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Septic  patients  with  myocardial  dysfunction  have  a 3-fold  increase  in  mortality  compared  with  patients
without  cardiovascular  impairment,  and  usually  show  myocarditis,  disruption  of  the  contractile  appara-
tus,  increased  amounts  of  interstitial  collagen,  and  damaged  mitochondria.  The  presence  of  nitric  oxide
and cytokines  in  cardiac  tissue  constitute  the  molecular  markers  and  the  intracellular  messengers  of
inflammatory  conditions  in  the  heart  due  to  the  onset  of sepsis  and  endotoxemia,  derived  from  the
nuclear  factor-�B  pathway  activation  and proinflammatory  gene  transcription.  Sepsis  occurs  with  an
exacerbated  inflammatory  response  that  damages  tissue  mitochondria  and  impaired  bioenergetic  pro-
cesses.  The  heart  consumes  20–30  times  its  own  weight  in adenosine  triphosphate  every day,  and  90%  of
this  molecule  is  derived  from  mitochondrial  oxidative  phosphorylation.  Cardiac  energy  management  is
comprised  in  sepsis  and endotoxemia;  both  a deficit  in  energy  production  and  alterations  in the  source  of
energy  substrates  are  believed  to be involved  in  impaired  cardiac  function.  Although  several  hypotheses
try  to  explain  the  molecular  mechanisms  underlying  the  complex  condition  of  sepsis  and  endotoxemia,
the  current  view  is that these  syndromes  are  the  result  of  an  intricate  balance  between  prevailing  lev-

els of  mitochondrial  stress,  biogenesis/autophagy  signaling  and  mitochondria  quality  control  processes,
rather  on  a single  factor.  The  aim  of  this  review  is to discuss  current  hypothesis  of  cardiac  dysfunction
related  to energy  metabolism  and  mitochondrial  function  in  experimental  models  of  sepsis  and  endotox-
emia,  and to introduce  the  importance  of  lipids  (mainly  cardiolipin)  in the mechanism  of  cardiac  energy
mismanagement  in these  inflammatory  conditions.
. Introduction

Sepsis constitutes a major cause of death following trauma and
 persistent problem in surgical patients. Three related syndromes,
ith the common background of sepsis, are recognized in increas-

ng order of severity: systemic inflammatory response syndrome
SIRS), septic shock, and multiple organ failure (MOF). The onset of
epsis is characterized by fever, usually accompanied by tachycar-
ia and tachypnea. These symptoms characterize SIRS, and evolve

o septic shock when hypotension and loss of conscience appear
nd to MOF  when organ dysfunction develops (Dianzani, 1996).
he prevalent hypothesis regarding the mechanism of the three
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related syndromes is that they are caused by an excessive defensive
and inflammatory response. Sepsis is a paradigm of acute whole
body inflammation, with massive increases of NO and inflamma-
tory cytokines in the biological fluids, with systemic damage to
vascular endothelium, and with impaired tissue and whole body
respiration despite adequate O2 supply (De Angelo, 1999; Goris
et al., 1985; Pinsky, 2001).

End-organ damage and organ failure in sepsis affect significant
organs of the body, including the heart. Myocardial dysfunction is
a well described complication of severe sepsis and endotoxemia,
which includes both systolic and diastolic dysfunction (Cimolai
et al., 2015). A number of mechanisms have been proposed to be
involved in myocardial dysfunction in this syndrome, including
toxins, cytokines, NO, complement activation, apoptosis and energy

metabolic derangements (Romero-Bermejo et al., 2011; Rudiger
and Singer, 2007).

The aim of this review is to discuss the different experimental
approaches to study sepsis and endotoxemia, the current hypothe-

dx.doi.org/10.1016/j.biocel.2016.07.032
http://www.sciencedirect.com/science/journal/13572725
http://www.elsevier.com/locate/biocel
http://crossmark.crossref.org/dialog/?doi=10.1016/j.biocel.2016.07.032&domain=pdf
mailto:salvarez@ffyb.uba.ar
dx.doi.org/10.1016/j.biocel.2016.07.032


3 f Bioc

s
t
t
c

2

i
c
c
c
w
s
a
m
e
e
u

t
o
s
a
m
�
c
m
N
o

d
p
e
t
m
i
f
fi
m
B
4
s
o
a

s
u
F
r
e
e
t
t

c
o
m
s
t

3

c

08 S. Alvarez et al. / The International Journal o

is that try to explain the occurrence of cardiac dysfunction related
o energy metabolism and mitochondrial function, and to introduce
he importance of lipids (mainly cardiolipin) in the mechanism of
ardiac energy mismanagement in these inflammatory conditions.

