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Sepsis syndrome represents a leading cause of intensive care unit (ICU) admission, morbidity
and mortality. Several areas within the pathophysiology of sepsis remain controversial despite
extensive pre-clinical and clinical research. It has been postulated that mitochondrial dysfunction may
contribute to organ dysfunction and failure in sepsis. Nevertheless, many aspects of mitochondrial
malfunction and the exact mechanisms as to how it may be linked to organ dysfunction remain
unknown. Here, we briefly review some basic concepts of mitochondrial function in sepsis. The
main available methods to assess mitochondrial function are presented and pre-clinical and clinical
work summarized to show and explain some of the main controversies surrounding the role of
mitochondrial function in sepsis. Finally, we propose future directions for new research in the field.
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Introduction

oxygen for ATP production. Cytopathic hypoxia has been
put forward as an explanation for sepsis-induced organ
dysfunction and failure [16]. Several underlying mechanisms
have been proposed to explain cytopathic hypoxia in sepsis.
These include:

Despite being one of the oldest syndromes in critical care
medicine, sepsis still represents a leading cause of morbidity
and mortality in the intensive care unit (ICU) [1–3].
In sepsis, activation of immune and endothelial cells leads to
a profound release of pro-inflammatory and anti-inflammatory
mediators, increases adhesion molecule expression and
upregulates complement and coagulation system activation.
This leads to increased vascular permeability, fluid loss to the
extravascular compartment, systemic vasodilatation, impaired
myocardial function and derangements of microcirculatory
blood flow, which impair tissue perfusion and oxygen delivery
to the cells [3].
The decreased availability of oxygen to the tissues
secondary to various combinations of low arterial oxygen
tension (hypoxic hypoxia), decreased hemoglobin levels
(anaemic hypoxia), and/or hypoperfusion (stagnant hypoxia),
inhibit cellular aerobic production of adenosine triphosphate
(ATP) [4].
Nevertheless, findings of decreased ATP production in
sepsis [5–10] in the face of maintained or even increased
tissue pO2 levels [2, 11–14], coupled with a variable pattern
of systemic oxygen consumption [15], have given rise to
the controversial theory of cytopathic hypoxia [16, 17]. This
theory suggests an acquired defect in cellular oxidative
phosphorylation (i.e. mitochondrial dysfunction) prevents
cells from different organs and tissues from using molecular

• ultrastructural damage to the mitochondrial membranes,
allowing a proton leak across the inner mitochondrial
membrane [18–20];
• derangements of the pyruvate dehydrogenase complex,
which oxidatively decarboxylates pyruvate to acetyl-CoA
[21];
• inhibition of key mitochondrial enzymes of the tricarboxylic acid cycle (Citric Acid cycle or Krebs cycle) and
electron transport chain by nitric oxide (NO) [6];
• inhibition of mitochondrial enzyme complexes by
peroxynitrite [22];
• damage caused by reactive oxygen species (ROS) [23]; and
• poly(ADP-ribose) polymerase (PARP-1) activation [24].
The aim of this review is to outline some basic concepts of
mitochondrial function in the normal state and in sepsis, to
present the main available methods to assess mitochondrial
function, and to summarize pre-clinical and clinical work in an
attempt to explain some of the main controversies surrounding
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the role of mitochondrial function in sepsis. Finally, we propose
future directions for new research in the field.

space. Electrons are also transferred from FADH2 to complex II
(succinate-Q reductase) [26]. The electrons coming from both
complexes are then transferred to coenzyme Q (ubiquinone),
which is reduced to ubiquinol (QH2 , dihydroquinone). Then,
ubiquinol donates its electrons to complex III (Q-cytochrome
c oxidoreductase) in a process called Q cycle, in which an
additional four H+ are transferred to the intermembrane space.
The reduced cytochrome c shuttles electrons from complex III
to complex IV (cytochrome c oxidase) simultaneously, with
a reduction of molecular oxygen to water and the transfer
of 2H+ to the intermembrane space. Therefore, oxygen is the
final electron acceptor of the respiratory chain and water is
the final product of oxygen reduction (Figure 2) [26]. While
electrons are being carried through the complexes, the released
energy in the process is used to pump H+ to the intermembrane
space. This is a key process. This electro-chemical gradient
of protons, concentrated in the intermembrane space, is then
used by the complex V (ATP synthase or F1FO ATPase),
located on the inner mitochondrial membrane, to produce
ATP, coupled with the release of energy by the flux of H+
coming back to the mitochondrial matrix. In non-damaged
mitochondria, protons return to the mitochondrial matrix
from the intermembrane space through the complex V. The
inner mitochondrial membrane must be physically intact to be
able to create this proton gradient. Thus, the mitochondrion
can control the re-entrance of protons into the mitochondrial
matrix.
ATP synthase drives the synthesis of ATP from adenosine
diphosphate (ADP) and inorganic phosphate, coupled with
the release of energy from the passage of H+ back to the
mitochondrial matrix. ATP synthase is composed of two
subunits: F1, which projects into the matrix and contains the
phosphorylation mechanism, and FO, which spans the inner
mitochondrial membrane creating a proton channel. The flow
of H+ through FO causes it to rotate, driving the production of
ATP by the F1 subunit.

