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Mitochondrion, a sub-cellular organelle 
originated from primary endosymbiosis, 
plays a vital role in energy metabolism of 
eukaryotic cells. The transfer of electrons 
through the electron transport chain (ETC) 
to molecular oxygen accompanied by the 
extrusion of protons from the matrix 
generate an electrochemical gradient across 
the inner mitochondrial membrane (IMM) 
that is used for ATP synthesis by oxidative 
phosphorylation. Despite many aspects 
of ATP synthesis have been delineated, 
regulatory mechanisms responsible for 
energy synthesis and transfer still remain 
to be uncovered. In addition to energy 
function, mitochondria play a crucial 

role in cell metabolism under both physiological and pathological conditions through 
their participation in many intracellular signaling pathways. Studies over the last 30 years 
provide strong evidence that mitochondria are the nexus of various stresses which initiate 
cell death through apoptosis, oncosis, necrosis and autophagy depending on the severity 
of the stress and cellular energy status. The release of several pro-apoptotic proteins 
such as cytochrome c, Smac/DIABLO, AIF, endonuclease G from intermembrane space 
initiates both caspase-dependent and caspase-independent apoptosis. The formation of 
the mitochondrial permeability transition pore in the IMM promotes cell death mostly 
through necrosis whereas a mild stress activates autophagy. Due to their critical roles in 
both cell death and survival mitochondria have been widely considered as an important 
target for various pharmacological and conditional therapeutic approaches. Currently, 
a large number of mitochondria-targeted agents are suggested to prevent (in ischemia 
reperfusion injury, cardiovascular, neurodegenerative and other diseases) or stimulate (in 
various cancers) cell death. 
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This Research Topic focuses on the role of mitochondria in the regulation of cell 
metabolism and signaling under physiological and pathological conditions. Studies 
performed on cultured cells and isolated organs/tissues using different animal and 
cellular models of various diseases are also included and discussed.
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Mitochondria, sub-cellular organelles originated from primary
endosymbiosis, play a vital role in the energy metabolism of
eukaryotic cells. Despite many aspects of ATP synthesis have been
delineated, regulatory mechanisms responsible for energy syn-
thesis and transfer still remain to be uncovered. In addition to
production of energy, mitochondria play a crucial role in entire
cell metabolism under both physiological and pathological con-
ditions through their participation in cell death, ion homeostasis,
reactive oxygen species (ROS) generation, redox signaling as
well as various intracellular signaling pathways. Studies over the
last 30 years provide strong evidence that mitochondria are the
nexus of various stresses which initiate cell death. The Research
Topic “Mitochondria: the cell powerhouse and nexus of stress”
presents state-of-the-art studies in mitochondrial research per-
formed by prominent experts from different laboratories around
the world. All 13 original research and review articles presented
in the topic are dedicated to several aspects of mitochondriology
including morphology, dynamics, metabolism, function, and reg-
ulation of these organelles under normal and pathophysiological
conditions.

It should be noted that despite many studies, numerous aspects
of mitochondrial functioning including the precise mechanisms
of protein synthesis in mitochondria remain unclear. In the study
presented by Koc et al. (2013) two novel small subunit pro-
teins, CHCHD1 and AURKAIP1, and the large subunit protein,
CRIF1 were characterized as new members of the mammalian
mitochondrial ribosome. Using siRNA knock-down studies the
authors demonstrated crucial roles of these proteins in mitochon-
drial protein synthesis, and revealed their significant effects on the
expression of mitochondrially encoded proteins. Also, interaction
of mitochondria with cytoplasmic proteins plays a causative role
in the regulation of energy metabolism and cell death. Recent
studies revealed interaction between elements of cytoskeleton and
mitochondria which may modulate energy synthesis and trans-
fer (Rostovtseva and Bezrukov, 2008; Guzun et al., 2011). The
review by Kuznetsov et al. (2013) summarizes studies on the
possible role of the cytoskeletal protein β-tubulin II in the reg-
ulation of mitochondrial metabolism, respiratory function, and
energy transfer. The authors suggest that interaction of β-tubulin
II with mitochondria can participate in the coupling of ATP-ADP
translocase (ANT), mitochondrial creatine kinase (MtCK), and
voltage-dependent anion channel (VDAC), and the ANT-MtCK-
VDAC complex is responsible for the efficient intracellular energy
transfer via the phosphocreatine pathway. Kaambre et al. (2013)
demonstrated the applicability of the metabolic control analysis as
a promising method for quantification of the flux control exerted
by different enzymatic steps in total metabolic network that can

be applied to study mechanisms of energy metabolism in human
breast and colorectal cancer cells. In addition to interaction with
other proteins/organelles, mitochondria per se can undergo struc-
tural modifications known as mitochondrial dynamics which is
associated with changes in their number, size, shape, and intra-
cellular localization. Mitochondrial dynamics is regulated by the
balanced action of various proteins responsible for fission and
fusion. These processes play also a key role in Ca2+ regulations,
as well as in biogenesis and the quality-control of mitochondria
under normal physiological conditions. Enhanced fission of mito-
chondria is associated with mitochondrial fragmentation, which
is early sign of apoptosis in various cell stresses, including car-
diac diseases or ischemia-reperfusion injury although molecular
mechanisms of cell death induced by alterations in mitochon-
drial dynamics remain poorly understood. In this respect, the
study presented by Piquereau et al. (2013) discusses the possible
role of mitochondrial dynamics in mitochondria-mediated car-
diac dysfunction in ischemia/reperfusion and heart failure. The
authors highlight an importance of mitochondrial dynamics in
mitochondrial and cellular physiology.

It is known that a number of signaling molecules including
cytoplasmic and/or mitochondrial nitric oxide (NO) and ROS
participate in the regulation of mitochondrial metabolism.
Synthesis of NO from its precursor, nitrite increases during
hypoxia and enhanced NO through cGMP and can protect the
heart from ischemia/reperfusion injury. However, the mecha-
nisms of the synthesis of NO from nitrite in cardiomyocytes are
still not fully understood. Dungel et al. (2013) demonstrated that
mitochondria play a predominant role in nitrite reduction to NO,
leading to enhanced cGMP synthesis in cardiomyocytes. Notably,
mitochondrial ROS levels can be strongly regulated by several
distinct ROS-detoxification mechanisms. Expression of the major
ROS scavenger enzymes superoxide dismutase 2 (SOD2), catalase,
or sestrins is shown to be regulated by Forkhead box O (FOXO)
transcription factors. Hagenbuchner and Ausserlechner (2013)
discuss balanced action between Bim, mitochondrial architec-
ture, and ROS-detoxifying proteins that are regulated by FOXO.
Importantly, ROS-mediated modulation of various intracellular
signaling pathways can also be involved in the regulation of heart
contractility by the cardiac renin-angiotensin II-aldosterone
system (RAAS). Activation of RAAS enhances both cytoplasmic
and mitochondrial ROS generation although the cause-effect
relationship between these two sources for ROS remains to be elu-
cidated. De Giusti et al. (2013) presented a comprehensive review
on the relationship between chronic RAAS stimulation and mito-
chondrial ROS, and the possible role of sodium exchangers
in RAAS-mediated cardiac hypertrophy. Consequently,
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pharmacological inhibition of mitochondrial ROS generation
exerts a beneficial effect. Investigating ROS in skeletal muscles,
La Guardia et al. (2013) demonstrated that oxidative damage
induced by simvastatin in fibers from rat skeletal muscle is
associated with the enhanced mitochondrial superoxide gen-
eration, whereas pretreatment with L-carnitine prevented the
toxic effects of simvastatin. Interestingly, the study presented
by Canzoniero et al. (2013) shows that neurons expressing
large amounts of nNOS produce significantly less mitochon-
drial ROS in response to an excitotoxic challenge, thereby pro-
viding a potential mechanism for reduced cells vulnerability
to the excitotoxicity in patients with Huntington’s disease. It
is well-known that a number of various mitochondrial dis-
eases are associated with mutations, deletions, or deficiency of
genes encoding mitochondrial proteins. Deficiency of mitochon-
drial phospholipid cardiolipin in humans known as Barth syn-
drome is caused due to absence of mitochondrial acyl-transferase,
tafazzin that is essential for remodeling acyl chains of car-
diolipin. Powers et al. (2013) demonstrated that diminished
exercise capacity in tafazzin-knockdown mice can be explained
by the respiratory dysfunction of mitochondria. A causative
link between mitochondrial dysfunction and pathological disor-
ders has been shown using different other models of diseases.
For example, it has been shown that mitochondria dysfunc-
tion plays also an important role in developing of inflamma-
tion. Experiments using rat liver slices and isolated mitochondria
demonstrated that inflammation induced by inflammatory medi-
ators resulted in mitochondrial dysfunction due to secondary
hypoxia (Weidinger et al., 2013). This study revealed hypoxia-
induced attenuation of complexes I and II function in response to
inflammation.

Accumulation of ROS along with Ca2+ overload can be con-
sidered as the major factors causing mitochondrial permeability
transition (mPT) associated with depolarization of mitochon-
drial membrane, ATP depletion and opening of non-specific
pathological mPT pores (mPTP). Irreversible high-conductance
mPTP opening plays a critical role in mitochondria-mediated cell
death. Although opening of mPTP is well-known phenomenon,
the molecular identity of the pores is still elusive. Previous
findings that the mPTP consists of VDAC and ANT were not
proven by genetic studies when VDAC- or ANT-null mitochon-
dria still exhibited a CsA-sensitive pore opening [reviewed in

Bernardi (2013)]. Cyclophilin D (CyP-D) is the only defined
component which plays an important regulatory role in pore
opening. Interestingly, recent studies demonstrated that CyP-D
binds the lateral stalk of the F0F1 ATP synthase and modulates its
activity (Giorgio et al., 2009). Furthermore, the authors provided
strong evidence that dimers of the F0F1 ATP synthase incorpo-
rated into lipid bilayers form Ca2±-activated channels with the
key features of the mPTP (Bernardi, 2013; Giorgio et al., 2013).
The review by Javadov and Kuznetsov (2013) summarizes and
discusses the possible mechanisms of the activation of CyP-D to
interact with a target protein in the inner mitochondrial mem-
brane and initiate opening of the mPTP. Notably, physiological
(low-conductance) mPTP opening can regulate mitochondrial
Ca2+ homeostasis through modulation of Ca2+ efflux, and gen-
erate and convey calcium signals from one mitochondrion to
another (reviewed in Brenner and Moulin, 2012). Indeed, the
low-conductance mPTP is one of dozens of channels/exchangers
which regulate ion homeostasis in mitochondria. In this aspect,
Na+/H+ exchanger 1 (NHE1) is one of most interesting ion
transporters recently found in the mitochondrial inner mem-
brane (Javadov et al., 2011; Villa-Abrille et al., 2011). Although
NHE1 is the main transporter of the plasma membrane regu-
lating H+ concentration in cytoplasm, its role in mitochondrial
physiology is still unknown. In this Topic, the potential role
of mitochondrial NHE1 as a target to prevent cardiac diseases
such as ischemia/reperfusion and heart failure was described by
Alvarez and Villa-Abrille (2013).

In conclusion, this Frontiers Review Topic highlights several
important aspects of mitochondrial research under normal and
pathological/stressful conditions. This will hopefully be useful
for further understanding of mitochondrial biology as well as
molecular mechanisms of mitochondria-mediated cell dysfunc-
tion aiming to develop a number of new therapeutic approaches
for the treatment of various human diseases by targeting mito-
chondria.
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Mitochondrial dynamics is a recent topic of research in the field of cardiac physiology.
The study of mechanisms involved in the morphological changes and in the mobility
of mitochondria is legitimate since the adult cardiomyocytes possess numerous
mitochondria which occupy at least 30% of cell volume. However, architectural constraints
exist in the cardiomyocyte that limit mitochondrial movements and communication
between adjacent mitochondria. Still, the proteins involved in mitochondrial fusion and
fission are highly expressed in these cells and could be involved in different processes
important for the cardiac function. For example, they are required for mitochondrial
biogenesis to synthesize new mitochondria and for the quality-control of the organelles.
They are also involved in inner membrane organization and may play a role in apoptosis.
More generally, change in mitochondrial morphology can have consequences in the
functioning of the respiratory chain, in the regulation of the mitochondrial permeability
transition pore (MPTP), and in the interactions with other organelles. Furthermore, the
proteins involved in fusion and fission of mitochondria are altered in cardiac pathologies
such as ischemia/reperfusion or heart failure (HF), and appear to be valuable targets for
pharmacological therapies. Thus, mitochondrial dynamics deserves particular attention
in cardiac research. The present review draws up a report of our knowledge on these
phenomena.

Keywords: mitochondrial dynamics, cardiomyocytes, adult, energetic metabolism, cytoarchitecture

INTRODUCTION
Mitochondria, which have long been regarded only as energy
producers, are actually recognized at the crossroads of many cel-
lular functions. Obviously, they play a crucial role in energy
production in cells, but they are involved in other phenomena
such as ion homeostasis, free radical production, and ultimately
cell death. Many of their characteristics, as morphology, loca-
tion in the cell, proximity to other organelles are important
parameters that have to be considered to understand the mito-
chondrial functions. This is particularly true in the adult cardiac
cells where mitochondria, which produce 90% of ATP, occupy
30% of cardiac cell volume and are embedded in a dense and
complex organization. This interlinking reflects the challenging
function of the heart which requires rhythmic contractions of
the pump throughout the life, and consequently needs a fast
and effective intracellular energy delivery to the ATP consumers
of the cardiomyocyte (for review, see Ventura-Clapier et al.,
2011). Moreover, the main phosphorylated metabolites do not
vary with the increase in work (Balaban, 2012). This metabolic
homeostasis and the tight coupling between mitochondria and
ATP consumer sites are two of the peculiarities of the cardiac
cell and require an optimized cellular organization to ensure
efficient energy fluxes. Any modification of the cellular archi-
tecture, but also of the internal organization of mitochondria

could thus impair cell energetic and as a consequence cell
function.

In the majority of cells, mitochondria are able to adjust their
morphology and their location depending on energy needs and
metabolic conditions (Hackenbrock, 1966; Bereiter-Hahn, 1990;
Karbowski and Youle, 2003; Rossignol et al., 2004; Mannella,
2006; Benard et al., 2007; Soubannier and McBride, 2009). This
“mitochondrial dynamics” seems to be particularly important
during cell division and for mitochondrial quality control; it
may also play a role under pathological conditions. At some
point, mitochondrial network morphology actually is the result
of several processes, including fusion and fragmentation of the
organelles which are usually controlled by a complex protein
machinery (for review, see Liesa et al., 2009). It is generally
admitted that a connected mitochondrial network is observed
in active metabolic cells (Skulachev, 2001) while the mitochon-
dria are rather fragmented in quiescent cells (Collins et al., 2002).
However, it should be kept in mind that mitochondria exhibit
a high structural and functional tissue specificity in connection
with cell functions. Thus, any finding on mitochondrial orga-
nization and functioning cannot be directly extrapolated before
being considered in the framework of the considered cell or tissue.
For example in adult cardiac cells, the relationship between mito-
chondrial morphology and function does not seem to be rigorous,
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since cardiomyocytes are metabolically active but exhibit an
apparently fragmented network (Kuznetsov et al., 2009).

Mitochondrial dynamics, however, depends on the cellular
environment and architecture constraints. In adult cardiomy-
ocytes, the large amount of myofilaments, the presence of a
rigid cytoskeleton and the densely packed mitochondrial network
clearly impedes mitochondrial movements (Vendelin et al., 2005).
Moreover, the arrangement of the different organelles between
them is so crucial for cardiac cell function that mitochondrial
morphology has to be efficiently controlled (Wilding et al., 2006;
Piquereau et al., 2010). Although abundance of proteins of the
mitochondrial dynamics can appear paradoxical in cardiac cells,
where the mitochondrial network appears to be frozen, it may
be less rigid than believed. Proteins of the mitochondrial dynam-
ics are involved in multiple processes and can thus be important
for cardiac physiology out of their role in mitochondrial network
organization. In this review, we present some evidences for the
importance of these proteins in physiological and pathological
situations.

MITOCHONDRIAL FUNCTIONS IN THE ADULT CARDIAC
CELL: TANGLED IN A COMPLEX ARCHITECTURE
ROLE OF THE INTERNAL ORGANIZATION OF MITOCHONDRIA
Since the discovery of the chemiosmotic mechanism of ATP
synthesis by PD Mitchell in the 1960s, the importance of mito-
chondrial internal organization and of a local regulation of energy
production has been pointed out by many authors. Indeed,
organization of internal membranes of mitochondria is criti-
cal for an optimal function of respiratory complexes and ATP
formation (Davies et al., 2011). The existence of a large inner
membrane folded in cristae, where oxidative-phosphorylation
coupling occurs, is a prerequisite for local proton gradient genera-
tion and maximal ATP synthase functioning (Strauss et al., 2008).
Phospholipids, and in particular cardiolipins, are involved in the
formation of these cristae (Khalifat et al., 2008). However, the
all set of elements inducing cristae generation is far from being
elucidated. For example, the presence of oligomers of ATP syn-
thase (Davies et al., 2012) and of dynamin proteins (Hinshaw,
2000) could also play a role in the cristae organization. Different
dynamin proteins, such as the optic atrophy protein 1 (Opa1)
or Mitofilin, have been recognized as important actors regu-
lating cristae formation (Frezza et al., 2006; Hoppins et al.,
2011a). Those cristae are dynamic structures which can rapidly
and reversibly fuse and divide, depending on energetic state
(Mannella, 2006), from orthodox to condensed conformations
upon activation of ATP synthesis (Hackenbrock, 1966; Mannella,
2008). Thus, optimal mitochondrial function seems to require
the morphological control of inner membrane organization. This
is particularly evident for mitochondria of the adult cardiomy-
ocyte that exhibit the highest density of cristae (Vafai and Mootha,
2012). Finally, it is also well-known that changes in mitochon-
drial morphology can play a role in different events, in particular
in mitochondrial permeability transition pore (MPTP) function,
and in apoptosis (Nogueira et al., 2005; Wasilewski and Scorrano,
2009; Campello and Scorrano, 2010). So it is now evident that
all the phenomena that modify mitochondrial morphology can
modify mitochondrial functions, and possibly cell functions.

Another important feature of mitochondria, especially in car-
diac cells, is the existence of local control of energy production
in the intermembrane space by different phosphotransfer enzyme
systems. For example, we and others have shown that the mito-
chondrial creatine kinase isoform (miCK), which is located in
the vicinity of the adenine nucleotide translocase (ANT), allows
a local supply of ADP, a local control of proton concentration,
and an efficient transfer of energy via phosphocreatine (PCr)
diffusion (Joubert et al., 2000, 2001a, 2002a; Saks et al., 2000;
Guzun et al., 2012). Such enzymes also play a role in the structural
organization of the intermembrane space by bridging inner and
outer membranes (Wallimann et al., 1992; Speer et al., 2005). Any
modification of this energetic microdomain organization by alter-
ation of mitochondrial morphology could affect local regulation
of energy production.

IMPORTANCE OF CELL ARCHITECTURE FOR ENERGY TRANSFER AND
COMMUNICATION BETWEEN ORGANELLES
Adult cardiomyocytes are characterized by a complex cytoarchi-
tecture which allows an efficient and synchronized contraction of
the entire cell. The maintenance of this cytoarchitecture is ensured
by the cytoskeleton which holds sarcomeres in lateral register,
mechanically couples myofibrils of adjacent myocytes, and trans-
duces mechanical stress signals. Mitochondria are an integral part
of this cytoarchitecture; different populations of those organelles
are usually defined according to their location: intermyofibril-
lar mitochondria, subsarcolemmal mitochondria and perinuclear
mitochondria. Those mitochondria are easily identifiable by elec-
tron microscopy (Figure 1). Intermyofibrillar mitochondria are
strictly ordered between rows of contractile proteins, apparently
isolated from each other by repeated arrays of T-tubules, and in
close contact with myofibrils and sarcoplasmic reticulum (SR)
(Vendelin et al., 2005; Kuznetsov et al., 2009; Guzun et al., 2012);
they are mainly devoted to the energy supply of myosin and

FIGURE 1 | Image of adult mouse cardiomyocyte obtained by electron

microscopy. Three subpopulations of mitochondria are observed:
intermyofibrillar mitochondria (IM) along the contractile proteins, the
subsarcolemmal mitochondria (SM) just beneath the sarcolemmal and
perinuclear mitochondria (PN) around the nucleus. m, myofibrils; n, nucleus.
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SR-ATPases. The subsarcolemmal mitochondria present a lower
degree of organization and are probably mainly involved in other
roles such as ion homeostasis or signaling pathways. Finally, per-
inuclear mitochondria are organized in clusters and are most
probably involved in transcription and translation processes.
Concurrently to these functional differences, those mitochondria
do not exhibit exactly the same morphology; for example, some
authors have shown that intermyofibrillar mitochondria can be
larger in certain situations (Ong et al., 2010).

Thus, the mitochondria in muscle cells seem separated from
each other and exhibit a unique feature of a highly ordered
crystal-like structure which appears optimized for maximal effi-
cacy of energy supply and sustained contraction (Vendelin et al.,
2005). Due to spatial constraints and isolation of mitochondria
from each other, the energetic regulation of contraction would be
confined in the small regions surrounding each sarcomere where
the intracellular components interact with each other and com-
pose the �Intracellular Energetic Units� (ICEU) (Saks et al.,
2001; Guzun et al., 2012). The family of creatine kinases (CK),
specifically located on the inner-membrane of the mitochon-
drion, but also at the M-line of myofibrils and on the outer
surface of the SR, is an important component of these ICEUs and
allows efficient local control over adenine nucleotides and fast
energy transfer (Joubert et al., 2001b, 2002b; Tepp et al., 2011),
thus emphasizing the importance of subcellular organization and
compartmentalization of energy transfer (Joubert et al., 2002c;
Piquereau et al., 2010).

Another evidence of the importance of cardiac cell architec-
ture is the existence of microdomains of Ca2+ at the interface
of the organelles. Different authors have shown that the close
association between mitochondria and SR provides “hot spots”
of very high calcium concentration in the vicinity of mitochon-
dria (Dorn and Maack, 2013). At energetic level, the existence
of direct adenine nucleotide canalization (DANC) (Kaasik et al.,
2001) has also been shown to represent a pathway complemen-
tary to phosphotransfer enzymes to directly transfer and regulate
ATP and ADP levels in microdomains at the interface of the
organelles. Interestingly, this cytoarchitecture develops at the time
of early cardiac ontogenic development (Piquereau et al., 2010),
and when disturbed, the efficiency of this direct canalization is
decreased (Wilding et al., 2006). Moreover, a change in osmotic
pressure which can induce swelling or shrinkage of mitochondria
can modulate the function of other compartments (Kaasik et al.,
2004, 2010). Any change of cell architecture, and particularly
of mitochondrial morphology, can therefore impact mitochon-
drial function and energy transfer (Joubert et al., 2008; Piquereau
et al., 2012). This is why many authors address the question of
how mitochondrial dynamics play a regulatory role in energy
production and cell signaling in the heart.

MITOCHONDRIAL DYNAMICS PROTEINS IN THE HEART
Mitochondria are dynamic organelles able to change their mor-
phology in response to different signals. Phenomena that govern
mitochondrial morphology aroused real interest since the 1970s
when the first fusion events have been described (Kimberg and
Loeb, 1972; Wakabayashi et al., 1975; Wakabayashi and Green,
1977). For the last four decades, the mechanistic knowledge of

mitochondrial dynamics has been well-developed and, even if
some phenomena involved in mitochondrial fusion and fission
remain shrouded in mystery, the major proteins governing these
processes have been identified. The complete protein machinery
of mitochondrial fusion and fission exists in cardiac cells and
specifically regulates mitochondrial morphology and size. The
currently identified of such proteins and their possible roles in
the adult heart are summarized next.

PROTEINS INVOLVED IN FUSION AND FISSION OF MITOCHONDRIA
All studies agree so far that fusion of the outer and inner mito-
chondrial membranes occurs separately and involves distinct
molecules. The outer membrane fusion is governed by mito-
fusins (Mfn1 and Mfn2) (Santel and Fuller, 2001; Legros et al.,
2002) while the inner membrane fusion involves Opa1 (Alexander
et al., 2000). Interestingly, these two kinds of proteins (Mfns
and Opa1) exhibit strong similarities in their structure and their
mode of action. Indeed, these proteins contain a GTPase domain,
a transmembrane domain allowing the anchorage of the pro-
teins to the outer (Mfns) or inner (Opa1) membranes, and a
coiled-coil domain. Whereas their GTPase domain implies a GTP-
dependence of the phenomena involved in the mitochondrial
fusion (Chen et al., 2003; Ishihara et al., 2004; Olichon et al.,
2007), the coiled-coil domain also plays a major role since it
allows homotypic (Mfn1-Mfn1, Mfn2-Mfn2 et Opa1-Opa1) or
heterotypic (Mfn1-Mfn2) interaction of these proteins (Chen
et al., 2003). The non-transmembrane part of Mfns, which is
located in the cytosol, allows, through the interaction of the
coiled-coil domains of two distinct Mfn proteins, the formation
of a physical link between the outer membranes of two neigh-
boring mitochondria (Koshiba et al., 2004; Chan, 2006). Thus,
these two outer membranes become closer and the fusion of the
involved mitochondria is initiated. In a similar way, the forma-
tion of Opa1-Opa1 homotypic complexes leads to the fusion of
the inner membranes of the mitochondria engaged in the fusion
process (for review see Liesa et al., 2009).

The specificity of action of these proteins is partly due to their
anchorage to the membranes of which they control the fusion.
However, the specific localization of each protein does not seem
to be exclusive since Opa1 exists in a soluble form, which has been
detected in an isolated outer mitochondrial membrane fraction,
indicating that this Opa1 isoform is able to interact with the outer
membrane (Satoh et al., 2003). Besides, this observation com-
bined to the description of a direct interaction between Mfns and
Opa1 (Guillery et al., 2008) could in part explain the synchroniza-
tion of Mfns and Opa1 action. Indeed, the coordination of these
proteins is still mysterious because no clear mechanism has been
claimed and no equivalent to Ugo1, the yeast protein known to be
involved in the coordination of Mfns and Opa1 yeast orthologs
(Fzo et Mgm1, Hales and Fuller, 1997; Alexander et al., 2000), has
been described in mammals.

Whereas the mechanisms involved in mitochondrial fusion
seem to be relatively well-understood, the processes regulating
mitochondrial fission still raise some questions. During the end
of the 1990s and the beginning of the 2000s, many studies were
interested in the dynamin-related protein 1 (Drp1), also called
Dynamin-like protein 1 (Dlp1), and the mitochondrial fission
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protein 1 (Fis1), which were considered as the major actors of
mitochondrial fission. Drp1 is a cytosolic protein which com-
prises a GTPase domain and migrates to mitochondria using
dynein and the microtubule (Varadi et al., 2004) or the actine
network (De Vos et al., 2005), depending on the fission initi-
ating factor. After this migration, Drp1 is specifically found at
the level of the future fission site where it oligomerizes to form
a ring, the GTP-dependence constriction of this ring leading to
mitochondrial division (Yoon et al., 2001; Ingerman et al., 2005).
Interestingly, while phosphorylated Drp1 stays inactive in the
cytosol, Drp1 activity can be modulated by calcium through the
activation of calcineurin which participates in Drp1 mitochon-
drial recruitment by dephosphorylating it. This mechanism could
be of high significance in muscle cells where calcium is cyclically
released from the SR (Cribbs and Strack, 2007; Cereghetti et al.,
2008). Knowing that this protein does not exhibit any transmem-
brane domain necessary for its anchorage to the mitochondrial
membranes, its mitochondrial localization requires a docking
receptor on the outer mitochondrial membrane. Fis1 was the
first protein described as the mitochondrial receptor (Yoon et al.,
2003). Fis1 which is anchored in the outer mitochondrial mem-
brane has an intracellular facing domain containing five α-helices
which allow oligomerization (for the first α-helix) and direct or
indirect interaction with Drp1 (for the all set of α-helices) (Jofuku
et al., 2005).

Although many experimental studies have established an
undeniable role of Fis1 in mitochondrial fission, the recruitment
of Drp1 to mitochondria is not affected by Fis1 deficiency (Lee
et al., 2004; Wasiak et al., 2007). Thus, Fis1 does not appear to
be the only factor involved in Drp1 mitochondrial recruitment.
Three other proteins have been described like the mitochon-
dria fission factor (Mff) (Otera et al., 2010), the mitochondrial
dynamics protein of 49 kDa (MiD49) or 51 kDa (MiD51) (Palmer
et al., 2011). As Fis1, these three proteins are anchored to the outer
mitochondrial membrane (Gandre-Babbe and van der Bliek,
2008; Palmer et al., 2011). The involvement of each protein in
mitochondrial fission is, however, not yet clearly defined, and
the interaction of these proteins with Drp1 could require other
intermediary proteins. This is the case in the yeast in which the
interaction of Drp1 and Fis1 orthologs needs several other pro-
teins like Mdv1 and Caf4 (Tieu et al., 2002; Griffin et al., 2005);
however, no such proteins have been described in mammals so far.

If a specific machinery of the inner mitochondrial membrane
fission exists, it remains unknown. Although, it is suggested that
the MDM33 protein is involved in the fission of the inner mem-
brane of Saccharomyces cerevisae mitochondria (Messerschmitt
et al., 2003), no MDM33 ortholog has been found in mam-
mals. Even if a study proposes that a protein called Mtp18
(Mitochondrial protein 18) could be an actor of this unknown
inner mitochondrial membrane fission machinery (Tondera et al.,
2005), this clearly requires further investigations.

Finally, mechanisms governing mitochondrial fragmentation
seem to be less specific than those involved in mitochondrial
fusion. Indeed, Drp1, Fis1, and Mff which are responsible for
mitochondrial fission are also implicated in peroxisome fission
(Koch et al., 2003, 2005; Gandre-Babbe and van der Bliek, 2008);
however, the synchronization or the joint regulation of these two

phenomena has never been explored. The fact that the fission of
these two organelles involves the same proteins should not be
coincidental. It can be noticed that mutations in genes encoding
these proteins have been involved in serious diseases, and in par-
ticular in neurological diseases such as Charcot-Marie-Tooth type
2A or autosomal dominant optic atrophy (ADOA) (Alexander
et al., 2000; Delettre et al., 2001; Zuchner et al., 2004). In heart
failure (HF), recent data also suggest their possible implication in
the progression of the pathology (Chen et al., 2009), suggesting a
role of these proteins in cardiac tissue.

WHAT ABOUT MITOCHONDRIAL DYNAMICS IN THE HEART?
Whereas it has long been suggested that adult cardiomyocytes
would show a limited mitochondrial dynamics because of the
complex cytoarchitecture of this cell, the high expression level of
dynamin proteins in the heart (Alexander et al., 2000; Delettre
et al., 2001; Santel et al., 2003; Gandre-Babbe and van der Bliek,
2008) implies that these actors could play roles which would not
be anecdotal. Thus, many research groups have tried to explain
mitochondrial dynamics in the heart for a few years. However,
knowing that the initial experiments were done with immortal-
ized cardiac cell lines (H9c2, HL-1) or with neonatal cardiomy-
ocytes (Shen et al., 2007; Parra et al., 2008; Twig et al., 2008a) in
which mitochondria face an environment very different from the
adult one (Leu et al., 2001; Piquereau et al., 2010), the first data
about mitochondrial fusion and fission obtained in the mature
heart are relatively new and consequently these phenomena are
not clearly understood yet.

Existence of mitochondrial dynamics in the adult heart
Mitochondrial dynamics comprises two main notions, one is the
capacity of mitochondrial to move within the cell and the sec-
ond relates to the capacity to undergo fusion and fission, these
two notions not being mutually exclusive. As presented above, the
adult cardiac muscle cell is an extremely organized cell in which
the mitochondrial movements are greatly restricted (Beraud
et al., 2009; Hom and Sheu, 2009). Moreover, the fusion/fission
events appear to be greatly slowed compared to neonatal car-
diomyocytes, and mitochondria are poorly connected. It has
been recently suggested that the fusion/fission cycle would last
14–16 days in adult cardiomyocytes (Chen et al., 2011). Thus,
mitochondrial dynamics could seem irrelevant, although mito-
chondria have a limited life span, being subjected to biogene-
sis and autophagy/mitophagy, which are strictly dependent on
fusion and fission phenomena (Diaz and Moraes, 2008; Twig
et al., 2008b). Consequently, even if fusion or fission events have
never been observed in real time, this mitochondrial turnover
imposes mitochondrial dynamics as an essential cog of cardiac
physiology.