. Animal models of endotoxemia and sepsis

When utilizing sepsis and endotoxemia models, a number of
mportant questions arise. What is the relevance of skeletal mus-
le data to “more vital” organs such as liver or heart? Are these
hanges causal or epiphenomenal? Ethical and technical difficulties
onstrain the availability of vital human biopsy tissue, especially
hen repeated sampling is desirable to monitor disease progres-

ion and concurrent mitochondrial function. Consequently, it is
dvisable to develop representative animal models that reflect
any, if not all, of the biochemical and physiological abnormalities

videnced in patients. However, experimental models of sepsis and
ndotoxemia show considerable variation in organ function and
ltraestructural damage, due in no small part to the model itself.

One of the animal models most extensively used is the ip injec-
ion of the E. coli lipopolysaccharide (LPS) in an approximate dose
f 10 mg/kg (Alvarez and Boveris, 2004; Escames et al., 2003). The
tudies are performed after 6 h of treatment, where the peak of
cute inflammation effects is observed. LPS induces a receptor
ediated signaling cascade that leads to nuclear factor-�B (NF-

B) activation and the transcription and subsequent release of
ytokines and other proinflammatory mediators by monocytes and
acrophages. The intracellular events that lead to the activation of
F-�B are complex and seem to be controlled by the redox status
f the cell (Flohe et al., 1997).

The generation of peritonitis on rats better simulates the human
isease process; two procedures are utilized. The cecal-ligation and
uncture procedure is performed in anesthetized animals (Lopez
t al., 2006; Watts et al., 2004).This model of sepsis results in sep-
ic shock, lactic acidosis, and hypothermia 12 h after the surgery;

ortality is about 13%. Another procedure to generate peritonitis
s the ip injection of fecal slurry (dose: 6.25 ml/kg). This is prepared
rom the bowel contents of rats, suspended in saline solution and
ltered to remove fibrous material (Brealey et al., 2004). The ani-
als can be studied at 24, 48 and 72 h after the induction of sepsis.

y 24 h, 17% of rats can be classified as moderate septic; at 48 hs,
1% of rats are in the same level of sepsis; at 72 h, 73% of the rats
till alive can be classified as mild and 27% as moderate. This model
f sepsis results in animals with a fall in mean blood pressure and

 rise in serum urea, creatinine, and alkaline phosphatase.
It is relevant to mention that the use of genetically modified

trains of mice is a useful way to explore the importance of partic-
lar gene products in the pathogenesis of sepsis and endotoxemia.
or example, the use of TLR4−/− mice allowed describing Toll like
eceptors (TLRs) as regulators of the LPS cellular response (Hoshino
t al., 1999). Other examples include the use of mice that over-
xpress LC3 (Lo et al., 2013) or TSG-14 (Dias et al., 2001) to analyze
he importance of autophagy or involvement of the mentioned fac-
or in the response, respectively.

Ideally, it is advisable to generate a long-term septic model
losely resembling the human disease process, combining physi-
logical and biochemical markers of mitochondrial function. Such
odel would enable monitoring the temporal changes, compari-

on of vital and less vital organs, and serve as a potentially useful
est bed for therapies.
. Inflammatory pathways in endotoxemia and sepsis

The inflammatory component of the pathophysiology of sepsis is
omplex, involving activation of plasmatic (complement activation
hemistry & Cell Biology 81 (2016) 307–314

and coagulation) and cellular (macrophagic, endothelial, trombo-
cytic, cellular immunity) systems. The innate immune response
leads to a strong activation of the cytokine system (Schulte et al.,
2013), which effects on cardiac tissue and vasculature lead to
changes in vascular permeability and endothelial function (Ince
et al., 2016). In this situation, the endothelium shifts from an antico-
agulant surface to a procoagulant surface (Dauphinee and Karsan,
2006). Moreover, also endothelial cells can upregulate iNOS expres-
sion increasing the production of NO (Morikawa et al., 2000).

The classical pattern recognition molecule in these syndromes,
sepsis and endotoxemia, is LPS. It is an important structural
component of the outer membrane of gram-negative bacteria. It
consists of three parts: the bioactive lipid A, an oligosaccharide
core, and an O side chain; being lipid A a relative conservative
region and essential for host recognition. Association of LPS with
plasma LPS-binding protein (LBP) facilitates the interaction of LPS
with CD14 (a glycosilphosphatidylinositol-anchored protein pref-
erentially expressed in monocytes/macrophages and neutrophils)
(Takeda et al., 2003), which in turn modulates LPS recognition and
transfers LPS to the TLR4/MD-2 receptor complex. TLR4 is part of
TLR family that consists of 10 members (TLR1-TLR10), and the TLR
involved in the recognition of LPS. MD-2 has been identified as
a molecule associated with the extracellular portion of TLR4 that
enhances LPS responsiveness (Akashi et al., 2000). This complex
turns on signaling mechanisms that finally result in the production
of cytokines (Drosatos et al., 2015).