Mitochondrial structure and function
A mitochondrion is surrounded by a double layer of
membranes, which form an inter-membrane space (Figure 1)
[25]. The outer mitochondrial membrane is composed of an
equal proportion of protein and lipids and is permeable to most
metabolites. In contrast, the inner mitochondrial membrane is
composed mainly of proteins (80%) with a small proportion
of lipids (20%), and is highly selectively permeable. The inner
membrane is folded inwards to form cristae, projecting into the
mitochondrial matrix, and concentrates the respiratory chain
enzymes. The mitochondrial matrix contains the enzymes of
the tricarboxylic acid cycle (TCA), either free or attached to
the inner mitochondrial membrane, ß-oxidation enzymes, and
the pyruvate dehydrogenase complex (Figure 1) [25]. The
mitochondrion is the main structure responsible for energy
production in animal cells [26]. Energy production, i.e. ATP
production, occurs in a three-step process which is intrinsically
interconnected: glycolysis, TCA cycle and electron transport
chain (oxidative phosphorylation) [26, 27]. Glycolysis occurs
in the cytosol of all cells and represents the major pathway for
glucose, galactose and fructose metabolism [26, 27].
Glycolysis

Glycolysis is an oxygen-independent process. Under anaerobic
conditions, the resulting end product, pyruvate, is reduced by
lactate dehydrogenase into lactate, generating two molecules
of ATP per molecule of glucose. More often, under aerobic
conditions, pyruvate is transported into the mitochondria
matrix, where it is oxidatively decarboxylated to Acetylcoenzyme A (Acetyl-CoA) by the pyruvate dehydrogenase
complex [26, 27]. This Acetyl-CoA then enters the TCA cycle
(Figure 1).
The TCA Cycle

Impact of mitochondrial damage on function

The TCA cycle is a sequence of reactions that occur in the
mitochondrial matrix, which is always followed by oxidative
phosphorylation, the most important mechanism of ATP
production (Figures 1 and 2) [26, 27]. In the TCA cycle, one
molecule of Acetyl-CoA is oxidized and three molecules of
nicotinamide adenine dinucleotide (NAD+ ) and one molecule
of flavin adenine dinucleotide (FAD) are reduced, respectively,
to three molecules of NADH-H+ and one molecule of FADH2
[28]. These coenzymes (or carriers) are subsequently utilized
(reoxidized) in the respiratory chain in the key process of ATP
production.

In damaged mitochondria, in which an inner membrane is
permeable to protons, ATP synthesis is not only reduced due
to the reduced proton gradient, but it is also affected by the
reverse action of ATP synthase. Under such circumstances, ATP
synthase takes ATP from the mitochondrial matrix and works
in a counterproductive way as an ATP hydrolase, reducing the
ATP levels [18].

How is mitochondrial function assessed?
Over the years, the available methods to address mitochondrial
function have evolved, becoming more user-friendly and
robust. Mitochondrial function can be evaluated in-vivo or
in-vitro, by spectrophotometric assays (enzymatic activity)
or by polarography (Clark-type electrode or high-resolution
respirometry) [29]. The technical aspects of each method are
beyond the scope of this paper and have been described in
detail elsewhere [30, 31].
Briefly, the spectrophotometric assay allows the assessment
of the activity of respiratory chain complexes in human and
animal tissues and cells. In a spectrophotometric assay, a
tissue or cell homogenate is supplemented with different
electron donors or acceptors, and the enzymatic activity of
each complex is expressed as nanomole (nmol) cytochrome c
reduced per minute per milligram protein (nmol cytochrome
c·min-1·mg-1) [30, 31].
The high-resolution respirometry (oxygraph) technique
(Oxygraph-2k; Oroboros Instruments, Innsbruck, Austria) has

The respiratory chain and oxidative phosphorylation

The flow of electrons through the complexes of the respiratory
chain generates ATP by a process named oxidative phosphorylation (chemiosmotic theory) (Figure 2) [26]. Oxidative phosphorylation occurs on the inner mitochondrial membrane. Electrons from the NADH-H+ and FADH2 produced in the TCA
cycle are transferred through the mitochondrial complexes
(electron transport chain), re-oxidazing the carriers and generating ATP, a high-energy phosphate. Although oxygen is not
necessary for the TCA cycle, it is crucial for oxidative phosphorylation [26].
The respiratory chain comprises five protein complexes
embedded on the inner mitochondrial membrane (complexes
I to V) (Figure 2). Electrons are transferred from NADHH+ to complex I, also known as NADH-Q oxidoreductase,
coupled with the transfer of four H+ to the intermembrane
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Figure 1. Energy production pathways in animal cells.

