical illness with lesser degrees of
disease severity, autophagy (also known as programmed cell
death type-1) of damaged endoplasmic reticulum and mito-
chondria may be sufficient to sustain function and preserve the
life of the cell. However, at some point with increasing stress,
the cell is marked for death [9]. A quieter more efficient pro-
cess for cell death is apoptosis (also known as programmed
cell death type-2). This process leads to shrinkage and
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Fig. 1 Effect of critical illness on mitochondrial function. Reprinted from [7¢¢], with permission from Elsevier
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Fig. 3 Effect of oxidative stress
on function of organelles
(mitochondria and endoplasmic
reticulum): the unfolded protein
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(also called non-programmed cell death) results with disinte-
gration of the cell and the generation of an associated inflam-
matory response (Fig. 4) [9].

Impact of Critical lliness

The insult of critical illness has a direct impact on mitochon-
drial function (Fig. 1) [4, 7]. Hypoxemia, high levels of
reactive oxygen species, reactive nitrogen species, and

Fig. 4 Programmed cell death
pathways for apoptosis and
necrosis. Reprinted from [9], with
permission from Elsevier
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gaseous molecules of carbon monoxide and hydrogen sulfide
produced in critical illness disrupt the ETC [2¢e, 7+¢]. The
effect is to reduce ATP production and, as a result, accumula-
tion of the byproduct adenosine diphosphate (ADP).
Glycolysis is increased leading to greater accumulation of
lactate. Hyperglycemia, stemming from insulin resistance,
causes an increase in the formation of dicarbonyl compounds
which adds a toxic effect, further inhibiting the function of the
ETC (Fig. 1) [7+¢]. Under normal conditions, the formation of
nitric oxide, reactive oxygen species, and reactive nitrogen
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species is necessary to fight infection, regulate vascular tone,
and promote cell signaling. The process is contained through
detoxification by the glutathione antioxidant defense system
(Fig. 5) [7¢¢]. In critical illness, however, the inflammation
and hypoxia lead to excessive stimulation of inducible nitric
oxide synthetase (iNOS), and nitric oxide formation causing
over-production of superoxide radicals. Both manganese and
copper/zinc superoxide dismutase enzymes are all increased,
causing the glutathione antioxidant systems to be
overwhelmed, leading to excessive formation of hydroxyl rad-
icals (Fig. 5) [7¢°].

In the face of these changes, an odd process evolves, that of
uncoupling of the Krebs cycle and the ETC [2¢¢]. The mito-
chondria switch to uncoupled fat metabolism, similar to that
seen in brown fat and non-shivering thermogenesis. The
uncoupling refers to inhibition or slowing of specific steps in
the Krebs cycle and the ETC, causing inefficient metabolism
and reduced phosphorylation. The uncoupling of the proton
gradient in the ETC is lost as heat, causing clinical pyrexia
[2¢]. The loss of the proton gradient varies by organ, with the
heart losing only 15%, while the skeletal muscle and liver lose
as much as 50% [1ee, 2¢¢]. The uncoupling may be protective,
however, as the proportion of respiration coupled to ATP pro-
duction is reduced by 55-89% [2¢¢]. The reduced mitochon-
drial membrane potential leads to decreased production or
generation of reactive oxygen species.

In critical illness, a variety of factors contribute to the com-
promise of mitochondrial oxidative phosphorylation (Fig. 7)
[2¢¢]. Such factors include excessive inflammatory mediators,
direct oxygen stress, reduced gene expression for the produc-
tion of mitochondrial proteins, the uncoupling of fat metabo-
lism, increasing tissue oxygen deficit, and alteration in hor-
mone functions (thyroid) [2¢¢]. Excess thyroid hormone in-
creases ATP production by mitochondria, but reduces efficien-
cy through an uncoupling effect (Fig. 6). The sick euthyroid
syndrome seen in critical illness may lead to reduced but more

Fig. 5 a Effect of critical illness
on glutathione antioxidant
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efficient respiration [3]. An interesting trade-off appears to
then occur. Cell-adaptive changes occur leading to “hiberna-
tion” of the mitochondria to reduce metabolic demand and
preserve the life of the cell [10+¢]. Such changes occur, how-
ever, at the cost of organ-maladaptive processes which lead to
functional compromise of various organ systems in the clini-
cal sequelae of multiple organ failure [10e°].