LPS-mediated signaling starts from the cytoplasmic portion of
TLR4 that is called TIR (Toll/IL-1 receptor) domain and is mediated
by several intracellular proteins such as MyD88 (myeloid differen-
tiation primary response gene 88), TIRAP (TIR domain containing
adaptor protein), TRIF (TIR domain containing adaptor inducing
IFN-�), TRAM (TRIF-related adaptor molecule) (Lu et al., 2008).
This signaling mechanism continues through MyD88-dependent
and MyD88-independent (or TRIF-dependent) pathways (Lu et al.,
2008). MyD88 is essential for the production of inflammatory
cytokines in response to a variety of microbial components.
However, LPS is still able to induce activation of NF-�B in MyD88-
deficient macrophages, but with delayed kinetics (Kawai et al.,
1999).

The MyD88-dependent pathway provides the recruitment of
the adaptor molecules (TIRAP and MyD88) to the TIR domain.
This leads to the phosphorylation of IRAKs, and ubiquitination of
TRAF-6. Ubiquitination is thought to be a step that directs modi-
fied target proteins to the proteasome, where they are degraded.
However, ubiquitination of TRAF6 mediates activation of NF-�B and
JNK/p38 through a process that does not require protein degrada-
tion (Takeda et al., 2003). The consequence of this activation is the
release of pro-inflammatory cytokines. The MyD88-independent
pathway results in the activation of IRF-3 which allows the
transcription of genes with an interferon response element and
chemokine genes (Fitzgerald et al., 2001). The whole mechanism
is overviewed in Fig. 1.

The transcription factor NF-�B seems to be a central target for
activators or inhibitors of the inducible isoform of NO synthase
(iNOS) expression. Although the mechanism of iNOS induction
is not fully understood, it clearly involves the transcription of
mRNA and novel protein biosynthesis (Ruetten and Thiemermann,
2000). LPS, IL-1�, TNF-�, and oxidative stress, for instance, have
been shown to induce iNOS expression in different cell types by
activating NF-�B (Kleinert et al., 2000). Cytokines constitute a het-
erogeneous group of proteins produced by different cell types that
modulate the functions of proximate cells, including the secretion

of other cytokines with synergistic or inhibitory effects. In acute
inflammation, proinflammatory cytokines and lipid mediators play
a key role in triggering the expression of iNOS in various cell types.
Interestingly, inhibitors of the activation of NF-�B can also inhibit
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Fig. 1. Simplified model of LPS-signalling. Circulating LBP recognizes LPS in
plasma and brings it to CD14. This aids the loading of LPS onto the LPS receptor
complex TLR4/MD2. Subsequent signals activated by TLR4 can be subdivided into
those dependent on MyD88 (and TIRAP) (represented by the events illustrated on the
left  side of the scheme), and those independent of MyD88 that use TRIM and TRAF
as  adapters (depicted on the right side of the scheme). In the MyD88 dependent
pathway, IRAKs and Traf 6 are activated, as well as the transcription factor NF-�B.
This transcription factor induces the expression of proinflammatory cytokine and
other inflammatory actors (as COX2 and iNOS) genes. In the MyD88 independent
pathway, RIP1 and TRAF3 are activated, which in turn activate the transcription
factor IRF3 and NF-�B. These events lead to the expression type 1 interferon and
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he induction of iNOS (Ruetten and Thiemermann, 2000). In inflam-
atory conditions, the production of NO can rise from 20 up to

00 uM in plasma.
Nitric oxide influences many aspects of the inflammatory cas-

ade ranging from its own production by immunocompetent cells
o the recruitment of leukocytes. When considering the multi-
aceted roles of NO, it is not surprising that the pharmacological
nhibition of the production of NO in inflammation may  have either
etrimental or protective effects (Boveris et al., 2002b). In general,
O produced by the constitutive endothelial NOS (eNOS) is consid-
red protective. This early NO production is essential in maintaining
ascular function. Induction of the inducible NOS isoform (iNOS)
as been demonstrated in almost all forms of acute inflammation;

n these conditions the overproduction of NO is found to be cyto-
oxic (Szabó, 2000).

More than two decades have passed since the discovery that
n enhanced formation of NO contributes to the circulatory fail-
re in patients with septic shock (Thiemermann and Vane, 1990).
lthough the effects of selective inhibitors of iNOS activity have not
een evaluated in controlled clinical trials, there is good evidence
hat an enhanced formation of NO by iNOS contributes to the cir-
ulatory and heart failure associated with sepsis and endotoxemia
n humans (Ruetten and Thiemermann, 2000).