Phenotypic examination of genetically modified mice has
recently substantiated our knowledge. Major changes in mito-
chondrial morphology have been described in mice with
inducible cardiac Mfn2 ablation (Papanicolaou et al., 2011),
or decrease in Opa1 protein content (Piquereau et al., 2012).
However, the observation of larger mitochondria in Mfn2 and
Opa1 deficient mice made by Walsh’s group (Papanicolaou et al.,
2011) and our team (Piquereau et al., 2012) is surprising because
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it contradicts the previously published data. Indeed, while sev-
eral studies on non-cardiac cells (Chen et al., 2003; Olichon et al.,
2003; Yoon et al., 2003; Cipolat et al., 2004; Stojanovski et al.,
2004; Griparic et al., 2007) evidenced that a decrease in expres-
sion of a fusion protein would lead, respectively, to mitochondrial
network fragmentation, in these animal studies, deficiency in
the fusion proteins Mfn2 or Opa1 led to paradoxically larger
cardiac mitochondria. Thus, it appears that the specific archi-
tectural organization of this cell impact on the phenomena and
presumably affects the mode of action of these proteins. On the
other hand, the cardiac-specific Mfn1-null mice showed a frag-
mentation of the mitochondrial network (Papanicolaou et al.,
2012); this observation reinforces the idea that Mfn1 and Mfn2
play different roles. Finally, the conditional combined Mfn1/Mfn2
ablation in adult hearts induces mitochondrial network fragmen-
tation (Chen et al., 2011). Thus, mitochondrial dynamics exists
in the heart tissue, but is a complex process that depends on the
specific cell architecture.

Beyond the fact that these genetically-manipulated mice show
obvious changes in cardiac mitochondrial morphology, signif-
icant deleterious consequences on their cardiac function were
observed under stress (Papanicolaou et al., 2011; Piquereau et al.,
2012), suggesting a direct involvement of the mitochondrial mor-
phology in the heart function. At present, it is complicated to
determine how and to which extent the morphology of mitochon-
dria affects cardiac efficiency. For example, our group has already
evidenced that changes in the mitochondrial volume may directly
impact the force developed by myofibrils (Kaasik et al., 2004) as
well as the direct energetic transfers between mitochondria and
myofilaments (Piquereau et al., 2012). Even if these studies are
insufficient to conclude that these mechanisms are responsible for
the cardiac alterations observed in the previously described mod-
els, they suggest a direct link between mitochondrial morphology
and cardiac contractile function. However, it is not easy to get an
overall understanding of the mechanisms governing mitochon-
drial fusion and fission in the heart, even if it obviously seems
that mitochondrial dynamics exists in this organ on a very slow
time-course in the normal heart.

Impact of mitochondrial dynamics alterations on respiratory
capacities
It is generally accepted that fusion-fission processes impact on
the mitochondrial energetics in cultured cells (Chen et al., 2003).
Disruption of mitochondrial dynamics by overexpression or sup-
pression of fusion (Mfn2, Opa1) (Olichon et al., 2003; Chen et al.,
2005) or mitochondrial fission (Benard et al., 2007), can cause
alterations in mitochondrial metabolism (Chen and Chan, 2005),
according to the degree of differentiation of the considered cell
type. These changes may be accompanied by the modulation of
the mitochondrial membrane potential, and of the expression of
complex I, IV, and V subunits (Pich et al., 2005; Chan, 2006;
Liesa et al., 2009). However, in patients and in mouse models,
direct effect of dynamin mutations on mitochondrial function
gave conflicting results, probably because of the diversity of the
cell types and the mutations studied (Olichon et al., 2006). In gen-
eral, it is considered that fragmentation induced by an increase
in Drp1 or a decrease in Mfn2 or Opa1 is harmful and leads

to metabolic disorders (Parra et al., 2011). In contrast, fusion is
generally considered rather beneficial. But a careful look at the
literature shows that there is no clear link between mitochondria
morphology and respiratory capacities, especially in mature car-
diac cell. Indeed, in three different studies, no obvious alterations
of respiratory chain function were observed when Opa1, Mfn1
or Mfn2 were separately genetically downregulated (Papanicolaou
et al., 2011, 2012; Piquereau et al., 2012), except for free fatty-acid
utilization in Opa1+/− mice (Piquereau et al., 2012). In another
study where a different Opa1 mutation was studied, mitochon-
drial function alterations were only observed in old mice (Chen
et al., 2012). Finally, when complete/double KO (Mfn1/Mfn2)
was used to suppress fusion proteins, decreased oxygen consump-
tion or increased oxidative stress was observed (Chen et al., 2011;
Dorn et al., 2011). Thus, compensatory mechanisms with other
dynamin proteins may exist and attenuate the consequences of
one dynamin protein deficiency, but complete loss or aging will be
detrimental for mitochondrial function. In addition to an effect
on respiratory chain function, other mitochondrial functions can
also be affected by mitochondrial dynamics protein alterations.

Implication in mitochondrial biogenesis
As mentioned above, the mechanisms involved in mitochondrial
dynamics in the cardiomyocyte seem not to be exactly similar
to those observed in proliferative cells. However, this complex-
ity is easily understood when the cardiomyocyte is regarded as
a cell presenting a strictly organized intracellular architecture
which is not in favor of mitochondrial plasticity as in divid-
ing cells. It is thus important to keep in mind this notion when
extrapolating results obtained during the early development to
adulthood. Obviously, the role of mitochondrial dynamics is dif-
ferent in prenatal and neonatal cardiomyocytes which proliferate
and consequently need the synthesis of new mitochondria to
assure a suitable repartition of these organelles between daughter
cells obtained after mitosis, and in non-dividing adult cardiomy-
ocytes. Not surprisingly, we already described a remarkably high
level of expression of mitochondrial biogenesis and dynamics
genes during the early stages of postnatal development in the
heart (Piquereau et al., 2013). Thus, this important stimulation of
mitochondrial biogenesis and therefore of mitochondrial dynam-
ics during development could explain why the cardiac-specific
ablation of dynamins during prenatal or early postnatal devel-
opment quickly leads to HF and death while several months are
needed when the ablation occurs at the beginning of adulthood
(Chen et al., 2011; Papanicolaou et al., 2012; Dorn, 2013). More
generally, this could explain the lethality of the total dynamin
knock-out models which die in utero (Alavi et al., 2007; Chen
et al., 2011), a period during which the mitotic activity is undeni-
ably substantial.

Globally, it would seem that mitochondrial dynamics is par-
ticularly important when the heart is under conditions which
require the synthesis of new mitochondria. This is the case dur-
ing development, but also in stress conditions like ischemia
(Ong et al., 2010) or pressure overload (Piquereau et al., 2012)
or ageing (Chen et al., 2012) which induce increased energetic
demand and mitochondrial damages and consequently requires
an adequate mitochondrial turnover. That is certainly the reason
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why the mice genetically manipulated to abolish Mfn2 expres-
sion or to decrease Opa1 expression exhibit a high sensitivity to
stress. This highlights the fact that the reduced mitochondrial
dynamics can be partly compensated under baseline conditions
while under stress the mitochondrial turnover cannot be ensured
and precipitates cardiac dysfunction. Finally, inducible cardiac-
specific double ablation of Mfn1 and Mfn2 genes quickly led to
dilated cardiomyopathy before inducing death within 9 weeks
after gene ablation. Interestingly, the heterozygous mutation of
the Drp1 gene also induced a dilated cardiomyopathy in mice
(Ashrafian et al., 2010). The cardiac dysfunction observed in these
genetically-manipulated mice clearly shows that these proteins
play a fully-fledged role in cardiac muscular cell physiology.

Other roles of mitochondrial dynamics proteins
All dynamins described above are of course widely known for the
role they play in mitochondrial dynamics; however, these pro-
teins could have a broader field of action than it seems (Figure 2).
Several studies assigned them an effect on the property of the
MPTP, a non-selective pore which induces, in particular situa-
tions, a high permeability of the mitochondrial membranes and
can lead to cell death (Di Lisa and Bernardi, 2009). Indeed, we and
others showed that the adult cardiomyocytes partially deficient in
Opa1 (Piquereau et al., 2012) or totally deficient in Mfn1 or Mfn2
(Papanicolaou et al., 2011, 2012) exhibit a delayed Ca2+-induced
MPTP opening. Knowing that these observations have been
obtained in isolated cardiomyocytes with enlarged or fragmented
mitochondria, they suggest that the individual volume of the
mitochondria are not directly involved and that Opa1 and mito-
fusins could facilitate MPTP opening under normal conditions.

The mechanisms leading to this protection are far from being elu-
cidated. Moreover, the data obtained from adult heart deficient
in the two mitofusins, which did not show any change in MPTP
sensitivity in comparison with wild type (Chen et al., 2011), com-
plicate the understanding even if the experimental conditions
differ (isolated mitochondria vs. cardiomyocytes).

Whereas their involvement in the prevention of MPTP open-
ing could indirectly confer to Opa1 and mitofusins an indirect
role in cardiomyocyte death, it seems, however, that the role of the
mitochondrial dynamics proteins in cell death is not really clear.
It is well-known that mitochondria are central elements in cell
death, and a link between mitochondrial network fragmentation
and apoptosis has been already described in cell lines (Frank et al.,
2001; Breckenridge et al., 2003) and in neonatal cardiomyocytes,
suggesting an important role of fission protein, especially Drp1
(Parra et al., 2008; Wakabayashi et al., 2009), in this form of cell
death. The fusion proteins could also be directly involved in cell
death by acting in an original way. Even if the data obtained from
studies realized with cell lines assert that fusion is prosurvival
while fission is proaptotic, Mfn2 could participate in apopto-
sis. The participation of Mfn2 to this particular death has been
demonstrated in cardiomyocytes and smooth muscle cells (Guo
et al., 2007; Shen et al., 2007). The details of this mechanism are
still unclear, although an interaction between Mfn2 and the pro-
apoptotic protein Bax has been described (Hoppins et al., 2011b).
On the other hand, Opa1 would have an opposite role and could
be an antiapoptotic factor. Indeed, this protein would regulate cell
death by forming oligomers of two Opa1 proteins creating a “bot-
tle neck”-like structure which allows cytochrome c sequestration
in the cristae (Frezza et al., 2006). By this oligomerization, Opa1

FIGURE 2 | Scheme summarizing the potential roles of mitochondrial dynamics proteins in the adult cardiomyocyte.
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is in fact a crucial protein in the mitochondrial internal organiza-
tion which is, as stated above, essential for the functions of these
organelles.

Thus, mitochondrial dynamics proteins are clearly essential for
the adaptation of those organelles to cell status. Moreover, some
of them could be at the heart of the interaction between mito-
chondria and other components of the cell. Indeed, Mfn2, but not
Mfn1, is also found at the endoplasmic reticulum (ER) membrane
and thus can create physical links between ER and mitochondria
(de Brito and Scorrano, 2008). This link has been recently shown
between mitochondria and SR in muscle cells (Dorn and Maack,
2013); considering the calcium and energetic microdomains at
the interface of mitochondria and SR described in the cardiomy-
ocytes, Mfn2 could be a major actor of the contractile function of
the heart.

Moreover, the physical links between ER and mitochondria
were demonstrated to increase following ER stress (Csordas et al.,
2006), a specific response triggered when ER homeostasis is
disrupted and ER function is compromised. In the heart, ER
stress has recently been recognized as an important contributor
to the development of cardiac dysfunction (Groenendyk et al.,
2013), and the link between ER stress and Mfns has started to
be investigated. By using knock-out mice, Ngoh and colleagues
demonstrated that cardiomyocyte-specific deletion of Mfn2, but
not Mfn1, induces ER stress in vivo, leading to the conclusion
that Mfn2 is a negative regulator of ER stress required for the
homeostasis of the ER (Ngoh et al., 2012).

Even if the mechanism is not fully understood, Mfn2 is
also involved in cardiac autophagic processes (Zhao et al.,
2012). These authors showed that Mfn2 could participate in
autophagosome-lysosome fusion. Due to the presence of Mfn2
in the ER and thus autophagosome membrane, it might act as
an adaptor protein mediating autophagosome maturation. This
link between Mfn2 and autophagy is reminiscent of the fact that
mitochondrial dynamics proteins are also major actors of selec-
tive mitochondrial autophagy, i.e., mitophagy. Indeed, it is largely
admitted that selective clearance of mitochondria are preceded
by fission phenomena (Twig et al., 2008b). In fact, in the early
event of mitophagy, Drp1 is recruited to mitochondria (Lee et al.,
2011) and Mfns, present at the membrane of damaged mito-
chondria, are rapidly ubiquitined (Ziviani et al., 2010). This Mfns
ubiquitination could thus address these proteins to the protea-
some or could interfere with mitochondrial tethering and prevent
altered mitochondria to join the mitochondria network (Ziviani
and Whitworth, 2010). Besides, in addition to the low mitochon-
drial potential allowing identification of mitochondria destined
to mitophagy, these mitochondria would exhibit a low Opa1
amount at the inner membrane (Twig et al., 2008a). This cre-
ates non-fusing mitochondria which thus have only one destiny:
degradation.

Finally, changes in the components of mitochondrial dynamics
can also alter mtDNA. Observations in S. cerevisiae and MEF cells
indicate that the normal activity of Opa1 (Jones and Fangman,
1992; Guan et al., 1993; Chen et al., 2007) or Mfns (Hermann
et al., 1998; Rappaport et al., 1998; Chen et al., 2003, 2007) are
crucial for maintaining the integrity of mtDNA nucleoids (Liesa
et al., 2009). Part of Opa1 could be involved in the attachment of

mtDNA to the inner mitochondrial membrane and to promote
mtDNA replication and distribution (Elachouri et al., 2011). In
the mature heart, one study reported that heterozygous Opa1+/−
mice exhibit reduced mtDNA copy number (Chen et al., 2012),
which could be involved in the development of cardiac mitochon-
drial dysfunction.

Finally, even if the number of studies devoted to the role of
mitochondrial dynamics proteins in the heart is limited (Table 1),
it can be asserted that these proteins are clearly integral part
of cardiomyocyte life by ensuring fusion/fission processes and
by participating in the several mechanisms described above.
Interestingly, it seems that these proteins would be particularly
important under stress conditions which are known to mobilize
or affect mitochondrial functions. These kinds of situations exac-
erbate mitochondrial biogenesis and turnover which are relatively
low under basal conditions, showing the major significance of the
processes governed by these proteins in cardiac adaptations.

ALTERATIONS OF MITOCHONDRIAL DYNAMICS IN CARDIAC
PATHOLOGIES AND POSSIBLE THERAPEUTIC APPROACHES
Chronic HF is associated with morphologic abnormalities of
cardiac mitochondria including increased number, reduced
organelles size, and compromised structural integrity (Schaper
et al., 1991; Sabbah et al., 1992; Beutner et al., 2001), suggest-
ing fragmentation of the mitochondrial network (Joubert et al.,
2008). Mitochondrial damages as the depletion of the mitochon-
drial matrix and disruption of membranes positively correlate
with the HF severity index (Sabbah et al., 1992) and it is recog-
nized that mitochondria can determine the cellular fate (Di Lisa
and Bernardi, 1998). In other pathologies, mega-mitochondria
can appear (for review, see Wakabayashi, 2002 and Hoppel et al.,
2009). Most of the time, heterogeneity of the size and distribution
of cardiac mitochondria increases in HF, evidencing unbalanced
fusion/fission cycles. Thus, an emerging hypothesis is that the
mechanisms that control the shape of mitochondria may play a
role in cardiac pathologies. In particular, a recent study suggested
that Opa1 could be downregulated in HF (Chen et al., 2009;
Chen and Knowlton, 2010). Another study observed a decrease in
Mfn2, an increase in Fis1, and no change in Opa1 expression in
rat hearts 12–18 weeks after myocardial infarction (Javadov et al.,
2011). However, alteration of dynamin proteins could merely be
the consequence of the alteration of mitochondrial biogenesis as
it has been suggested (Garnier et al., 2005; Ventura-Clapier et al.,
2011). Indeed, a strict relation exists between the PPAR gamma
coactivator-1 (PGC-1α), a master regulator of mitochondrial bio-
genesis, and the expression of these proteins (Garnier et al., 2005).
Moreover, in most cardiac pathologies where defect in dynamin
proteins are observed, a decrease in mitochondrial mass is also
present (Ventura-Clapier et al., 2011; Parra et al., 2011). So it
is not clear so far which protein alteration is responsible for a
possible unbalance in fusion/fission, and the post-translational
modifications of, for example, Drp1 (see above) could also be
involved. Similarly, nothing is known about a possible implication
of GTP/GDP supply in mitochondrial dynamics regulation.

Cell death is also an important pathophysiological process
in both HF and in cardiac ischemia. However, the underlying
mechanisms by which the heart looses myocytes in HF are not
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Table 1 | Mitochondrial dynamic studies on the mature heart.

Authors Tissue Model Mitochondrial

morphology

Alterations Observations

Shahrestani et al.,
2009

Drosophila OPA1+/− Decreased heart rate
and increased heart
arrhythmia

Poor tolerance to stress
induced by electrical
pacing

Dorn et al., 2011 Drosophila OPA1 RNAi Decrease of mean
mitochondrial size

Contractile abnormality
and remodeling

Stimulation of
mitochondrial biogenesis

Piquereau et al.,
2012

Mouse
(3–6 months)

OPA1+/− Enlarged mitochondria,
cristae disorganization

No alteration of cardiac
function nor change in
QO2, but delay of MPTP
opening and energy
transfer alteration

More sensitive to
transaortic constriction
(TAC)

Chen et al., 2012 Mouse
(12 months)

OPA1+/− Disorganization of
mitochondrial network

Reduced mtDNA level,
mitochondria and cell
dysfunction

Increased of oxidative
stress and late-onset
cardiomyopathy

Dorn et al., 2011 Drosophila Marf RNAi Decrease of mean
mitochondrial size

Contractile abnormality
and remodeling

Stimulation of
mitochondrial biogenesis

Papanicolaou
et al., 2011

Mouse Mfn2 KO Enlarged mitochondria No major cardiac and
mitochondrial
dysfunction, delay of
MPTP opening

Protection against cell
death induced injury and
better recovery after I/R

Papanicolaou
et al., 2012

Mouse Mfn1 KO Fragmented
mitochondria

Normal cardiac and
mitochondrial function,
decreased of ROS
induced MPTP opening

protection against ROS
induced mitochondrial
dysfunction

Chen et al., 2012 Mouse Mfn1/Mfn2 DKO Fragmented
mitochondria

Cardiomyocyte and
mitochondrial respiratory
dysfunction

Progressive and lethal
dilated cardiomyopathy

Ngoh et al., 2012 mice Inducible Mfn2
KO

Fragmentation Increased markers of the
ER stress

Mfn2 is necessary for
ER homeostasis

Ashrafian et al.,
2010

Mouse Drp1
mutation+/−

Reduced mitochondrial
complexes levels and
cardiac ATP depletion

Energy deficiency may
contribute to
cardiomyopathy

Chen et al., 2009 Rat Heart failure Decrease of mean
individual mitochondrial
size

decrease of OPA1
protein level

Ong et al., 2010 Rat Ischemia/
reperfusion and
drp1 inhibition by
mdivi-1

Presence of elongated
mitochondria in control
heart

Mitochondrial
fragmentation prevented
by mdivi-1 after I/R

Decrease of infarct size
in I/R after treatment
with an inhibitor of Drp1

completely understood. Mitochondria have a critical role in reg-
ulating cardiac cell death. If fission is interrupted, large networks
of fused mitochondria occur. If fusion fails, mitochondria become
smaller and fragmented. Abnormalities in fission and fusion can
lead to apoptosis (Lee et al., 2004; Cassidy-Stone et al., 2008)
which is an important mechanism of cardiac myocyte loss in
HF (Olivetti et al., 1997; Narula et al., 1999). So both HF and

ischemia could be associated with abnormalities of fission and
fusion that would contribute to cardiac cell death and change
of MPTP sensitivity. In particular, after ischemia-reperfusion,
mitochondria of cardiomyocytes show heterogeneous damages
in their morphology, in redox status and in calcium homeosta-
sis, which could be related to an overproduction of local ROS
(Ong et al., 2012).
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Modulation of mitochondrial dynamics appears as a novel
pharmacological strategy for cardioprotection, in particular to
protect the heart after a heart attack, and in ischemia-reperfusion
[see reviews by Ong et al. (2012) and Dorn (2013)]. Several
studies have shown that changes in mitochondrial morphol-
ogy, including targeting proteins of the mitochondrial dynamics
could allow the heart to better recover from an ischemic insult
(Ong et al., 2010; Papanicolaou et al., 2011). In the first study,
the authors used a specific inhibitor of Drp1, Mdiv-1, to pre-
vent mitochondrial fission, and observed a significant reduction
in myocardial infarct size in the in vivo murine heart. In the
second one, using a genetic model of Mfn2 KO mice, they
observed an improvement of cardiac performance following ex
vivo ischemia/reperfusion. In both cases, even if the strategy was
different (decrease the fission in one case, decrease the fusion in
the second case), they linked the protection to the inhibition of
MPTP opening, which is a classical target of cardioprotection.
However, it should be kept in mind that although inhibition of
MPTP can be beneficial in short term, it could be detrimental on
the long term (Elrod et al., 2010; Piquereau et al., 2012).

CONCLUSION
Generally, studies described above prove that mitochondrial
dynamics proteins are necessary for normal mitochondrial func-
tions in the cardiomyocyte. In this cell where the internal orga-
nization is an obstacle to organelles mobility, these proteins
govern slow fusion/fission processes which ensure mitochon-
drial turnover required to maintain mitochondrial function and
consequently organ function. It also seems that mitochondrial
dynamics would be a key element of cardiomyocyte adapta-
tion under stress which induce alteration of mitochondria and
thus lead to generation of new mitochondria and degradation

of damaged mitochondria. Under such conditions, mitochon-
drial dynamics processes would be exacerbated and would assume
greater significance, explaining why the genetically-manipulated
mice for mitochondrial dynamics genes are particularly sensi-
tive to stress. Therefore, the high expression level of dynamins
under basal conditions, despite the slow fusion/fission cycle,
could be a major element of cardiac adaptation. In addition,
those proteins could be activated by post-translational modifi-
cations involved in signaling pathways activated in response to
stress. It can be anticipated that those potential post-translational
modifications would be the more efficient way to ensure an
optimal reactivity of mitochondrial dynamics machinery under
stress.

Finally, mitochondrial dynamics proteins are involved in sev-
eral phenomena irrespectively of their role in mitochondrial
dynamics. This aspect of these dynamins has to be kept in mind
because they are essential for the adequate function of mitochon-
dria and cell life. By their extended field of action, these proteins
are clearly established as major components of cardiac physiology.
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The control of mitochondrial function is a cardinal issue in the field of cardiac bioenergetics,
and the analysis of mitochondrial regulations is central to basic research and in the
diagnosis of many diseases. Interaction between cytoskeletal proteins and mitochondria
can actively participate in mitochondrial regulation. Potential candidates for the key roles
in this regulation are the cytoskeletal proteins plectin and tubulin. Analysis of cardiac
cells has revealed regular arrangement of β-tubulin II, fully co-localized with mitochondria.
β-Tubulin IV demonstrated a characteristic staining of branched network, β-tubulin III was
matched with Z-lines, and β-tubulin I was diffusely spotted and fragmentary polymerized.
In contrast, HL-1 cells were characterized by the complete absence of β-tubulin II.
Comparative analysis of cardiomyocytes and HL-1 cells revealed a dramatic difference
in the mechanisms of mitochondrial regulation. In the heart, colocalization of β-tubulin
isotype II with mitochondria suggests that it can participate in the coupling of ATP-ADP
translocase (ANT), mitochondrial creatine kinase (MtCK), and VDAC (ANT-MtCK-VDAC).
This mitochondrial supercomplex is responsible for the efficient intracellular energy
transfer via the phosphocreatine pathway. Existing data suggest that cytoskeletal
proteins may control the VDAC, contributing to maintenance of mitochondrial and cellular
physiology.

Keywords: beta tubulin isotypes, cardiomyocytes, confocal microscopy, creatine kinase, HL-1 cells, mitochondrial

regulation, mitochondria-cytoskeleton interactions, VDAC

THE ROLE OF CYTOSKELETON IN THE REGULATION OF
MITOCHONDRIAL RESPIRATORY FUNCTION
High requirements for energy supply in oxidative muscles are met
by aerobic oxidation of fatty acids and glucose coupled to ATP
production in mitochondria. In spite of the fundamental progress
in our knowledge of mitochondrial bioenergetics, the nature of
respiratory control and the mechanisms of regulation of energy
fluxes in vivo are still highly debated. In the heart and other tissues
with high oxidative phosphorylation capacity, the respiration rate
is linearly dependent on the workload, and elevation of the work-
load results in a proportional elevation of the respiration rates
without changing in the cytosolic concentration of ADP, ATP, and
Pi (Williamson, 1979; Balaban, 1990). This makes it impossible to
interpret these data on the basis of a simple “feedback model” and
ADP kinetics characteristic for isolated (in vitro) mitochondria in
which the rate of oxidative phosphorylation is controlled by the
concentration of ADP. Important role of the cytosolic and mito-
chondrial calcium as regulator of both the energy utilization by
ATPases and, in parallel, the mitochondrial oxidative phosphory-
lation was emphasized in several studies and reviews (Balaban,
2002; Balaban et al., 2003; Glancy and Balaban, 2012). Also, it
has been shown that in the heart the mitochondrial creatine
kinase (MtCK) system plays a key role in intracellular channel-
ing and metabolic micro-compartmentalization with a functional

and structural coupling between MtCK and oxidative phospho-
rylation via ATP-ADP translocase (ANT) (Saks et al., 1985). This
phenomenon was then largely documented. The central role of
the creatine kinase/phosphocreatine (CK-PCr) system in muscle,
brain and other cells for intracellular energy transport and regula-
tion is now generally accepted. Furthermore, significant changes
in the CK-PCr system and mitochondrial remodeling have been
demonstrated in various pathologies, such as cardiomyopathies,
cold and warm ischemia and subsequent reperfusion, different
models of hypertrophy injuries, etc. (Khuchua et al., 1989; Saks
et al., 1991b; Kay et al., 1997b; Laclau et al., 2001). One impor-
tant result obtained from studies in animal models and from
the analysis of human cardiac biopsies was the observation that
the MtCK-coupled system (functional and structural coupling) is
extremely sensitive to pathological processes and can be used for
precise diagnosis (Saks et al., 1991b).

Mitochondrial oxidative capacity and affinity to the main reg-
ulator ADP are key components of mitochondrial physiology.
Studies of permeabilized cells and muscle fibers have shown very
different kinetics of ATP synthesis (remarkably increased appar-
ent Km for ADP in the regulation of mitochondrial respiration)
in comparison to isolated mitochondria (Belikova et al., 1990;
Saks et al., 1991a, 1993). Plausibly, the cytoskeleton plays a role
here. It has been suggested that increased Km for ADP is related
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to the local restriction on ADP diffusion in the cells due to the
interaction between cytoskeletal proteins and VDAC (Figure 1)
of the mitochondrial outer membrane (MOM) (Belikova et al.,
1990; Saks et al., 1991a, 1993, 2003). Recent data have shown
the importance of the cell’s structural organization for energy
metabolism and regulation of mitochondrial function in vivo.
In cardiac and skeletal muscles mitochondria form a regular
arrangement between myofibrils (Vendelin et al., 2005), actively
interacting with other intracellular systems like the cytoskeleton
and sarcoplasmic reticulum. This type of organization provides
a bioenergetic basis for contraction, recruiting cytoskeletal pro-
teins, controlling both mitochondrial shape and arrangement in
the cell. Importantly, the mitochondrial interactions with vari-
ous cytoskeletal proteins (tubulin, desmin, vimentin, plectin) are
suggested to be involved in the regulation of mitochondrial respi-
ratory function (Figure 1A) (Kay et al., 1997a; Milner et al., 2000;
Capetanaki, 2002; Andrienko et al., 2003; Appaix et al., 2003; Tang
et al., 2008; Winter et al., 2008).

STUDIES OF in situ MITOCHONDRIA: PROPERTIES OF
MITOCHONDRIA DIFFER in vitro AND in vivo
Oxidative phosphorylation has been extensively studied in intact
mitochondria, which can be achieved by measuring the oxygen
consumption of mitochondria isolated from a tissue. However,
studies of isolated (in vitro) mitochondria are certainly insuffi-
cient to understand the molecular mechanisms of their regulation
in living cells. There is a growing body of evidence to demon-
strate that important properties of mitochondria differ in vivo
and in vitro. The in situ analysis is based on selective permeabi-
lization of the plasma membrane (Saks et al., 1991a, 1993, 2003;
Kuznetsov et al., 1998a, 2008; Villani et al., 1998). Compared with
isolated mitochondria, this approach has a number of important
advantages: (1) artifacts of mitochondrial isolation are avoided;
(2) very small tissue samples are required; (3) all cellular popu-
lation of mitochondria can be investigated; and (4) most impor-
tantly, the in situ approach resembles more closely to the situation
in the living cell than does the analysis of isolated mitochondria.

FIGURE 1 | (A) Complex and multiple role of the cytoskeleton in
mitochondrial regulations under normal and pathological conditions. SR,
sarcoplasmic reticulum. (B) Possible interactions of porin (VDAC) of the
mitochondrial outer membrane (MOM). IFs, intermediate filaments; IMM,

the inner mitochondrial membrane; IMS, inter-membrane space; Mito CK,
mitochondrial creatine kinase. Tubulin controls VDAC permeability for ADP
and ATP. LP is a still unknown cytoskeletal linker protein, which may also
interact with VDAC and tubulin to regulate permeability of the MOM.
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This allows mitochondria to be analyzed within an integrated cel-
lular system, in their normal intracellular position and assembly,
preserving essential interactions with the cytoskeleton, nucleus,
and endoplasmic reticulum. In addition, permeabilized prepara-
tions of muscle fibers display functional mitochondria stability,
probably due to the immobilization of mitochondria in these
preparations. Importantly, in situ analysis is suitable for studies
of mitochondrial physiology in small quantities of tissue, which
is crucial in cases involving limited amounts of material, like the
analysis of expensive knock-out mouse models. Previous stud-
ies have shown that permeabilized cells and muscle fibers are
suitable for in situ affinity analysis of the main substrate of phos-
phorylation, ADP. This is done by measuring its apparent Km
value as a sensitive parameter of the organization and functional
state of mitochondria and mitochondrial membranes (Veksler
et al., 1995; Zoll et al., 2001, 2002; Burelle and Hochachka, 2002).
Classical studies of ADP kinetics have shown that preparations of
isolated mitochondria exhibit a very high affinity for ADP (low
apparent Km value for ADP in the range 10–25 μM). However,
in permeabilized muscle fibers isolated from oxidative muscles
(e.g., heart, or M. soleus) in which mitochondrial function is ana-
lyzed in situ, the apparent Km value for ADP was found to be
astonishingly high (250–300 μM), exceeding that for mitochon-
dria in vitro by more than one order of magnitude (Kuznetsov
et al., 1996). Similar results were also obtained for various per-
meabilized cells, such as adult cardiomyocytes (Saks et al., 1991a,
1993) and hepatocytes (Fontaine et al., 1995). It has been shown
that the decrease in mitochondrial affinity for exogenous ADP
in permeabilized cardiac cells is related to the local restrictions
on ADP diffusion in cardiac cells, including limitation of the
permeability of the voltage-dependent anion channel (VDAC)
also known as porin in the MOM (Figure 1B) (Saks et al.,
1993, 1995; Kuznetsov et al., 1996; Milner et al., 2000; Appaix
et al., 2003; Rostovtseva and Bezrukov, 2008; Rostovtseva et al.,
2008). Importantly, this functional parameter has been shown to
be strongly tissue/muscle type-specific (Kuznetsov et al., 1996),
and to change significantly during development, after intense
physical exercise or in pathology (Veksler et al., 1995; Tiivel
et al., 2000; Burelle and Hochachka, 2002; Tonkonogi and Sahlin,
2002; Zoll et al., 2002; Eimre et al., 2006). Also, the sensitivity
of mitochondria to ADP is dramatically changed by proteases
(Appaix et al., 2003), which indicates the involvement of certain
proteins.

High apparent Km for exogenous ADP found in oxidative
muscles in situ can be significantly decreased (from 300 to about
80 μM) when MtCK is activated by creatine. This decrease is
due to the functional coupling of MtCK to mitochondrial oxida-
tive phosphorylation, a finding that supports the hypothesis that
in vivo, the stimulation of oxidative phosphorylation depends
on the activity of peripheral kinases, such as creatine kinase,
adenylate kinase and hexokinase. Creatine-stimulated respiration
at submaximal concentrations of ADP (50–100 μM) and sig-
nificant Km (ADP) decrease occur when MtCK is functionally
coupled to oxidative phosphorylation. It has been shown that the
octameric form of MtCK located in the intermembrane space
connects the MOM via VDAC to ANT (Figure 1B), providing
a basis for direct metabolite channeling (Kay et al., 2000; Saks

et al., 2006a, 2010). It has been theorized that creatine diffuses
through VDAC and is converted by MtCK in the presence of
ATP to phosphocreatine and ADP. Phosphocreatine then leaves
the mitochondria and is used at ATP-consuming sites, whereas
ADP returns to the mitochondrial matrix via ANT to generate
ATP, thus creating a local and efficient ADP-regenerating system
in the vicinity of ANT, under conditions of low permeability of
the MOM to ADP.