Physiologic studies in animal models of sepsis (later con-
firmed in clinical trials) have shown that the multiple organ
failure incurred is associated with a minimal degree of histo-
logic abnormalities, inflammation, or structural damage to the
organs themselves (Fig. 7) [11]. With the resolution of sepsis,
organ function often recovers rapidly and completely in a
relatively short period of time. This metabolic bioenergetic
shutdown of the mitochondria has been likened to hibernation
or aestivation (the summer equivalent of hibernation, seen in
desert rodents and reptiles in hot arid climates) [10e¢]. In this
process, cells suppress some of the energy-dependent activi-
ties to favor those which are essential to cell survival. The
hibernation or aestivation of the mitochondria occurs to re-
duce metabolic demand and prolong the life of the cell.
Numerous clinical examples have been demonstrated [10e].
In the kidney, 98% of energy is required for complete filtration
of the plasma. With acute kidney injury, reducing the percent
of plasma that is filtered preserves energy to sustain the organ.
In heart disease, high levels of drugs are required to maintain
cardiac output and vascular tone, yet little cell death occurs
and myocytes have been shown actually to hibernate after an
acute myocardial infarction [10e]. In the liver, reduced syn-
thesis of protein and biliary secretion help preserve energy for
this organ. In the lungs, “hypoxic conformance” occurs be-
cause of the reduced function of ATP-ase-dependent pumps,
presenting clinically as pulmonary edema [10e¢].

In critical illness, a diverse number of cells are shown to
respond to the stress of hypoxia and the release of inflamma-
tory cytokines [10+¢]. Mitochondria in these cells appear to be
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Fig.6 Impact of critical illness on
mitochondrial function. Reprinted
from [2¢¢], with permission
(https://creativecommons.org/
licenses/by/4.0/)
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particularly sensitive to such stress. Functional and subse-
quent structural abnormalities in the mitochondria are seen
[Lee, 4]. The leaking mitochondria spill mitochondrial DNA
into the systemic circulation and they act as DAMPs [1ee].
DAMPS are similar to pathogen-associated molecular patterns
(PAMPs), which are active bacterial pathogens that trigger
danger signals and activate toll-like receptors all over the body
[2¢, 10+, 12]. Activation of these mitochondrial-dependent
signals triggers cellular responses, and the level of DAMPs in
the systemic circulation is linked to multiple organ failure and
reduced survival [2ee, 13].

The functional compromise is seen as an immediate re-
sponse to oxidative stress. Subsequent to that, morphologic
changes occur with the fragmentation of the mitochondria
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and ultimate loss of mitochondrial volume [10e¢]. In an exper-
imental animal model of sepsis, the skeletal muscle of the
control rodents was shown to have orderly columns of actin-
myosin sheaths with numerous mitochondria in between [14].
Following sepsis, the mitochondria of the skeletal muscle in
study animals demonstrated noticeable morphologic change
becoming clumpy and misshapen and markedly reduced in
number. The changes appeared to be more severe in non-
survivors compared to survivors [14].

The impact of oxidative stress on mitochondrial dysfunc-
tion follows a well-described sequence or progression of
events (Fig. 8) [15]. The initial insult of critical illness with
its release of inflammatory mediators and early circulatory
hypoxia promotes mitochondrial inhibition in the early

Fig. 7 Comparison of histologic specimens in multiple organ failure between septic animals and controls. Reprinted from [11], with permission from

The American Physiological Society
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phases. Hormonal changes interact at this point, and specific
therapeutic agents such as sedatives, antibiotics, and inotropes
may exacerbate mitochondrial inhibition [15]. Propofol may
be the best example of an inhibitory sedative. Propofol is a
known mitochondrial toxin which inhibits key enzymes in the
mitochondrial transport chain and impairs fatty acid oxidation
and ATP generation [16]. Many antibiotics work by binding to
bacterial cell walls or organelles. The teleological origins of
mitochondria suggest that they are essentially “enslaved” bac-
teria. Thus, antibiotic targeting of mitochondria or endoplas-
mic reticulum of healthy human cells may contribute to the
mechanism of their mitochondrial inhibition and potential in-
jury [4, 17]. The inhibition leads to bioenergetic shutdown or
hibernation, resulting in biochemical and functional abnor-
malities of multiple organ failure [2¢¢]. The next step in the
sequence of events is critical—the point at which biogenesis
of the mitochondria recovers resulting in the repair and/or
regeneration of new mitochondria [15]. Adequate energy sup-
ply to meet metabolic demand is restored, and the resolution
of organ failure occurs. While this sequence of events plays
out over the initial phases of critical illness, few clinical signs,
symptoms, or monitors tell the clinician at which point mito-
chondrial dysfunction resolves and the biogenesis/
regeneration occurs (Fig. 8) [15].