. Cardiac dysfunction
It has been observed that septic patients with myocardial dys-
unction have a 3-fold increase in mortality compared with patients
ithout cardiovascular impairment (Blanco et al., 2008). Experi-
ental approaches using in vivo animal models (Merx et al., 2005),
emistry & Cell Biology 81 (2016) 307–314 309

isolated hearts (McDonough and Virag, 2006), and cultured cells
(Ren et al., 2002), and human studies (Poelaert et al., 1997) have
demonstrated that decreased contractility and impaired myocar-
dial compliance are major factors in myocardial dysfunction in
sepsis.

The pathophysiological mechanisms underlying sepsis-
associated myocardial dysfunction are not fully understood. Parker
and colleagues (Parker et al., 1984) reported that decreased left
ventricle ejection fraction (LVEF) and ventricular dilatation as
evidenced by increased LV end-diastolic volume index returned to
normal in survivors over 7–10 days, suggesting that myocardial
depression is a reversible condition (Smeding et al., 2012). This
is one of reasons why it is thought that the problem is rather
functional than structural. However, some studies show that
structural changes in the heart may  also occur (Fenton et al., 2004;
Turner et al., 1999).

Myocardial infiltration of immune cells is a recognized feature
of severe sepsis; the predominant cell types found include poly-
morphonuclear cells and monocytes/macrophages (Smeding et al.,
2012). The cardiac functional correlate with myocardial infiltration
has been evaluated in several studies. The use of LPS in Sprague-
Dawley rats showed interstitial edema, infiltration by white blood
cells and decreased myocardial function (analyzed as LV developed
pressure and dP/dTmax and dP/dTmin) (Fauvel et al., 2001; Neviere
et al., 2001). Another study revealed subepicardial acute inflam-
mation and increased interstitial space followed by decreased LVEF
(Chagnon et al., 2006). Using the same experimental model, but in
rabbits, Goddard and colleagues (Goddard et al., 1996) reported
increased concentration of leukocytes in myocardial capillaries,
cytoplasmic vacuolation, zonal contraction banding, and decreased
LV contractility defined by Emax (maximum elastance).

Mitochondrial dysfunction and ineffective O2 utilization (cyto-
pathic hypoxia) has also been observed (Fink, 2001), and
functionally correlates with cardiac performance. Using an endo-
toxemia model in rats, it was shown decreased LV developed
pressure and diastolic dysfunction ex vivo, related to cytochrome c
loss and decreased mitochondrial respiration (Fauvel et al., 2002;
Suliman et al., 2004). In cats, it was  described significant reductions
in dP/dT and dPmax/dT and increased LV relaxation time associated
to decreased respiratory control ratio (Joshi et al., 2006). Studies
using cecal-ligation puncture model in mice and rats described
reduced contractility, decreased cardiac work, and reduced ratio of
hydraulic work to O2 consumed associated with decreased tissue
energy levels (Larche et al., 2006; Watts et al., 2004).

Taking these observations into account, various mechanisms
can explain the development of myocardial depression in sep-
sis and endotoxemia. Of note, the degree of myocardial structural
derangement and functional impairment relates to illness severity
(Rudiger and Singer, 2007). Future integrative studies are needed
to distinguish the importance and hierarchy of these mechanisms
(acute inflammation and mitochondrial dysfunction). Finally, it is
worth considering that myocardial depression could, in some situ-
ations, protect the heart by reducing cellular energy expenditure in
a situation when energy generation is impaired due to mitochon-
drial dysfunction and microcirculatory abnormalities. Analogies
can be drawn to ischemia-induced hibernation (Rudiger and Singer,
2007), a well-recognized phenomenon in patients with ischemic
heart disease, serving as regulatory event that maintains myocar-
dial integrity and viability (Heusch et al., 2005). Similar cellular
changes to those seen during hibernation have been reported in
septic animals in conjunction with diminished cardiac performance
(Levy et al., 2005). This concept worth further investigations as it

may  carry major implications for patient management.
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. Mitochondrial structure and function in endotoxemia
nd sepsis

.1. Mitochondrial architecture and cell fate

Heart requires large amounts of energy to sustain contractile
unction, and is the major consumer of energy in the body on

 weight basis. It has been shown that during heart failure, the
yocardium has low ATP content due to decreased ability to gener-

te ATP by oxidative metabolism, and thus it is unable to effectively
ransfer chemical energy to contractile work (Maack and O’Rourke,
007).