There is an evident tissue specificity of mitochondria with
respect to morphology, structural organization, oxidative capac-
ity, and dynamics. Kinetic studies of the in situ regulation of
mitochondrial respiration by ADP in the cells showed that the
sensitivity of mitochondria to ADP and kinetics of ATP synthe-
sis are also tissue specific (Veksler et al., 1995; Kuznetsov et al.,
1996). In permeabilized cardiac cells, the affinity of mitochon-
dria for ADP is decreased by an order of magnitude as compared
to isolated mitochondria. A similar situation is observed in the
oxidative slow-twitch skeletal muscle such as M. soleus, but is
absent in the fast glycolytic skeletal muscle (Kuznetsov et al.,
1996) and in some cultured cells like HL-1 cells with cardiac phe-
notype (Anmann et al., 2006). It has been found that while in
cardiac and soleus muscle fibers the apparent Km for ADP in res-
piration regulation was about 300 μM, in permeabilized fibers
from the glycolytic M. gastrocnemius and M. plantaris its value
was very low (10–20 μM), not different from that for isolated
muscle mitochondria. This tissue-specific control of ADP sensi-
tivity has been proposed to be related to specific proteins, most
probably associated with the cytoskeleton (Figure 1A).

THE ROLE OF CYTOSKELETAL PROTEINS IN THE
CONTROLLING MITOCHONDRIAL SENSITIVITY TO ADP
IN OXIDATIVE TISSUES
A growing body of evidence suggests that the cytoskeletal network
may interact with mitochondria to control mitochondrial respi-
ration (Kuznetsov et al., 1996; Appaix et al., 2003; Rostovtseva
et al., 2008). These interactions may involve the association of var-
ious cytoskeletal proteins with VDAC in the MOM directly or via
intermediate filament (IF)-associated proteins. The cytoskeleton
is very important for cellular architecture and signaling (Mose-
Larsen et al., 1982; Rappaport et al., 1998; Anesti and Scorrano,
2006). It is well known that the cytoskeletal proteins are cru-
cial for mitochondrial motility (Hollenbeck and Saxton, 2005).
Moreover, mitochondrial interactions with the cytoskeleton are
shown to be critical for control of mitochondrial morphology
and organization, which, in turn, suggested that they are also
important for their functioning, including control of the VDAC
and mitochondrial affinity to ADP (Figure 1). For example, the
striking difference between both morphology, arrangement, and
ADP kinetics in adult cardiomyocytes (apparent Km for ADP
250–300 μM) and HL-1 cells (apparent Km for ADP 25–60 μM)
suggests the importance of specific mitochondrial organization
controlled by cytoskeletal proteins (Anmann et al., 2006). It has
been demonstrated that in striated muscles, desmin regulates
proper mitochondrial positioning and shape and might also reg-
ulate the formation and stabilization of mitochondrial contact
sites. This cytoskeletal IF protein was also suggested to par-
ticipate in mitochondrial regulation since respiratory function
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of mitochondria was significantly changed in a desmin-null
model (Milner et al., 2000). Previous findings suggested also
that vimentin could be important for the association between
the mitochondria and the cytoskeleton (Tang et al., 2008), con-
tributing to the maintenance of mitochondrial morphology and
intracellular organization, potentially playing a role in mitochon-
drial regulation. Also, recent evidence shows that the plectin 1b
isoform is associated with mitochondria (Winter et al., 2008),
suggesting that plectin can play important role in regulating
mitochondrial respiratory function and the permeability of the
MOM (through VDAC) to ADP and ATP. Moreover, using a con-
ditional knockout mouse model in combination with isoform-
specific knockouts it has been demonstrated that plectin defi-
ciency causes mitochondrial dysfunction with significant changes
in mitochondrial activities and affinity to ADP (Konieczny et al.,
2008).

The cytoskeletal protein tubulin can also control the perme-
ability of the MOM. Using monoclonal antibodies, immunogold
labeling and high resolution electron microscopy, a clear colo-
calization of β-tubulin with mitochondria and its association
with the outer mitochondrial membrane has been demonstrated
first by Saetersdal et al. (1990). Unfortunately, in this pioneer-
ing work the isotype of β-tubulin was not identified. Also, the
presence of tubulin in mitochondria has been shown by Carré
et al. for different cell types, where both alpha and beta tubu-
lin were localized at the outer mitochondrial membrane (Carre
et al., 2002). Authors suggested that this “mitochondrial” tubu-
lin can be organized in alpha/beta dimers and using immuno-
precipitation they found that this tubulin is associated with
mitochondrial VDAC. Notably, the addition of dimeric tubu-
lin induces reversible closure of the reconstituted VDAC. For
instance, in the model of isolated (in vitro) mitochondria, tubulin
can restore the low permeability of the outer membrane, increas-
ing apparent Km for ADP to the value of in situ mitochondria
(Rostovtseva et al., 2008).

Using confocal microscopy in combination with immunoblot-
ting, the intracellular distribution of β-tubulin isotypes I, II,
III, and IV and expression of MtCK were investigated (Guzun
et al., 2011) and their roles in energy metabolism in car-
diomyocytes and cancerous HL-1 cells of cardiac phenotype
were compared (Guzun et al., 2011). Antibodies against total
β-tubulin and β-tubulin IV revealed characteristic staining of
branched microtubular network in cardiac cells (Figures 2A,B).
Polymerized transversal lines of β-tubulin III were well detected
and matched with Z-lines (alpha-actinin antibodies, not shown),
whereas β-tubulin I distribution was diffusely spotted and frag-
mentary polymerized. Most importantly, immunofluorescent
analysis of adult rat cardiac cells revealed regular arrangement
of β-tubulin II (Figure 2C), fully colocalized with mitochon-
dria visualized by TMRM (Figure 2D), MitoTracker or other
mitochondria-specific fluorescent probes (Guzun et al., 2011;
Gonzalez-Granillo et al., 2012; Saks et al., 2012). Therefore, in
adult rat cardiomyocytes, β-tubulin-II was identified as a spe-
cific mitochondrial isotype (Figure 1B). These results show that
different isotypes of β-tubulin have different intracellular dis-
tribution and organization and may thus play different roles
in the control of energy fluxes and mitochondrial respiration
in cardiac muscle cells. In contrast, cancerous HL-1 cells were
characterized by the complete absence of β-tubulin II (con-
firmed also by Western blot), by the presence of bundles of
filamentous β-tubulin IV and by diffusely distributed β-tubulin
I and III. Other important characteristic of these cells was also
full absence of MtCK. Notably, comparative functional anal-
ysis of permeabilized cardiomyocytes and HL-1 cells, such as
ADP-kinetics, stimulatory effects of creatine and glucose revealed
dramatic difference in the mechanisms of regulation of respi-
ration in cardiac and cancerous HL-1 cells. This demonstrates
that two events—high apparent Km for exogenous ADP and
expression of MtCK both correlate with the expression of mito-
chondrial β-tubulin II. The supercomplex ANT-MtCK-VDAC,

FIGURE 2 | (A) Distribution of total β-tubulins (microtubular network),
(B) β-Tubulin IV. (C) The mitochondria-specific isoform β-tubulin II stained
with anti-β-tubulin II antibody followed by FITC secondary antibodies and

demonstrating a typical mitochondria-like staining/arrangement in isolated
adult rat heart cardiomyocytes (comparable to D). (D) Imaging of mitochondria
in the same cells stained with fluorescent mitochondria-specific probe TMRM.
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localized at contact sites of two mitochondrial membranes, rep-
resents a key system for efficient energy transport from mito-
chondria to places of intracellular energy utilization such as
myofibrils, sarcoplasmic reticulum, plasmalemma ion pumps,
etc., by phosphotransfer pathway (“phosphocreatine shuttle”)
(Kaasik et al., 2001; Saks et al., 2001, 2006a,b, 2010). This com-
plex might be regulated by the VDAC-β-tubulin II interaction,
although an involvement of some other cytoskeletal proteins
(e.g., plectin) cannot be excluded (Figure 1B). In contrast, in
HL-1 cells with cardiac phenotype, lack of β-tubulin II and
MtCK induce significant changes of main regulatory mechanisms
of mitochondrial function and appear to be directly involved
in the formation of their more glycolytic phenotype of energy
metabolism.

Importantly, the structural changes occurring in the cytoskele-
tal network in pathology (dystrophies, myopathies) can result
in mitochondrial impairment (Figure 1A). For example, in an
animal model for Duchenne muscular dystrophy (mdx mice)
dystrophin-deficient muscles suffer from a change in energy
metabolism and mitochondrial dysfunction (Kuznetsov et al.,
1998b). In skeletal muscles from mdx mice, mitochondrial
respiration is about twice lower and similar findings were
observed in a skeletal muscle biopsy from Duchenne muscu-
lar dystrophy patients. Also, the absence of dystrophin was
associated with the disturbance of intracellular energy trans-
fer between mitochondria and ATP-consuming systems. In
mdx cardiac fibers, the accessibility of the ADP-trap system
for endogenously produced ADP was reduced (Braun et al.,
2001). Mitochondrial impairment was found also in plectin-
and desmin-related muscular dystrophies. Similarly to the altered
mitochondrial properties and network organization demon-
strated in desmin-deficient mice (Milner et al., 2000), plectin
deficiency leads to disruption of the mitochondrial network com-
bined with dysfunction and loss of mitochondria (Konieczny
et al., 2008).

LIMITATIONS
However, many aspects related to mitochondria-cytoskeleton
interplay have yet to be elucidated. In particular, revealing pre-
cise nature of the VDAC-cytoskeleton interactions needs further
studies using most modern methodological approaches (e.g.,
FRET) which will provide direct evidence, as well as a visu-
alization of these interactions. Another important question to
address is the possible different localization, function, and roles
of various α-tubulin isoforms. Moreover, in future, reconstruc-
tion/reconstitution studies using β-tubulin II transfection and
plectin fragments will certainly be required for further valida-
tion of the functional roles of these cytoskeletal elements in
mitochondrial and entire cell physiology.

CONCLUSION
Thus, several lines of evidence suggest that certain cytoskele-
tal proteins may be involved in the control of the VDAC
permeability for adenine nucleotides. In particular, specific
mitochondrial localization of plectin 1b and β-tubulin II
makes them best candidates for key roles to control the
VDAC and thus, for the regulation of mitochondrial func-
tion. On the other hand, over-expression of β-tubulin II and
enhanced VDAC-β-tubulin II interaction can explain ineffec-
tive energy transfer in aging and aging-related diseases. Indeed,
our most recent studies demonstrate upregulation of β-tubulin
II expression in the skeletal muscle of aged rats accompa-
nied by energy metabolism impairments (Javadov, unpublished
data).
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Mitochondria represent major sources of basal reactive oxygen species (ROS) production
of the cardiomyocyte. The role of ROS as signaling molecules that mediate different
intracellular pathways has gained increasing interest among physiologists in the last
years. In our lab, we have been studying the participation of mitochondrial ROS in the
intracellular pathways triggered by the renin-angiotensin II-aldosterone system (RAAS)
in the myocardium during the past few years. We have demonstrated that acute
activation of cardiac RAAS induces mitochondrial ATP-dependent potassium channel
(mitoKATP) opening with the consequent enhanced production of mitochondrial ROS.
These oxidant molecules, in turn, activate membrane transporters, as sodium/hydrogen
exchanger (NHE-1) and sodium/bicarbonate cotransporter (NBC) via the stimulation of the
ROS-sensitive MAPK cascade. The stimulation of such effectors leads to an increase
in cardiac contractility. In addition, it is feasible to suggest that a sustained enhanced
production of mitochondrial ROS induced by chronic cardiac RAAS, and hence, chronic
NHE-1 and NBC stimulation, would also result in the development of cardiac hypertrophy.

Keywords: cardiac myocyte, second messenger systems, sodium-hydrogen antiporter, sodium-bicarbonate

symporters, reactive oxygen species

INTRODUCTION
The renin-angiotensin-aldosterone-system (RAAS) represents
one of the main endocrine systems that regulate cardiac physi-
ology. At present, it is well recognized that angiotensin II (Ang II)
is produced and secreted locally in several tissues, including the
heart (Husain et al., 1994). Sadoshima’s group has shown that
the hormone is secreted from intracellular vacuoles in response to
myocyte stretching for the first time. This Ang II exerts autocrine
and paracrine effects, leading to cardiac hypertrophy (Sadoshima
et al., 1993; Sadoshima and Izumo, 1996). Cingolani’s group
conducted an in depth study of this autocrine pathway as a physi-
ological mechanism responsible for the slow force response (SFR)
to myocardial stretch (Cingolani et al., 2001, 2003) and showed
the similarities of both the physiological and pathological path-
ways (Cingolani et al., 2008). The critical role played by the
cardiac Na+/H+ exchanger (NHE-1) activation in both physi-
ological and pathological responses was demonstrated not only
pharmacologically with NHE-1 inhibitors (Cingolani et al., 2011)
but also by specific NHE-1 silencing following direct intramy-
ocardial injection of small interfering RNA into rat left ven-
tricular wall (Morgan et al., 2011; Cingolani et al., 2013). The
precise mechanism to explain pathological responses is unclear
and warrants further investigation. However, it is possible that
the time of exposure to the stimulus and the amount of ROS
produced could be important in determining the physiological
or pathological pathways. Increasing time and amount of ROS
exposure could exert a differential impact in calcium handling,
an initial acute response leading to inotropic effects followed

by a sustained response that could involve calcium-activated
targets that participate in cardiac hypertrophy or heart failure,
like calcineurin, or Ca2+-calmodulin-dependent kinase type II
(CaMKII).

Although still somewhat controversial (Silvestre et al., 1998,
1999; Takeda et al., 2000; Gomez-Sanchez et al., 2004; Chai and
Danser, 2006), it has been suggested that aldosterone synthase
exists in the myocyte (Silvestre et al., 1998, 1999; Takeda et al.,
2000), supporting the presence of a local RAAS (Varagic and
Frohlich, 2002). Furthermore, the link between Ang II or its
AT1 receptor, and the mineralocorticoid receptor (MR) is an
accepted fact (Lemarie et al., 2008; Grossmann and Gekle, 2009).
Consistently, it has also been described that some physiological
cardiac effects of Ang II, as the SFR, can be prevented in the
presence of MR blockers (Caldiz et al., 2011).

Although the idea that mitochondria are the main sources
of basal reactive oxygen species (ROS) in other mammalian
cells has been recently challenged, (Brown and Borutaite, 2012)
their role as a very important source of ROS in the heart has
been widely accepted. Mitochondrial superoxide anion (O2

−)
and its product, hydrogen peroxide (H2O2), were demonstrated
to be important molecules implicated in several cardiac func-
tions usually acting as second signal molecules of RAAS (Kimura
et al., 2005a,b; Caldiz et al., 2007, 2011; De Giusti et al., 2008,
2009).

In this review, we will briefly summarize the current knowl-
edge about the involvement of mitochondrial ROS as media-
tors of the signaling pathways triggered by RAAS in cardiac
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myocytes without stressing out if they participate in acute or
chronic signals. We will discuss the participation of the different
components of RAAS in ROS production and in cardiac signaling
leading to physiological and pathological responses. Particularly,
we will remark the implication of the ion transporters (NHE-1
and NBC) in sodium and calcium overload and its relation with
ROS signaling.

ANGIOTENSIN II, ENDOTHELIN-1, ALDOSTERONE AND
EPIDERMAL GROWTH FACTOR: INDEPENDENT SIGNALS OR
DIFFERENT COMPONENTS OF THE SAME CARDIAC
SYSTEM?
Ang II is involved in the regulation of almost all cardiac functions.
At present, it is well known that Ang II stimulates membrane ions
transporters as NHE-1 (Fliegel and Karmazyn, 2004; Cingolani
et al., 2005) and Na+/HCO3

− cotransporter (NBC) (Baetz et al.,
2002; De Giusti et al., 2009; Aiello and De Giusti, 2012). These
regulations are crucial for the correct electrical and mechanical
cardiac functions. On the other hand, it is important to keep in
mind that when RAAS is chronically active it is responsible for
several cardiac diseases, for example, hypertrophy, heart failure
and electrical disturbances (Domenighetti et al., 2007; Fischer
et al., 2007; Mehta and Griendling, 2007; Palomeque et al., 2009;
Li et al., 2013).

The mechanism of how the activation of NHE-1 or NBC
regulates cardiac contractility seems to involve the increase in
intracellular Na+ concentration ([Na+]i) (Vaughan-Jones et al.,
2006) due to the activation of these transporters and the subse-
quent increase in intracellular calcium concentration ([Ca2+]i)
due to the activation of the reverse mode of the Na+/Ca2+
exchanger (NCX) (Perez et al., 2001; Rothstein et al., 2002; Bril,
2003; Morgan et al., 2011). Interestingly, the same pathway is pro-
posed to explain the development of cardiac hypertrophy (Ennis
et al., 2007; Cingolani et al., 2008).

In addition, endothelin-1 (ET-1) and aldosterone (Ald) are
key modulators of cardiac physiology per se. We have shown
that ET-1 activates the NHE-1 (Aiello et al., 2005; De Giusti
et al., 2008) leading to a positive inotropic effect (Szokodi et al.,
2008). Moreover, Ald has been shown to activate NHE-1, (De
Giusti et al., 2011) increase NHE-1 expression (Karmazyn et al.,
2003) and induce left ventricular hypertrophy independently
from its classical effects on regulation of renal Na+ excretion
and blood pressure (Qin et al., 2003; Yoshida et al., 2005; Diez,
2008). Classically, Ald enters the cells and binds to the MR
located mainly in the cytosol. This binding translocates the MR
to the nucleus, where it acts as a ligand-induced transcrip-
tion factor. However, evidence has been presented that acti-
vated MR can elicit additional non-classical effects, which do
not require transcription or translation of genes (Ebata et al.,
1999; Mihailidou et al., 2004; Chai et al., 2005; Grossmann
and Gekle, 2009). In addition, several of these rapid non-
genomic effects of Ald involves the transactivation of the epi-
dermal growth factor receptor (EGFR) (Grossmann and Gekle,
2007; Grossmann et al., 2007), which can, in turn, stimulate
the NHE-1 (De Giusti et al., 2011). Moreover, it was reported
that at least a small fraction of the classic MR is located in the
cell plasma membrane where it is co-localized with the EGFR,

inducing the transactivation of the latter (Grossmann et al.,
2010).

More recently, it was demonstrated that certain non-genomic
effects of Ald in vascular smooth muscle were due to simultane-
ous activation of MR and a surface membrane G protein–coupled
receptor, the GPR30 (Gros et al., 2011, 2013). In agreement, grow-
ing evidence is appearing which demonstrate that GPR30 could
be another Ald receptor involved in the rapid effects of the hor-
mone in the cardiovascular system (Gros et al., 2011; Meyer et al.,
2011).

At present, it is accepted that many effects initially believed
to be mediated by Ang II, as the positive inotropic effect
(PIE), and the increase in the SFR after myocardial stretch-
ing, are in fact attributable to the action of ET-1, which is
released by Ang II (Perez et al., 2003; Cingolani et al., 2006,
2008; Villa-Abrille et al., 2006). Moreover, Ald appears to medi-
ate some Ang II effects that participate in the same pathway
of Ang II and ET-1 (Figure 1) (Xiao et al., 2004; Lemarie
et al., 2008; Caldiz et al., 2011). Recently, it has been demon-
strated that EGF is also implicated in cardiac physiology (De
Giusti et al., 2011), and it has been described that the trans-
activation of the EGF receptor (EGFR) is involved in some
RAAS effects (Shah and Catt, 2003; Zhai et al., 2006; De Giusti
et al., 2011). We have suggested that all these extracellular and
intracellular stimuli are pieces of the same signaling pathway
(Figure 1). In this scenario, the activation of the MR takes
place downstream from the Ang II/ET-1 receptors and upstream
of the EGFR. The activation of EGFR triggers the intracel-
lular ROS production, which leads to the stimulation of dif-
ferent kinases that finally activate the NHE-1 (Caldiz et al.,
2011).

Interestingly, almost all the effects of these hormones involve
ROS-mediated pathways (Zhang et al., 2001; Caldiz et al., 2007,
2011; Bartosz, 2009). In this regard, it is accepted that Ang II,
(Giordano, 2005; Kimura et al., 2005b; De Giusti et al., 2009),
ET-1 (De Giusti et al., 2008; Kubin et al., 2011), Ald (Hayashi
et al., 2008; Caldiz et al., 2011) and EGF (De Giusti et al., 2011)
can activate NADPH oxidase (NOX), which then, as further
explained below, can stimulate mitochondrial ROS production
and mediate the effects of such hormones (Figure 1). Therefore,
it seems clear that RAAS effects are in close relationship with ROS
generation, and in order to be able to modulate RAAS signal-
ing, we should investigate the regulation of ROS production in
detail.

MAJOR SOURCES OF ROS: NOX, MITOCHONDRIA AND
THEIR CROSS-TALK
ROS have been considered deleterious agents for a long time.
However, in the last years, evidence has emerged supporting
their role as second messengers (D’autreaux and Toledano, 2007).
Under physiological conditions, the production of ROS is highly
restricted to specific subcellular sites. The major sources of ROS
in the cardiomyocytes are NOX (Bedard and Krause, 2007) and
the I, II and III complexes of the mitochondrial respiratory
chain (Camara et al., 2010; Dedkova et al., 2013; Drose, 2013;
Li et al., 2013; Wojtovich et al., 2013). In this regard, com-
plex II is emerging as the major modulator of mitochondrial
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FIGURE 1 | ROS-induced ROS-release mechanism triggered by RAAS.

Scheme representing the sequential steps involved in the production of
mitochondrial ROS after the initial Ang II stimulation. Ang II acting on AT1

receptors induces the release of intracellular ET-1, which, in turn, acts in an
autocrine manner on ETA receptors. This autocrine action leads to the
activation of the mineralocorticoid receptor (MR), which induces the
transactivation of the EGFR, possibly via the release of membrane
heparin-bound EGF (HB-EGF). The stimulation of the EGFR leads to the
activation of the NADPH oxidase (NOX), which produces superoxide anion
(O2

−) and quickly dismutate by superoxide dismutase (SOD) to hydrogen
peroxide (H2O2). This permanent and stable oxidant molecule produces the

opening of mitochondrial ATP-dependant potassium channels (mitoKATP) with
the subsequent enhanced production of mitochondrial O2

− by the electron
transport chain (mainly by complex II). These mitochondrial ROS are released
to the cytosol (ROS-induced ROS-release mechanism), where they stimulate
redox sensitive MAPkinases ERK 1/2 and p90RSK, which, in turn, activate
NHE-1 and NBC, pH regulation transporters that induce the increase in
intracellular Na+. Finally, this cytosolic Na+ increase favors the operation of
the reverse mode of NCX, promoting the influx of Ca2+ into the cell. The
enhancement of intracellular Ca2+ in the cardiomyocyte could lead to a
positive inotropic effect in the short term and/or the development of cardiac
hypertrophy in a time-prolonged scenario.

ROS production (Drose, 2013). Moreover, it was proposed that
complex II can adopt different roles as a producer or modu-
lator of mitochondrial ROS, depending on the substrate sup-
ply and the activities of the other respiratory chain complexes
(Drose, 2013). The primary function of complex II is to maintain
the reduced state of mitochondrial chain complexes (Wojtovich
et al., 2013). Importantly, it was demonstrated that complex II,
instead of complex I or III, is the major source of ROS during
heart failure (Dedkova et al., 2013). On the other hand, it has
been proposed that the production of “deleterious ROS” dur-
ing reperfusion can be related to complex I, while the generation
of “signaling ROS” during preconditioning occurs at complex
II (Drose, 2013). Although the precise mechanism is not clear
yet, the modulation of complex II seems to be cardioprotec-
tive during ischemic preconditioning (Wojtovich et al., 2013).
These data, however, do not support previous results which
suggested that the production of ROS induced after mitoKATP

opening is accounted by complex I (Andrukhiv et al., 2006),

and that ischemic preconditioning is mediated by ROS gener-
ated after the activation of these channels (Oldenburg et al.,
2004).

At present it is accepted that NOX produce extracellular
O2

−, which dismutate to H2O2. Although it has been generally
assumed that H2O2 diffuses back into the cell across the plasma
membrane, recent evidence suggests that it might preferen-
tially enter the cell through specific aquaporin channels (Bienert
et al., 2007; Miller et al., 2010), providing a potential mecha-
nism through which ROS signaling could be regulated. It is also
accepted that matrix H2O2 permeates through the mitochon-
drial inner membrane after being produced by the action of
Mn-SOD, which dismutates mitochondrial O2

−. However, it is
important to note that O2

− also permeates mitochondrial mem-
brane through anion channels (Bedard and Krause, 2007) and
hence could potentially act as a signaling molecule. The SFR,
which represents an acute and physiological response triggered
by RAAS activation, was reported to be due to H2O2 signaling
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(Caldiz et al., 2007). Moreover, experiments by Sabri et al. (1998)
and Rothstein et al. (2002) indicated that H2O2 is the intracellular
signal leading to the activation of kinases that phosphorylate the
NHE-1. On the other hand, O2

−- not H2O2- was reported to be
the signaling molecule in the ET-1-induced stimulation of cardiac
L-type calcium channels (Zeng et al., 2008). Nevertheless, if mito-
chondrial H2O2 or O2

− could cause different responses to RAAS
activation, i.e., acute versus chronic, it would be an interesting
topic that deserves future investigation.

NOX and mitochondria are not totally independent sources
of ROS, since recent evidence demonstrate the existence of a
substantial interplay between both sources, such as activation of
one leading to the activation of the other (Dikalov, 2011). In
2000, Zorov et al. (2000) published the first study describing
the phenomenon called “ROS-induced ROS-release” by which
a small amount of ROS triggers greater ROS production from
the mitochondria. Five years later, Dr. Kimura’s group proposed
the Ang II-induced NOX stimulation as the generator of the
small amount of ROS triggering mitochondrial ROS production
(Kimura et al., 2005a) (Figure 1). It is important to note that
this “ROS-induced ROS-release” mechanism is implicated in Ang
II-mediated preconditioning.

The main link between both sources of ROS seems to be the
mitochondrial ATP-dependent potassium channel (mitoKATP).
It was demonstrated that the opening of these channels is cru-
cial to stimulate ROS production by the respiratory chain. Three
phenomena were proposed to activate the mitochondrial respira-
tory chain and produce ROS: moderate matrix swelling, matrix
alkalinization and inner membrane depolarization (Pain et al.,
2000; Andrukhiv et al., 2006). A still unresolved issue is how the
mitoKATP are opened. On the one hand, it has been reported
that O2

− can directly stimulate the mitoKATP, (Zhang et al., 2001,
2007) on the other hand, there is enough evidence that demon-
strate the involvement of PKC as an activator of mitoKATP (Sato
et al., 1998; Costa et al., 2006; Costa and Garlid, 2008). In addi-
tion, other studies have proposed that the cardioprotective effect
of Gi-coupled receptor agonists are due to EGFR transactivation
and subsequent stimulation of the PI3K/Akt pathway, which lead
to a PKG-mediated opening of mKATP channels and increased
O2

− production (Krieg et al., 2002, 2003, 2004). These authors
proposed that PI3K/Akt increase nitric oxide levels, which, in
turn, stimulates the guanylate cyclase, augmenting cGMP content
and activating PKG, inducing the opening of mitoKATP channels
(Krieg et al., 2004; Oldenburg et al., 2004).

Interestingly, it seems that not only NOX-derived ROS trigger
mitochondrial ROS production, but also a small amount of mito-
chondrial ROS released to the cytosol could potentially further
activate ROS-induced ROS-release in neighboring mitochondria
(Costa and Garlid, 2008). In addition, mitochondrial ROS can
stimulate NOX directly or mediated by PKC activation (Doughan
et al., 2008; Wenzel et al., 2008; Camara et al., 2010; Dikalov,
2011). These different signaling regulations create a truly cross-
talk between the major sources of ROS (Daiber, 2010). This issue
is important because it converts the mitochondrion to a ROS-
amplifier. Myocytes spend little energy to start the intracellular
signaling and then the cycle helps to potentiate ROS-production
(Figure 2).

THE MITOCHONDRIAL ROS ARE THE MEDIATORS OF RAAS-
INDUCED NHE-1 AND NBC REGULATION, OR IS IT THE
OPPOSITE?
ROS-mediated activation of NHE-1 (Sabri et al., 1998; Snabaitis
et al., 2002; Caldiz et al., 2007, 2011; De Giusti et al., 2008) and
NBC (De Giusti et al., 2009; Aiello and De Giusti, 2012) has been
reported to be due to redox sensitive kinase-mediated phospho-
rylation. In this regard, there is enough evidence supporting the
notion that ROS favors the activation of ERK 1/2 and p90RSK in
neonatal and adult cardiomyocytes (Sabri et al., 1998; Rothstein
et al., 2002).

As described above, the components of RAAS are well known
activators of ROS production (Hanna et al., 2002; Seshiah et al.,
2002; Kimura et al., 2005b; Doughan et al., 2008). Moreover, in
our lab, we have investigated the pathway by which myocardial
stretch sequentially stimulates ROS production, activates ERK 1/2
and p90RSK and finally leads to the stimulation of NHE-1 (Caldiz
et al., 2007, 2011; Villa-Abrille et al., 2010). We demonstrated
that NHE-1 stimulation is responsible for the SFR in the acute
phase. Thus, we proposed that NHE-1 stimulation is potentially
responsible, in a more prolonged term, for chronic and patholog-
ical responses, such as the development of cardiac hypertrophy
(Cingolani et al., 2008).

As Figure 1 shows, RAAS signaling leads to an increase in ROS
production and subsequent activation of ERK 1/2 and p90RSK

kinases, which stimulate both transporters, NHE-1 and NBC. The
stimulation of these transporters might lead to an increase in
[Na+]i (Vaughan-Jones et al., 2006), which is known to induce
the operation of the reverse mode of NCX, leading to an increase
in [Ca2+]i and a positive inotropic effect. Mitochondrial Ca2+
(mCa2+) uptake through the calcium uniporter (CaU) is in
part dependent on the Ca2+ gradient between the cytosol and
the mitochondrial matrix (Camara et al., 2010). Thus, it seems
evident that the cytosolic Ca2+ increase, following the activa-
tion of NHE-1 and NBC, may lead to an increase in mCa2+.
Mitochondrial Ca2+ loading regulates cellular respiration and
mediates cell death (Camara et al., 2010). Calcium, through the
activation of the CaMKII, was described as one of the main
activators of NOX (Nishio et al., 2012) and mitochondrial ROS
production (Song et al., 2011), creating a positive feed-back (feed-
back 3, Figure 2) by which the ROS pathways acquire a central
role in cell physiology (Trebak et al., 2010; Gul et al., 2012).

It has been described that the NHE-1 blockers attenuate the
mCa2+ overload, ROS production and mPTP opening induced
by ouabain (Toda et al., 2007). These authors proposed two pos-
sible mechanisms: (a) the NHE-1 inhibition prevents the increase
in [Na+]i and subsequent [Ca2+]i, which reduces the driving
force for mCa2+ uptake, and (b) NHE-1 inhibition might indi-
rectly activate the mitoKATP channel (the protection induced
by NHE-1 blockers is prevented with the mitoKATP blocker 5-
HD). In addition, it has been demonstrated that NHE-1 inhi-
bition prevents mPTP opening during the first minutes after
reperfusion, leading to an improvement of mitochondrial func-
tion as well as an attenuation of pro-apoptotic factors. In this
work, the authors discussed several possibilities for the NHE-
1-inhibition-induced protection, being the most important the
attenuation of [Ca2+]i overload and the delay of pHi recovery
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FIGURE 2 | Potential sites of positive feedback mechanisms involved in

the mitochondrial ROS production during the activation of RAAS. The
H2O2 released by the mitochondria during the ROS-induced ROS-release
mechanism could activate NOX (possibly via CaMKII or PKC activation),
cycling the mitochondrial ROS production (positive feedback 1). The

mitochondrial ROS could also help to maintain the opening of mitoKATP

(positive feedback 2), perhaps through the activation of PKC. Finally, the
intracellular Ca2+ augmentation after NHE-1 and NCX reverse mode
stimulation could induce mitochondrial Ca2+ load and further ROS production
(positive feedback 3).

during reperfusion (Javadov et al., 2008). Moreover, Garciarena
et al. (2008) working on isolated mitochondria, showed that the
NHE-1 inhibitors modulate mitochondrial ROS production via a
direct mitochondrial action. However, the site of action has not
been elucidated. Nevertheless, it is important to point out again
that the careful regulation of ROS production, which involves the
modulation of calcium handling, represents a crucial process in
myocardial intracellular signaling (Figure 2).

MITOCHONDRIAL ROS AND CARDIAC PATHOLOGY
When the cells are exposed to the same stimuli for long periods of
time, they begin to lose their equilibrium, and in this scenario
ROS and Ca2+ might represent dangerous molecules, leading
to arrhythmias and cardiac hypertrophy (Terentyev et al., 2008;
Zhao et al., 2011; Maulik and Kumar, 2012). In this regard, high
mCa2+ impairs ATP synthesis leading to a loss in ion homeosta-
sis, opening of mPTP and matrix swelling. The irreversible mPTP
opening is associated with release of cytochrome C and more ROS
production, resulting in a harmful vicious cycle of further ampli-
fication of ROS production, mCa2+ overload and irreversible cell
damage, which lead to cell death (Camara et al., 2010). On the
other hand, several investigations have demonstrated that a low
increase in matrix ROS is sufficient to trigger brief, stochastic

openings of mPTP, perhaps through reversible thiol oxidation
(Wang et al., 2008). Moreover, these transient brief openings of
mPTP have been involved as a “physiological valve”, alleviating
mCa2+ overload and providing protection against cellular injury
(Smaili and Russell, 1999; Kindler et al., 2003).