Under anaerobic conditions (-O2 ), pyruvate is reduced by lactate dehydrogenase into lactate, generating two molecules of
adenosine triphosphate (ATP) per molecule of glucose. More often, under aerobic conditions (+O2 ), pyruvate is transported
into the mitochondria matrix, where it is oxidatively decarboxylated to Acetyl-CoA by pyruvate dehydrogenase complex. The
tricarboxylic acid (TCA) cycle is a sequence of reactions that occur in the mitochondrial matrix and is always followed by
oxidative phosphorylation. In the TCA cycle, Acetyl-CoA is oxidized and nicotinamide adenine dinucleotide (NAD) and flavin
adenine dinucleotide (FAD) reduced, respectively, to NADH-H+ and FADH2 . These coenzymes are subsequently reoxidized in the
respiratory chain coupled with ATP production.
been used in many studies (Figure 3) [10, 32–38]. Through
this method, intact cells, permeabilized cells, or isolated
mitochondria sampled from different human or animal tissues
are processed, immersed into a medium, and placed inside a
sealed chamber containing a known oxygen concentration. The
high-resolution respirometry analysis is based on a continuous
measurement by polarography of oxygen concentration inside
the sealed chamber. As mitochondria consume oxygen inside
the chamber, the oxygen concentration declines, and a plot
of oxygen concentration by time is provided (Figure 3)
[31]. As part of this process, various respiratory states of
mitochondria are referred to. A basic understanding of these
becomes important when reviewing results of the studies on
mitochondrial dysfunction in sepsis. The states include [39]:

• State 3: ADP stimulated respiration after addition of
respiratory substrates - this represents the mazimum
capacity of the respiratory chain;
• State 4: Following on from state 3, when the available ADP
has been completely converted to ATP - this represents
the resting level of respiration; and
• State 5: Following on from state 4, when the available
oxygen has been completely depleted i.e. anaerobic.
The ratio of state 3 to state 4 is called the respiratory
control ration (RCR), and is an index of how efficiently coupled
phsophorylation is to oxidation.
The amount of tissue available, and whether fresh or
frozen samples will be analysed, are critical aspects for the
choice of the method used to address mitochondrial function
[30, 31]. While spectrophotometric analysis can be performed
using either fresh or frozen tissue samples, polarographic
analysis requires a prompt analysis of fresh samples [30, 31].
The polarographic analysis has the advantage of allowing
simultaneously evaluation of the electron transport chain
and the TCA cycle, which more closely resembles the cell
metabolism [31].

• State 1: The first state in an oxygraph protocol, where
mitochondria are present in a medium with oxygen and
inorganic phosphate, but there is no ADP or respiratory
substrate present as yet;
• State 2: This refers to a substrate limited state of residual
oxygen consumption (ADP has been added but respiratory
substrates have not);
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Figure 2. Summary of oxidative phosphorylation.

The electrons flowing through the respiratory chain complexes generate adenosine triphosphate (ATP) in a process named oxidative
phosphorylation. The respiratory chain comprises five protein complexes embedded on the inner mitochondrial membrane
(complexes I to V). Electrons are transferred from NADH-H+ to complex I, also known as NADH-Q oxidoreductase, coupled with
the transfer of 4H+ to intermembrane space. Electrons are also transferred from FADH2 to complex II (succinate-Q reductase). The
electrons coming from both complexes are then transferred to coenzyme Q (ubiquinone), which is reduced to ubiquinol. Then,
ubiquinol donates its electrons to complex III (Q-cytochrome c oxidoreductase), in which additional 4H+ are transferred to the
intermembrane space. The reduced cytochrome c (Cyt c) shuttles electrons from complex III to complex IV (cytochrome c oxidase)
simultaneously, with a reduction of molecular oxygen to water and the transfer of 2H+ to the intermembrane space. Finally, ATP
synthase (complex V) drives the synthesis of ATP from adenosine diphosphate (ADP) and inorganic phosphate coupled with the
release of energy from the passage of H+ back to the mitochondrial matrix. ATP synthase is composed of two subunits: F1, which
projects into the matrix and contains the phosphorylation mechanism, and FO, which spans the inner mitochondrial membrane
creating a proton channel. The flow of H+ through FO causes it to rotate, driving the production of ATP by the F1 subunit.