Patients who died from sepsis showed myocarditis, disruption
f the contractile apparatus, increased amounts of interstitial col-
agen, and damaged mitochondria (Rossi et al., 2007; Torgersen
t al., 2009). Speculatively, persistence of structural alterations
ay, among others, contribute to the morbidity, decreased health-

elated quality of life, and increased mortality observed in
ospitalized septic patients (Smeding et al., 2012).

In adult cardiomyocytes, mitochondria largely exist as discrete
ounded organelles packed together between myofibrils. They are
lso clustered within the perinuclear and subsarcolemmal regions,
ut in no instance do they normally form interconnected net-
orks (Dorn, 2015). Thus, when compared with nonmyocytes,

ardiomyocytes mitochondria appear fragmented (Dorn, 2015).
his observation can be explained in a biomechanical way: a collec-
ion of individual cardiomyocyte mitochondria is intrinsically more
eformable than a highly interconnected framework. Normal mito-
hondrial morphology includes well-defined double membrane
ith normal cristae arrangements and preserved morphology and

ize. Our laboratory showed that 6 and 18 h after LPS injection
10 mg/  kg dose) in Sprague-Dawley rats, cardiac mitochondria
isplayed several abnormalities, such as formation of internal vesi-
les, loss and/or disruption of cristae, cleared matrix and swelling
Vanasco et al., 2014). Using similar endotoxemia models, other
uthors informed condensed mitochondrial matrix, and short-
ned cristae (Gotloib et al., 1992; Zang et al., 2007). Decreased
tDNA copy number was also observed decreased (Suliman et al.,

004; Vanasco et al., 2014). Using CLP model, decreased membrane
ntegrity, less electron density, enlargement of mitochondria and
estruction of cristae was informed (Gonzalez et al., 2014; Watts
t al., 2004).

It has been informed that mitochondrial abnormalities observed
nd previously described in this review, may  decrease at longer
eriods after LPS challenge (Gotloib et al., 1992; Vanasco et al.,
014). For example, 24 h after LPS administration to Sprague-
awley rats, mitochondria of different size and mitochondrial

tructures compatible with fission/fusion processes were observed
strangulated or interconnected mitochondria) (Vanasco et al.,
014). Volume density returned to normal values although some
ristae disruption was still observed.

During sepsis-induced inflammation, cell survival requires the
ull support of energy metabolism, and damage to mitochon-
ria may  initiate apoptosis, trigger necrosis, or both, by several
echanisms (Piantadosi et al., 2007). These mechanisms mani-

est biochemically through oxidation, nitration, or nitrosation of
itochondrial structural components, causing failure of the energy

upply or activation of the core apoptotic pathway (Su, 2002). The
atter pathway is regulated by the calcium-dependent mitochon-
rial permeability transition pore (PTP) and by Bcl-2 family proteins
hat link mitochondrial function to apoptosome formation (Green
nd Kroemer, 2004).
In order to restore functional cardiac mitochondria popula-
ion in these inflammatory syndromes, it has been suggested
hat the activation of the mitochondrial biogenesis process may
apidly adjust mitochondrial mass, functionality and distribution
hemistry & Cell Biology 81 (2016) 307–314

(Hickson-Bick et al., 2008; Lancel et al., 2009). Maintenance of
a healthy mitochondrial population is essential for cellular func-
tion and survival, and is controlled by balancing biogenesis and
turnover of mitochondria by mitophagy. This multifaceted pro-
tective system involves a highly-integrated nuclear transcription
network controlled by energy-sensing and inflammation- and
redox-sensitive transcription factors and co-activators involved in
mitochondrial biogenesis, anti-oxidant enzyme induction, cell sur-
vival, and immune tolerance (Piantadosi and Suliman, 2012a,b).
Mitochondrial biogenesis is a bigenomic program of nuclear-
and mitochondrial-encoded gene regulation that needs, in con-
sequence, a proper interplay between nucleus and mitochondria
and coordinated transcription of activating factors. In this program,
the master activator PGC-1� (PPAR� coactivator 1-�  protein) inte-
grates physiopathological signals with mitochondrial biogenesis
and oxidative metabolism (Wu  et al., 1999). Authophagy comprises
a lysosomal-mediated degradation process that involves more than
30 proteins. Autophagic activities thus need to be highly regulated
to sense intracellular stress, through mechanisms involving cellular
redox signaling (Levonen, 2014; Levonen et al., 2014).