There are several evidences that involve the participation of
ROS produced by NOX in different models of heart failure with
RAAS activation (Sorescu and Griendling, 2002; Guo et al., 2006).
Since NOX-produced ROS can be amplified by ROS generated by
mitochondria during the ROS-induced-ROS release mechanism,
this process could be also involved in the development of car-
diac hypertrophy and the transition to heart failure. Indeed, it was
reported that mice that overexpress catalase (antioxidant enzyme
that degrades H2O2) targeted to mitochondria are resistant to car-
diac hypertrophy, fibrosis and mitochondrial damage induced by
Ang II as well as heart failure induced by overexpression of Gαq
(Dai et al., 2011). In addition, Ang II-induced mitochondrial ROS
are implicated in the development of apoptosis (Choudhary et al.,
2008). Thus, breaking the ROS vicious cycle within mitochon-
dria by antioxidants specifically targeted to this organelle would
be effective to attenuate both cardiac hypertrophy and failure.

It was recently demonstrated that Ang II binds to AT1 and
AT2 receptors localized in the mitochondrial inner membrane

www.frontiersin.org May 2013 | Volume 4 | Article 126 | 32

http://www.frontiersin.org
http://www.frontiersin.org/Mitochondrial_Research/archive


De Giusti et al. Mitochondrial ROS as signaling molecules of RAAS

(mAT1 and mAT2) (Abadir et al., 2011). The authors of
this study proposed an interesting model, where they asso-
ciated the subtype of Ang II receptor and the type of ROS
generated by mitochondria. In young animals, the activation
of mAT2 induced protective mitochondrial NO generation.
However, this protection disappeared with aging, possibly, due
to harmful ROS producing an increased expression of mAT1.
A similar speculation of mAT1 and mAT2 remodeling with
aging could be done for cardiovascular diseases. In contrast,
Doughan et al. (2008) demonstrated that Ang II does not
exert any effect on isolated mitochondria. Moreover, it will be
necessary to elucidate how Ang II gains access to the intra-
cellular space, either by internalization or by local synthe-
sis (Inagami, 2011). The relevance of this intracellular action
of Ang II on mitochondrial ROS production remains to be
studied.

FINAL NOTES AND PERSPECTIVES
The main objective of this review was to emphasize the participa-
tion of mitochondria in the signaling pathways of RAAS. As we
have shown, almost all the effects of RAAS involve the production
of ROS, and the main source of them appears to be mitochon-
dria. In summary, we attempted to call attention to the central
role of cardiomyocyte mitochondria as the sites where the cellular
signaling mediated by ROS converge.

Mitochondria have been mainly thought as the organelles that
generate energy. However, in the last years, we have learned that
mitochondria are much more than only an “ATP-plant produc-
tion”. They are involved in cellular ion homeostasis, oxidative
stress and cell survival or death. The main role of mitochondria
seems to be the supervisor of cell functions. Mitochondria are the
main source of ROS and, more important, they can interact with
others sources of ROS in order to amplify the signal. Moreover,
ROS regulate calcium signaling, which can also act as second mes-
senger and further stimulate ROS production, creating a cycle,
capable of being regulated at many steps (Figure 2).

As commented above, in the past ROS were thought exclusively
as deleterious molecules. However, recent studies show that they
appear to be very important second messengers that mediate dif-
ferent intracellular pathways. What has changed? The molecules,
the stimuli and the sources are the same. Perhaps, we should
believe that we are just beginning to uncover how the cells can
use harmful reactive species for their own benefit.

Finally, we would like to highlight that mitochondrial ROS
signaling may be an attractive target for therapeutic drugs in
order to suppress RAAS signals. However, due to the complexity
of the mechanisms involved, this idea requires careful evalua-
tion, since targeting the wrong site at the wrong moment could
not only worsen the disease, but could also suppress important
physiological signaling pathways.
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Apart from ATP synthesis mitochondria have many other functions, one being nitrite
reductase activity. Nitric oxide (NO) released from nitrite has been shown to protect
the heart from ischemia/reperfusion (I/R) injury in a cGMP-dependent manner. However,
the exact impact of mitochondria on the release of NO from nitrite in cardiomyocytes
is not completely understood. Besides mitochondria, a number of non-mitochondrial
metalloproteins have been suggested to facilitate this process. The aim of this study
was to investigate the impact of mitochondria on the bioactivation of nitrite in HL-1
cardiomyocytes. The levels of nitrosyl complexes of hemoglobin (NO-Hb) and cGMP levels
were measured by electron spin resonance spectroscopy and enzyme immunoassay. In
addition the formation of free NO was determined by confocal microscopy as well as
intracellular nitrite and S-nitrosothiols by chemoluminescence analysis. NO was released
from nitrite in cell culture in an oxygen-dependent manner. Application of specific inhibitors
of the respiratory chain, p450, NO synthases (NOS) and xanthine oxidoreductase (XOR)
showed that all four enzymatic systems are involved in the release of NO, but more
than 50% of NO is released via the mitochondrial pathway. Only NO released by
mitochondria activated cGMP synthesis. Cardiomyocytes co-cultured with red blood cells
(RBC) competed with RBC for nitrite, but free NO was detected only in HL-1 cells
suggesting that RBC are not a source of NO in this model. Apart from activation of
cGMP synthesis, NO formed in HL-1 cells diffused out of the cells and formed NO-Hb
complexes. In addition nitrite was converted by HL-1 cells to S-nitrosyl complexes. In HL-1
cardiomyocytes, several enzymatic systems are involved in nitrite reduction to NO but only
the mitochondrial pathway of NO release activates cGMP synthesis. Our data suggest that
this pathway may be a key regulator of myocardial contractility especially under hypoxic
conditions.

Keywords: nitrite, HL-1 cardiomyocytes, mitochondria, nitric oxide, hypoxia

INTRODUCTION
For decades nitrite and nitrate were thought to be the stable
end products of nitric oxide (NO) produced by various isoforms
of NO synthase (NOS). However, this concept became outdated
when it was recognized that, under hypoxic conditions, nitrite can
be reduced back to NO (Zweier et al., 1995; Lepore et al., 1999;
Cosby et al., 2003; Vanin et al., 2007; van Faassen et al., 2009).
Nitrite-derived NO creates a number of effects, for example
increased levels of nitroso species, alters redox status and induces
protein modifications (Dezfulian et al., 2007, 2009; Perlman et al.,
2009). These effects may be involved in the cytoprotective effects
of nitrite seen in models of local ischemia/reperfusion (I/R) injury
in the heart, liver and brain (Lu et al., 2005; Jung et al., 2006;
Bryan et al., 2008; Calvert and Lefer, 2009). Cytoprotection is
attributed to the reduction of nitrite to NO and consequent acti-
vation of cGMP synthesis (Shiva and Gladwin, 2009), which leads
to vasodilation and thus, better perfusion and increased oxygen
supply (Wolin, 2009).

However, the mechanisms by which endogenous or exoge-
nous nitrite is reduced to NO are still under discussion. One
potential pathway occuring in blood is the reduction of nitrite by
hemoglobin (Hb) in red blood cells (RBC). Cosby et al. suggested
that nitrite-derived NO diffuses from the RBC into the smooth
muscle cells of the vasculature and activates nitrite-mediated
vasodilation (Cosby et al., 2003). Recently, however, it was sug-
gested that not NO but another nitrogen species, N2O3, forms
in RBCs diffuses into the tissues and induces vasodilation (Basu
et al., 2007b). Lundberg et al. showed that the reduction of nitrite
to NO depends on the predominant partial pressure of oxygen in
the blood; lower oxygen levels facilitate NO release (Lundberg and
Weitzberg, 2005). Hb seems to follow an allosteric regulation of
nitrite reduction, showing the best nitrite reductase performance
at 50% saturation with oxygen (Rassaf et al., 2007; van Faassen
et al., 2009).

Another pathway of nitrite reduction other than the RBC
pathway is mediated via parenchymal cells in tissues. Various
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intracellular enzymes have been identified to possess nitrite
reductase activity, for example xanthine oxidoreductase (XOR)
(Webb et al., 2008) and NOS (van Faassen et al., 2009). Also mito-
chondria can rapidly reduce nitrite to NO (Kozlov et al., 1999). It
has been shown that NO reduced from nitrite by mitochondria
in turn reversibly inhibits mitochondrial respiration (Nohl et al.,
2000). However, it is not known whether or not this NO pool may
escape from mitochondria and activate other signaling pathways.

Apart from regulation of vascular tonus, NO plays an impor-
tant role in the cardiovascular system to maintain cardiac func-
tion (Rastaldo et al., 2007) via activation of cGMP synthesis in a
dose-dependent manner. Under physiologic conditions endothe-
lial and neuronal NOS play an important role in cardiac function.
The inhibition of NO synthesis catalyzed by NOS under normoxic
conditions induces cardiac remodeling (hypertrophy), which is
independent of the systemic hemodynamic effects of NO (Sanada
et al., 2003). Nitrite represents a NOS-independent NO-source
that becomes effective under hypoxic conditions. Nitrite, how-
ever, represents a NOS-independent NO-source that becomes
effective under hypoxic conditions like I/R. Previously it was
shown that the reduction of nitrite to NO in heart homogenate
is nearly fully inhibited by myxothiazol, a specific inhibitor of
the mitochondrial respiratory chain at complex III (Kozlov et al.,
2005). However, the impact of this pathway on the bioactiva-
tion of nitrite in cardiomyocytes has not been addressed in the
literature.

The aim of this study was to clarify the impact of mitochon-
dria on nitrite reduction in HL-1 cardiomyocytes under hypoxic
conditions.

MATERIALS AND METHODS
PREPARATION OF HL-1 CELLS AND RBC
HL-1 cardiomyocytes were used in this study. Cells were cultured
under a 5% CO2 atmosphere in Claycomb medium (Sigma, St.
Louis, USA) supplemented with 10% fetal bovine serum (Lonza,
Basel, Switzerland), 4 mM L-glutamine (Sigma, St. Louis, USA),
100 U/ml penicillin (Sigma, St. Louis, USA), 100 µg/ml strep-
tomycin (Sigma, St. Louis, USA), and 100 µM norepinephrine
(Sigma, St. Louis, USA). Cells were seeded in 24-well cell cul-
ture plates precoated with 25 µg/ml fibronectin and 0.02% gelatin
solution and cultivated until confluent.

To isolate human RBC, whole blood was centrifuged at 1600 g
for 10 min, plasma and buffy-coat discarded and the remain-
ing RBC washed twice with phosphate buffered saline (PBS).
RBC were then diluted with PBS accordingly and counted on a
Cell-Dyn 3700 (Abbott, Switzerland) before use.

EXPERIMENTAL SETUP
Determination of nitrite-derived NO-release from HL-1 cells
Experiments were performed in a gas-tight glove box, which
allowed to study nitrite reduction under various oxygen concen-
trations (from 21% to <1% O2). All solutions were deoxygenated
with nitrogen prior to experiment. Twenty-four-well cell cul-
ture plates with confluent HL-1 cells (approx. 250,000 cells/well)
were transferred into the glove box containing nitrogen atmo-
sphere. In selected experiments HL-1 cells had been preincubated
under 21% oxygen for 1 h with either 10 µM myxothiazol, 10 mM

potassium cynide, 1 mM allopurinol, 300 µM N-nitro-L-arginine
methyl ester (L-NAME) or 500 µM methyrapone. The following
procedures were performed inside the glove box: to measure NO-
Hb, the cell medium was exchanged with diluted RBC in PBS and
cells treated with 50 µM nitrite or PBS as control. For analysis of
cGMP synthesis medium was exchanged with PBS, followed by
addition of 50 µM nitrite or PBS. PBS contained 1 mM of the
phosphodiesterase inhibitor (MacArthur et al., 2007) isobutyl-
methylxanthin (IBMX) to prevent cGMP degradation. Cells were
then incubated under hypoxic conditions on a shaker at 37◦C for
1 h. Afterwards, the supernatant was withdrawn for analyses of
NO-Hb and cGMP, the remaining cells were lysed by sonification
in 500 µl lysis reagent provided with the enzyme immunoas-
say for detection of cGMP (GE Healthcare, Fairfield, USA) and
the lysates stored for quantification of intracellular nitrite and
nitroso species. Protein content of the lysates was determined
for normalization by BCA protein assay (Pierce, Rockford, USA).
In selected experiments NO-gas was used as a positive control.
Physiological saline was purged with NO gas (Messer, Austria)
for 15 min. NO concentration was determined with a NO elec-
trode (World Precision Instruments Ltd., USA) and was 1 mM in
average.

EPR SPECTROSCOPY
The EPR spectra from frozen samples were recorded in a
Miniscope MS 2000 (Magnettech Ltd., Berlin, Germany) at liq-
uid nitrogen temperature with the following settings: microwave
frequency 9.429 GHz, microwave power 30 mW, modulation
frequency 100 kHz and modulation amplitude 6 G.

CONFOCAL MICROSCOPY
The detection of NO production in living cells was performed
using the NO-sensitive fluorescent dye 4-Amino-5-methylamino-
2′,7′-difluorofluorescein diacetate (DAF-FM diacetate; Molecular
Probes, Carlsbad, CA). DAF-FM diacetate is nitrosated by NO and
is a reasonable indication for NO. HL-1 cells or RBC were loaded
with 10 µM DAF-FM diacetate and incubated for 30 min at 37◦C.
Afterwards, 50 µM of NaNO2 were added and cells were incu-
bated for another 30 min at 37◦C under anaerobic conditions in
an incubator at <1% oxygen. Imaging was performed with an
inverted confocal microscope (LSM 510, Zeiss, Germany) with
excitation/emission maxima of 495/515 nm, 63× oil immersion
objective and 2.0 scan zoom.

ANALYSIS OF NITRITE AND NITROSO SPECIES
Nitrite and nitroso species in cell lysates were measured using a
triiodide-based reductive chemiluminescence method with a NO
analyzer (model 280, Seivers, Boulder, USA). To determine the
levels of nitrite and nitroso species two aliquots of each sample
were analyzed, as previously described (MacArthur et al., 2007).
The first aliquot was directly injected into the triiodide reagent
to measure nitrite, the second was incubated for 10 min with
acidified sulfanilamide (0.5% vol:vol) to eliminate nitrite before
injected into the triiodide reagent. Since the second measure-
ment represents the signal from nitroso species, the compari-
son of both peaks provides an accurate method for measuring
nitrite.
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cGMP MEASUREMENT
cGMP levels in HL-1 cells were measured by enzyme immunoas-
say (cGMP EIA; GE Healthcare, Fairfield, USA) according to
protocol 3 of the manufacturer’s instructions. Briefly, cell cul-
ture supernatants were aspirated and adherent cells lysed in the
lysis reagent provided. Samples were acetylated prior to perform-
ing the assay. Optical density (405 nm) was measured by a plate
reader (Tecan, Männedorf, Switzerland) and the concentration of
cGMP was calculated from a standard curve produced from serial
dilutions of acetylated cGMP solutions. All standards and samples
were assayed in duplicate.

DATA PRESENTATION AND STATISTICS
Data represent mean ± SD. Significance was calculated using
One-Way ANOVA test with post-hoc LSD (least significant differ-
ence) test.

RESULTS
Under hypoxic conditions NO reacts with Hb yielding nitrosyl
complexes of hemoglobin (NO-Hb) with characteristic electron
spin resonance spectra shown in the inset of Figure 1A. The
baseline level of NO-Hb in RBC was doubled when RBC were
incubated with nitrite, showing that RBC are well able to con-
vert nitrite to NO. Co-culture with HL-1 cells led to a further
significant increase in NO-Hb levels, indicating the significant
portion of NO derived from HL-1 cells (Figure 1A). It also clearly
demonstrated that the NO formed in HL-1 cells is released from
the cells. Variation of the RBC:HL-1 ratio shows the relative con-
tribution of RBC and HL-1 cells to NO formation (Figure 1B).
A RBC:HL-1 ratio of 166:1 was chosen as it showed the highest
difference between RBC and HL-1 derived NO. NO-Hb forma-
tion in both RBC and HL-1 cells was dependent on the partial
pressure of oxygen (Figure 1C). The provision of free avail-
able NO, however, depends predominantly on parenchymal cells.
The incubation of HL-1 cells with nitrite led to an increase
in intracellular NO levels as revealed by confocal microscopy
using the NO specific indicator dye DAF-2DA. In contrast, free
NO was not detected in RBC as the fluorescence of RBC incu-
bated with nitrite did not change compared to untreated control
(Figure 2A).

Logically, the NO formed in cardiomyocytes has two major
functions. A portion of NO diffusing out of cardiomyocytes
may contribute to the regulation of vascular tonus and another
portion may activate cGMP synthesis regulating myocardial con-
tractility. The release of NO was determined by the formation
of NO-Hb complexes in RBC co-cultured with HL-1 cells and
cGMP levels were determined directly in HL-1 cells. To clarify
the origin of nitrite-derived NO contributing to the formation
of NO-Hb and cGMP synthesis, HL-cells were preincubated with
various specific inhibitors, allowing definition of the impact of
the respective enzymes. Regarding NO release and NO-Hb for-
mation, all inhibitors used decreased the NO-Hb signal. However,
the mitochondrial inhibitor myxothiazol had the most prominent
effect, decreasing NO-Hb levels by 60%. Allopurinol, L-NAME
and methyrapone, inhibitors of XOR, NOS and cytochrome P450,
respectively, contributed to the formation of NO-Hb, although
significantly less than mitochondria (Figure 2B).

FIGURE 1 | (A) NO production from RBC and in co-culture with HL-1 cells
under hypoxic conditions with and without 50 µM nitrite. (A) Both RBC and
HL-1 cells are capable of nitrite reduction. Left set of bars shows the
RBC-mediated release of NO from nitrite. Right set of bars represents data
from co-culture of RBC with HL-cells in a RBC:HL-1 ratio of 166:1
(∗p < 0.005, ∗∗∗p < 0.001 compared to the respective group without nitrite,
###p < 0.001, compared to RBC with nitrite). Inset in 1 (A) shows typical
EPR spectrum of NO-Hb complexes. (B) The relative contribution of both
pathways depends on both nitrite concentrations and the RBC:HL-1 ratio.
A ratio of 166:1 and a nitrite concentration of 50 µM were chosen for all
other experiments as these conditions showed the highest difference
inNO-signals with and without HL-1 cells. ∗p < 0.05, ∗∗∗p < 0.001 RBC vs.
RBC + HL-1 of the same group. (C) Oxygen-dependence of NO-Hb signal.
RBC and in co-culture with HL-1 cells were incubated with 50 µM nitrite
under various oxygen concentrations. ∗p < 0.001, NO-Hb signals with and
without HL-1 cells. �p < 0.001, compared to RBC + HL-1 at 0% oxygen.
#,##p < 0.05 and p < 0.01, respectively, compared to RBC at 0% oxygen.

The impact of these enzymes on nitrite-dependent cGMP for-
mation was investigated in a similar way. cGMP synthesis in HL-1
cells stimulated by nitrite-derived NO was fully prevented by
myxothiazol while other inhibitors had no effect (Figure 3A). NO
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FIGURE 2 | (A) Analysis of free NO using a NO-specific dye and confocal
microscopy. HL-1 cells or RBC were loaded with 10 µM DAF-FM and
incubated for about 30 min at 37◦C. Afterwards, 50 µM of NaNO2 were
added and cells were incubated for another 30 min at 37◦C under anaerobic
conditions. Free NO could only be detected in HL-1 cells but not in RBC.
(B) Influence of various inhibitors on NO-Hb signals of RBC in co-culture
with HL-1 cells determined by EPR analysis. Myxothiazol, an inhibitor of
complex III of the respiratory chain, reduced NO-signal by 60%, while all
inhibitors reduced NO-Hb levels by approx. 25%. ∗∗∗p < 0.001, compared
to HL-1 cells incubated with 50 µM nitrite. #p < 0.05, compared to RBC
incubated with 50 µM nitrite.

gas-saturated saline, used as a positive control, led to significant
increase in cGMP production. However, NO-mediated guanylyl
cyclase (GC) activation was influenced by neither myxothiazol
nor any of the other inhibitors (Figure 3B).

Chemoluminescence analysis showed that incubation of HL-
1 cells with 50 µM nitrite led to a drastic increase in intracellular
nitrite (Figure 3C) and nitroso species (Figure 3D) levels. In con-
trast to NO-Hb and cGMP, nitroso species formation was not
sensitive to myxothiazol.

DISCUSSION
In the past years it has been demonstrated that nitrite represents
a storage pool of NO which can be activated, especially under
hypoxic conditions. As nitrite reduction occurs both in blood Hb
and tissue, we investigated the process of exogenous nitrite reduc-
tion in monocultures of HL-1 cells and RBC and in a co-culture
of these two cell types. Since Hb is itself a nitrite reductase, RBC

were incubated with and without nitrite to determine the RBC-
dependent nitrite reduction. The free radical NO binds efficiently
to deoxy-Hb in RBC, yielding the characteristic triplet spectrum
of this NO-Hb complex. The formation of NO-Hb complexes
in RBC incubated with nitrite reflects diffusion of nitrite into
RBC and it reduction to NO. It has been demonstrated in the
literature that nitrite reduction is oxygen-dependent. Figure 1C
shows NO-Hb signals at anaerobic conditions as well as at oxy-
gen concentrations typical for arterial (12.5% O2) and venous
(5% O2) blood. In both RBC and co-culture with HL-1 cells,
NO-Hb signals are reduced with a decrease in oxygen. There are
two explanations for this finding: first, activities of nitrite reduc-
tases decrease with increases in oxygen or, second, Hb becomes
oxygenated and reacts with NO to form methemoglobin rather
than NO-Hb. In any case, anaerobic conditions yield the high-
est amounts of nitrite-derived NO and thus, further experiments
were performed under anaerobic conditions. In cardiomyocytes,
the ability of nitrite to diffuse into HL-1 cells was confirmed
directly by determination of intracellular nitrite levels in HL-1 cell
lysates (Figure 3D).

It has previously been shown that NO diffuses from diverse
parenchymal cells into the blood to form NO-Hb complexes in
RBC, but NO bound to Hb does not diffuse back to parenchymal
cells (Kozlov et al., 2001). Consequently, we assumed that deter-
mination of NO-Hb complexes in our model is a measure of total
NO-production in RBC plus HL-1 cells. In fact, addition of HL-1
cells to a RBC suspension increased nitrite mediated NO-Hb for-
mation due to an additional portion of NO reduced in HL-1 cells.
An increase in the RBC:HL-1 ratio results in an increase of the NO
portion formed in HL-1 cells and reduced the NO portion coming
from RBC. This shows that both RBC- and HL-1 mediated path-
ways have a distinguishable contribution to total NO production
determined by NO-Hb levels. Also, the difference in NO-Hb lev-
els between coculture of HL-1 cells and Hb and Hb alone is the
NO formed in HL-1 cells. In this experimental model we found
that free NO is only detectable in cardiomyocytes but not in RBC.
This was shown by confocal microscopy combined with using the
fluorescent dye DAF used to determine free NO in RBC and HL-1
cells upon treatment with nitrite. Increased DAF fluorescence was
clearly detected in HL-1 cells but not in RBC, suggesting that free
NO only occurs in HL-1 cells. This suggests that NO is tightly
bound to Hb inside RBC. The lack of free NO in RBC seems to
be in contradiction to the fact that RBC-mediated nitrite reduc-
tion contributes to vasodilation. However, this contradiction was
satisfactorily explained in the recent publication of Basu et al. who
suggested that N2O3, not NO, is formed in RBC and is the active
mediator of vasodilation (Basu et al., 2007a).

The intracellular mechanisms of nitrite bioactivation in HL-1
cells were investigated by using inhibitors of various enzymes
with distinct nitrite reductase activity. Specific inhibitors for
XOR, complex III of the mitochondrial electron transport chain,
cytochrome P450 and NOS were used. Cells were incubated with
inhibitors prior to the addition of RBC which served as NO detec-
tion reagent. Thus, the effects of these inhibitors on the NO-Hb
signal were only HL-1 dependent. All inhibitors reduced NO
release, seen as lowered NO-Hb levels, but to various extents.
The mitochondria-specific inhibitor myxothiazol decreased NO
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FIGURE 3 | (A) GMP levels in HL-1 incubated with 50 µM nitrite under
hypoxic conditions. cGMP production was completely inhibited by
myxothiazol, suggesting that NO derived from nitrite reduction in
mitochondria is predominately responsible for cGMP synthesis. Controls are
untreated HL-1 cells, Nitrite indicates HL-1 cells treated with 50 µM nitrite, all
other groups were treated with nitrite and with one of the following
inhibitors: Myxo, Myxothiazol; Allo, Allopurinol; NAME, N-nitro-L-arginine
methyl ester; Met, Methyrapone. (B) cGMP levels in HL-1 cells incubated
with 50 µM NO under hypoxic conditions. GC activation by NO-gas was not
influenced by either myxothiazol or any other inhibitor, demonstrating that
nitrite reduction via mitochondria is predominately responsible for cGMP

synthesis. Controls are untreated HL-1 cells, NO indicates HL-1 cells treated
with 50 µM nitritc oxide, all other groups were treated with NO and with one
of the following inhibitors: Myxo, Myxothiazol; Allo, Allopurinol; NAME,
N-nitro-L-arginine methyl ester; Met, Methyrapone. ∗∗p < 0.01, ∗∗∗p < 0.001.
Intracellular levels of nitrite (C) and nitroso species (D) in HL-1 cells. Controls
are untreated HL-1 cells, Nitrite indicates HL-1 cells treated with 50µM
nitrite, Myxo represents HL-1 cells incubated with 50 µM nitrite preincubated
with myxothiazol. Cell lysates were analysed by a Sievers NOA280i
chemiluminescence analyser using the tri-iodide method to determine nitrite.
For analysis of nitroso species a second sample was treated with acidified
sulfanilamide to eliminate nitrite. ∗∗∗p < 0.001 vs. control.

signal by 60%. This is in line with the fact that mitochondria
contribute to nitrite reductase activity in heart homogenates by
approx. 80% (Kozlov et al., 2003). However, NO-Hb levels were
not reduced to baseline levels of untreated cells, suggesting that
there are additional pathway(s) of NO production. As allopurinol,
NAME and methyrapone reduced NO-signals by 25% each, this
indicates other active mechanisms. According to Dr. Claycomb,
who established the HL-1 cell line, these cells should contain
myoglobin (Mb) comparable to primary cardiomyocytes (pri-
vate communication). Mb is a potent nitrite reductase in the
heart (Shiva et al., 2007) whose impact was not investigated in
this study. However, Shiva et al. used ferricyanide to oxidize Mb
in heart homogenate which led to decreased NO production.
Ferricyanide is an unspecific one electron acceptor interacting
also with the respiratory chain of mitochondria (Krasnikov et al.,
1997). Thus, both nitrite and ferricyanide are reduced accepting
electrons from the respiratory chain. Consequently, the effects
of ferricyanide may be due to the inhibition of nitrite reduc-
tion by the respiratory chain. Thus, ferricyanide might not be

suitable to distinguish between Mb-mediated and mitochondria-
mediated nitrite reduction. On the other hand there are specific
inhibitors of the mitochondrial respiratory chain, which do not
react with Mb, for instance myxothiazol. In our previous publica-
tion we have shown that myxothiazol nearly completely inhibits
nitrite reduction to NO in heart homogenate. This suggests
that mitochondria are responsible for nitrite reduction in heart
homogenate.

Another situation is demonstrated in the paper of Totzeck
et al. (2012). They showed that Mb in SMC is involved in nitrite
reduction and vasodilation. This suggests that the data from
heart homogenate reflect nitrite reduction in cardiomyocytes (the
mayor cell type contributing to heart homogenate), which is likely
relevant for the regulation of myocardial contractility and Mb in
SMC for vascular tonus.

Beside Mb, several studies showed that XOR also is an
important nitrite reductase in the heart. McNulty et al. showed
that in RBC-free heart tissue, nitrite consumption could be
blocked by 40% by allopurinol (McNulty et al., 2008) but
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no mitochondria-specific inhibitor was tested in the study. One
also has to keep in mind that allopurinol acts as an antioxidant as
well, thus also inhibiting intracellular oxidative processes. Baker
et al. demonstrated that both oxypuinol and diphenyleneiodo-
nium (DPI), a non-specific flavoprotein inhibitor, inhibited
nitrite-mediated cardioprotection (Baker et al., 2007). As DPI
also inhibits mitochondrial complex I (Li and Trush, 1998), the
reduction in cytoprotection might be due to reduced nitrite
bioactivation by mitochondria. Irrespectively of the exact mech-
anism of allopurinol, we show that, in our model, mitochondria
are the major contributor to the generation of diffusible NO.

Although mitochondria were only partially responsible for the
generation of diffusible NO, they were the only NO source acti-
vating cGMP synthesis; myxothiazol completely inhibited cGMP
synthesis and other inhibitors had no effect. This finding suggests
that NO by mitochondria-mediated nitrite reduction is predom-
inately responsible for cGMP synthesis in HL-1 cells. Zielinska
et al. demonstrated that fluoroactetate, a metabolic inhibitor
specifically affecting astrocytic mitochondria, inhibited cGMP
synthesis by about 50% (Zielinska et al., 2007). An intracellular
association of mitochondria and GC could explain that cGMP
synthesis, but not NO-Hb signals, were completely blocked by
mitochondrial inhibition.

To exclude the possibility that myxothiazol inhibited not
only nitrite reduction, but also NO-mediated cGMP synthe-
sis, we used pure NO as a control. GC activation by NO-
gas was not influenced by either myxothiazol or any other
inhibitor, showing the predominant contribution of mitochon-
dria to nitrite bioactivation in cardiomyocytes under hypoxic
conditions. These data suggest that the pathway responsible for
stimulation of cGMP synthesis in cardiomyocytes was exclusively
mitochondria-dependent. In addition, it has been shown that
myxothiazol can also induce superoxide production in the mito-
chondrial matrix. Myxothiazol-derived superoxide may cause
oxidation of NO produced in the mitochondria. However,
myxothiazol did not inhibit cGMP production in NO-gas treated
cells. These data may indicate that the nitrite reduction in the

electron transfer chain occurs downstream of the myxothiazol
binding site. This could point to complex IV, cytochrome c oxi-
dase, which has recently been identified as a nitrite reductase
(Castello et al., 2006).

Since NO has been cited to inhibit mitochondrial respiration
nitrite reduction via complex IV the inhibition of this com-
plex would initiate auto-regulation. Under hypoxic conditions
nitrite reduction would continue until critical levels of NO will
be reached to block the reaction at the same site.

We assume that this mitochondria-dependent increase in
cGMP levels contributes to the regulation of myocardial contrac-
tility under hypoxic conditions and to cytoprotection (Cauwels
et al., 2009). In contrast, formation of nitroso species upon nitrite
treatment was not affected by myxothiazol. This suggests that
nitroso compounds are formed from nitrite, not from NO within
HL-1 cells.

In conclusion, in this study we showed in vitro that both RBC
and HL-1 cardiomyocytes mediated the reduction of nitrite to NO
under hypoxic conditions. RBC-mediated nitrite reduction did
not contribute to cGMP synthesis in HL-1 cells. cGMP produc-
tion in cardiomyocytes was completely inhibited by myxothiazol,
a specific inhibitor of mitochondria, while inhibitors of XOR,
NOS, and p450 had no effect. The effect of myxothiasol was
not due to inhibition of cGMP synthesis itself, suggesting that
mitochondria trigger nitrite-mediated cGMP synthesis in car-
diomyocytes. Our data suggest that this pathway may be a key
regulator of myocardial contractility, especially under hypoxic
conditions.
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Defects in mitochondrial ribosomal proteins (MRPs) cause various diseases in humans.
Because of the essential role of MRPs in synthesizing the essential subunits of oxidative
phosphorylation (OXPHOS) complexes, identifying all of the protein components involved
in the mitochondrial translational machinery is critical. Initially, we identified 79 MRPs;
however, identifying MRPs with no clear homologs in bacteria and yeast mitochondria
was challenging, due to limited availability of expressed sequence tags (ESTs) in
the databases available at that time. With the improvement in genome sequencing
and increased sensitivity of mass spectrometry (MS)-based technologies, we have
established four previously known proteins as MRPs and have confirmed the identification
of ICT1 (MRP58) as a ribosomal protein. The newly identified MRPs are MRPS37
(Coiled-coil-helix-coiled-coil-helix domain containing protein 1-CHCHD1), MRPS38 (Aurora
kinase A interacting protein1, AURKAIP1), MRPS39 (Pentatricopeptide repeat-containing
protein 3, PTCD3), in the small subunit and MRPL59 (CR-6 interacting factor 1, CRIF1) in
the large subunit. Furthermore, we have demonstrated the essential roles of CHCHD1,
AURKAIP1, and CRIF1in mitochondrial protein synthesis by siRNA knock-down studies,
which had significant effects on the expression of mitochondrially encoded proteins.