Mitochondrial function in sepsis

hibernation phenomenon may explain the observations that
organ dysfunction and failure in sepsis were seldom associated
with histopathological damage [46].
Inhibitory effects of intravenously administered endotoxin
on mitochondrial respiration and/or enzymatic activity in different animal species have been described [29]. Similar findings
have also been reported when intact live bacteria are administrated through different routes, and in different species [29].
Moreover, in the few studies which addressed mitochondrial
function in septic patients, isolated mitochondria from skeletal
muscle and blood cells were assessed [6, 42, 47–55]. Thus, it
is important to emphasize that most of what is known about
mitochondrial dysfunction in sepsis has been provided by experimental animal models [29].
For instance, decreased complex I dependent respiration
was reported in skeletal muscle and hepatocytes after twentyfour hours of abdominal sepsis in rats [8]. Moreover, hepatic
ATP content was shown to be lower in the most severe
animals in comparison to the sham controls or mildly
affected rats [8]. A decreased complex II-III activity was
reported in the diaphragm of rats after twelve hours of faecal

Even though it has been over fifty years since the first
studies about mitochondrial function were published [40–
42], the role of mitochondrial dysfunction in sepsis remains
controversial, and its contribution to the development of
organ dysfunction is unknown [29, 43, 44]. Controversies exist
given the observations that mitochondrial function might be
depressed, improved, or unchanged in sepsis [29]. The putative
mechanisms of mitochondrial dysfunction, the variable pattern
of complexes involved, and the temporal sequence after
the initial insult, i.e., early vs. late sepsis, are examples of
the intriguing questions that remain to be answered [29].
Some authors have argued that the decreased mitochondrial
function observed in experimental and/or clinical studies
might represent an adaptive mechanism, occurring in response
to varying degrees of tissue hypoperfusion and hypoxia
[45]. This state has been termed “mitochondrial hibernation”,
which can be characterized by a cellular down-regulation
of all non-essential functions, followed by a decreased
global rate of oxygen and ATP consumption [45]. The
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Figure 3. Representative diagram of measurement of respiration rates in isolated liver mitochondria from the left liver lobe of a

healthy pig assessed by high-resolution respirometry.
The high-resolution respirometry (Oxygraph-2k; Oroboros Instruments, Innsbruck, Austria) allows the evaluation of different
states of respiratory control. By applying specific substrates, different complexes of the electron transport chain can be studied.
Complex-I dependent respiration can be evaluated by adding glutamate and malate as substrate, which provides NADH-H+ to
complex I. Complex-II-dependent respiration can be evaluated after inhibition of complex I by rotenone, by adding succinate
as substrate, which provides FADH2 to complex II. Finally, ascorbate plus TMPD (N,N,N’,N’-Tetramethyl-p-phenylenediamine
dihydrochloride) can be used to address complex-IV dependent respiration. The state 3 represents the maximal capacity of
the respiratory chain itself when saturating concentrations of ADP and substrates are provided. State 4 represents the resting
respiration, when ADP is depleted by its phosphorylation to ATP (ADP-limited resting state). The respiratory control ratio (RCR)
can be obtained by dividing the rate of oxygen consumption at state 3 by the rate of oxygen consumption at state 4. The RCR
represents a marker of oxidative phosphorylation efficiency (the coupling of phosphorylation to oxidation). The red line represents
the oxygen consumption by liver mitochondria expressed as pmol oxygen per second per mg of mitochondrial protein and the
blue line represents the oxygen concentration inside the sealed chamber expressed as pmol oxygen per ml.
peritonitis, while a decreased activity of all mitochondrial
complexes was demonstrated after forty-eight hours of
sepsis [56]. It has been demonstrated that isolated liver
complex I and II dependent respiration, but not isolated
skeletal muscle nor kidney mitochondrial respiration, were
impaired when pigs were rendered septic by intravenous
endotoxin (Escherichia coli lipopolysaccharide B0111:B4)
infusion during a 24 hours period [57]. On the other hand,
Kozlov and colleagues demonstrated impaired kidney complex
II dependent mitochondrial respiration after twelve hours
of faecal peritonitis in pigs [34]. Impaired brain complex
I dependent respiration after twenty-four hours of faecal
peritonitis was described [19], and decreased cerebellum,
hippocampus, striatum and cortex mitochondrial complex I
dependent respiration demonstrated after 24, 48 and 96 hours
of faecal peritonitis in rats [58].
Evidence of mitochondrial dysfunction has also been
reported in humans. Brealey and colleagues demonstrated that
complex I activity was lower in patients with septic shock
who died in the ICU, in comparison to non-septic patients
[6]. In another study, a 60% reduction in complex I activity
of intercostal muscle, but not of vastus lateralis muscle, of
ten mechanically ventilated septic patients was reported [47].
Nevertheless, decreased ATP content was observed in vastus
lateralis muscle while intercostal muscle ATP content was
unchanged [47].
Conversely, an increased skeletal muscle (vastus lateralis)
complex I activity was demonstrated in seven human healthy
volunteers two hours after intravenous endotoxin infusion
[49]. Moreover, Sjövall and colleagues demonstrated an
increased complex I and II state 3 dependent respiration in
permeabilized platelets isolated from eighteen patients with

severe sepsis/septic shock during the first seven days of the
disease, both in comparison to days 1/2 and to non-septic
(healthy) controls [50]. The same group also demonstrated
increased complex I, II and IV state 3 dependent mitochondrial
respiration in permeabilized peripheral blood immune cells
obtained from patients with severe sepsis/septic shock, in
comparison to healthy controls [53].
Are the experimental models used to address mitochondrial
function appropriate?