The relevance of work the of Vanasco et al. (2008) is that it
highlights the importance of analyzing the time course (0–24 h) of
different events related to cardiac mitochondrial fate and function
in an in vivo acute inflammatory model as endotoxemia. Briefly,
and taking the discussed data into account, blood NO levels are
observed increased at 6 h of LPS challenge and remained increased
at all time-points analyzed; the expression of PGC-1�  and mtTFA
was also observed increased since 6 h. Autophagy occurred at a later
period, as observed by the increase of LC3-II expression al 18 h; this
observation was  accompanied by a decrease in mitochondrial DNA
content. Mitochondrial mass was  observed increased only 24 h after
the initiation of the endotoxemic process. Unfortunately, the anal-
ysis of mitochondrial function at these time points showed that, in
this experimental model, partial restoration of mitochondrial archi-
tecture may  not be accompanied by improvement of mitochondrial
function (Vanasco et al., 2014).

Yuan et al. (Yuan et al., 2009) showed in a similar model that
autophagy is activated prior to mitochondrial biogenesis. It is
unclear if autophagy is induced as part of a cellular program lead-
ing to apoptosis or as an attempt to remove damaged mitochondria.
Consequently, the final scenario in heart during endotoxemia and
sepsis derives from a complex relationship between different pro-
cesses aimed to cope with decreased energy producing capacity
of the organ. These processes mainly include mitochondrial bio-
genesis, autophagy and cell death (apoptosis and/or necrosis). The
analysis of the relationship between these processes opens a new
and vacant area of investigation that emerges as potential target
for pharmacological intervention.

5.2. Energy mismanagement I: lipids in energy production in
heart and mitochondria

The heart consumes 20–30 times its own  weight in ATP
every day, and 90% of this ATP is derived from mitochondrial
oxidative phosphorylation. Cardiac mitochondrial bioenergetics is
compromised in sepsis and endotoxemia; both a deficit in energy
production and alterations in the source of energy substrates are
believed to be involved in impaired cardiac function.

Energy substrates primarily used by the heart include fatty acids
and carbohydrates (Lopaschuk et al., 2010). Fatty acids are the main
energy substrate of the heart and provide the majority of cofactors
necessary for mitochondrial oxidative phosphorylation. Also, lipids

interaction is dynamical and affecting membrane characteristics.
Since electron transport carriers reside in the mitochondrial inner
membrane, lipid composition and characteristics can profoundly
affect mitochondrial bioenergetics.
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Fatty acid and glucose metabolism interregulate each other;
ncreasing fatty acid oxidation in the heart decreases glucose oxida-
ion, while increasing glucose oxidation inhibits fatty acid oxidation
Randle et al., 1963). In the heart, metabolism of fatty acids (as
almitate) accounts for 60–90% of the total energy production
20.1 kJ/L O2) in the form of ATP. In other words, oxidation of

 palmitate molecule consumes 23O2 molecules and produces
05 ATP molecules. Carbohydrates (as glucose) contribute with
he remaining 10–40% (21.7 kJ/LO2). Six O2 molecules are con-
umed per 31 ATP molecules produced from full oxidation of 1
lucose molecule (Fillmore et al., 2014). Although palmitate does
ontain more energy per gram of substrate (40.5 kJ/g) as com-
ared to glucose (20.1 kJ/g), both substrates present similar ATP
olecule produced/O2 molecule consumed yield (Ventura-Clapier

t al., 2011) This analysis helps to understand why  the shift to ele-
ated fatty oxidation rate/glucose oxidation rate ratio may  reduce
ardiac efficiency. In sepsis and endotoxemia, decreased rates of
atty acid oxidation have been observed that cannot be compen-
ated by increased glucose catabolism (Drosatos et al., 2013). It
as been suggested that efficiency of fatty acid oxidation in this

nflammatory syndrome might be decreased relative to circulat-
ng triglyceride levels due to a depletion of carnitine (necessary
or the transport of long-chain fatty acids into mitochondria and
ubsequent �-oxidation) (Proulx et al., 1997). Thus, depletion of
arnitine may  have an important role in the onset of cardiac energy
eficiency.

Cardiolipin (CL) is a unique lipid dimer with two  phosphates
ead groups and four acyl side chains, thus giving it a conical struc-
ure. It is almost exclusively present in mitochondrial membranes,
nd is important for mitochondrial architecture and function. In
ukaryotic cells the fatty acid composition of CL is modified from
hat of its precursors to a cell-dependent composition (Schlame,
013). The most dramatic modification occurs in heart mitochon-
ria where 80% of the fatty acid chains are 18 carbons long with
ouble bonds between carbons 9/10 and carbons 12/13 (linoleic
cid, 18:2�9,12). Cardiolipin promotes membrane curvature and
ormation of inner membrane cristae, and plays an important role
n maintaining membrane fluidity and osmotic stability (Paradies
t al., 2014). Many of the respiratory complexes and carrier proteins
equire CL for optimal assembly and function, as it helps to orga-
ize the respiratory complexes into supercomplexes to facilitate
ptimal electron transfer (Mileykovskaya and Dowhan, 2014a,b).
t has been informed a direct correlation between reduced CL lev-
ls and disruption of the architecture of supercomplexes in heart
itochondria (Mileykovskaya and Dowhan, 2014a,b). Due to its