Keywords: mitochondrial translation, MRPS37 (CHCHD1), MRPS38 (AURKAIP1), MRPS39 (PTCD3), MRPL58 (ICT1),

MRPL59 (CRIF1), 55S, mitochondrial ribosomal proteins

INTRODUCTION
Mammalian mitochondria use oxidative phosphorylation
(OXPHOS) to provide more than 90% of the ATP used for energy
by cells. ATP production by this process depends on electron
transport chain complexes and ATP synthase, components of
which are encoded by both the nuclear and mitochondrial
genomes. In mammals, mitochondrial DNA encodes the infor-
mation for only 13 essential proteins required for OXPHOS, in
addition to 22 tRNAs and 2 rRNAs. The 13 proteins encoded
by the mitochondrial genome are synthesized on 55S ribosomes
using the specialized translational system within the organelle.

Mammalian mitochondrial ribosomes (55S) consist of small
(28S) and large (39S) subunits (O’Brien et al., 1993; Pel and
Grivell, 1994). The 55S ribosome is composed of ∼80 mito-
chondrial ribosomal proteins (MRPs), and all of these proteins

Abbreviations: MRPS, Mitochondrial ribosomal small subunit protein; MRPL,
Mitochondrial ribosomal large subunit protein; capLC-MS/MS, capillary liquid
chromatography-nanoelectrospray ionization-tandem mass spectrometry.

are encoded by nuclear genes and imported into mitochondria,
where they are assembled into the ribosome with mitochondri-
ally transcribed rRNAs (De Vries and Van Der Koogh-Schuuring,
1973; Pietromonaco et al., 1991; Koc et al., 2001a,b). About a
decade ago, we and others identified almost all of the proteins
present in these ribosomes using various proteomics techniques.
This initial analysis indicated that the small subunit of the ribo-
some contains 29 proteins, whereas the large subunit has about
50 proteins (Goldschmidt-Reisin et al., 1998; Graack et al., 1999;
Koc et al., 1999, 2001a,b; Suzuki et al., 2001). About half of the
proteins in mammalian mitochondrial ribosomes have homologs
in bacterial and yeast mitochondrial ribosomes and play a role
either in the assembly and structure of ribosomes or in the
initiation, elongation, or termination phases of mitochondrial
translation (Smits et al., 2007; Christian and Spremulli, 2011;
Koc and Koc, 2012). The functions and ribosomal locations of
the mitochondrial-specific proteins are not known; however, they
may replace some of the functions of bacterial ribosomal proteins
that are not present in the mitochondrial ribosome. They may
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also provide additional function(s) critical for protein synthesis or
its regulation in mammalian mitochondria (Koc et al., 2001a,b).
Although it is not possible to determine the exact locations of
these mitochondrial-specific proteins without x-ray structural
information, cryo-EM reconstruction studies indicate that they
are distributed on the exterior surface of the ribosome (Sharma
et al., 2003; Agrawal et al., 2011). It is clear that some of the
mitochondrial-specific ribosomal proteins are located in func-
tionally important regions of the ribosome, particularly at the
mRNA entrance gate in the small subunit and at the polypeptide
exit tunnel and central protuberance region of the large sub-
unit, creating specific structures on the mitochondrial ribosome
(Sharma et al., 2003; Agrawal et al., 2011).

In many instances, mitochondrial-specific ribosomal proteins
were initially identified based on distinct biological functions that
did not appear to be related to mitochondrial translation. For
example, mitochondrial-specific MRPs such as MRPS29 (DAP3-
death associated protein 3) and MRPS30 (PDCD9-programmed
cell death protein 9) were originally identified on the basis of
their involvement in apoptosis. MRPL37 and MRPL41 were also
reported to be involved in apoptosis (Carim et al., 1999; Koc
et al., 2001a,b; Levshenkova et al., 2004; Chintharlapalli et al.,
2005; Yoo et al., 2005). Human mutations in MRPs have been
reported and can have a variety of consequences (Galmiche et al.,
2011; Smits et al., 2011). Major mutations in MRPs can lead to
functional changes in mitochondrial translation and can be lethal
(Miller et al., 2004; Jacobs and Turnbull, 2005; Saada et al., 2007;
Galmiche et al., 2011; Rotig, 2011; Smits et al., 2011). Aberrantly
expressed MRPs are also observed in many different tumors,
including in breast cancer, gliomas, squamous cell carcinoma, and
osteosarcoma (Bonnefoy et al., 2001; Koc et al., 2001b; Mariani
et al., 2001; Miller et al., 2004; Lyng et al., 2006). Therefore, a
complete list of mitochondrial ribosomal proteins will be funda-
mental to our understanding of the mitochondrial translational
machinery and its contribution to mitochondrial ATP production
in health and disease.

In the present study, we re-evaluated protein components
of the mammalian mitochondrial ribosome using mass spec-
trometry (MS)-based proteomics and have established that five
previously known mitochondrial proteins are components of
the mitochondrial ribosome. These proteins are coiled-coil-
helix-coiled-coil-helix domain containing protein 1 (CHCHD1),
aurora kinase A interacting protein 1 (AURKAIP1), pentatri-
copeptide repeat-containing protein 3 (PTCD3), immature colon
carcinoma transcript 1 protein (ICT1) and CR-6 interacting
factor 1 [CRIF1, also known as growth arrest and DNA-damage-
inducible proteins-interacting protein 1 (Gadd45GIP1)]. Three
newly established mitochondrial ribosomal proteins (CHCHD1,
AURKAIP1, and PTCD3) were assigned to the small subunit
of the 55S ribosome, while ICT1 and CRIF1 were assigned to
the large subunit. We further confirmed the specific roles for
CHCHD1, AURKAIP1, and CRIF1 in mitochondrial translation
by siRNA knock-down studies in human cell lines.

MATERIALS AND METHODS
PREPARATION OF BOVINE MITOCHONDRIAL RIBOSOMAL SUBUNITS
Mitochondrial ribosomes from bovine liver were prepared using
a previously described method at high and low ionic strengths

and at several different detergent concentrations (Matthews et al.,
1982; Koc et al., 2001a,b; Spremulli, 2007). The high ionic
strength and detergent concentrations used the standard con-
ditions of 300 mM KCl and 1.6% Triton-X100 (Yang et al.,
2010). For the preparation of mitochondrial ribosomes at low
salt and detergent conditions, mitochondrial lysates were pre-
pared in a buffer containing 50 mM Tris-HCl, pH 7.6, 40 mM KCl,
20 mM MgCl2, 6 mM β-mercaptoethanol, 0.2% Triton X-100,
and 1 mM phenylmethylsulfonyl fluoride (PMSF). The mito-
chondrial lysate (100 mg/mL) was layered onto a 34% sucrose
cushion (40 mM KCl, 20 mM MgCl2, 50 mM Tris-HCl, pH 7.6,
6 mM β-mercaptoethanol and 34% (w/w) sucrose). Samples were
centrifuged at 35,000 rpm for 16 h at 4◦C in a Beckman Type-50.2
rotor. The pellet was collected as crude mitochondrial ribosomes
and resuspended in a buffer prepared with 40 mM KCl, 20 mM
MgCl2, 20 mM Tris-HCl pH 7.6, 1 mM dithiothreitol (DTT),
and protease inhibitor cocktail from Sigma-Aldrich (containing
1.04 mM AEBSF, 0.8 μM Aprotinin, 40 μM Bestatin, 14 μM E-64,
20 μM Leupeptin, and 15 μM Pepstatin A as the final concen-
trations). Samples were then subjected to centrifugation through
a 10–30% linear sucrose gradient in buffer containing 40 mM
KCl, 20 mM MgCl2, 50 mM Tris-HCl pH 7.6, and 1 mM DTT as
described (Matthews et al., 1982; Koc et al., 2001a,b; Spremulli,
2007). Fractions containing 55S ribosomes were combined, and
the ribosomes were collected by centrifugation at 40,000 rpm
for 16 h. The concentration of Mg2+ in the preparations was
reduced to 2 mM by dialysis in order to dissociate ribosomes
into 28S and 39S subunits, and the samples were separated again
on a linear 10–30% sucrose gradient containing 2 mM Mg2+ as
described (Matthews et al., 1982; Koc et al., 2001a,b; Spremulli,
2007). Highly purified 28S and 39S subunits were collected by
centrifugation at 40,000 rpm for 16 h.

IDENTIFICATION OF MITOCHONDRIAL RIBOSOMAL PROTEINS BY
MASS SPECTROMETRY
To identify the proteins of mammalian mitochondrial ribosomes,
approximately 0.5 A260 units of purified ribosomal 28S and 39S
subunits and 55S samples were separated on SDS-PAGE, and
corresponding protein bands were excised into at least thirty
equal gel pieces. The pieces were processed by performing in-
gel tryptic digestion using methods previously established in
our laboratory (Miller et al., 2008, 2009; Soung et al., 2009).
Tryptic digests were analyzed by capillary liquid chromatography-
nanoelectrospray ionization-tandem mass spectrometry (capLC-
MS/MS). Extracted tryptic peptides (3–5 μL) were injected into
a peptide trap (Michrom peptide CapTrap, C8 like resin, 0.3 ×
1 mm, 5 μm) over a 3 min interval at 10 μL/min for online desalt-
ing and concentration. With the use of a six-port switching
valve, the peptide trap was then placed in-line with the analytical
column, a PicoFrit column (0.075 × 150 mm) packed in-house
with Wide Bore C18 reverse phase resin (Supelco Co., 5 μm,
300 Å). Tandem MS spectra of tryptic peptides were obtained
by collision-induced dissociation (CID) in an LTQ linear ion
trap mass spectrometer system (ThermoFinnigan) including a
Surveyor HPLC pump and a Surveyor Micro AS autosampler.

MS/MS spectra were processed by Xcalibur 2.0 and searched
against the nonredundant NCBI protein database and the
Swiss-Prot and UnitProtKB databases using the Mascot server.
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Additionally, the search was repeated using a bovine protein
sequence database generated in-house. The protein information
obtained from the database searches and the scores of mitochon-
drial ribosomal proteins that were observed in multiple bands
were compared. To increase the data quality, proteins with a
Mascot score lower than 45 were excluded from the list.

Ribosomal proteins were assigned to subunits according to
their abundance in 28S and 39S fractions. The Exponentially
Modified Protein Abundance Index (emPAI) score was calcu-
lated to compare the protein abundance in each sample (Ishihama
et al., 2005). In brief, the ratio of the unique parent ion number
observed in the analysis to the observable peptide number from in
silico digestion is used as PAI in the formula: emPAI = 10(PAI)−1.
The emPAI values were used to determine subunit distribution of
each protein identified in 28S, 39S, and 55S samples.

PREPARATION OF CRUDE RIBOSOMES FROM HUMAN CELL LINES AND
ISOLATED MITOCHONDRIA
HeLa cells were grown in Dulbecco’s Modified Eagle’s Medium
(DMEM) media (Cellgro, Mediatech Inc.) supplemented with
10% (v/v) bovine calf serum (Hyclone Laboratories) and
100 IU/ml penicillin and 100 μg/ml streptomycin at 37◦C and
5% CO2 in a humidified atmosphere. For the whole cell lysate
preparation, approximately 4 × 107 HeLa cells were combined
and lysed in 2 mL of buffer containing 50 mM Tris-HCl, pH 7.6,
0.26 M sucrose, 60 mM KCl, 20 mM MgCl2, 0.8 mM EDTA, 2 mM
DTT, 0.05 mM spermine, 0.05 mM spermidine, 1.6% Triton X-
100, and protease inhibitor cocktail from Sigma-Aldrich using a
Dounce homogenizer (Wheaton). In order to isolate mitochon-
dria, approximately 2 × 107 HeLa cells were resuspended in 1 mL
of an isotonic mitochondrial buffer (MB) (210 mM mannitol,
70 mM sucrose, 1 mM EDTA, 10 mM HEPES-KOH pH 7.5), sup-
plemented with protease inhibitors (1 mM PMSF and the protease
cocktail from Sigma-Aldrich described above), and then homog-
enized in a Dounce homogenizer on ice. The suspension was
centrifuged at 400 × g in a microcentrifuge (ThermoForma) at
4◦C. The pellet was resuspended in another 1 mL of MB and
the 400 × g centrifugation was repeated. Supernatants were com-
bined and centrifuged at 10,000 × g at 4◦C for 10 min to pellet
mitochondria. The mitochondrial pellets were lysed in a buffer
containing 0.26 M sucrose, 20 mM Tris-HCl, pH 7.6, 40 mM KCl,
20 mM MgCl2, 0.8 mM EDTA, 0.05 mM spermine, 0.05 mM sper-
midine, 6 mM β-mercaptoethanol, and 1.6% Triton X-100 using
a Dounce homogenizer.

To collect the crude ribosomes, whole cell and mitochondrial
lysates (2 mL) were layered onto a 34% sucrose cushion (4 mL)
in buffer (50 mM Tris-HCl, pH 7.6, 60 mM KCl, 20 mM MgCl2,
and 6 mM β-mercaptoethanol) and centrifuged in a Type 40 rotor
(Beckman Coulter) at 40,000 rpm for 16 h. The post-ribosomal
supernatant was fractionated into six separate layers (designated
L1–L6) for analysis, and the pellet was collected as a crude riboso-
mal fraction. The crude ribosome preparations, which included
mitochondrial and cytoplasmic ribosomes for whole cell lysates
and only mitochondrial ribosomes for the mitochondrial lysates,
were resuspended in 50 μL of Base Buffer III (50 mM Tris-HCl,
pH 7.6, 60 mM KCl, 20 mM MgCl2, 1 mM DTT) and protease
inhibitor cocktail (Sigma-Aldrich). Ribosome suspensions were
stored at −80◦C for further analyses.

RNase A TREATMENT OF MITOCHONDRIAL RIBOSOMES
In order to confirm the direct or indirect interaction of new MRPs
with the rRNA of the mitochondrial ribosome, approximately ∼5
A260 units of a crude preparation of ribosomes obtained from
bovine liver were incubated in the absence or presence of 20 μg
RNase A and loaded onto separate 10–30% linear sucrose gradi-
ents in buffer containing 40 mM KCl, 20 mM MgCl2, 50 mM Tris-
HCl, pH 7.6, and 1 mM DTT. After centrifugation, the proteins
in equal volumes (25 μL) of gradient fractions were separated on
12% SDS-PAGE. The proteins were transferred to PVDF mem-
branes and probed with corresponding antibodies as described
below.

IMMUNOBLOTTING
Ribosome samples collected from HeLa cell and bovine mito-
chondria (including sucrose gradient fractions, purified 55S
ribosomes, 28S subunits, and 39S subunits) were separated by
12% SDS-PAGE. Proteins were transferred to PVDF membranes,
which were probed with rabbit polyclonal anti-CHCHD1 anti-
body at a 1:1000 dilution (Abcam), rabbit anti-AURKAIP1 anti-
body at a 1:1000 dilution (Sigma-Aldrich), goat anti-CRIF1 anti-
body at a 1:500 dilution (Santa Cruz Biotechnology), mouse
monoclonal anti-MRPS29 (DAP3) and anti-HSP60 antibod-
ies at 1:5000 dilutions (BD Transduction Laboratories), mouse
anti-OXPHOS (MITOPROFILE®) at a 1:5000 dilution (Abcam
Inc.), or rabbit polyclonal human anti-MRPL47 and mouse
polyclonal human anti-MRPS18-2 antibodies at 1:5000 dilu-
tions (produced in-house) for 16 h at 4◦C. All of the sec-
ondary antibodies were used at 1:5000 dilutions, including
donkey anti-goat IgG (Santa Cruz Biotechnology) for CRIF1;
goat anti-mouse IgG (Pierce Biochemicals Inc.) for MRPS29,
HSP60 and OXPHOS, and goat anti-rabbit IgG for CHCHD1,
AURKAIP1, and MRPL47. The membranes were developed
using SuperSignal West Pico Chemiluminescent substrate (Pierce
Biochemicals Inc.) according to the protocol provided by the
manufacturer.

[35S]-METHIONINE PULSE LABELING OF MITOCHONDRIAL
TRANSLATION PRODUCTS IN VIVO
Human embryonic kidney 293T (HEK293T) cell lines were cul-
tured in DMEM (Cellgro, Mediatech Inc.) supplemented with
10% bovine calf serum (Hyclone), 100 IU/ml penicillin, and
100 μg/ml streptomycin at 37◦C and 5% CO2 in a humidi-
fied atmosphere. Cells were transfected with control siRNA (sc-
44235) and mixtures of two to five target-specific siRNAs against
CHCHD1 (sc-90488), AURKAIP1 (sc-72472), and CRIF1 (sc-
97804) from Santa Cruz Biotechnology using Lipofectamine™
2000 (Invitrogen) according to the protocol provided by the
manufacturer. The transfected cells were grown in transfection
medium for 2 days prior to labeling with [35S]-methionine. It
should be noted that the siRNA treated cells grew very poorly
reflecting the importance of CHCHD1, AURKAIP1, and CRIF1
for cell growth and viability and suggesting that they play an
essential role in the cell. Labeling experiments were performed
in the presence of dialyzed serum (25 mM Tris-HCl, pH 7.4,
137 mM NaCl, and 10 mM KCl) and minimum essential DMEM
medium, which does not contain methionine, glutamine, or cys-
teine, as indicated in our previous reports following the protocol
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by Chomyn et al., with several modifications described by Leary
et al. (Chomyn, 1996; Leary and Sasarman, 2009; Yang et al.,
2010). Cells were incubated with emetine-containing medium
for 5 min to arrest cytosolic protein synthesis, and 0.2 mCi/mL
of [35S]-methionine (Perkin Elmer) containing medium was
then added to label the mitochondrially-encoded proteins. After
a 2 h incubation, cells were lysed in buffer containing 50 mM
Tris-HCl, pH 7.6, 150 mM NaCl, 1 mM EDTA, 1 mM EGTA,
0.1% SDS and 0.5% NP-40 supplemented with 1 mM PMSF and
protease inhibitor cocktail (Sigma-Aldrich). Whole cell lysates
(40 μg) were electrophoresed through 12% SDS-PAGE. The gels
were dried on 3MM chromatography paper (Whatman), and
the total intensities of the signals were quantified by phospho-
rimaging analyses (Jeffreys and Craig, 1976). The siRNA mediated
knock-down efficiency of the corresponding mitochondrial ribo-
somal protein was confirmed with immunoblotting analysis of
whole cell lysates or crude ribosomal fractions, prepared as stated
above.

REVERSE TRANSCRIPTION POLYMERASE CHAIN REACTION (RT-PCR)
Total RNA was isolated from siRNA transfected HEK293T cells
by using RNeasy Mini Kit from Qiagen. These RNA preparations
were tested for mtDNA contamination using a minus reverse
transcriptase control and shown to be free of mtDNA (data not
shown). The cDNA was synthesized using the ThermoScript™
RT-PCR system (Invitrogen). The primers used were: CHCHD1
forward 5′- ACCTCTCATTCTAGCTAACCGCGT -3′, reverse
5′- AGACTCTCCCAGGGTTTCCTGTAT -3′; AURKAIP1 for-
ward 5′- TCCACCGCAATCCTACCAGTGT -3′, reverse 5′- CG
AACTTGATCTGCTTGCGTCTCA -3′; CRIF1 forward 5′- GAT
GATTGTGAACTGGCAGCAGCA -3′, reverse 5′- CGCCTCCT
TCTTCCGTTTCTGTTT -3′; ND6 forward 5′- GAGTGTGGGT
TTAGTAATGGGGTTTGTGGGG -3′, reverse 5′- CCTATTCCC
CCGAGCAATCTC -3′; COI forward 5′- ATTTAGCTGACTCG
CCACACTCCA -3′, reverse 5′- TAGGCCGAGAAAGTGTTGTG
GGAA -3′; COII forward 5′- ATGGCACATGCAGCGCAAGTA
-3′, reverse 5′- CTATAGGGTAAATACGGGCCC-3′; ATP6 for-
ward 5′- TAATACGACTCACTATAGATGAACGAAAATATGT -
3′, reverse 5′- TTTTTTTTTTTTTTTTTTTTTTCATTGTTGGGT
GGTGATTAG -3′; 12s rRNA forward 5′- AATAGGTTTGGT
CCTAGCCTAGCC -3′, reverse 5′- GTTCGTCCAAGTGCACTT
TCCAG -3′; MRPS29 forward 5′- ATGGACCGACACGGGTAT

TGTACC -3′, reverse 5′- AAGGCCATGGGGAAATACAGTC -
3′; MRPL47 forward 5′- AAACGGGGTACCGAGATGGCTGCG
GCCGGTTTGGCCC -3′, reverse 5′- CCGCTCGAGTTAATGGT
GATGGTGATGATGGACAAGACTTGACTTTTGGGC -3′; glyc-
eraldehyde 3-phosphate dehydrogenase (GAPDH) forward 5′-
GTCTTCACCACCATGGAGAAGG -3′, reverse 5′- ATGAGGTC
CACCACCCTGTTGC -3′. Reactions were performed accord-
ing to the instructions provided by the manufacturer. Samples
were visualized using the ChemiDoc XRS system, employing
Quantity One® 1D analysis software (Bio-Rad). The signal inten-
sities obtained for control and siRNA knock-down samples were
normalized to the GAPDH signals for the relative quantitation of
RNA expression.

RESULTS AND DISCUSSION
IDENTIFICATION OF 55S RIBOSOMAL PROTEINS BY TANDEM MASS
SPECTROMETRY
The majority of the protein components of mammalian mito-
chondrial ribosomes were identified by our group, as well as
several other groups, a decade ago using proteomics strategies
(Goldschmidt-Reisin et al., 1998; Graack et al., 1999; Koc et al.,
1999, 2000, 2001a,b; O’Brien et al., 1999). However, due to the
limited availability of bovine or rat protein and DNA sequence
information, some of the ribosomal and ribosome-associated
proteins were not detected or identified by matching the tan-
dem MS data to the publicly available ESTs or protein databases
available at the time. An analysis of the protein composition of
a large macromolecular complex requires the preparation of that
complex under conditions that are strong enough to remove con-
taminants, but that are gentle enough to prevent the loss of more
loosely bound protein components. In order to re-evaluate their
protein composition and to eliminate transiently associated pro-
teins, mammalian mitochondrial ribosomes were purified under
two different salt and detergent conditions from bovine liver
(Figure 1) (Spremulli, 2007). The 10–30% linear sucrose gradient
separation of mitochondrial ribosomes was carried out at 20 mM
Mg2+ to collect 55S particles (Figure 1).

The protein compositions of the 55S samples prepared under
the two different salt and detergent conditions were compared
by SDS-PAGE (Figure S1). In general, the gel pattern was simi-
lar in both ribosomal preparations; however, the sample prepared
at high salt and detergent concentrations contained relatively

34 % Sucrose
Discontinuous 

Gradients

10-30 % Sucrose
Linear Gradients

20 mM Mg2+

Bovine Liver
Mitoplasts

28S and 39S
Subunits

10-30 % Sucrose
Linear Gradients

2 mM Mg2+

28S and 39S
Subunits

Low Salt/Detergent
Lysate

Low Salt
55S Ribosomes

High Salt 
Crude Ribosomes 

High Salt/Detergent
Lysate

High Salt
55S Ribosomes 

Low Salt 
Crude Ribosomes 

FIGURE 1 | Experimental scheme for the purification of

mitochondrial ribosomes and 28S and 39S subunits. To obtain
purified 55S ribosomes and 28S and 39S subunits using
sequential linear sucrose gradients, bovine mitochondrial lysates

were prepared at different ionic and detergent conditions to
remove mitochondrial metabolic enzymes co-sedimenting with the
mitochondrial ribosome. Experimental details are included in
Materials and Methods.
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lower amounts of high molecular weight proteins. The proteins
in these bands may be subunits of the large enzyme com-
plexes that co-sediment with the mitochondrial ribosome frac-
tions (Figure S1). The gels were sliced into thirty fractions, and
the in-gel tryptic digestion of each gel piece was analyzed by
capLC-MS/MS. The peptide and protein contents of the gels were
determined by matching MS/MS spectra to an in-house protein
sequence database, which was generated by the combination of
∼30,000 bovine proteins found in the Swiss-Prot and UniProtKB
databases.

A comprehensive list of the MRPs, the subunits of metabolic
enzyme complexes, and the other proteins identified in our anal-
yses is given in Tables S1 and S2. The list of the proteins that had
not previously been identified as bona fide ribosomal proteins was
created by excluding the known MRPs, mitochondrial metabolic
pathway proteins, and oxidative phosphorylation proteins. In
these analyses, CHCHD1, AURKAIP1, PTCD3, and CRIF1 were
repeatedly found to be present in the mitoribosome with high
confidence in both low and high salt and detergent preparations
(Tables 1, S2, S3). It should be noted that CRIF1 and PTCD3
were known from previous studies to be associated with the ribo-
some (Davies et al., 2009; Kim et al., 2012). ICT1 (MRPL58)
was also observed in these studies and was reported previously
as a mitochondrial ribosomal protein (Richter et al., 2010). With
the exception of large complexes of metabolic enzymes (specifi-
cally 2-oxoglutarate and pyruvate dehydrogenases and ATP syn-
thase F1 subunits sedimenting with the ribosome), proteins
consistently found in both low and high salt and detergent prepa-
rations of 55S ribosomes were considered as possible components
of the mitochondrial translational machinery and ribosomal pro-
teins (Tables 1, S1).

SUBUNIT ASSIGNMENTS OF RIBOSOME-ASSOCIATED PROTEINS BY
LC-MS/MS
In order to categorize the newly observed proteins as either
MRPs or proteins involved in translation, determining the sub-
unit assignments of these proteins was essential. Sucrose gradient
purified bovine 55S ribosomes prepared at high salt and deter-
gent conditions (Figure S1) were sedimented on a second 10–30%
linear sucrose gradient containing 2 mM Mg2+ to promote disso-
ciation of the small (28S) and large (39S) subunits (Figure 2A).
Proteins contained in the purified 28S, 39S, and 55S samples
were separated by SDS-PAGE and stained with Coomassie Blue
(Figure 2A). Although the amount of high molecular weight pro-
teins found in the 55S ribosome preparation decreased, several
remained associated with the 28S and 39S subunits in the second
sucrose gradient (Figure 2A). The Coomassie Blue stained gel
clearly showed the differential protein and MRP distribution in
the 28S and 39S fractions, and the 55S fraction contains the pro-
tein bands observed in both 28S and 39S fractions (Figure 2A).
Each lane was cut into thirty equal pieces. In-gel tryptic diges-
tions were carried out, and the resulting peptides were analyzed by
capLC-MS/MS. Database searches were performed as described
for the analysis of 55S ribosomal proteins.

In general, the same set of proteins found in the 55S ribo-
somes was also identified in 28S and 39S subunits (Table S1).
This table provides a complete list of the MRPs and the newly

Table 1 | Peptide sequences of new mitochondrial ribosomal proteins

identified from LC-MS/MS analyses of in-gel tryptic digestions of

28S, 39S, and 55S samples prepared at high salt conditions.

Name Sequence Score m/z Mr (expt)

CHCHD1 KPILKPNKPLILANHVGER 97 713.2 2136.7
SIQEDLGELGSLPPR 112 805.7 1609.4
SIQEDLGELGSLPPRK 85 870.4 1738.7

AURKAIP1 AGLKEAPPGWQTPK 74 740.7 14.79.4
EAPPGWQTPK 83 556.7 1109.6

PTCD3 DEGADIAGTEEVVIPK 113 821.7 1641.5
TWDKVAVLQALASTVHR 145 948.4 1894.9
VAVLQALASTVHR 88 683 1364.1
AGHQLGVTWR 63 563.4 1124.7
AHTQALSMYTELLNNR 143 931.9 1861.7
ADVHTFNSLIEATALVVNAK 150 1057.8 2113.7
WNNILDLLK 54 564.9 1127.9
QMVAQNVKPNLQTFNTILK 110 1094.5 2186.9
GSSLIIYDIMDEITGK 118 878.3 1754.6
FSPKDPDDDMFFQSAMR 72 723.6 2167.9
DPDDDMFFQSAMR 102 788.2 1574.4
DLELAYQVHGLLNTGDNR 124 1014.9 2027.9
LEMIPQIWK 55 579.4 1156.8
SDLKEEILMLMAR 91 775.4 1548.9
EEILMLMAR 51 553.6 1105.2
NELLNEFMDSAK 80 706.3 1410.5
ASSSPAQAVEVVK 79 636.7 1271.4
LTADFTLSQEQK 95 691 1379.9
EALGDLTALTSDSESDSDSDTSKDK 90 863.8 2588.4

ICT1 QGNDDIPVDR 90 565.3 1128.5
AGELILTSEYSR 79 670.4 1338.8
GADTAWRVPGDAK 60 672.6 1343.2
SAYSLDKLYPESR 95 766.3 1530.7
FHLASADWIAEPVR 119 806.8 1611.5
VPGDAKQGNDDIPVDR 69 565.6 1693.9
DMIAEASQPATEPSKEDAALQK 124 1165.9 2329.9

CRIF1 HGAASGVDPGSLWPSR 115 797.5 1593.1
AAAMAAAAAQDPADSETPDS 116 930.9 1859.8
EQLLELEAEER 77 680.3 1358.6
MPQMIENWR 54 602.9 1203.8
FQELLQDLEK 62 632.3 1262.7

identified proteins, as well as their distributions in the 28S
and 39S subunits. The proteins transiently associated with the
55S ribosome (including mitochondrial elongation factor EF-Tu,
ribosome recycling factor (RRF), and a bacterial yBEB homolog,
C7orf30) were released during either the 55S ribosome prepa-
ration or the dissociation of the ribosome into 28S and 39S
subunits in the second sucrose gradient at 2 mM Mg2+ (Table
S1). Four additional proteins not previously assigned as mito-
chondrial ribosomal proteins (CHCHD1, AURKAIP1, PTCD3,
and CRIF1) were consistently observed in 28S or 39S subunits
and in 55S ribosomes, making the determination of whether these
proteins are bona fide ribosomal proteins or ribosome-associated
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FIGURE 2 | Identification and detection of mitochondrial ribosomal

proteins and their subunit association by capLC-MS/MS and

immunoblotting analyses. (A) Purified mitochondrial (55S) ribosomes (∼10
A260) prepared in high salt conditions were dissociated into subunits by
sedimentation through a second 10–30% linear sucrose gradient in the
presence of 2 mM Mg2+ as described in Figure 1. After the sedimentation of
the purified subunits, the same A260 units of 28S and 39S subunits and 55S
ribosomes (∼0.5) were separated on SDS-PAGE. The gel was cut into 30
pieces for in-gel digestion of protein bands with trypsin and the peptides were
analyzed by capLC-MS/MS analysis to identify the proteins present. Gel
fractions containing the peptides detected from newly identified MRPs are
marked on the image. Proteins identified in these gel pieces are given in
Tables S1, S2. (B) Purified 28S and 39S subunits (∼0.2 A260) were obtained

from the dissociation of purified 55S ribosomes as described in Materials and
Methods at 2 mM Mg2+. Proteins present in these preparations were
separated on 12% SDS-PAGE and analyzed by immunoblotting using
CHCHD1, AURKAIP1, CRIF1, MRPS29, and MRPL47 antibodies to confirm
subunit distribution of new MRPs. (C) To confirm the ribosome association of
newly identified proteins, crude mitochondrial ribosomes prepared at high salt
and detergent conditions were separated on a 10–30% linear sucrose gradient
in the presence of 20 mM Mg2+ as described in Figure 1. Distribution of new
proteins, CHCHD1, AURKAIP1, and CRIF1, were detected by immunoblotting
analyses of sucrose gradient fractions containing dissociated ribosomal
subunits (28S and 39S) and 55S ribosomes. Antibodies against two 28S
subunit proteins, MRPS18B and MRPS29, and a 39S protein, MRPL47, were
used to indicate the locations of the subunits and the 55S ribosome.

proteins critical. The relative molecular masses of these proteins
were in good agreement with their expected molecular weights
after the removal of mitochondrial import signals (Figure 2A)
(Claros and Vincens, 1996). The Mascot scores obtained from
database analyses of these peptides revealed that these proteins
have clear subunit distributions in either the 28S or 39S sub-
unit, except for ICT1 (Table S1). In addition to the Mascot scores
obtained for each protein, the experimental emPAI scores deter-
mined as described by Ishihama et al. (Ishihama et al., 2005) were
calculated to demonstrate the relative protein abundance in each
subunit, using the ratio of peptides detected by capLC-MS/MS
analyses to the number of observable peptides obtained from in
silico digestion of a protein (Tables 2, S1, S3). The GenBank™
and Swiss-Prot access numbers of the newly identified MRPs used
in the emPAI determination are listed in Table 3. The agreement

between the emPAI scores for the 55S ribosome and either the
28S or 39S values for each protein clearly shows that these pro-
teins were associated with the ribosome and its subunits under
the conditions used in our experiments (Table 2). Variations in
emPAI scores, specifically for PTCD3 and ICT1, could be due to
discrepancies in the excision of gel slices, and the extraction of
peptides in different samples, or the data dependent acquisition
of peptides by the capLC-MS/MS system.