The results of studies across rodent and pig models of sepsis
are summarised in Tables 1 and 2. It is important to highlight
that experimental models used to study mitochondrial function
in sepsis differ in many respects from clinical sepsis in ICU
patients [87, 88]. Therefore, the reliability of experimental
models has been questioned [89]. Septic patients admitted to
the ICU are often elderly, and exhibit multiple comorbidities
[90], while experimental animals are usually young, of a single
gender, with no comorbidities and from a similar genetic
background [87, 88, 90]. Moreover, due to feasibility and costs,
researchers very often set up short-term (shorter than 24 hours)
models of sepsis, while the clinical course of human sepsis
usually develops over several hours or days [91].
Small rodents are the most common animals used in
experimental sepsis [29]. Nevertheless, they have significant
physiological and pharmacological differences in comparison
to humans. Indeed, mice are more resistant to endotoxin
infusion than humans, with a different pattern of inflammatory
response to an infectious insult [92]. Porcine models of sepsis,
using medium-size pigs (30-40 kg), have been used to better
reproduce the clinical aspects of sepsis and its treatment [93].
Pigs share many aspects of human cardiovascular anatomy
35
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Table 1. The effect of sepsis on mitochondrial function in rodents addressed by polarography (Clark-type electrode or high-

resolution respirometry).
Author

Reference

Year

Animal

Model

Time (h)

RS

Tissue

Fry

[59]

1981

rats

i.v. LPS

6

No

Liver

C-I and C-II state 3 and RCR increased

Tavakoli

[60]

1982

rats

CLP

144

No

Liver

RCR decreased

SM

Results

RCR decreased

Garrison

[61]

1982

rats

CLP

2,4 or 6

No

Kidney

Unchanged

Geller

[62]

1986

rats

i.p. LPS

18

No

SM

Unchanged

Dawson

[63]

1988

rats

i.v. LPS

4

Yes#

Heart
SM

Kopprasch

[64]

1989

rats

i.p. LPS

6

No

C-I RCR increased
C-I RCR increased

Liver

C-I and C-II state 4 increased
C-I and C-II state 3 and RCR increased

Takayama

[65]

1990

rats

i.p. LPS

24

No

Liver

Llesuy

[66]

1994

rats

CLP

6, 12, 24

Yes

Liver, SM

Taylor

[67]

1995

rats

CLP

16

No

Liver

Unchanged

Malaisse

[68]

1997

rats

i.p. LPS

24

No

Liver

C-II state 3, state 4 and RCR increased
C-I and C-II state 3 increased

Liver unchanged, SM C-I and C-II State 3 and RCR decreased

Kantrow

[69]

1997

rats

CLP

16

No

Liver

Markley

[70]

2002

rats

i.p. LPS

2

No

Liver

Unchanged

Heart

C-I RCR unchanged at 2 hrs but decreased at 6 hrs

Fukumoto

[71]

2003

rats

i.p. LPS

2 or 6

No

Suliman

[72]

2004

rats

i.v. LPS

6, 24 or 48

No

Nin

[73]

2004

rats

CLP

48

No

Kidney

Kozlov

[74]

2006

Larche

[75]

2006

rats

i.p. LPS

16

mice

CLP

Up to 96

Unchanged

Heart

C-I State 3 decreased at 6 hrs and unchanged at 24 and 48 hrs

Heart

RCR decreased

Diaphragm

RCR decreased

Heart

No

C-I decreased

Liver

C-I and C-II increased

No

Heart

C-I state 3 and RCR decreased, C-IV unchanged

Mason

[76]

2007

rats

i.p. LPS

6, 12 or 24

No

Heart

Protti

[77]

2007

rats

FP

48

No

SM

C-I state 3 unchanged at 6 or 12 but decreased at 24 hrs
C-I decreased, C-II unchanged

Kozlov

[78]

2007

rats

i.p. LPS

16

No

Liver

C-I and C-II state 3 increased

Duvigneau

[79]

2008

rats

i.v. LPS

2, 4, 8, 12

No

Liver

C-I RCR increased at 2 hrs and 12 hrs, decreased between 4 and 8 hrs

Hassoun

[80]

2008

rats

i.v. LPS

4

No

Heart

Decreased C-1 state 3 and RCR. Increased state 4

Liver

C-I State 3 decreased at 6 hrs and unchanged at 24 and 48 hrs

Heart

C-I State 3 decreased

Diaphragm

C-I State 3 decreased

Vanasco

[81]