tructure (high content of unsaturated fatty acids) and location
near the site of ROS production), CL is particularly vulnerable to
xidative damage (Paradies et al., 2010). Oxidation of CL disturbs
icrodomains in the inner mitochondrial membrane and causes

oss of curvature. Also, in these conditions 4-hydroxynonenal and
ther reactive lipid electrophiles can be formed (Yin and Zhu,
012). It was indicated that oxidized cardiolipin can act as a
ro-inflammatory factor, potentially causing or promoting heart
ailure and playing an important role in inflammatory conditions as
bserved in sepsis and endotoxemia (Wan  et al., 2014). Moreover,
t causes cyt c release from mitochondria causing the activation of
ell death mechanisms. All of these observed consequences of dam-
ged CL may  result, through alteration of the normal mitochondrial
ipid milieu, in respiratory chain dysfunction and may  set the stage
or apoptosis (Szeto, 2014).

.3. Energy mismanagement II: mitochondrial dysfunction
Although the precise mechanism by which sepsis and endotox-
mia lead to cardiac failure is not clear, there has been awareness
bout the central role of mitochondrial dysfunction in the gene-
emistry & Cell Biology 81 (2016) 307–314 311

sis of cardiac failure (Boveris et al., 2002a; Escames et al., 2007).
Although microvascular flow redistribution occurs, we and others
have shown that mitochondrial dysfunction is important in these
conditions indicating that an inadequate use of cellular O2 coexists
with impaired O2 delivery (Fink, 2001; Vanasco et al., 2008).

During oxidative phosphorylation, electrons from reduced
substrates are transferred to O2 through a chain of electron
transporters, and the energy provided by these electron transfer
reactions is used to transfer protons across the mitochondrial inner
membrane. The energy stored in the resulting chemiosmotic gradi-
ent is used to generate ATP by FoF1 ATP synthase. During electron
transfer, some electrons leak and react with O2 producing superox-
ide anion, which in turn is converted to H2O2 by Mn-SOD. Complex
I of the electron transport chain releases reactive oxygen species
(ROS) in the matrix, whereas complex III generates ROS on both
sides of the mitochondrial inner membrane (Han et al., 2001). The
production of ROS by mitochondria is an important issue in cell fate.
Low levels can activate adaptive signaling pathways, but higher
levels result in oxidative damage, release of cytochrome c, and
ultimately cell death.

Mitochondria provide energy to the cardiomyocyte through the
synthesis of ATP by FoF1 ATP synthase that is located in the inner
mitochondrial membrane. Therefore, in sepsis and endotoxemia,
any alteration in the respiratory chain, in the electrochemical pro-
ton gradient, or in the FoF1 ATP synthase activity would lead to
bioenergetics dysfunction and organ failure. Moreover, mitochon-
drial ATP content has been suggested to be related to patient
outcome (Brealey et al., 2002; Carre et al., 2010).

The main classic mitochondrial properties that reflect their
energy-producing physiological function are: O2 consumption rate
in state 3 (rapid respiration), respiratory control ratio (O2 consump-
tion in state 3 and state 4 ratio), mitochondrial inner membrane
potential and ADP/O ratio (Boveris et al., 2000). Mitochondria
are defined as dysfunctional when these parameters, related to
those in normal mitochondria, are found to be decreased. Conse-
quently, these organelles decrease their ability to adapt themselves
to the destabilizing effects of cellular stress. Mitochondrial dys-
function is a mitochondrial syndrome that has been described for
heart in ischemia/reperfusion (Makazan et al., 2007) and endo-
toxic and septic shock (Alvarez and Evelson, 2007; Crouser, 2004).
It is characterized by decreases in the rates of state 3 respiration
and ATP synthesis and increases in the rate of state 4 respiration
(although sometimes normal values are observed), mitochondrial
size and turnover. Additionally, this scenario may  be accompanied
by increased production rates of superoxide anion and hydrogen
peroxide (Alvarez and Boveris, 2004).