To confirm the subunit distribution determined by the emPAI
scores, immunoblotting analyses of purified subunits and 55S
ribosomes were performed using CHCHD1, AURKAIP1, and
CRIF1 antibodies. Previous work had indicated that PTCD3
was associated with the small subunit, while CRIF1 and ICT1
interacted with the large subunit (Koc and Spremulli, 2003;
Richter et al., 2010; Haque et al., 2011; Kim et al., 2012). In the
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present analyses, CHCHD1 and AURKAIP1 signals overlapped
with the MRPS29 signals, which were clearly detected in 28S and
55S fractions, indicating their association with the small subunit.
CRIF1 was detected in 39S and 55S preparations, along with the
large subunit protein MRPL47 (Figures 2B,C). The data obtained
by capLC-MS/MS and immunoblotting analyses cooperatively
suggest that CHCHD1 and AURKAIP1 are newly described com-
ponents of the small subunit. Further, the data indicate that
CRIF1 is not only associated with the large subunit, but also a
bona fide component of the large subunit of the mitochondrial
ribosome. Alignments of new MRPs across worm, fly, mouse,
bovine, and human homologs (as well as yeast homologs of
CHCHD1 and AURKAIP1) indicate the presence of evolutionar-
ily conserved regions in these new proteins (Figure S2). Some of
the characteristics of these new ribosomal proteins are described
below.

CHCHD1
Although a signal peptide cleavage site was not predicted by
MitoProt II, the probability of a mitochondrial localization of
bovine CHCHD1 is 81% (Claros and Vincens, 1996). The acces-
sion numbers for CHCHD1 from various organisms, used in
the alignment of the full length sequences, are given in Table 3
(Figure S2). The full length bovine CHCHD1 is about 13.6 kDa.
Mass spectrometry analysis of tryptic peptides extracted from
the protein bands excised from 28S, 39S, and 55S lanes resulted
in identification of CHCHD1 peptides in 28S and 55S sam-
ples, but not in 39S subunits (Tables 1, S1). Mammalian mito-
chondrial CHCHD1 has a homolog in the yeast mitochondrial
ribosome, MRP10, as reported by Smits et al., which has about
20% sequence identity to the human protein (Graack et al.,
1992; Jin et al., 1997). Similarly, the fly and worm homologs of

Table 2 | Relative distribution of new mitochondrial ribosomal

proteins using emPAI (Exponentially Modified Protein Abundance

Index) values calculated from peptides detected by LC-MS/MS

analyses of proteins in 28S and 39S subunits and 55S ribosomes.

Subunit CHCHD1 AURKAIP1 PTCD3 ICT1 CRIF1

28S 3.30 0.27 169.61 0.97 0.49

39S ND 0.19 0.64 1.09 2.02

55S 3.14 0.27 22.77 0.86 2.11

Peptides (ion score cut off of ≥45) listed in Table S3 were used in emPAI

calculations. ND; not detected.

CHCHD1 are also 20–25% identical to mammalian homologs,
although their sequence identity to the yeast homolog is below
14% (Figure S2). The emPAI values calculated using CHCHD1
peptides clearly suggest that this protein is mainly associated with
the small subunit of mitochondrial ribosomes (Tables 2, S3). The
data presented here provide the first experimental evidence indi-
cating that CHCHD1 is a component of the small subunit in
mammalian mitochondria.

AURKAIP1
AURKAIP1, also known as Aurora-A-interacting protein (AIP),
was first described as a regulator of Aurora-A kinase, which is a
Ser/Thr kinase involved in cell cycle progression and tumorigene-
sis (Kiat et al., 2002). The homology region found in AURKAIP1
homologs is termed DUF1713, and this region is found in the
C-terminal domain of yeast COX24 (Figure S2). Yeast COX24
was described as one of the factors responsible for COI mRNA
processing and translation (Barros et al., 2006). The calculated
molecular mass of the full-length AURKAIP1 is 22.4 kDa; how-
ever, the mature protein migrates at about 16 kDa (Figures 2B, 3).
It is possible that AURKAIP1 has a longer signal peptide than the
predicted signal peptide, which provides a 99% likelihood for the
translocation of this protein into mitochondria. Translocation of
AURKAIP1 into the mitochondria has also been experimentally
validated by the Human Protein Atlas (HPA) project (Uhlen et al.,
2010). AURKAIP1 was repeatedly detected in the capLC-MS/MS
analyses of low and high salt preparations of bovine mitochon-
drial ribosomes and their subunits. The calculated emPAI values
for peptides obtained from purified 28S and 39S preparations
suggest the association of AURKAIP1 with the small subunit, con-
sidering that the emPAI value for the 28S subunit is 30% higher
than that of the 39S subunit (Tables 1, 2, S1, S3).

PTCD3
We first reported PTCD3 as an mRNA-binding protein associ-
ated with the 28S subunit and as a possible PET309 homolog, due
to the presence of pentatricopeptide repeats (Koc and Spremulli,
2003). The association of PTCD3 with the small subunit and its
essential role in mitochondrial translation has also been reported
(Davies et al., 2009). Our data not only confirms the association of
PTCD3 with the small subunit, but also provides evidence that it
is a bona fide ribosomal protein. This idea was recently reinforced
by the observation that PTCD3 is one of the 28S subunit pro-
teins that interacts with mitochondrial initiation factor 3 (Haque
et al., 2011). The full-length bovine PTCD3 is 77.8 kDa with a
pI of 6.0; it is possibly the largest protein, and one of the most

Table 3 | GenBank™ and Swiss-Prot accession numbers of new mitochondrial ribosomal proteins found in various species.

MRP Protein Human Bovine Mouse Fly Worm

MRPS37 CHCHD1 Q96BP2 Q2HJE8 XP_852408 ABJ16982 AAB88317

MRPS38 AURKAIP1 Q9NWT8 Q0VCJ1 XM_843641 Q8IML6 Y54G9A

MRPS39 PTCD3 Q96EY7 Q2KI62 XP_532975 A1Z9A8 AAF60413

MRPL58 ICT1 Q14197 Q3T116 XP_533118 CAL26738 AAL06045

MRPL59 CRIF1 Q8TAE8 A1A4P4 XP_533898 AAM29650 CAB03171
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FIGURE 3 | Sedimentation of new MRPs with large complexes in human

cell lines and mitochondria. (A) Whole cell lysate (WCL) and (B)

mitochondrial lysate (MITO) obtained from human cell lines were layered on
sucrose cushion preparations. After 16 h centrifugation, post-ribosomal
supernatant layers (Layers 1 to 6) and the crude ribosome pellet (P) were
collected and analyzed by immunoblotting probed with CHCHD1, AURKAIP1,
CRIF1, MRPS29, MRPL47, and HSP60 antibodies. (C) To confirm the
RNA-dependent association of new MRPs with mitochondrial ribosomes, the

same amount of crude ribosomes, both Control and RNase A-treated, were
sedimented on 10–30% sucrose gradients. Equal volumes of sucrose gradient
fractions were separated on 12% SDS-PAGE. Sedimentation of new MRPs
with ribosomal subunits and 55S ribosomes in the absence and presence of
RNase A was analyzed by immunoblotting using CHCHD1, AURKAIP1, CRIF1,
MRPS29, and MRPL47 antibodies. HSP60 immunoblotting and the Coomassie
Blue stained gel are shown as controls for multimeric mitochondrial complexes
sedimenting with the 55S ribosome in control and RNase A-treated gradients.

acidic components of the 55S ribosome. It is highly conserved
among its animal mitochondrial homologs (Figure S2). PTCD3
is a larger protein and has a lower pI compared to the basic
proteins of the mitochondrial ribosome, and nineteen unique

peptides were detected in its capLC-MS/MS analyses (Tables 1,
S3). In agreement with earlier observations, PTCD3 peptides
were mainly detected in protein bands excised from 28S and 55S
lanes (Figure 2A and Table S3). Its subunit localization is also
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supported by the emPAI values shown in Table 2; specifically,
the high experimental emPAI value for peptides identified in the
28S subunit sample, as well as in the 55S sample, indicates that
PTCD3 is a ribosomal component associated with both the 28S
subunit and 55S ribosomes (Tables 2 and S3). The presence of a
trace amount of PTCD3 in 39S preparations could be due to the
presence of a small amount of 28S subunits in the large subunit
fractions analyzed. This cross-contamination is common because
there is a tendency for the 55S ribosome to dissociate somewhat
during sucrose gradient centrifugation (Koc et al., 2001b). The
high emPAI scores of the 28S subunit and 55S ribosomes enabled
us to conclude that PTCD3 is a mitochondrial-specific MRP that
is mainly associated with the 28S subunit.

ICT1
Our data confirm previous reports that ICT1 is a mitochondrial
ribosomal protein. This protein belongs to the polypeptide release
family of proteins, and it is the first example of an integral com-
ponent of the large subunit providing peptidyl-tRNA hydrolase
activity (Richter et al., 2010). ICT1 is essential for the hydrol-
ysis of peptidyl-tRNAs on prematurely terminated mRNAs that
lack a stop codon (Handa et al., 2010; Richter et al., 2010). It is
a highly conserved protein among animals (Figure S2). Tryptic
peptides detected by capLC-MS/MS analyses of protein bands are
listed in Tables 1 and S3. ICT1 peptides were detected in 28S,
39S, and 55S samples, which made the calculated emPAI values
of the ICT1 in 28S and 39S subunits very close to each other
(Table S3). The experimental emPAI scores were not sufficiently
different to assign ICT1 to a particular subunit (Table 2). The
human ICT1 was previously shown to be associated with the
large subunit (Richter et al., 2010); however, our MS data do
not clearly support association of ICT1 with the large subunit
(Table 2). It is reasonable to suggest that ICT1 is located near
the interface region of the large subunit, and that a fraction of
ICT1 also sediments with the small subunit when the subunits are
dissociated.

CRIF1
CR-6 interacting factor 1 (CRIF1), which is also known as growth
arrest and DNA-damage-inducible proteins-interacting protein 1
(Gadd45GIP1), was identified as a transcriptional co-activator.
The calculated molecular mass of the full-length bovine CRIF1
is 25.7 kDa. Its mitochondrial localization signal peptide is pre-
dicted to be in the first 28 amino acid residues, and it has a 90%
possibility of mitochondrial localization (Figure S2). The calcu-
lated molecular mass for the mature CRIF1 is 22.9 kDa, and this
value is in agreement with the migration of the protein in SDS-
PAGE detected by capLC-MS/MS (Figure 2A). The emPAI values,
calculated from five unique CRIF1 peptides detected in 39S and
55S samples, strongly suggest that the mitochondrial CRIF1 is a
large subunit protein (Tables 2 and S3).

SUBFRACTIONATION OF CHCHD1, AURKAIP1, AND CRIF1 WITH
MITOCHONDRIAL RIBOSOMES
In the capLC-MS/MS analyses of highly purified bovine mito-
chondrial ribosomes and subunits presented above, we were able
to assign the subunit in which the newly identified ribosomal

proteins were present. Association of PTCD3 and ICT1 with
the mitochondrial ribosome was reported in our earlier studies
and by other groups (Koc and Spremulli, 2003; Richter et al.,
2010). However, we are describing and characterizing CHCHD1,
AURKAIP1, and CRIF1 as integral components of the mitochon-
drial ribosome for the first time. Ectopically expressed forms of
CRIF1 and AURKAIP1 have been localized to the nucleus and
cytosol and reported to be involved in the transcriptional acti-
vation and regulation of Aurora-A kinase in human cell lines,
respectively (Kang et al., 2010). In order to evaluate their asso-
ciation with the mitochondrial ribosome, human whole cell and
mitochondrial lysates were prepared under non-denaturing con-
ditions and centrifuged through a 34% sucrose cushion, a step
analogous to that used in the preparation of bovine liver mito-
chondrial ribosomes (Figures 3A,B). This process enriched the
multimeric complexes resistant to high salt and non-ionic deter-
gent treatments in the bottom layer and pellet, mainly as cytoplas-
mic 80S and mitochondrial 55S ribosomes. In immunoblotting
analyses of post-ribosomal supernatant layers and crude riboso-
mal pellets obtained from the whole cell (Figure 3A) and mito-
chondrial lysates (Figure 3B), these MRPs were found mainly
in the pellet along with two mitochondrial ribosomal proteins
(MRPS29 and MRPL47), thus, confirming their co-localization
with the mitochondrial ribosome or other large complexes in
mitochondria.

Immunoblotting analyses and identification of these proteins
in highly purified ribosomal subunits, 55S ribosomes (Figure 2),
and crude ribosomes (Figure 3B) support their ribosome asso-
ciation; however, it is possible that these proteins could be asso-
ciated with the large mitochondrial complexes that co-sediment
with the ribosome but have nothing to do with mitochondrial
translaiton. For example, we have observed that polypeptides
of the oxoglutarate dehydrogenase complex can be detected in
the 28S region of the gradient. To demonstrate that the pro-
teins under study here are not simply co-sedimenting with the
ribosome but are actually associated with the particle, RNase
A-treatment of the 55S ribosome was carried out prior to load-
ing the samples onto the sucrose gradients and immunoblot-
ting analyses. RNase A-treatment destroys the integrity of the
mitochondrial ribosome (Figure 3C), as it does other ribo-
somes, as indicated by the loss of the A260 from the 55S region
of the sucrose gradient following nuclease treatment and the
increase in the A260 near the top of the gradient. As shown
in Figure 3C, the signals from the new MRPs overlapped with
those from MRPS29 and MRPL47 in the control sucrose gra-
dient fractions. When the ribosome sample was treated with
RNase, signals from CHCHD1, AURKAIP1, and CRIF1 disap-
peared from the 55S region of the gradient as did the signals
from the two control proteins, MRPS29 and MRPL47. This data
indicates that these proteins are either assembled into the ribo-
some or strongly associated with the mitoribosome and are not
simply co-fractioning with the 55S particles on the sucrose gradi-
ent. On the other hand, the HSP60 signal remained unchanged
in these fractions, along with high molecular weight proteins
which were subunits of the other multimeric complexes of
mitochondria detected by Coomassie Blue stained SDS-PAGE
(Figure 3C).
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ROLE OF CHCHD1, AURKAIP1, AND CRIF1 IN MITOCHONDRIAL
TRANSLATION
To investigate the role of newly identified MRPs in mitochondrial
translation, we first transfected the HEK293 cells using control
and specific siRNAs corresponding to CHCHD1, AURKAIP1,
and CRIF1 mRNAs. The siRNA knock-down efficiency was
determined by RT-PCR analyses using total RNA isolated from
each cell line. In addition to the effect of siRNA knock-down
on CHCHD1, AURKAIP1, and CRIF1 mRNA expression, we
also determined the changes in expression of several nuclear
encoded MRPs and mitochondrially encoded genes (Figure 4A).

In specific siRNA knock-down cells, CHCHD1 and CRIF1 mRNA
levels were reduced by 70% of the control siRNA knock-down
cells, whereas the reduction in AURKAIP1 mRNA was about 85%
(Figure 4A). Clearly, none of the nuclear encoded MRP mRNAs
or the representative mitochondrially encoded mRNAs (ND6,
COI, COII, ATP6, and 12S rRNA) were affected by the reduc-
tion in CHCHD1, AURKAIP1, or CRIF1 mRNAs (Figure 4A).
Treatment with the specific siRNAs lead to the reduced expression
(from 55 to 75%) of the corresponding CHCHD1, AURKAIP1,
and CRIF1 proteins, as confirmed by immunoblotting analyses of
whole cell lysates and ribosomes enriched from knock-down cell
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FIGURE 4 | Role of CHCHD1, AURKAIP1, and CRIF1 knock-down on

mitochondrial protein synthesis. (A) Transcript levels of CHCHD1,
AURKAIP1, and CRIF1 were shown as an indication of knock-down efficiency
in cell lines transfected with control siRNA and siRNAs for corresponding new
MRPs. Mitochondrial encoded ND6, COI, COII, ATP6, and 12S rRNA, and
nuclear encoded MRPS29 and MRPL47 were examined by RT-PCR reactions
in the same samples. RT-PCR reactions with GAPDH were performed as a
positive control and relative quantitation of signal intensities was calculated
based on GAPDH mRNA levels (or siRNA control cell line) in each knock-down
cell line. (B) Expression levels of new MRPs in control siRNA and MRP-specific
siRNA transfected HEK293T cell lysates and total crude ribosome fractions (∗)
were analyzed by immunoblotting using antibodies against AURKAIP1,
CHCHD1, CRIF1, MRPS29, MRPL47, and HSP60. Immunoblotting analyses
with HSP60, MRPS29, and MRPL47 antibodies were used as loading controls
for total protein and total ribosome content using whole cell lysates obtained
from control and AURKAIP1 siRNA knock-down cells. Similar results were
obtained with immunoblotting analyses of total crude ribosome fractions from
CHCHD1 and CRIF1 siRNA knock-down cell lines using HSP60, MRPS29, and
MRPL47 antibodies (data not shown). (C) De novo synthesis of mitochondrial

proteins was evaluated in control siRNA and the siRNA of corresponding
MRPs transfected HEK293T cells by pulse labeling of proteins in the presence
of [35S]-methionine and a cytosolic translation inhibitor, emetine. A
representative electrophoretic pattern of the de novo synthesized translational
products is presented. ND1, −2, −3, −4, −4L, −5, and −6 are subunits of
Complex I; Cytb is a subunit of Complex III; COI, −II, and −III are subunits of
Complex IV; ATP6 and ATP8 are subunits of Complex V. Coomassie blue
staining of the same gel was performed to ensure equal protein loading in the
gel. (D) The combined intensities of the 13 mitochondrially-encoded proteins
from each lane were used as an overall quantitation of mitochondrial protein
synthesis from three separate experiments. (E) Immunoblotting analysis of
whole cell lysates prepared from control siRNA and MRP specific siRNA
transfected HEK293T cells was performed to examine the steady state levels
of the mitochondrial encoded subunit of Complex IV (COII) and nuclear
encoded subunits of Complex V (ATP5A), III (UQCRC2), and II (SDHB). The
arrow shows the reduced translation of mitochondrial encoded protein COII in
cell lines transfected with CHCHD1, AURKAIP1, and CRIF1 specific siRNAs.
The same PVDF was reprobed with MRPS29, MRPL47, and HSP60 antibodies
to ensure equal loading.
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lines using corresponding antibodies (Figure 4B). Since changes
in the expression of the newly identified MRPs by siRNAs had
no effect on the expression of mitochondrially encoded mRNAs
and rRNAs, the newly identified proteins are not directly involved
in transcription or RNA processing in mammalian mitochondria.
Furthermore, the presence of normal amounts of the 12S rRNA
indicates that there is no defect in the synthesis or assembly of the
mitoribosome suggesting that CHCHD1, AURKAIP1, and CRIF1
are unlikely to be proteins involved in ribosome assembly.

Given the association of new MRPs with the mitochon-
drial ribosome, we next examined the role of CHCHD1,
AURKAIP1, and CRIF1 knock-downs on the de novo synthesis of
mitochondrially-encoded proteins by [35S]-methionine labeling
in the presence of the cytosolic protein synthesis inhibitor eme-
tine. In this analysis, only the thirteen essential subunits of the
OXPHOS complexes synthesized by the mitochondrial transla-
tional machinery were labeled by [35S]-methionine (Figure 4C).
In cells transfected with CHCHD1, AURKAIP1, and CRIF1
siRNAs, relative mitochondrial protein synthesis was decreased
by 27, 48, and 22%, respectively, whereas the total protein con-
tent of the cell lysates was comparable (Figures 4C,D). Clearly,
the inhibition of protein synthesis in knock-down cells was due
to a reduction in expression of new MRPs, because reprob-
ing the same membrane with MRPS29, MRPL47, and HSP60
antibodies displayed no significant difference in ribosomal or
mitochondrial protein levels (Figure 4E). Although a consid-
erable amount of new MRPs remained in siRNA knock-down
cells (Figure 4B), the 22–48% reduction in overall mitochondrial
translation is significant. In addition to the decrease in pulse
labeling of mitochondrially encoded proteins, the steady state
levels of the mitochondrially encoded subunit of Complex IV,
COII, was also reduced in cells transfected with MRP-specific
siRNAs, as detected by immunoblotting analysis (Figure 4E).
On the other hand, the nuclear encoded subunits of oxidative
phosphorylation complexes, such as Complex V subunit ATP5A,
Complex III subunit Core II subunit (UQCRC2), and Complex
II SDHB subunit, remained unchanged (Figure 4E). Altogether,
these observations strongly suggest that CHCHD1, AURKAIP1,
and CRIF1 all have essential roles in mitochondrial protein syn-
thesis as components of the small and large subunits of the 55S
ribosome.

NOMENCLATURE
The two-dimensional gel analysis of bovine mitochondrial ribo-
somes lead to the prediction of as many as 33 ribosomal proteins
in the 28S subunit and 52 ribosomal proteins in the 39S subunit
(Koc et al., 2001a,b). These proteins were designated S1 through
S33 for the 28S subunit and L1 through L52 for the 39S subunit,
in order of decreasing molecular weights (Pietromonaco et al.,
1991). Later, we and several other groups identified 29 and 49
MRPs in the small and large subunits, respectively, using pro-
teomic analyses (Goldschmidt-Reisin et al., 1998; Graack et al.,
1999; Koc et al., 1999, 2001a,b; Suzuki et al., 2001; Yang et al.,
2010). To provide consistency for designation of the same pro-
teins in different organisms, we adopted a system of nomenclature
in which proteins with prokaryotic homologues are given the
same number as the corresponding ribosomal protein in E. coli.

Proteins without bacterial homologs are given the next available
number. Bacterial ribosomes have proteins designated S1 through
S21 in the 28S subunit and L1 through L36 in the large sub-
unit. Additionally, previously identified mammalian ribosomal
proteins without bacterial homologs were designated S22 through
S36 for the 28S subunit and L37 through L57 for the 39S subunit,
including a new number for MRP63 (MRPL57), because its asso-
ciation with the 39S subunit was not previously known (Table 4)
(Kenmochi et al., 2001). As a result, we proposed that the newly
identified small subunit proteins (CHCHD1, AURKAIP1, and
PTCD3) be named MRPS37, MRPS38, and MRPS39 and that
ICT1 and CRIF1, as newly identified large subunit proteins, be
designated as MRPL58 and MRPL59, respectively (Table 4). Here,
the adaptation of the new MRP numbers is absolutely critical for
their classification as mitochondrial ribosomal proteins and for
further investigation of their roles in mitochondrial translation
and biogenesis.

POTENTIAL ROLES OF NEW MITOCHONDRIAL RIBOSOMAL PROTEINS
IN TRANSLATION
Ribosomal proteins have roles in ribosome assembly, substrate
binding, and different stages of translation, such as initiation,
elongation, and termination. Furthermore, they are likely to inter-
act with the nascent chain and facilitate their insertion into the
respiratory chain complexes in the mitochondrial inner mem-
brane. The MRPs with bacterial homologs are expected to have
conserved functions in ribosome structure and translation. For
the mammalian mitochondrial-specific proteins without known
homologs in other ribosomes, it is highly challenging to identify
and assign whether a ribosome-associated protein is a genuine
ribosomal protein or a factor transiently associated with the ribo-
some. In fact, a recent bioinformatics survey of the evolutionarily
conserved ribosomal proteins failed to identify several additional
components of the mammalian mitochondrial ribosome (Smits
et al., 2007). The criteria used in this study, however, allowed us
to characterize the newly identified proteins as mitochondrial-
specific ribosomal proteins. One issue that arises in these studies
is to assess whether a protein observed in the ribosome prepa-
rations is a bona fide ribosomal protein or represents a protein
transiently associated with the ribosome. Several criteria can be
applied in making this determination. First, the newly assigned
protein must have a distribution that parallels that of known ribo-
somal proteins and changes in accordance with the distribution of
ribosomal proteins as the subunits are associated or dissociated.
The proteins should also be associated with the ribosomal parti-
cles when they are prepared under a variety of salt and detergent
conditions. This criterion is met by the newly assigned proteins
under study here. Second, the majority of the protein should be
present in fractions containing the ribosome, and there should
be little or no free pool of the protein. This criterion is met by
the majority of the known MRPs, although there are exceptions,
including MRPL12, which is known to have a free pool of pro-
tein that may interact with RNA polymerase. Examination of
the distribution of the new MRPs classified here indicates that
this criterion is also met. Proteins involved in processes such as
ribosome assembly generally show a distribution in which only a
portion of the total protein is found in the ribosome fraction. For
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Table 4 | List of mammalian mitochondrial ribosomal proteins with their bacterial homologs.

28S proteins 30S proteins New class 39S proteins 50S proteins New class 50S proteins

Missing S1 MRPS22 MRPL1 L1 MRPL33 L33

MRPS2 S2 MRPS23 MRPL2 L2 MRPL34 L34

MRPS24 S3 MRPS24 MRP-L3 L3 MRPL35 L35

Missing S4 MRPS25 MRPL4 L4 MRPL36 L36

MRPS5 S5 MRPS26 Missing L5 MRPL37

MRPS6 S6 MRPS27 Missing L6 MRPL38

MRPS7 S7 MRPS28 MRPL12 L7/L12 MRPL39

Missing S8 MRPS29 MRPL9 L9 MRPL40

MRPS9 S9 MRPS30 MRPL10 L10 MRPL41

MRPS10 S10 MRPS31 MRPL11 L11 MRPL42

MRPS11 S11 MRPS32 (MRPL42) MRPL13 L13 MRPL43

MRP-S12 S12 MRPS33 MRPL14 L14 MRPL44

Missing S13 MRPS34 MRPL15 L15 MRPL45

MRPS14 S14 MRPS35 MRPL16 L16 MRPL46

MRPS15 S15 MRPS36 MRPL17 L17 MRPL48

MRPS16 S16 MRPS37 (CHCHD1) MRPL18 L18 MRPL49

MRPS17 S17 MRPS38 (AURKAIP1) MRPL19 L19 MRPL50

MRPS18-1 S18 MRPS39 (PTCD3) MRPL20 L20 MRPL51

MRPS18-2 S18 MRPL21 L21 MRPL52

MRPS18-3 S18 MRPL22 L22 MRPL53

Missing S19 MRPL23 L23 MRPL54

Missing S20 MRPL24 L24 MRPL55

MRPS21 S21 Missing L25 MRPL56

MRPL27 L27 MRPL57 (RP_63)

MRPL28 L28 MRPL58 (ICT1)

MRPL47 L29 MRPL59 (CRIF1)

MRPL30 L30

Missing L31

MRPL32 L32

example, less than half of C7orf30, which is involved in the assem-
bly of the large subunit, is observed associated with ribosomes
(Rorbach et al., 2012). Similarly, a significant fraction of ERAL1
involved in the assembly of the small subunit is also observed in
the non-ribosomal fraction of mitochondria (Dennerlein et al.,
2010).

Third, the preparations studied should have few peptide sig-
nals from proteins that are known to be transiently associated
with the ribosome. In our analysis, slight signals were detected
from elongation factor Tu and C7orf30. However, no peptides
were detected from many other proteins known to be associated
with the ribosome, including elongation factor G, initiation factor
2, initiation factor 3, OXA1L, ObgH1, and Mtg1. Thus, the bulk
of the evidence indicates that CHCHD1, CRIF1, and AURKAIPI
are, indeed, ribosomal proteins.

With the newly identified MRPs, the number of mammalian
mitochondrial ribosomal proteins is brought to 31 for the small
subunit and is increased to 51 for the large subunit (Koc et al.,
2000, 2001a,b; Suzuki et al., 2001; O’Brien et al., 2005) (Table 4).
It is not feasible to assign specific roles for the majority of
mitochondrial-specific proteins without structural information
and their relative locations in the ribosome; however, many of

them have been shown to be essential for mitochondrial pro-
tein synthesis and function. For instance, the yeast homologue of
MRPS37 (CHCHD1), MRP10, was discovered to be indispens-
able for mitochondrial translation. A respiratory defect caused
by a null mutant of MRP10 was recovered by the reintroduction
of the MRP10 gene into a wild-type mitochondrial DNA back-
ground (Jin et al., 1997). Similarly, MRPS38 (AURKAIP1) is a
possible homolog of yeast COX24p, which is involved in the pro-
cessing and translation of COX I mRNA (Barros et al., 2006).
However, we observed an overall reduction in the expression of
all 13 mitochondrially encoded proteins in AURKAIP1 knock-
down cell lines (Figure 4C), suggesting that this protein plays a
general role in mitochondrial translation that is not limited to
the synthesis of cytochrome oxidase. Further, no changes in the
level of COI mRNA were observed in the AURKAIP1 knock-
down cell line (Figure 4A). This observation clearly supports the
fact that mammalian mitochondrial genes do not contain introns
to be processed, unlike the mitochondrially encoded genes in
yeast. MRPS37 and MRPS38 are ribosomal small subunit pro-
teins that are clearly involved in translation; however, their spe-
cific roles in mammalian mitochondrial translation remain to be
discovered.
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The siRNA knock-down of MRPS39 (PTCD3) decreased the
activities of Complex III and Complex IV, possibly by directly
affecting mRNA binding to the mitochondrial ribosome, as
shown in our cross-linking experiments (Haque et al., 2011).
In fact, PTCD3 was identified as one of the mRNA-binding
proteins and IF3mt interacting proteins located near the mRNA-
binding path of the small subunit in crosslinking studies (Davies
et al., 2009). Although the majority of the MRPs forming the
platform of the mRNA-binding path in the 28S subunit are
bacterial homologs (such as MRPS7, MRPS11, MRPS18, and
MRPS21), the shoulder region and the mRNA-gate of the 28S
subunit are mainly formed by mitochondrial-specific MRPs
(Smits et al., 2007; Christian and Spremulli, 2011; Koc and Koc,
2012). Therefore, it is possible that MRPS39 is one of the proteins
that forms the mRNA-binding path and interacts with the 5′-ends
of mitochondrial mRNAs.

MRPL58 was initially identified as immature colon carcinoma
transcript 1 (ICT1) because it was one of the transcripts differen-
tially expressed in colorectal tumors that deviate from the normal
maturation pathway in colon epithelium (Van Belzen et al., 1995,
1998). Later, it was discovered to be an unusual member of
a release factor family involved in termination of mitochon-
drial translation, possessing a codon-independent peptidyl-tRNA
hydrolase activity associated with the mitochondrial ribosome
(Richter et al., 2010). It was also recently reported that MRPL58
is essential for cell viability, because its knock-down resulted in
reduced cytochrome c oxidase activity and eventually lead to
apoptotic cell death (Handa et al., 2010).

The other new large subunit protein, MRPL59 (CRIF1), has
been identified as a transcription co-factor that controls the G1/S
phase of the cell cycle (Chung et al., 2003). It also negatively reg-
ulates the stability of a transcription factor, nuclear respiratory
factor 2, that stimulates the expression of many mitochondrial
proteins and proteins involved in oxidative damage (Kang et al.,
2010). The majority of these studies were performed using the
protein tagged at its amino terminus as the ectopically expressed
form of CRIF1; therefore, it is possible that the majority of the

tagged CRIF1 did not get incorporated into the 55S ribosome, due
to the masking of the mitochondrial targeting signal. This form of
the expressed protein could subsequently be translocated into the
nucleus. Another explanation could be that a very small fraction
of CRIF1 is located in the nucleus to manifest its function as a
transcription co-factor. However, when the tag is placed at pro-
tein’s carboxy terminus, this protein is targeted to mitochondria
(Chung et al., 2003). Recently, it has been reported to inter-
act with mitochondrial ATAD3 and the ribosome, confirming its
mitochondrial localization and assignment as a ribosomal large
subunit protein (He et al., 2012; Kim et al., 2012). Endogenous
levels of CRIF1 have been shown to be dramatically reduced in
epithelial cell cancers in thyroid and breast tissue, in agreement
with the possible mitochondrial dysfunction reported in many
different cancer types. In this study, we provided very strong
evidence for CRIF1 being a bona fide ribosomal protein and an
essential component of the mitochondrial translation machinery.

Given that the mitochondrial translational machinery and its
components are essential for the expression of OXPHOS sub-
units, studies related to the identification of new components of
the translational machinery and their specific roles in translation
have the utmost importance in understanding energy produc-
tion by OXPHOS. A completed picture of the mitochondrial
translation machinery will be important to assess mitochondrial
dysfunction manifested not only in neurodegenerative diseases,
aging, diabetes, and cancer, but also in acute and chronic cardio-
vascular diseases.
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Mitochondria serve as a “powerhouse” which provides near 90% of ATP necessary for
cell life. However, recent studies provide strong evidence that mitochondria also play a
central role in cell death. Mitochondrial permeability transition (mPT) at high conductance
in response to oxidative or other cellular stresses is accompanied by pathological and non-
specific mPT pore (mPTP) opening in the inner membrane of mitochondria. Mitochondrial
PTP can serve as a target to prevent cell death under pathological conditions such as car-
diac and brain ischemia/reperfusion injury and diabetes. On the other hand, mPTP can be
used as an executioner to specifically induce cell death thus blocking tumorigenesis in can-
cer diseases. Despite many studies, the molecular identity of the mPTP remains unclear.
Cyclophilin D (CyP-D) plays an essential regulatory role in pore opening.This review will dis-
cuss direct and indirect mechanisms underlying CyP-D interaction with a target protein of
the mPTP complex. Understanding of the mechanisms of mPTP opening will be helpful to
further develop new pharmacological agents targeting mitochondria-mediated cell death.