2008

rats

i.p. LPS

6

No

Kozlov

[33]

2009

rats

i.v. LPS

16

No

Liver

C-I and C-II RCR increased
C-I and C-II State 3 decreased at 24 hrs and increased at 72 hrs

Reynolds

[82]

2009

mice

i.p. LPS

6, 24, 48, 72

No

Heart

Aguirre

[38]

2012

mice

i.p. LPS

24

No

SM

Vanasco

[83]

2012

rats

i.p. LPS

6

No

Heart

C-II decreased
C-I and C-II State 3 decreased

RS = repeated samples, i.v. = intravenous, i.p. = intraperitoneal, SM = skeletal muscle, LPS = lipopolysaccharide, CLP = caecal
ligation and puncture, FP = faecal peritonitis, # = postmortem period, C-I = Complex-I dependent respiration, C-II = Complex-II
dependent respiration, C-IV = Complex-IV dependent respiration and RCR = respiratory control ratio (state 3 / state 4).
and physiology, and allow the reproduction of the clinical
management of sepsis with full hemodynamic monitoring,
fluid resuscitation, antibiotics and support with vasoactive
drugs. In addition, repeated tissue samples for mitochondrial
analysis are possible. Such interventions are usually not
feasible in small-size experimental animals.
Another important aspect of sepsis models that may affect
mitochondrial function is the severity of the disease. Three
methods are commonly used to produce experimental sepsis:
exogenous administration of a toxin (lipopolysaccharide;
LPS), methods that alter the endogenous protective barrier
[caecal ligation and puncture (CLP) and colon ascendens stent
peritonitis (CASP)], and exogenous administration of viable
pathogens in the lungs, peritoneal cavity, subcutaneously or
intravenously [94].
Endotoxin infusion models accounted for approximately
40% of studies of mitochondrial function in sepsis [29].
Critical Care Horizons 2015; 1: 31-41

However, it is well known that the immune, inflammatory,
and cardiovascular responses triggered by LPS infusion are
completely different from those induced by a living pathogen
[92]. This different pathophysiology may affect mitochondrial
function [94].
Models of faecal peritonitis were developed to overcome
the pitfalls of the endotoxin models. Those models more closely
resemble human sepsis, demonstrating several advantages
in comparison to LPS models, including a polymicrobial
infection caused by living pathogens and a well-defined focus
of infection, which triggers an immune, inflammatory and
cardiovascular response more comparable to human sepsis [94].
The severity of experimental sepsis, which may have important
implications on mitochondrial function, can be adjusted by
varying the amount of LPS infused, the size of the caecal
punctures and/or the distance of cecum ligated, the diameter
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Table 2. The effect of sepsis on mitochondrial function in pigs addressed by polarography (Clark-type electrode or high-resolution

respirometry).
Author

Ref

Year

Model

Time

RS

Resuscitation

Tissue

Hirai

[5]

1984

CLP

0,2,4,7,12-14 days

No

Fluids

Liver

Porta

[57]

2006

i.v. LPS

24h

No

Fluids

SM
Liver
Kidney

Results
C-I state 3 and RCR decreased by days 12-14
Unchanged
C-I state 4 increased and RCR decreased
C-I, C-II and C-IV unchanged

Li $

[84]

2007

FP

12h

No

Fluids

Heart

C-I activity decreased

Regueira

[85]

2008

i.v. LPS

10h

No

Fluids, vasopressors

Liver

C-I and C-II RCR increased

Brandt

[32]

2009

Kozlov

[34]

2010

FP

C-I state 3 increased
Unchanged in FP

24h

No

Fluids

SM
Liver

Unchanged in FP. C-I state IV decreased in i.v. LPS group

12h

No

Fluids

Liver

C-I and C-II state 3, state 4 and RCR decreased

i.v. LPS
FP

SM

Kidney

C-I states 3 & 4 increased, RCR unchanged.
C-II states 3 & 4 increased, RCR decreased

Corrêa

[35]

2012

FP

6, 12 or 24h sepsis no therapy

Yes*

+ 48h of resuscitation

Fluids, vasopressors,

SM

C-I RCR increased after 12 hrs of PI

inotropes, antibiotics

Brain

C-II state 3 decreased after 72 hrs of PI

Liver

Unchanged

Heart

Unchanged

Regueira

[10]

2012

FP

0, 6 and end (max 24h)

Yes*

Fluids

Liver

C-I, C-II unchanged

Vuda

[86]

2012

FP

27h

Yes*

Fluids

Liver

C-I, C-II and C-IV unchanged

Vasopressors

SM

C-I, C-II and C-IV unchanged
Unchanged

SM

Corrêa

[36]

2013

FP

12h sepsis no therapy

Yes*

+ 48h of resuscitation
Corrêa

[36]