Fig. 8 Sequence of events of
mitochondrial function through
critical illness. Reprinted from
[15], with permission
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Potential Therapies for Mitochondrial
Dysfunction

Several potential therapies exist to address mitochondrial dys-
function in critical illness with the theoretical possibility of
speeding recovery. One strategy is to stimulate mitochondrial
biogenesis through a variety of possible agents. Resveratrol
and PPAR-gamma agonists (such as rosiglitazone) increase
PPAR-gamma Costimulator-1a, which is a known stimulant
of mitochondrial biogenesis [1+¢]. Biogenesis may be stimu-
lated via induction of heme oxygenase by low-dose carbon
monoxide. Recombinant human transcription factor A for the
mitochondrion (TFAM) is another agent with potential for
biogenesis stimulation [1+¢]. Another strategy involves
boosting antioxidant defense systems [7¢¢]. Direct mitochon-
drial protection may be provided by such antioxidant agents as
melatonin, mitoQ, or mitoE [1e¢]. Specific vitamins such as
vitamin A, vitamin C, and vitamin E serve as direct antioxi-
dants, while trace elements such as copper, zinc, and selenium
may serve as enzyme cofactors in the antioxidant defense
system [18e¢]. Alpha-lipoic acid has also been hypothesized
to be a mitochondrial protective agent via reduction in oxida-
tive stress [19]. Certain activators of autophagy exist which
theoretically should help reduce the unfolded protein response
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Antioxidant Network: Vitamins and trace elements
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and help in the clean-up of dysfunctional damaged mitochon-
dria [7+¢]. Two such agents, rapamycin and anthracycline, are
known stimulators of mitophagy and autophagy, but have un-
acceptable side effects. Rapamycin is associated with immune
suppression, and anthracycline is associated with
cardiotoxicity. 4-Phenylbutyric acid (4-PBA) is a direct induc-
er of the unfolded protein response and is an agent used typ-
ically in the treatment of urea cycle abnormalities [7¢].
Whether this would be appropriate for use to speed recovery
from critical illness is not clear.

In a thorough review of potential nutritional strategies
for mitochondrial dysfunction in critical illness, Wesselink
and Van Zanten emphasized the myriad points in the glu-
tathione antioxidant defense system where essential vita-
mins and trace elements act as cofactors, promoters or in-
hibitors (Fig. 9) [20]. Similarly, many of these same vita-
mins and trace elements, in addition to carnitine, cofactor
Q10, and creatine phosphokinase, influence steps through-
out the ETC (Fig. 10) [18+¢]. Both deficiencies and specific
toxicities can inhibit steps throughout these mitochondrial
processes [18e°].
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While a better understanding of the function of these
vitamin and trace element cofactors through the mitochon-
drial metabolic pathways may provide innovative strategies
in the future [18<¢], clinicians at present must deal with the
decision of whether or not to empirically provide supple-
mental micronutrient therapy. Berger makes a convincing
argument that, while micronutrient levels may be within the
normal range on admission to the ICU, the impact of injury
and acute critical illness with a rising degree of oxidative
stress may lead to depletion of the antioxidant vitamins and
trace elements [21]. Giving empiric micronutrients at phys-
iologic doses in the range of their Recommended Daily
Allowance (RDA) is one straightforward strategy. Giving
empiric micronutrients at supraphysiologic doses, especial-
ly selenium, was shown in early studies to portend a benefit
in clinical outcome, but later studies failed to show the same
benefit [22, 23]. Still another strategy is to check baseline
micronutrient levels upon admission to the ICU and treat
only those deficiencies which are identified. Studies in the
literature, however, appear to contradict each other, as do
the various societal guidelines, such that no clear global
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consensus has been reached. At the present time, guidelines
from the 2016 American Society of Parenteral and Enteral
Nutrition and the Society of Critical Care Medicine
(ASPEN/SCCM) recommend empiric therapy with a
multivitamin-trace element cocktail at near physiologic
doses (based on the RDA of each) [5]. Guidelines in critical
care from the European Society for Clinical Nutrition and
Metabolism (ESPEN) recommend measuring only vitamin
D levels and repleting if deficient, while providing empiric
therapy with a cocktail of trace elements and vitamins at
physiologic doses [24]. The Canadian Clinical Practice
Guidelines at present (as of 2015) do not recommend em-
piric therapy with a micronutrient cocktail, a stance that
represents a reversal of their recommendations from 2013
[25, 26].