Keywords: mitochondria, permeability transition pore, cyclophilin D, cell death

MITOCHONDRIAL PERMEABILITY TRANSITION AND CELL
DEATH
Studies over the past 30 years demonstrated that, in addition to
their role in cell life, mitochondria are the main executioners of
cell death in response to oxidative stress. Accumulation of ROS
along with Ca2+ overload induces is mitochondrial permeability
transition (mPT) that is associated with non-selective pathological
PT pore (mPTP) opening in the inner membrane of mitochon-
dria (IMM). Opening of the mPTP is accompanied by loss of the
mitochondrial membrane potential and proton gradient across
the IMM. At low electrochemical potential, F 0F1-ATPase induces
ATP hydrolysis in an attempt to maintain the mitochondrial
membrane potential, and adenine nucleotide translocase (ANT)
functions in a “reverse mode”, transporting ATP to the matrix.
Mitochondrial PT can occur at low and high conductance leading
to reversible of irreversible consequences. Reversible mPTPs are
permeable to ions and solutes with the molecular mass <300 Da,
and do not induce notable matrix swelling (Brenner and Moulin,
2012). This mode may be important in regulation of mitochondr-
ial Ca2+ homeostasis since mitochondrial Ca2+ efflux is inhibited
by the immunosupressor cyclosporine A (CsA) in various cells
including cardiomyocytes (Altschuld et al., 1992). Furthermore,
the low-conductance mode can initiate mitochondrial depolar-
ization spikes generating and conveying calcium signals (waves)
from one mitochondrion to another (Ichas et al., 1997). In a high
conductance mode, solutes, water, and ions with the molecular
mass up to ∼1.5 kD enter through the mPTP thus enhancing
colloid-osmotic pressure in the matrix. This causes rupture of
the outer membrane of the mitochondria (OMM) leading to
cell death via apoptosis and/or necrosis depending on the ATP
level in cells. Opening of the mPTP is regulated by ions (P i, H+,

Ca2+, Mg2+), ROS, adenine nucleotides, ubiquinones (Halestrap
et al., 1998; Bernardi, 1999; Crompton, 1999), and many other
factors.

CYCLOPHILIN D IS THE ONLY DEFINED mPTP COMPONENT
Although mPT induction has been broadly accepted as a well-
known phenomenon the molecular identity of the mPTP still
remains elusive. Initially three proteins, ANT in the IMM, voltage-
dependent anion channel (VDAC or porin) in the OMM, and
cyclophilin D (CyP-D) in the matrix were proposed as the main
structural components of the mPTP. In addition, the benzo-
diazepine receptor, hexokinase, creatine kinase, Bcl2, phosphate
carrier (PiC), and other proteins may play regulatory roles in pore
opening (Weiss et al., 2003). Later, genetic studies conducted in
knock-out mice demonstrated that mitochondria containing nei-
ther VDAC nor ANT were still susceptible to Ca2+-induced mPTP
induction therefore excluding the role of these proteins as the
essential structural components of the mPTP (Kokoszka et al.,
2004; Basso et al., 2005; Baines et al., 2007). However, mitochon-
dria isolated from Cyp-D-/- mice were more resistant to mPTP
opening than wild-type mice and exhibited mPT induction at
higher [Ca2+], and less cell death in response to oxidative stress
(Baines et al., 2005; Nakagawa et al., 2005). In addition, mPTP-
mediated cell death preferably occurred through necrosis rather
than apoptosis as CyP-D-/- cells were resistant to necrotic stim-
uli but demonstrated similar sensitivity to apoptotic factors as
wild-type cells (Nakagawa et al., 2005). It must be noted that
although genetic studies revealed VDAC and ANT as the non-
essential pore components, many questions related to the role of
these proteins in mPT induction remain unresolved. Recently, PiC
was identified as an essential component of the mPTP although
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studies on PiC knock-out mice are still required to validate these
data (Varanyuwatana and Halestrap, 2012). The presence of a
large number of proteins in the IMM and the dynamic struc-
ture of the pore complex apparently make difficult to uncover
its molecular identity. Here we will focus on CyP-D, which on
the basis of multiple genetic and biochemical studies has been
accepted as a key regulator and component of the pore opening.
CyP-D belongs to cyclophilins known as peptidyl-prolyl cis–trans
isomerases, a family of proteins that catalyze the cis-trans isomer-
ization of peptydyl-prolyl bonds, and possess chaperone activity
to regulate protein folding. There are seven major cyclophilin
isoforms found in subcellular compartments including the cyto-
plasm (CyP-D, CyP-NK, CyP-40), endo(sarco)plasmic reticulum
(CyP-B, CyP-C), nucleus (CyP-E), and mitochondria (CyP-D) (Lee
and Kim, 2010). Notably, individual cyclophilins can have dis-
tinct effects on cell survival under pathological conditions. Studies
performed on various cancer models and tissue samples from
patients demonstrated that overexpression of CyP-A stimulates
cancer cell growth (reviewed in Lee and Kim, 2010). On the other
hand, expression of CyP-D, a soluble matrix protein, is associated
with mPTP opening and cell death during ischemia/reperfusion
in the heart and brain. CyP-D is a nuclear encoded protein widely
expressed in all mammalian tissues. It contains a mitochondrial
targeting presequence which is cleaved after its translocation into
the matrix (Connern and Halestrap, 1992). Homozygous CyP-
D knock-out mice exhibit normal phenotype (Basso et al., 2005;
Nakagawa et al., 2005) although develop insulin resistance (Rieus-
set et al., 2012). In addition to its role in pore opening, CyP-D
has been shown to catalyze folding of newly imported proteins
in the matrix of mitochondria (Matouschek et al., 1995). Recent
studies on human SH-SY5Y neuroblastoma cells demonstrated

that CyP-D can also act as a redox sensor in mitochondria of
mammalian cells (Linard et al., 2009), and regulate Ca2+ exchange
between endoplasmic reticulum and mitochondria (Rieusset et al.,
2012).

THE ROLE OF CyP-D IN PORE OPENING
The mechanisms of interaction of CyP-D with a target protein(s)
in the IMM and the induction of conformational changes of the
target protein to form the mPTP complex remain unrevealed.
Importantly, the translocation of CyP-D from the matrix to the
IMM and its interaction with a target protein to induce pore open-
ing in response to oxidative stress can occur through both direct
and indirect mechanisms (Figure 1). Direct binding of CyP-D to
a target protein in the IMM can be triggered by activation of the
latter in response to oxidative stress. Oxidative stress can induce
conformational changes of the target protein by chemical mod-
ification and/or alterations in the inner membrane topography
due to increased matrix swelling. Most, if not all, previous studies
were focused on ANT as a target protein interacting with CyP-D
to initiate the pore opening. Initial studies provided strong evi-
dence that Ca2+-triggered conformational change of the ANT is a
key step in mPTP opening which is facilitated by CyP-D binding.
GST-CyP-D pull-down and co-immunoprecipitation studies on
isolated mitochondria revealed CsA-sensitive binding of CyP-D to
ANT (Crompton et al., 1998; Woodfield et al., 1998). Also, oxida-
tive stress sensitizes the mPTP to [Ca2+] by antagonizing adenine
nucleotide binding, and enhances CyP-D binding to the ANT
(McStay et al., 2002). Chemical modifications of three cysteine
residues (Cys56, Cys159, and Cys256) in ANT in response both to
oxidative stress and thiol reagents were shown to be associated with
a conformational change of the exchanger (Majima et al., 1993).

FIGURE 1 | Proposed direct and indirect mechanisms of CyP-D interaction with a target protein of the mPTP complex.
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Two distinct thiol groups have been identified to participate in the
modulation of mPTP activity (Costantini et al., 1996), and cysteine
residues in the ANT may represent these thiol groups that regulate
the binding affinity of the ANT for CyP-D and ADP (Halestrap
et al., 1997). Consequently, oxidative stress or thiol reagents have
been shown to induce cross-linking of two matrix facing cysteine
residues (Cys56 and Cys159) of ANT that modulate mPTP activ-
ity through the CyP-D-ANT interaction (Halestrap and Brenner,
2003). Direct binding of CyP-D to a target protein in the IMM
can also occur through activation of the former. In fact, Cys203
residue of Cyp-D has been shown to play a crucial role in oxidative
stress induced activation of mPTP in mouse embryonic fibroblasts
(Nguyen et al., 2011). CyP-D can be activated in the matrix due to
post-translational modification, which may facilitate its transloca-
tion to the IMM and initiate mPT (Figure 1). Moreover, CyP-D can
undergo post-transitional modifications (phosphorylation, nitro-
sylation, acetylation, etc.) on specific site(s) which would increase
its activity to interact with a target protein. However, at present,
there are rather few studies directly showing post-translational
modifications of CyP-D. Recent studies also discovered that acety-
lation of CyP-D due to inhibition of the mitochondrial isoform
of sirtuins, SIRT 3, a NAD+ dependent deacetylase, increased
interaction of CyP-D with ANT (Shulga and Pastorino, 2010). Fur-
thermore, CyP-D acetylation was associated with reduced SIRT3
expression and increased pore opening in heart failure induced by
transverse aortic constriction (Hafner et al., 2010) and myocardial
infarction (Parodi-Rullan et al., 2012) in rodents. In addition, sig-
nificant fraction of GSK-3beta has been shown to be co-localized
with CyP-D in mitochondria, suggesting thus a potential regula-
tory role for GSK-3beta in pore opening. Active GSK is shown
to phosphorylate CyP-D in an ERK1/2-dependent manner, and
phospho-CyP-DSer/Thr promoted depolarization of mitochondria
and pore opening (Rasola et al., 2010). Conversely, pharmacolog-
ical inhibition of GSK-3beta prevented the phosphorylation of
CyP-D, which may lead to the inhibition of the mPT in murine
tubular epithelial cells (Bao et al., 2012). Post-translational modi-
fication of CyP-D induced by nitrosylation may also be important
in regulating of the mPTP. In vitro studies using proteins and
cells revealed that both NO and ONOO− can affect ANT and
increase mPT in a CsA-sensitive manner (Vieira et al., 2001),
suggesting a key role of nitrosylation in the activation of pore
opening. Nitric oxide can induce or inhibit the mPT depending on
its concentration in the cell (Burwell and Brookes, 2008). Recent
studies demonstrated that treatment of heart homogenates with
GSNO resulted in S-nitrosylation of CyP-D on cysteine-203 (Kohr
et al., 2011). Increased nitration of CyP-D as well as VDAC and
ANT on tyrosine was found in mitochondria of neurons after
cortical injury which was associated with elevated ROS produc-
tion and cell death (Martin et al., 2011). However, it is not clear
yet how nitrosylated CyP-D interacts with the target protein to
induce mPT. Recent in vitro studies demonstrated that CyP-D
association to the lateral stalk of F 0F1-ATP synthase modulates
the activity of the complex, and the ATP synthase-CyP-D inter-
actions were modulated by P i and CsA, respectively, increasing
and decreasing CyP-D binding to the enzyme (Giorgio et al.,
2009). Interestingly, P i was specifically required for PTP desen-
sitization by CsA or by CyP-D ablation (Basso et al., 2008) as well

as for inhibition of mPTP by blocking the complex I (Li et al.,
2012).

Indirect binding of CyP-D to a target protein(s) in the IMM can
occur through its interaction with other proteins in the matrix.
Most recent studies demonstrated that in response to oxidative
stress induced by brain ischemia/reperfusion injury p53, a tumor
suppressor protein, accumulates in the mitochondrial matrix and
triggers mPTP opening and necrosis by physical interaction with
CyP-D (Vaseva et al., 2012). Conversely, reduction of p53 lev-
els or treatment of mice with CsA prevented the p53-Cyp-D
complex opening which was associated with effective stroke pro-
tection (Vaseva et al., 2012). Likely, p53 triggers translocation of
CyP-D to the IMM and therefore facilitates the pore opening
through interaction with a pore protein(s). However, the study
demonstrated no regulation of calcium-dependent MPTP open-
ing by p53. It is not clear how p53-CyP-D interaction senses and
induces mPTP opening in a Ca2+-independent manner (Karch
and Molkentin, 2012). Notably, binding of CyP-D to a matrix
protein in cancer cells may have an opposite effect, leading to
inhibition of the mPTP. Also, it has been demonstrated that
abundant expression of Hsp60 in mitochondria of tumor cells is
associated with increased levels of the Hsp60-CyP-D complexes
and reduced mPTP opening (Ghosh et al., 2010). Conversely,
Hsp90 antagonists directed to mitochondria caused severe mito-
chondrial dysfunction and selective tumor cell death inhibiting
the interaction of Hsp90 with CyP-D (Kang et al., 2007). Like-
wise, interaction of CyP-D with Bcl2 has been shown to exert an
anti-apoptotic effect, and CsA, disrupted the CyP-D-Bcl2 inter-
action. The anti-apoptotic effect of CyP-D in some cancer cells
which overexpress the protein can be explained by CyP-D-Bcl2
interaction to suppress apoptosis in these cells (Eliseev et al.,
2009).

Thus, accumulating data suggest that activation of CyP-D
and its interaction with the mPTP complex can occur through
different mechanisms including (i) post-translational modifi-
cation of the protein, (ii) direct interaction with an active
target protein, and/or (iii) indirectly via binding to a matrix
protein.

CONCLUSION
Irreversible mPTP opening acts as a target and executioner of cell
death under pathological conditions such as cardiac and brain
ischemia/reperfusion, diabetes, and cancer. Although mPT is a
well-known phenomenon, the molecular identity of the mPTP
complex is still unidentified. Existing studies provide strong evi-
dence that CyP-D plays a regulatory role in mPT, and under-
standing the mechanism(s) of CyP-D activation and its inter-
action with the mPTP complex is important in developing new
pharmacological agents to modulate mitochondria-mediated cell
death.
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Huntington’s disease (HD) is a neurodegenerative condition characterized by severe
neuronal loss in the cortex and striatum that leads to motor and behavioral deficits.
Excitotoxicity is thought to be involved in HD and several studies have indicated that
NMDA receptor (NMDAR) overactivation can play a role in the selective neuronal loss
found in HD. Interestingly, a small subset of striatal neurons (less than 1% of the
overall population) is found to be spared in post-mortem HD brains. These neurons
are medium-sized aspiny interneurons that highly express the neuronal isoform of
nitric oxide synthase (nNOS). Intriguingly, neurons expressing large amounts of nNOS
[hereafter indicated as nNOS(+) neurons] show reduced vulnerability to NMDAR-mediated
excitotoxicity. Mechanisms underlying this reduced vulnerability are still largely unknown
and may shed some light on pathogenic mechanisms involved in HD. One untested
possibility is that nNOS(+) neurons possess fewer or less functioning NMDARs.
Employing single cell calcium imaging we challenged this hypothesis and found that
cultured striatal nNOS(+) neurons show NMDAR-evoked responses that are identical to
the ones observed in the overall population of neurons that express lower levels of nNOS
[nNOS(−) neurons]. NMDAR-dependent deregulation of intraneuronal Ca2+ is known to
generate high levels of reactive oxygen species of mitochondrial origin (mt-ROS), a crucial
step in the excitotoxic cascade. With confocal imaging and dihydrorhodamine (DHR; a
ROS-sensitive probe) we compared mt-ROS levels generated by NMDAR activation in
nNOS(+) and (−) cultured striatal neurons. DHR experiments revealed that nNOS(+)
neurons failed to produce significant amounts of mt-ROS in response to NMDA exposure,
thereby providing a potential mechanism for their reduced vulnerability to excitotoxicity
and decreased vulnerability in HD.

Keywords: NADPH diaphorase, excitotoxicity, reactive oxygen species, nitric oxide synthase, Huntington’s disease

INTRODUCTION
Excitotoxicity is a major pathogenic component of sev-
eral neurodegenerative disorders, including Alzheimer’s dis-
ease, Parkinson’s disease, amyotrophic lateral sclerosis, and
Huntington’s disease (HD) (Choi, 2005; Lau and Tymianski,
2010; Spalloni et al., 2013). HD is an autosomal dominant
neurodegenerative condition characterized by severe behav-
ioral, cognitive, and movement disorders (Ross and Tabrizi,
2011). Inheritance of the huntingtin (Htt) protein showing a
pathogenic expansion of a glutamine stretch (polyQ repeats >35)
(Macdonald et al., 1993) leads to massive cortical and striatal

neuronal loss (Halliday et al., 1998; Cattaneo et al., 2005; Guo
et al., 2012). Reasons for this sub-regional selectivity of the neu-
rodegenerative process are not completely understood, although
several mechanisms have been proposed. In that respect, evidence
indicates that polyQ Htt promotes HD pathology through dereg-
ulation of vesicle trafficking (Difiglia et al., 1995; Qin et al., 2004),
alteration of BDNF transport (Gauthier et al., 2004), disruption
of microtubules (Trushina et al., 2003), interference with NMDA
receptor (NMDAR) and synaptic activity (Zeron et al., 2004) as
well as disruption of mitochondrial functioning and morphology
(Rockabrand et al., 2007; Costa and Scorrano, 2012).
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Excitotoxicity is a phenomenon driven by excessive synap-
tic accumulation of glutamate and associated with dysregulation
of intraneuronal Ca2+ ([Ca2+]i) homeostasis (Choi, 2005). A
major feature of excitotoxicity is the NMDAR/Ca2+-dependent
enhanced generation of nitric oxide (NO) and other reactive oxy-
gen species (ROS) [reviewed in Forder and Tymianski (2009) and
Szydlowska and Tymianski (2010)].

A subpopulation of striatal neurons (accounting for less
than 1% of the overall population) expresses high levels
of the enzyme nicotinamide adenine dinucleotide phosphate-
diaphorase (NADPH-d) that is the neuronal isoform of nitric
oxide synthase (nNOS) (Hope et al., 1991). Intriguingly, these
neurons expressing large amount of nNOS [hereafter called
nNOS(+) neurons] are not affected by NMDAR-dependent tox-
icity and spared in the striatum of HD patients (Ferrante et al.,
1985; Koh et al., 1986; Koh and Choi, 1988). The molecular
and biochemical determinants of this decreased vulnerability are
still not completely known. A possible simple explanation for
the phenomenon is that nNOS(+) neurons have fewer or less
active NMDARs. To test this hypothesis, we employed single cell
Ca2+ imaging and assessed differences in NMDAR-evoked rises
in [Ca2+]i in striatal cultures, and compared responses obtained
in nNOS(+) and the overall population of striatal neurons that
express lower levels of the enzyme and hereafter called nNOS(−)
neurons.

Mitochondrial function is critical to maintaining [Ca2+]i

homeostasis (Pizzo et al., 2012). Mutant Htt promotes mitochon-
drial dysfunction and we have previously shown that specific Htt
domains are crucial to drive its mitochondrial localization and
promote dysfunction (Rockabrand et al., 2007).

Ca2+ overload in mitochondria promotes generation of free
radicals in the organelles (Dugan et al., 1995; Reynolds and
Hastings, 1995), a step that has been shown to be instru-
mental in the initiation of the excitotoxic cascade (White and
Reynolds, 1995, 1996; Nicholls and Budd, 1998; Stout et al., 1998;
Nicholls and Budd, 2000; Nicholls and Ward, 2000; Votyakova
and Reynolds, 2001; Nicholls, 2002, 2004; Nicholls et al., 2003,
2007; Rintoul et al., 2003; Reynolds et al., 2004; Vesce et al., 2004;
Votyakova and Reynolds, 2005). Thus, we also tested whether
exposure to NMDA in striatal cultures generated different levels
of mitochondrial ROS (mt-ROS) in nNOS(+) neurons compared
to the overall population of nNOS(−) cells.

MATERIALS AND METHODS
CHEMICALS
Tissue culture media and sera were purchased from GIBCO
(Life Technologies). Fluorescent calcium (fura-2 AM, and fluo-
4FF AM) and ROS (dihydrorhodamine, DHR) indicators were
purchased from Molecular Probes (Life Technologies). All other
chemicals, unless otherwise specified, were purchased from
Sigma-Aldrich.

NEURONAL STRIATAL CULTURES
All the procedures involving animals were approved by the insti-
tutional Ethics Committee (Ce.S.I.) and performed accordingly
to institutional guidelines and in compliance with national and
international laws and policies.

Striatal cell cultures were prepared from fetal (E15 or E16)
Swiss–Webster or CD1 mice. Striatal tissues were dissected in
ice-cold dissecting medium and then placed in trypsin (0.25%)
for 10 min at 37◦C. Tissues were centrifuged, supernatant dis-
carded, and pellet mechanically dissociated with a glass Pasteur
pipette. Cells were then resuspended in plating medium con-
taining either: (for mixed cultures) Eagle’s Minimal Essential
Medium (with 20 mM glucose, 26.2 mM NaHCO3) supple-
mented with L-glutamine (2 mM), 5% fetal calf serum, and 5%
horse serum (Hyclone), or (for near-pure neuronal cultures)
Neurobasal Medium supplemented with L-Glutamine (0.5 mM),
5% fetal bovine serum, 5% horse serum, 1× B27, and 0.2%
penicillin/streptomycin.

To prepare mixed cultures, cell suspensions were diluted and
plated onto an astrocytes layer on 35 mm culture dishes with a
glass bottom (Mat-Tek). Cells were fed twice a week with a growth
medium (containing 10% horse serum, and 2 mM L-glutamine)
and after 12 days in vitro (DIV) with a serum-free medium
supplemented with 2 mM L-glutamine.

For near-pure neuronal cultures, cells suspensions were diluted
and plated onto laminin/poly-DL-lysine coated glass coverslips.
Three days after plating, non-neuronal cell growth was inhibited
by adding 10 μM of cytosine arabinofuranoside. Twice a week,
25% of the medium was replaced with equal amounts of fresh
Neurobasal medium.

Striatal neurons were used between 12 to 17 DIV.

IMAGING STUDIES
Ca2+ imaging employing fura-2 was performed using a Nikon
Diaphot inverted microscope equipped with a Xenon lamp, a 40×
Nikon epifluorescence oil immersion objective (N.A.: 1.3), and
a CCD camera (Quantex). Fluo-4FF experiments were instead
performed using a Nikon Eclipse TE300 inverted microscope
equipped with a Xenon lamp, a 40× Nikon epifluorescence oil
immersion objective (N.A.: 1.3) and a 12-bit Orca CCD cam-
era (Hamamatsu). DHR experiments were performed with a
confocal microscope (Noran Odyssey) equipped with an argon-
ion laser, an inverted microscope (Nikon Diaphot), and a 60×
Nikon oil-immersion objective (N.A.: 1.4). Fura-2 ratios and
DHR confocal images (and relative bright field images) were dig-
itized and analyzed using Image-1 system (Universal Imaging) or
Metamorph imaging software (Universal Imaging), respectively.
Fluo-4FF images were acquired and analyzed with Metafluor 6.0
software (Molecular Devices).

[Ca2+]i Measurements
Striatal cultures were loaded for 30 min in the dark with fura-2
AM (5 μM) or fluo-4FF AM (5 μM) plus 0.2% Pluronic F-
127 in HEPES-buffered saline solution (HCSS) (120 mM NaCl,
5.4 mM KCl, 0.8 mM MgCl2, 20 mM HEPES, 15 mM glucose,
1.8 mM CaCl2, 10 mM NaOH, pH 7.4), washed, and incubated
for further 30 min in HCSS. In fura-2 experiments [Ca2+]i was
determined using the ratio method described by Grynkiewicz
et al. (1985). Fura-2 (Ex λ: 340, 380 nm, Em λ: 510 nm) calibrated
values were obtained by determining Rmin and Rmax using: EGTA
(10 mM) and ionomycin (10 μM) in 0 Ca2+ buffer for Rmin, and
Ca2+ (10 mM) with ionomycin (10 μM) for Rmax. Fura-2 Kd
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was set at 225 nM. Results are reported as mean [Ca2+]i nM ±
SEM. In fluo-4FF (Ex λ: 490 nm, Em λ: 510 nm) fluorescence
changes of each cell (Fx) were normalized to basal fluorescence
intensity (F0). Results are expressed as mean Fx/F0 ± SEM val-
ues. In all experiments, NMDA (50 μM + 10 μM glycine) was
applied for 20 s and then removed through a rapid perfusion
system.

ROS Production Measurements
Cells were loaded with DHR (5 μM) in the dark in a 37◦C/5%
CO2 incubator for 30 min and then studied with confocal imag-
ing. DHR was excited at 488 nm and emission collected at
>515 nm. In order to minimize DHR photo-oxidation, laser
beam was used to less than 5% of full power and image acquisition
intervals minimized to ≤ 2 s every 5 min. DHR was maintained in
the buffer throughout all the imaging session to maintain probe
equilibration between the inside and outside of cells.

NMDA exposure was performed by adding NMDA (50 μM +
10 μM glycine) to the baseline HCSS solution for 5 min.
NMDARs activation was then halted by addition of 10 μM
MK-801 and neurons imaged for additional 25 min.

NADPH-DIAPHORASE STAINING
To identify what we call nNOS(+) neurons we employed the
NADPH-d staining procedure (Koh et al., 1986). To that aim,
after Ca2+

i or DHR experiments, cultures were rinsed three
times in ice-cold TBS and fixed for 30 min at 4◦C in 4%
paraformaldehyde/0.1 M PBS buffer. After fixation, dishes were
washed with TBS and staining solution applied for 1 h at 37◦C.
NADPH-d staining solution contained: 0.1 mM Tris/HCl, 0.2%
Triton X-100, 1.2 mM sodium azide, 0.2 mM nitrotetrazolium
blue, and 1 mM NADPH, pH 7.2. The staining solution was
removed and cultures rinsed with TBS. After staining, dishes
were re-inserted in the microscope stage and fields re-matched
with those previously imaged with fura-2, fluo-4FF, and DHR.
nNOS(+) neurons identified as NADPH-d (+) under bright-
field illumination were then evaluated for their responses in the
imaging experiments.

STATISTICAL ANALYSIS
Grubbs’ test was performed to detect outliers, the significance
level was set at α = 0.05 (no nNOS(+) were found to be sig-
nificant outliers). Statistical analysis was performed using the
Student’s t-test for unpaired data. Results were considered statis-
tically significant at p < 0.05.

RESULTS
[Ca2+]i RISES UPON NMDA EXPOSURE IN nNOS(+) AND (−) STRIATAL
NEURONS
In this set of experiment, we tested whether nNOS(+) possess
functional NMDARs and evaluated NMDAR-dependent [Ca2+]i

increases as an indirect parameter of receptor activity. [Ca2+]i

rises upon NMDA exposure were investigated with single cell
Ca2+ imaging. This indirect assay is the only possible way to
study NMDAR activity in specific nNOS(+) neurons. A more
direct approach would have been to investigate NMDAR-evoked
currents with patch clamp electrophysiology. Unfortunately, this

approach is highly unfeasible given the extremely low density
(<1%) of nNOS(+) neurons in our striatal cultures along with
the absence of any suitable marker to identify these neurons
when in culture, two factors making very unlikely the pos-
sibility of successfully patching on to these cells in adequate
numbers.

Striatal cultures loaded with fura-2, a high affinity Ca2+
probe (Kd = 225 nM), were exposed to NMDA (50 μM +
10 μM glycine) and [Ca2+]i elevation assessed during and after
the challenge. In this set of experiments, we observed that
NMDAR-dependent [Ca2+]i rises occurring in nNOS(+) were
not statistically different from those found in the overall pop-
ulation of nNOS(−) neurons (Figures 1A,B). To dissect and
possibly reveal more subtle differences in [Ca2+]i handling
between nNOS(+) and (−) neurons, we analyzed peak ampli-
tudes, areas under the curve (an index of the overall cytoso-
lic Ca2+ load) and recovery phase time (τ) of the [Ca2+]i

changes (Figures 1C–E). None of these parameters showed sta-
tistically significant differences between the two neuronal pop-
ulations. Analysis of baseline [Ca2+]i levels also showed no
differences between nNOS(+) and (−) neurons at rest (data
not shown).

In the fura-2 data set we noticed that some neurons showed
[Ca2+]i responses in the micromolar range. Fura-2 is a high
affinity Ca2+ probe, a technical limitation that leads to under-
estimating peak [Ca2+]i rises for values above 1 μM (Hyrc et al.,
1997). We therefore repeated the same set of experiments with the
low affinity Ca2+ indicator fluo-4FF, a probe that, with a Kd of
9.7 μM, is suitable for the detection of [Ca2+]i changes occurring
in the 1 μM to 1 mM range. Fluo-4FF experiments confirmed that
NMDAR-dependent [Ca2+]i increases are identical in nNOS(+)
and (−) neurons (Figures 2A–E). Of note, different from fura-2
experiments, in the fluo-4FF data set we observed a decreased
recovery time in all neurons, a phenomenon that likely reflects
the lower affinity of the probe for Ca2+.

Finally, we assessed whether nNOS(+) neurons show differ-
ences in [Ca2+]i response via other glutamatergic ionotropic
receptors (i.e., AMPARs). To that aim, fura-2 loaded striatal neu-
rons were exposed to kainate (50 μM) and [Ca2+]i levels analyzed
in terms of agonist-evoked peak levels as well as overall cytoso-
lic cation loads (as indicated by evaluation of the area under the
curve of fura-2 signals). Even in this set of experiments, we did not
observe significant differences between nNOS(+) and (−) striatal
neurons (data not shown).

In summary, Ca2+ imaging experiments indicated that
nNOS(+) neurons possess fully functional NMDARs.

ROS GENERATION UPON NMDA EXPOSURE IN nNOS(+) AND (−)
NEURONS
Aberrant Ca2+ entry through NMDARs results in cytosolic
Ca2+ overload, dissipation of the mitochondrial inner mem-
brane potential, opening of the permeability transition pore, and
production of mt-ROS (Rizzuto et al., 2012). ROS are major con-
tributors to excitotoxicity (Choi, 1992a,b; Dugan and Choi, 1994;
Sayre et al., 2008). As mentioned above, NADPH diaphorase is
the neuronal nNOS enzyme (Hope et al., 1991). Thus, nNOS(+)
neurons are likely to be chronically exposed to an intracellular
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FIGURE 1 | NMDAR-dependent [Ca2+]i rises in striatal cultured neurons

evaluated with a high affinity Ca2+-sensitive probe. (A) Fluorescence
images of fura-2 loaded striatal neurons before (top), and upon NMDA
exposure (middle). Bright field image (bottom) showing stained nNOS(+),
indicated by arrows, and nNOS(−)neurons. (B) Time course of
NMDAR-dependent [Ca2+]i rises, traces of a single experiment [NOS(+)

(n = 2) and nNOS(−) (n = 47)], representative of 20 independent
experiments. (C) Average [Ca2+ ]i peak amplitude in the two neuronal
populations (p = 0.42). (D) [Ca2+ ]i dynamics expressed as area under the
curve (p = 0.70). (E) Recovery phase following NMDA exposure (p = 0.43).
Results are expressed as mean values ± SEM; nNOS(+) n = 22; nNOS(−)
n = 560.

environment that is constantly confronted (and needs to be
equipped to deal) with the presence of high NO levels.

To investigate mt-ROS levels generated by NMDAR activa-
tion, striatal neurons were first loaded with the ROS sensitive
probe DHR (Henderson and Chappell, 1993) and fluorescent
changes evaluated before, during, and after NMDA exposure with
confocal microscopy. Native DHR is uncharged, not fluorescent,
and passively diffuses through membranes. Once in the presence
of ROS, DHR is oxidized to the cationic fluorescent product,
rhodamine 123, allowing the investigation of mitochondrial ROS
production (Dugan et al., 1995).

In this set of experiments DHR-loaded neurons, after acqui-
sition of baseline fluorescence levels, were exposed to NMDA
(50 + 10 μM glycine) for 5 min, NMDAR activation was then
halted by addition of the receptor antagonist (MK-801; 10 μM)
and fluorescence changes evaluated up to 30 min. Confocal DHR
imaging revealed that NMDA application failed to promote sig-
nificant fluorescence changes in nNOS(+) neurons while (−)
neurons showed significant signal rises (Figure 3).

Thus, DHR experiments revealed that NMDA exposure fails to
elicit production of mt-ROS in nNOS(+) striatal neurons.

DISCUSSION
nNOS(+) neurons are spared from NMDAR-driven excitotoxi-
city, a phenomenon that has puzzled the field for many years
(Beal et al., 1986; Koh and Choi, 1988; Kumar, 2004; El Ghazi
et al., 2012). Our study offers two major findings that may help to
unravel the mechanisms underlying the decreased vulnerability
of these neurons and offer additional insight for their increased
survival in the context of HD.

Firstly, nNOS(+) striatal neurons possess fully functional
NMDARs and respond to receptor activation with [Ca2+]i rises
that do not differ for amplitude and temporal dynamics to the
ones observed in the overall population of nNOS(−) neurons.
Secondly, in nNOS(+) neurons, NMDAR activation does not lead
to generation of mt-ROS, thereby occluding a critical downstream
event of their excitotoxic cascade.