2013

FP

22h #

Fluids, vasopressors,

SM

inotropes, antibiotics

Liver

No

SM

Yes

C-I RCR decreased

Unchanged
C-I state increased

RS = repeated samples, i.v. = intravenous, SM = skeletal muscle, LPS = lipopolysaccharide, CLP = cecal ligation and puncture, FP
= fecal peritonitis, PI = peritonitis induction, # = postmortem period, C-I = Complex-I dependent respiration, C-II = Complex-II
dependent respiration, C-IV = Complex-IV dependent respiration, RCR = respiratory control ratio (state 3 / state 4), * = for skeletal
muscle analysis, $ = spectrophotometric analysis and # = median (range) survival time of 22 (16 to 28) hours.
of the inserted stent into the ascending colon or the bacterial
load infused into the abdominal cavity [95].

continuous infusion of endotoxin [97] have all been reported.
We recently evaluated the impact of treatment delay on the
development of sepsis-associated mitochondrial dysfunction
in skeletal muscle, liver, heart and brain using a swine model of
faecal peritonitis (peritoneal instillation of autologous faeces)
[35]. After 6, 12 or 24 hours of untreated sepsis, all animals
received 48 hours of protocolized resuscitation consisting
of fluids, vasopressors and broad spectrum antibiotics. An
increased skeletal muscle Complex I dependent respiration
after 12 hours of untreated sepsis was the only sepsisassociated alteration observed before the beginning of
resuscitation. At the end of study (i.e. 72 hours after peritonitis
induction), a decreased maximal brain mitochondrial Complex
II respiration was found in the animals resuscitated after
24 hours of untreated sepsis, while hepatic and myocardial
mitochondrial respiration were not affected).

The effect of time on mitochondrial assessment

Sepsis is characterized by a biphasic inflammatory, immune,
hormonal, and metabolic response triggered by an infection
[3]. While early sepsis is characterized by a pronounced
release of inflammatory mediators, increased release of
stress hormones, metabolic activity and mitochondrial
function, late sepsis is characterized by an anti-inflammatory
immunosuppressive state, and impaired energy production
secondary to mitochondrial inhibition and/or damage [96].
Thus, it is been postulated that a severe inflammation,
endocrine and metabolic shutdown leads to a decreased
energy production, i.e. cell “hibernation” or “stunning”,
which may be a protective mechanism. This reduced cellular
metabolism might boost the chances of cellular survival after
an overwhelming insult [46]. Such different stages of the
inflammatory, immune, hormonal, and metabolic response
in septic animals and patients might explain why several
groups have reported conflicting results (unchanged, impaired
or improved) regarding mitochondrial function in sepsis, with
marked organ-specific differences (Tables 1 and 2)[29].
Impaired respiration in the heart but not in the kidney of
endotoxemic rats [71], in the hepatocytes but not in the heart of
pigs rendered septic by intravenous infusion of Pseudomonas
aeruginosa [7], in the liver but neither in the kidney nor
in skeletal muscle of endotoxemic pigs [57], in small bowel
mucosa but not in the muscular layer of challenged pigs with

Are the most appropriate organs being evaluated?

The contribution of each organ and system to the outcomes
of critically ill patients is variable [98, 99]. Although
the liver, heart, kidneys, brain and bowel are easily
assessed experimentally, most of the studies addressing the
mitochondrial function in humans are limited to skeletal
muscle [100], peripheral blood immune cells [53], isolated
platelets [55, 101] monocytes [102] and cultured human
hepatocytes [103, 104], which may have limited clinical
significance. Therefore, one can argue that the lack of
association between mitochondrial dysfunction and organ
dysfunction or failure in septic patients occurs because only
37
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organs with a non-critical impact on prognosis have been
properly addressed in humans.
Additionally, the time necessary for different organs and
systems to reach the maximum degree of dysfunction is
variable. Therefore, serial sampling in such organs would
be necessary to allow for early detection of mitochondrial
dysfunction. Currently, such analysis is neither feasible nor
ethically acceptable. Thus, most of our knowledge on the
role of mitochondrial dysfunction in sepsis will continue to
be provided by experimental studies. This fact highlights
the importance of a considered approach to selection of the
experimental model.