The implications for nutritional therapy in the face of
mitochondrial dysfunction are difficult to determine. Futile
substrate cycling would be expected with the insulin resis-
tance seen in critical illness and the fact that fatty acid
oxidation occurs only within the mitochondria. Clinical
studies comparing elite athletes, outpatients with diabetes
mellitus, and critically ill patients in the ICU show varying
degrees of failure of fatty acid oxidation with delays in its
recovery over time (Fig. 11) [27]. In a series of experi-
ments described by Wischmeyer, elite athletes who have
been shown to have increased numbers of mitochondria in
the skeletal muscle were tested on exercise cycles [27]. As
the work effort was increased toward exhaustion, fat me-
tabolism was maintained to a very high point before
completely failing and rendering the athlete totally depen-
dent on carbohydrate metabolism. In comparison, a diabet-
ic outpatient was exercised on a similar device and showed
that a single upgrade in work effort led to a rapid decline in
fatty acid utilization. Such patients have been shown to
have a significantly fewer number of mitochondria in their
skeletal muscle [27]. In an ICU patient, there was complete
failure of fatty acid metabolism throughout their hospital-
ization in the ICU, and the patient was entirely dependent
on carbohydrate metabolism throughout. Surprisingly, 2
months following discharge from the hospital, virtually
no capacity for fatty acid oxidation had recovered. It was
not until 6 months post-discharge that increasing intermit-
tent training efforts on an exercise cycle showed evidence
of recovery of fatty acid oxidation (Fig. 11) [27].

In the face of mitochondrial dysfunction in oxidative
stress, potential treatment strategies are likely time sensi-
tive through the phases of critical illness. The most impor-
tant message may be that reduced macronutrient provision
as delivered by a slow ramp-up in the rate of nutrient pro-
vision should be recommended to clinicians [28—30]. This
is a dramatic shift from traditional societal guidelines.
Parenteral protein, in particular, should be avoided, as this
is one of the most significant inhibitors of mitophagy [31].
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Glycemic control is essential to reduce flux through gly-
colysis and decrease the formation of dicarbonyl inhibitory
compounds (Fig. 1) [7¢¢]. Certain strategies have been uti-
lized in specific disease states to decrease the metabolic
rate, such as hypothermia after myocardial infarction or
low-dose carbon monoxide or hydrogen sulfide in critical
illness. Judicious use of antibiotics to avoid their inhibitory
effect on mitochondria should be employed, and prescrib-
ing sedatives (especially propofol) which bind and inhibit
mitochondria should be minimized [1¢°, 4]. In general, ef-
forts should be designed to provide mitochondrial protec-
tion while stimulating mitochondrial biogenesis as the pa-
tient transitions through the acute phases of critical illness
and on into the period of recovery.

Conclusions

Mitochondria are highly susceptible to oxidative stress,
and compromised function in the initial phase of critical
illness may contribute to multiple organ failure. This early
phase in the ICU may not be the time to push aggressive
nutritional support, as such strategies may increase meta-
bolic demand at a time when ATP production is limited.
While various theoretical strategies are described to reduce
oxidative stress and support mitochondrial function, few
studies exist in the literature showing outcome benefits to
guide clinicians at the bedside. A greater understanding of
the role of mitochondria in critical illness, the importance
of strengthening antioxidant defense systems, and the abil-
ity to recognize biogenesis and recovery of mitochondrial
function should lead to innovative nutritional therapies in
the future.
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