Previous results from our laboratory have shown heart mito-
chondrial bioenergetics dysfunction with decreased O2 uptake
and ATP production in endotoxemia when analysis where per-
formed after 6 h of the LPS-challenge (Vanasco et al., 2012). In
this study, mitochondrial O2 consumption in state 3 was  observed
decreased both with malate-glutamate (complex I) and succinate
(complex II) as respiratory substrates, although this observation
was more pronounced when complex I substrates were used.
This data agree with previous results showing that cardiac mito-
chondrial complex I activity was found inhibited in endotoxemia
(Vanasco et al., 2008).The lower rates of electron transfer through
complex I observed in endotoxemia, critically restrict ATP synthesis
and significantly increase superoxide and hydrogen peroxide pro-
duction; a situation that leads to further organ damage through a
self-sustaining process. It has been claimed that mitochondrial ATP
content is critical in endotoxemia and sepsis to determine patient

outcome (Boveris et al., 2002a; Galkin et al., 2009).

As previously described in this review, mitochondrial biogen-
esis emerges as a compensatory mechanism to increase mass of
new mitochondria although this observation does not necessar-
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ly imply that resultant mitochondria are functional. In line with
his idea, we have analyzed cardiac mitochondrial function dur-
ng mitochondrial biogenesis in endotoxemia at different time
oints (Vanasco et al., 2014), observing that restoration of normal
itochondrial architecture is not accompanied by improvement

f mitochondrial function. This situation may  imply that the com-
ensatory mechanism network activated might not be adequate to
ope with the cardiac damage caused by systemic inflammation.
n line with this observation (Russell et al., 2004) demonstrated
hat cardiomyocyte-specific overexpression of PGC-1� resulted in

 markedly increased mitochondrial biogenesis but also in heart
ailure. It is worth to indicate that other groups (Nisoli et al., 2004)
ave found that mitochondrial biogenesis was accompanied by

ncreased O2 consumption through coupled cellular respiration
unctionally linked to enhanced ATP production in different cell
ines.

If the development of organ dysfunction is related to cellular
nergetic failure, then strategies aimed at preventing impairment
f mitochondrial energy production may  be potentially beneficial.
he use of �-lipoic acid in an experimental endotoxemia model
mproves cardiac mitochondrial function, as assessed determining
xygen consumption by mitochondria and complexes I, II and IV
ctivities (Vanasco et al., 2008). Other studies have shown that
his compound can attenuate LPS-induced cardiac bioenergetics
ysfunction through restoration of PI3 K/Akt-signalling pathway,
hich is usually inhibited in endotoxemia (Jiang et al., 2013). It

s relevant to mention the beneficial effects of specific mitochon-
rial antioxidants as mitoQ (reduces mitochondrial ROS formation,
nd maintains mitochondrial membrane potential, thus improv-
ng cardiac function) (Supinski et al., 2009) and Szeto-Schiller
eptides (reduce mitochondrial ROS formation, and mitochondrial
welling, and protect mitochondrial respiratory chain complexes)
Dare et al., 2009).

. Conclusions and perspectives

Little is known about the relationship between cell decision to
urvive and maintain energy metabolism or to go through differ-
nt mechanisms of cell death. The classical idea that mitochondrial
amage disrupts ATP production leading to cell death is an accu-
ate description of a subset of organ pathologies in which the
njury is rapid and profound, as cardiac ischaemia-reperfusion. In
enumbral territories, such as sepsis and endotoxemia, this view

s too simple. In conclusion, it seems that in these syndromes, and
ts associated-heart failure, outcome is a consequence of a highly
ntricated whole body response to acute inflammation involving

ultiple pathways. Recovery of cardiac mitochondrial function
ollowing sepsis and endotoxemia is more likely to depend on a
omplex balance between prevailing levels of mitochondrial stress,
iogenesis/autophagy signaling, and mitochondria quality con-
rol processes, rather on a single factor. The scenario is complex
nd overall mechanisms by which this acute inflammatory condi-
ion leads to bioenergetics derangement and cardiac dysfunction
emain to be established. It is necessary to study and associate car-
iac mitochondrial structure with mitochondrial functionality, to
vercome open questions regarding mechanisms leading to car-
iac failure and eventually death. It is necessary to understand
hat this acute inflammatory syndrome is made more complex by
ther aspects of endotoxemia and sepsis that are out of the scope of
his review: the relevance of the endothelium system, blood rheol-
gy, oxygen and nutrients supply, and previous overall state of the

atient, among others.

As mitochondrial dysfunction contributes to impaired car-
iac function and cellular energetic expenditure, new therapeutic
pportunities should be considered. An interesting idea is that once
hemistry & Cell Biology 81 (2016) 307–314

permanent mitochondrial dysfunction has developed, optimization
of the residual cellular ability to produce energy, and/or a reduc-
tion in metabolic requirements, may  prevent the ATP level from
dropping below the threshold that stimulates cell death pathways.
Additional investigations detailing the mechanisms and timing of
mitochondrial injury during sepsis and endotoxemia are needed
before it is possible to develop highly effective mitochondrial pro-
tection strategies for application in the clinical setting.
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