6. Brealey D, Brand M, Hargreaves I, Heales S, Land J,
Smolenski R, et al. Association between mitochondrial
dysfunction and severity and outcome of septic shock.
Lancet. 2002;360(9328):219–223. Available from: http:
//dx.doi.org/10.1016/S0140-6736(02)09459-X.
7. Hart DW, Gore DC, Rinehart AJ, Asimakis GK, Chinkes
DL. Sepsis-induced failure of hepatic energy metabolism.
J Surg Res. 2003;115(1):139–147.
8. Brealey D, Karyampudi S, Jacques TS, Novelli M, Stidwill
R, Taylor V, et al. Mitochondrial dysfunction in a longterm rodent model of sepsis and organ failure. Am J
Physiol Regul Integr Comp Physiol. 2004;286(3):R491–
R497. Available from: http://dx.doi.org/10.1152/ajpregu.
00432.2003.
9. Huang LJ, Hsu C, Tsai TN, Wang SJ, Yang RC.
Suppression of mitochondrial ATPase inhibitor protein
(IF1) in the liver of late septic rats. Biochim Biophys Acta.
2007;1767(7):888–896. Available from: http://dx.doi.org/10.
1016/j.bbabio.2007.03.009.
10. Regueira T, Djafarzadeh S, Brandt S, Gorrasi J, Borotto
E, Porta F, et al. Oxygen transport and mitochondrial
function in porcine septic shock, cardiogenic shock, and
hypoxaemia. Acta Anaesthesiol Scand. 2012;56(7):846–
859. Available from: http://dx.doi.org/10.1111/j.1399-6576.
2012.02706.x.
11. Boekstegers P, Weidenhöfer S, Pilz G, Werdan K.
Peripheral oxygen availability within skeletal muscle in
sepsis and septic shock: comparison to limited infection
and cardiogenic shock. Infection. 1991;19(5):317–323.
12. VanderMeer TJ, Wang H, Fink MP. Endotoxemia causes
ileal mucosal acidosis in the absence of mucosal hypoxia
in a normodynamic porcine model of septic shock. Crit
Care Med. 1995;23(7):1217–1226.
13. Rosser DM, Stidwill RP, Jacobson D, Singer M. Oxygen
tension in the bladder epithelium rises in both high and
low cardiac output endotoxemic sepsis. J Appl Physiol.
1995;79(6):1878–1882.
14. Sair M, Etherington PJ, Peter Winlove C, Evans TW.
Tissue oxygenation and perfusion in patients with
systemic sepsis. Crit Care Med. 2001;29(7):1343–1349.
15. Friedman G, De Backer D, Shahla M, Vincent JL.
Oxygen supply dependency can characterize septic
shock. Intensive Care Med. 1998;24(2):118–123.
16. Fink MP. Cytopathic hypoxia. Mitochondrial dysfunction
as mechanism contributing to organ dysfunction in sepsis.
Crit Care Clin. 2001;17(1):219–237.
17. Fink MP. Cytopathic hypoxia. Is oxygen use impaired in
sepsis as a result of an acquired intrinsic derangement in
cellular respiration? Crit Care Clin. 2002;18(1):165–175.
18. Crouser ED, Julian MW, Huff JE, Joshi MS, Bauer
JA, Gadd ME, et al.
Abnormal permeability of
inner and outer mitochondrial membranes contributes
independently to mitochondrial dysfunction in the liver
during acute endotoxemia. Crit Care Med. 2004;32(2):478–
488. Available from: http://dx.doi.org/10.1097/01.CCM.
0000109449.99160.81.
19. d’Avila JdCP, Santiago APSA, Amâncio RT, Galina A,
Oliveira MF, Bozza FA. Sepsis induces brain mitochondrial dysfunction. Crit Care Med. 2008;36(6):1925–
1932.
Available from: http://dx.doi.org/10.1097/CCM.
0b013e3181760c4b.
20. Takasu O, Gaut JP, Watanabe E, To K, Fagley RE, Sato
B, et al. Mechanisms of cardiac and renal dysfunction
in patients dying of sepsis. Am J Respir Crit Care Med.
2013;187(5):509–517. Available from: http://dx.doi.org/10.
1164/rccm.201211-1983OC.

Future directions
The development of easy to handle, non-invasive, devices
to address mitochondrial function at the bedside may
improve knowledge about the contribution of mitochondrial
dysfunction to sepsis pathophysiology. Ideally, a better
understanding of the mechanisms of mitochondrial damage
and dysfunction in sepsis would be accompanied by new
therapies aimed at decreasing the progression to organ
dysfunction and failure, and ultimately decreasing sepsis
mortality. Furthermore, there are currently no available
therapies to treat mitochondrial dysfunction in sepsis [105].
Nevertheless, it has been assumed that appropriate early
management of sepsis might prevent the development of
mitochondrial dysfunction in such a population of critically
ill patients [35]. Finally, the development of standards for the
performance and reporting of mitochondrial function analysis
would help researchers and clinicians to more readily compare
the results obtained by different investigators.

Conclusion
Despite decades of research, the pathophysiology of sepsis has
not been completely elucidated. It seems that mitochondrial
dysfunction may play a role in organ dysfunction and
failure. Nevertheless, the clinical significance of mitochondrial
dysfunction, and its association with organ failure, remain
unclear. The development of user-friendly, non-invasive
devices might allow us to address the role of mitochondrial
dysfunction on vital organs in humans, and over appropriate
time-scales. Lastly, it may also allow us to develop and study
new therapies to improve the outcomes of septic patients.
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