NMDAR-dependent deregulation of intraneuronal [Ca2+]i

levels upon prolonged or excessive glutamate exposure is the event
that starts excitotoxicity (Choi, 1992a,b, 2005). Thus, the reduced
vulnerability of nNOS(+) neurons to excitotoxic challenges could
have been easily explained by reduced expression or functioning
of NMDARs in this subpopulation.
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FIGURE 2 | NMDAR-dependent [Ca2+]i rises in striatal cultured neurons

evaluated with a low affinity Ca2+-sensitive probe. (A) Fluorescence
images of fluo4-FF loaded striatal neurons before (top) and upon NMDA
exposure (middle). Bright field image (bottom) showing stained nNOS(+),
indicated by arrows, and nNOS(−) neurons. (B) Time course of
NMDAR-dependent [Ca2+ ]i rises, traces of a single experiment [nNOS(+)

(n = 1) and nNOS(−) (n = 18)], representative of 12 independent
experiments. (C) Average Ca2+

i peak amplitude in the two neuronal
populations (p = 0.36). (D) [Ca2+]i dynamics expressed as area under the
curve (p = 0.24). (E) Recovery phase following NMDA exposure (p = 0.43).
Results are expressed as mean values ± SEM; nNOS(+) n = 13; nNOS(−)
n = 165.

Our data lend us to hypothesize an alternative view and finally
demonstrate that these neurons are most likely resistant not
because they differ in number or functionality of NMDARs but,
on the contrary, because they are able to set in motion protective
events acting downstream to block a key step in the injurious cas-
cade set in motion by NMDAR activation: the intraneuronal raise
of mt-ROS levels.

ROS play important roles in several biological functions and
are critical mediators of physiological or death signaling (Huang
and McNamara, 2012; Ray et al., 2012). Upon excitotoxic condi-
tions, NMDAR-driven production of high levels of cytosolic and
mitochondrial ROS as well as nitrosative species leads to neu-
ronal death (Floyd, 1999; Droge, 2002; Lau and Tymianski, 2010).
Neurons maintain a redox homeostasis and counteract these
oxidative and nitrosative hits by employing several endogenous
scavenging mechanisms (Greenlund et al., 1995) like superoxide
dismutases, catalases, and glutathione peroxidases.

As nNOS(+) neurons express high levels of nNOS (Hope
et al., 1991) and are thereby producing large amounts of NO,
it is conceivable that they are primed to deal with an oxidizing
intracellular environment and possess an enhanced capability to
neutralize this challenge.

Landmark findings support this idea and, in fact, indicate that
nNOS(+) express high levels of manganese superoxide dismutase

(MnSOD) (Gonzalez-Zulueta et al., 1998). MnSOD, a mito-
chondrial enzyme, neutralizes free radicals. The enzyme confers
resistance against NMDA- and NO-mediated toxicity both in vivo
and in vitro by preventing the generation of toxic peroxyni-
trite originating from the NO and O−

2 interaction (Beckman
and Koppenol, 1996; Gonzalez-Zulueta et al., 1998; Brown,
2010). Thus, our data suggest a conceptual framework in which
enhanced MnSOD activity in nNOS(+) neurons might lead to the
reduced ROS generation that we find upon NMDA exposure and
provides potential explanation for their decreased vulnerability to
NMDAR-mediated neuronal death.

Our results are providing support for the idea that mitochon-
dria play a strategic role in the phenomenon. We acknowledge
that future experiments are needed to clarify whether increased
MnSOD activity is indeed play a major role in the neuroprotective
pathway. We show that NMDA exposure produces [Ca2+]i levels
that are similar in nNOS(+) and (−) striatal neurons. We also
show that these excitotoxic Ca2+ rises fail to promote significant
ROS raises in the mitochondria of nNOS(+) neurons. Thus, in
nNOS(+) neurons, the behavior of mitochondria, critical actors
of the excitotoxic cascade, differ.

Two major arguments support this assumption. In the Ca2+
imaging experiments we have shown that nNOS(+) neurons
face the same NMDAR-driven Ca2+ overload. If one has to fit

www.frontiersin.org May 2013 | Volume 4 | Article 112 | 68

http://www.frontiersin.org
http://www.frontiersin.org/Mitochondrial_Research/archive


Canzoniero et al. Failed mitochondrial ROS production in nNOS(+) neurons

FIGURE 3 | NMDAR-dependent mitochondrial ROS production in striatal

cultured neurons. (A) Confocal images of basal levels of fluorescence of
DHR-loaded neurons prior to NMDA stimulation. (B) DHR fluorescence
25 min after a 5 min NMDA exposure. (C) Bright field image showing stained

nNOS(+), indicated by arrow, and nNOS(−) neurons. (D) Quantification of
DHR fluorescence increases 25 min after NMDA exposure (∗p < 0.001).
Results are expressed as mean % of Fx /F0 ± SEM; nNOS(+) n = 19;
nNOS(−) n = 142 from 18 independent experiments.

these data and the DHR results in a comprehensive conceptual
framework, it can be hypothesized that either: (1) mitochon-
dria of nNOS(+) neurons are allowing less Ca2+ uptake (thereby
decreasing the overall generation of Ca2+-dependent mt-ROS)
or (2) nNOS(+) neurons have developed ways to counteract the
generation of mt-ROS.

When considering the first hypothesis, it should be underlined
that our Ca2+ imaging experiments take in account and report
changes of cation levels occurring in the cytosol, a phenomenon
that is the net result of simultaneous and concerted activities
of many Ca2+ homeostatic systems (Pizzo et al., 2012; Rizzuto
et al., 2012). The fact that we observed similar NMDAR-driven
Ca2+ loads in the two neuronal subpopulations could, in the-
ory, be explained by compensatory mechanisms occurring in
nNOS(+) neurons that prevent Ca2+ overloads in mitochondria.
For this mechanism to work, one has to infer that these cells
may have enhanced expression and/or functioning of the plasma-
membrane Ca2+-ATPases (PMCA), a key pathway for Ca2+
extrusion, a possibility that we have not tested yet. Differences in
activity of the other major cellular system for Ca2+ extrusion, the
plasmatic Na+-Ca2+ exchanger (NCX), are unlikely as excitotoxic
conditions (like the one used in our setting) favor either a NCX

reverse operational mode (thereby leading the exchanger to serve
as pathway for Ca2+ entry) (Orrenius et al., 2003) or NCX func-
tional blockade by calpain-mediated cleavage of the exchanger
(Bano et al., 2005).

Enhanced functioning of intracellular Ca2+ stores (i.e., the
endoplasmic reticulum; ER) is also unlikely to work to decrease
Ca2+ rises in nNOS(+) neurons. Accordingly to the “hot spot”
hypothesis proposed by Rizzuto et al. (1998), Ca2+ overload
in the ER is a detrimental source for ROS generation as the
cation eventually exits the ER and is taken up by mitochon-
dria located in the ER vicinity, thereby providing the driving
force for production of mt-ROS. Thus, if nNOS(+) neurons do
overdrive the ER to maintain Ca2+ homeostasis such compen-
satory mechanism should be counterbalanced by enhanced levels
of mt-ROS, the opposite of what we observed in our nNOS(+)
neurons.

The idea that mitochondria of nNOS(+) sequester equal
amounts of Ca2+ but respond to this hit with a decreased genera-
tion of ROS is strongly suggested by previous findings (Gonzalez-
Zulueta et al., 1998) that indicate a major role for MnSOD in
promoting protection against NMDAR-mediated oxidative stress
in nNOS(+) neurons. Within this framework, we do speculate
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that the observed reduction of ROS levels in nNOS(+) neurons
may be due to higher scavenging capabilities of this neuronal
subpopulation.

In summary, our data offer complementary data that substan-
tiate a major role for mitochondria in promoting the reduced
vulnerability to NMDA in nNOS(+) striatal neurons. Given the
role played by polyQ Htt in affecting mitochondrial functioning,

this mechanism can be particularly relevant in the context of
the neuronal loss occurring in the striatum of HD patients and
provide targets for therapeutic intervention.
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Bioenergetic profiling of cancer cells is of great potential because it can bring forward
new and effective therapeutic strategies along with early diagnosis. Metabolic Control
Analysis (MCA) is a methodology that enables quantification of the flux control exerted
by different enzymatic steps in a metabolic network thus assessing their contribution
to the system‘s function. Our main goal is to demonstrate the applicability of MCA for
in situ studies of energy metabolism in human breast and colorectal cancer cells as well
as in normal tissues. We seek to determine the metabolic conditions leading to energy
flux redirection in cancer cells. A main result obtained is that the adenine nucleotide
translocator exhibits the highest control of respiration in human breast cancer thus
becoming a prospective therapeutic target. Additionally, we present evidence suggesting
the existence of mitochondrial respiratory supercomplexes that may represent a way by
which cancer cells avoid apoptosis. The data obtained show that MCA applied in situ can
be insightful in cancer cell energetic research.

Keywords: metabolic control analysis, respiratory chain, breast and colorectal cancer, Warburg effect, OXPHOS

INTRODUCTION
Oncologic diseases such as breast and colorectal cancers are still
one of the main causes of premature death among people. The
low efficiency of contemporary medicine in the treatment of
these malignancies is largely mediated by a poor understanding
of the processes involved in metastatic dissemination of cancer
cells as well as the unique energetic properties of mitochondria
from tumors. Current knowledge supports the idea that human
breast and colorectal cancer cells exhibit increased rates of glu-
cose consumption displaying a Warburg phenotype, i.e., elevated
glycolysis even in the presence of oxygen (Warburg and Dickens,
1930; Warburg, 1956; Izuishi et al., 2012). Notwithstanding,
there are some evidences that in these malignancies mitochon-
drial oxidative phosphorylation (OXPHOS) is the main source
of ATP rather than glycolysis. Cancer cells have been classified
according to their pattern of metabolic remodeling depending
of the relative balance between aerobic glycolysis and OXPHOS
(Bellance et al., 2012). The first type of tumor cells is highly
glycolytic, the second OXPHOS deficient and the third type of
tumors display enhanced OXPHOS. Recent studies strongly sug-
gest that cancer cells can utilize lactate, free fatty acids, ketone
bodies, butyrate and glutamine as key respiratory substrates elic-
iting metabolic remodeling of normal surrounding cells toward
aerobic glycolysis—“reverse Warburg” effect (Whitaker-Menezes
et al., 2011; Salem et al., 2012; Sotgia et al., 2012; Witkiewicz et al.,
2012). In normal cells, the OXPHOS system is usually closely
linked to phosphotransfer systems, including various creatine

kinase (CK) isotypes, which ensure a safe operation of energetics
over a broad functional range of cellular activities (Dzeja and
Terzic, 2003). However, our current knowledge about the func-
tion of CK/creatine (Cr) system in human breast and colorectal
cancer is insufficient. In some malignancies, for example sarco-
mas the CK/Cr system was shown to be strongly down regulated
(Bera et al., 2008; Patra et al., 2008). Our previous studies showed
that the mitochondrial-bound CK (MtCK) activity was signifi-
cantly decreased in HL-1 tumor cells (Monge et al., 2009), as
compared to normal parent cardiac cells where the OXPHOS is
the main ATP source of and the CK system is a main energy
carrier. In the present study, we estimated the role of MtCK
in maintaining energy homeostasis in human colorectal cancer
cells.

Understanding the control and regulation of energy
metabolism requires analytical tools that take into account
the existing interactions between individual network compo-
nents and their impact on systemic network function. Metabolic
Control Analysis (MCA) is a theoretical framework relating the
properties of metabolic systems to the kinetic characteristics
of their individual enzymatic components (Fell, 2005). An
experimental approach of MCA has been already successfully
applied to the studies of OXPHOS in isolated mitochondria
(Tager et al., 1983; Kunz et al., 1999; Rossignol et al., 2000) and in
skinned muscle fibers (Kuznetsov et al., 1997; Tepp et al., 2010).

Recent work from Moreno-Sanchez and Westerhoff ’s groups
has applied MCA to investigate the control of glycolytic flux
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and mitochondrial respiration in different types of tumor cells
growing in culture. A main conclusion of these studies is
that the significance of OXPHOS in bioenergetics of cancer
cells should be re-evaluated and experimentally determined
for each particular type of neoplasm (Marin-Hernandez et al.,
2006; Moreno-Sanchez et al., 2007, 2008, 2010). These find-
ings also indicated that MCA may be a very useful approach
for studying in situ mitochondrial respiration and energy
fluxes.

In the present work we applied MCA for in situ studies the
energy metabolism in human cancer cells. Using oxygraphy and
MCA in permeabilized human breast and colorectal cancer cells
(Kuznetsov et al., 1997) we quantitatively characterized the con-
trol exerted by the different components of the respiratory chain
and the ATP synthasome (Tepp et al., 2011).

MATERIALS AND METHODS
PATIENTS AND TISSUE SAMPLING
Bioenergetic proiling was performed on post-operation material
derived from patients with human breast (HBC) and colorectal
cancers (HCC). Thirty two patients 50–71 year-old were in the
HBC group with local or locally advanced disease at pathological
stage IA-IIIB (T1-4N0-2M0) and eighteen patients, 63–82 year-
old in HCC group with pathological stage (T2-3 N1-M0). Tumor
differentiation was into well, moderately, and poorly differenti-
ated adenocarcinoma.

Immediately after the surgery the human samples were
placed into pre-cooled Mitomedium-B solution, dissected into
small fiber bundles and permeabilized with 50 μg/ml saponin
(Kuznetsov et al., 2008). Control experiments showed that this
procedure has no effect on the integrity of mitochondrial mem-
branes and that the stimulatory effect on respiration by added
cytochrome-c is absent (Kuznetsov et al., 2008; Kaambre et al.,
2012).

HIGH-RESOLUTION RESPIROMETRY
Mitochondrial respiration of tissue samples was measured at
25◦C under continuous magnetic stirring with an Oxygraph-2 k,
(Oroboros Instruments, Innsbruck, Austria) 5 mM glutamate,
2 mM malate and 10 mM succinate were used as respiratory
substrates. In permeabilized tumor and muscle fibers, the mito-
chondrial respiration was activated by exogenously added ADP.
The flux control coefficients (FCC) for permeabilized human
samples were determined with direct activation of respiration by
ADP (state 3 respiration). The presence of MtCK in permeabilized
human cancer samples was assayed as described earlier (Monge
et al., 2009; Kaambre et al., 2012).

METABOLIC CONTROL ANALYSIS
By applying the principles of MCA, it is possible to quantify
the degree of the control, exerted by an enzymatic or transport
step through FCC. FCC is defined as the ratio of the fractional
change in the steady-state flux with respect to an infinitesi-
mal variation in the biochemical activity that caused the change
in flux (Fell, 1997). In the present study FCC was assessed by
stepwise titration of the respiratory activity of the system with
the specific inhibitors for each step from the respiratory chain

and ATP synthasome complexes. Control coefficients are deter-
mined from the initial slope of the titration curve and the ratio
of inhibitor concentration at maximal flux inhibition over the
uninhibited flux.

FCC-values were quantified according to a graphical method
(Groen et al., 1982; Fell, 2005) modified by Small (Small and Fell,
1990) and results obtained were compared with the computer
estimated coefficients (Gellerich et al., 1990; Small and Fell, 1990).
Previous studies indicated that similar values can be obtained
with either methods, but special attention should be paid to sys-
tems with branched pathways or direct channeling due to possible
unreliable estimates (Kholodenko et al., 1993; Kholodenko and
Westerhoff, 1993; Tepp et al., 2011).

RESULTS AND DISCUSSION
BIOENERGETIC PROFILING OF HUMAN CANCER AND MCA
First, we evaluated the impact of Cr, ADP, mitochondrial-bound
hexokinase (HK) and CK reactions on OXPHOS in permeabi-
lized human tumor samples. It has been proposed that in cancer
cells the binding of HK-2 to the mitochondrial voltage-dependent
anion channel (VDAC) mediates their Warburg behavior fur-
ther suggesting that this enzyme could be used as a target for
antineoplastic therapy (Pedersen, 2008). We found that affecting
mitochondria-bound CK and HK only produces minor effects on
mitochondrial respiration in HCC cells. Indeed, the addition of
10 mM Cr and 5 mM glucose with 0.2 mM ATP (in the presence
of phosphoenolpyruvate-pyruvate kinase ADP trapping system)
had no effect on the rates of oxygen consumption by these cells.
Similar effects were also registered in HBC cells (Kaambre et al.,
2012). From these results, it appears that MtCK does not play a
significant role in HBC and HCC cells in situ. The role of another
CK isoforms in maintaining of energy homeostasis in these cancer
cells will be examined in future work. The data obtained sug-
gest that mitochondrial, but not glycolytic ATP, plays a key role
in maintaining life processes in HCC and HBC cells. In con-
trast to HCC cells, a marked stimulatory effect on mitochondrial
respiration by glucose addition (in the presence of exogenous
MgATP) was observed in saponized HL-1 tumor cells that display
a glycolytic phenotype (Eimre et al., 2008; Monge et al., 2009).
Furthermore, we found that adding respiratory substrates and
2 mM ADP to HCC and HBC fibers resulted in a notable increase
in O2 consumption rate (Table 1).

Due to the absence of MtCK in HCC cells, we further ana-
lyzed OXPHOS in these cells upon direct activation of respira-
tion with exogenous ADP. In order to evaluate the functionality
of individual respiratory complexes of the electron transport
chain (ETC) in HCC and HBC cells, the rates of O2 consump-
tion were measured after sequential addition of specific sub-
strates and inhibitors in the following order: 2 mM ADP, 10 μM
rotenone, 10 mM succinate, 10 μM antimycin A, 5 mM ascor-
bate with 1 mM tetramethyl-p-phenylenediamine (TMPD). We
found that the addition of 2 mM ADP activates mitochondrial
respiration by ∼3.2 and 3.3 times in HCC and HBC samples,
respectively (Table 1). Our studies showed that these human
malignancies have a functionally active Krebs cycle as well as
the ETC. Accordingly ADP stimulated respiration of human
breast and colorectal tumors was found to be strongly depressed
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Table 1 | Values of basal (Vo) and maximal respiration rate (Vmax, in the presence of 2 mM ADP) and apparent Michaelis Menten constant (Km)

for ADP in permeabilized human breast and colorectal cancer samples as well as health tissue.

Tissues V#
o Vo(succ) K

app
m ADP, µM Vmax RCI Source

Colorectal cancer 1.4 ± 0.21 2.62 ± 0.34* 34.2 ± 11.1 4.51 ± 0.47* 3.2 ± 0.8 Our data

Control tissue 1.19 ± 0.17 1.61 ± 0.24 46.3 ± 15.5 2.56 ± 0.32 2.2 ± 0.6 Our data

Breast cancer 0.33 ± 0.03 0.56 ± 0.04 114.8 ± 13.6 1.09 ± 0.04 3.3 ± 0.4 Kaambre et al., 2012

Control breast tissue 0.02 ± 0.01 0.10 ± 0.02 – – – Kaambre et al., 2012

Rat soleus 2.19 ± 0.30 – 354 ± 46 12.2 ± 0.5 5.6 ± 1.0 Kuznetsov et al., 1996;
Monge et al., 2009

Rat gastrocnemius white 1.23 ± 0.13 – 14.4 ± 2.6 4.10 ± 0.25 3.3 ± 0.6 Kuznetsov et al., 1996;
Monge et al., 2009

#Respiration rate is expressed in nmol O2/min/mg dry weight; Vo—in the presence of 2 mM malate and 5 mM glutamate as respiratory substrates; Vo(succ)—in the

presence of 2 mM malate, 5 mM glutamate, and 10 mM succinate; RCI—respiratory control index is the ratio of Vmax value to Vo; *p < 0.05 as compared to control

tissue; data are expressed as mean ± standard error of the mean(SEM).

upon addition of 10 μM rotenone (an inhibitor of Complex-
I), antimycin (an inhibitor of Complex-III), 1 mM NaCN (an
inhibitor of Complex-IV) and, on the contrary, it was strongly
(>5 times) activated in the presence of ascorbate with TMPD,
indicating the presence of active cytochrome-c-oxidase (data not
shown). Apparently, the activity of Complex-II in HCC exceeds
that in normal tissue, as the addition of succinate to permeabi-
lized fibers led to a stronger stimulation of respiration than in
control tissue, although it has been reported that SDHD gene
expression is reduced in ∼80% colorectal cancers (Habano et al.,
2003).

The results shown in Table 1 demonstrate that the respira-
tory activity of breast and colorectal cancers differ significantly
that of normal adjacent tissues. Both tumors exhibited respi-
ratory rates close to tissue from rat skeletal muscles (Table 1).
These data may indicate the presence of a “reverse Warburg”
effect, which depends on the properties of the tumor microen-
vironment. The microenvironment (e.g., substrate availability)
is a strong determinant of mitochondrial content and activity
in tumors, which could play an important role in the definition
of tumors bioenergetic profile (Bellance et al., 2012; Jose and
Rossignol, 2013).

When we analyzed respiration as a function of exogenously
added ADP, we found that mitochondria from human breast and
colorectal cancer cells exhibit an increased affinity toward exoge-
nously added ADP compared with normal oxidative type tissues.
The apparent Michaelis Menten constants (Km) for MgADP
were determined as 114.8 ± 13.6 μM and 34.2 ± 11.1 μM for
breast and colorectal cancer, respectively (Table 1). These values
are significantly lower as compared to rat soleus (Km = 354 ±
46 μM) or isolated cardiomyocytes [Km = 360 μM (Anmann
et al., 2006)], but this value is still higher than the apparent Km

for isolated mitochondria (10–20 μM). The observed difference
in the metabolic regulation of respiration could be linked to a
decreased expression or absence of some cytoskeletal proteins
(Appaix et al., 2003; Saks et al., 2010; Guzun et al., 2012). It has
been shown that in normal oxidative muscle, βII-tubulin can bind
to VDAC and thereby strongly limit the permeability of mito-
chondrial outer membrane to adenine nucleotides (Rostovtseva
et al., 2008; Guzun et al., 2011). In addition to βII-tubulin,

candidate proteins are desmin, microtubule-associated proteins,
other isoforms of tubulin and plectin (Appaix et al., 2003; Guzun
et al., 2012).

We used MCA to quantitate the control exerted by the differ-
ent ETC complexes and the ATP synthasome on the respiratory
flux in human colorectal and breast carcinomas. FCCs were deter-
mined in permeabilized human fibers using the inhibitor titration
method in ADP-stimulated respiration.

In HBC cells, the main rate-controlling steps of respiration
were Complex IV (FCC = 0.74), ATP synthase (FCC = 0.61),
and phosphate carrier (FCC = 0.60). The highest control was
exerted by adenine nucleotide translocase (ANT), FCC = 1.02
(Kaambre et al., 2012). Our preliminary data for HCC showed
high FCCs for: Complex-I (FCC = 0.62), Complex-III (FCC =
0.73), and Complex-IV (FCC = 0.58).

The FCC was calculated graphically as shown in Figure 1 and
as explained in Methods. In the case of HCC, the FCC-values
for PIC was calculated as 0.52 (graphic method) (Groen et al.,
1982) and 0.47 [according to the Small equation (Small, 1993)].
Although both these methods gave similar values, the use of
the Small equation for calculating of FCC(s) was preferred over
the graphical one because it is more robust and less subjective.
Further investigations are needed to determine the FCC-values
for other respiratory chain complexes in HCC and in healthy
colon tissue.

In the case of HBC, the summation of the determined FCC(s)
for all steps evaluated in the ATP synthasome and ETC complexes
was found to be around 4. This value significantly exceeds the
theoretically expected summation for linear pathways (value 1).
According to Lenaz et al. (2010), a sum of FCC(s) exceeding 1
indicates the existence of supramolecular association of the res-
piratory complexes that was confirmed by electron microscopy,
native gel electrophoresis and single particle image processing
(Lenaz and Genova, 2009, 2010). Although more studies are
needed to elucidate this important matter, supercomplex forma-
tion would allow to explain, at least in part, the high intrinsic
resistance to apoptotic stimuli that tumor cells exhibit, namely
via suppression of cytochrome-c release. The formation of respi-
ratory supercomplexes could occur not only in HBC but also in
HCC cells.
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FIGURE 1 | Representative traces of change in the rate of oxygen

consumption by permeabilized human colorectal cancer (HCC) fibers

after their titration with increasing concentrations of mersalyl, an

inhibitor of inorganic phosphate carrier (panel A). The values of respiration
rate obtained were plotted vs. mersalyl concentration (panel B) and from the
plot the corresponding flux control coefficient was calculated. Bars are ±SEM.

CONCLUSION
In this work we show that MCA can be applied to in situ
quantitative analysis of respiration in cancerous and normal tis-
sues obtained from small amounts of biopsy material. In situ
studies have the advantage of preserving the cellular ultrastruc-
ture such as the cytoskeleton thus enabling the study of their
role in controlling energetics in cancer cells. It is important
to emphasize that the use of MCA for studying mitochondrial
function in situ allows us to avoid changes in microenviron-
ment that happen during the isolation procedure. Our stud-
ies were performed on cells from tissue samples isolated from
patients. This may represent a limitation because recently it has
been emphasized that the bioenergetic profile of tumors cells
depends largely, among other factors, on the stage of tumor
growth and its degree of vascularization (Moreno-Sanchez et al.,
2007). Large number of studies were performed on tumor
cell cultures, which exhibit a strong dependency on glycoly-
sis, but there might be a strong impact of the artificial cul-
ture conditions on energy metabolism (Jose and Rossignol,
2013). One example of the impact of cell culture, the so-
called “culture shock,” modulates the activity of some genes,

which possibly upregulate glycolysis (Gnaiger and Kemp, 1990;
Gstraunthaler et al., 1999). This specificity underscores the
importance of examining tumor cell behavior in their natural
environment.

We quantified the control of respiration in two different
types of human cancer cells. The main result obtained is that
the ANT exerts a high flux control, implicating the role of
adenine nucleotide exchange between mitochondrial and cyto-
plasmic compartments as a key energetic trait in cancer cells.
This result may be important for cancer therapy. Possible sup-
pression of ANT2 and/or overexpression of ANT1 and ANT3
isoforms in cancer cells may induce their death via apopto-
sis (Jang et al., 2008). We also show that HCC cells exhibit
increased respiratory rates as compared to adjacent normal cells
suggesting the presence of “reverse Warburg” effect (Whitaker-
Menezes et al., 2011). The novel concept of reverse Warburg
in cancer metabolism denotes that tumor cells provoke aero-
bic glycolysis in the tumor stroma thus lactate secretion from
cancer-associated fibroblasts. Secreted lactate then fuels OXPHOS
in epithelial cancer cells, by acting as a paracrine onco-metabolite.
Our data suggest a new strategy for HCC treatment; namely, by
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inhibitors of some monocarboxylate transporters (Queiros et al.,
2012).

From our MCA studies it can be inferred the presence of respi-
ratory supercomplexes in mitochondria from cancer cells. Recent
investigations have shown that respiratory chain complexes I,
III and IV can interact to form supercomplexes (respirasomes)
(Acín-Pérez et al., 2008; Lenaz and Genova, 2010; Dudkina et al.,
2011). Future studies using MCA should unravel how the FCC-
value depend upon structural organization of the respirasomes
and how exactly the respiratory chain is organized in tumor cells.

Further development in the area of metabolic flux analysis and
cellular bioenergetics is important to link future studies on tumor
metabolomics to clinical research.
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The phospholipid, cardiolipin, is essential for maintaining mitochondrial structure and opti-
mal function. Cardiolipin-deficiency in humans, Barth syndrome, is characterized by exer-
cise intolerance, dilated cardiomyopathy, neutropenia, and 3-methyl-glutaconic aciduria.The
causative gene is the mitochondrial acyl-transferase, tafazzin, that is essential for remodel-
ing acyl chains of cardiolipin. We sought to determine metabolic rates in tafazzin-deficient
mice during resting and exercise, and investigate the impact of cardiolipin-deficiency on
mitochondrial respiratory chain activities. Tafazzin-knockdown in mice markedly impaired
oxygen consumption rates during an exercise, without any significant effect on resting
metabolic rates. CL-deficiency resulted in significant reduction of mitochondrial respiratory
reserve capacity in neonatal cardiomyocytes that is likely to be caused by diminished activ-
ity of complex-III, which requires CL for its assembly and optimal activity. Our results may
provide mechanistic insights of Barth syndrome pathogenesis.

Keywords: Barth syndrome, tafazzin, complex-III, cardiolipins, exercise intolerance, mouse models

INTRODUCTION
Phospholipids are building blocks of biological membranes. The
mitochondrial inner membrane contains a unique phospholipid –
cardiolipin that constitutes about 20% of total phospholipids
(Schlame et al., 2005). The predominant form of CL in mammals
is tetra-linoleoyl cardiolipin, or L4CL, which contains 4 linoleic
acyl side chains (C18:2, n−6) (Schlame et al., 1993). L4CL is espe-
cially enriched in mitochondria of cardiac and skeletal muscles.
CL is essential for assembly of respiratory chain (RC) complexes
and their optimal activities (Fry and Green, 1981; Zhang et al.,
2002, 2005; Pfeiffer et al., 2003; Acehan et al., 2011).

One of the clues to the importance of L4CL in mitochondr-
ial function was provided when it was recognized that L4CL is
markedly deficient in the mitochondria of patients with Barth
syndrome (BTHS) (MIM 302060) (Valianpour et al., 2002). BTHS
is a rare X-linked recessive genetic disorder caused by mutations
in tafazzin gene on the X-chromosome. Taz is a mitochondrial
transacylase required for CL remodeling and formation of L4CL.
BTHS is characterized by dilated cardiomyopathy, exercise intol-
erance, chronic fatigue, skeletal muscle weakness, and cyclic or
intermittent neutropenia.

Tafazzin-knockdown (Taz-KD) creates a mouse model of BTHS
that resulted in marked reduction of L4CL both in cardiac and
skeletal muscles (Acehan et al., 2010; Soustek et al., 2010). Pre-
natal loss of taz-deficient embryos due to cardiac abnormalities
was reported at E12.5–E14.5 (Phoon et al., 2012). Transmission
electron microscopy revealed mitochondrial damage and excessive
mitophagy in striated muscles, consistent with findings in human
BTHS samples (Acehan et al., 2010; Soustek et al., 2010).

Currently it is unknown how cardiolipin-deficiency affects
principal energy-producing systems, such as RC complexes, in

mammalian mitochondria. In the current study, we examine the
impact of CL-deficiency on exercise capacity, oxygen utilization,
respiratory exchange ratio (RER), and energy expenditure at rest
and during exercise in Taz-KD mice. In addition, Taz-KD drasti-
cally diminishes mitochondrial respiratory reserve capacity, which
is caused by reduced activity of mitochondrial RC complex III in
CL-depleted mitochondria.

MATERIALS AND METHODS
ANIMAL PROCEDURES
All animal studies were approved by our Institutional Animal Care
and Use Committee. Animals were housed in micro-isolator cages
with temperature-controlled conditions under a 14/10 h light/dark
cycle with free access to drinking water and food. Taz-KD was
induced by introduction of doxycycline, as described previously
(Acehan et al., 2010). Genotyping was performed by PCR analysis
of tail genomic DNA (Acehan et al., 2010). Only males were used
in experiments.

EXERCISE ON TREADMILL AND OPEN-CIRCUIT CALORIMETRY
Metabolic rates were measured at rest and during exercise as
described by G. Faldt et al. (2004). The resting oxygen consump-
tion and carbon dioxide production rates (VO2 and VCO2, respec-
tively) were measured at 31˚C (thermoneutrality) every 10 min
using the Oxymax system (Columbus Instrument, Columbus, OH,
USA) for 24 h and normalized to mouse body weight. Normalized
VO2 and VCO2 values at cold (+5˚C) were measured every 10 min
during a 5 h-period. Measurements were performed in metabolic
chambers without food, but with free access to water. Fresh air was
delivered into chambers with an electric pump.
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Mice were exercised on a sealed motorized treadmill that had
adjustable speed and inclination and was equipped with an elec-
tric shock-delivering grid. Electric shock intensity was set to
1 mA. Fresh air was delivered with an electric pump. Gas samples
from the treadmill chamber were collected every 30 s and ana-
lyzed by the Oxymax system for measurement of VO2 and VCO2.
RER, also known as the respiratory quotient, was calculated as
VO2/VCO2. Open-circuit calorimetry results were calculated using
Clax software (Columbus Instrument, Columbus, OH, USA).

CULTURE OF CARDIOMYOCYTES AND MITOCHONDRIAL RESPIRATION
MEASUREMENT
All reagents were purchased from Sigma Aldrich (St. Louis, MO,
USA), unless otherwise noted. Neonatal cardiac myocytes were
isolated from the hearts of 1 day old WT and Taz-KD neona-
tal mice as previously described (Khuchua et al., 1998). Viable
cells were counted with a hemocytometer and plated at 20,000–
50,000 cells/well density on laminin-coated XF24 plates. Cells were
cultured for 48–72 h in a CO2 incubator at 37˚C. The cardiomy-
ocytes genotype in each well was determined by PCR-genotyping
of tail samples from the corresponding carcass. One hour before
measurements on an XF24 extracellular flux analyzer (Seahorse
Bioscience, Billerica, MA, USA), cells were removed from the CO2

incubator and placed at 37˚C in normal atmosphere, and media
was replaced with 500 µl FX assay media composed of 143 mM
NaCl, 5.4 mM KCl, 0.8 mM MgSO4, 0.91 mM Na2HPO4, 2 mM
glutamine, 2 mg/ml BSA, and 15 mg/L phenol red, pH 7.4. Stock
solutions (X10) of oligomycin, FCCP, and rotenone were prepared
in FX assay media and loaded into injection ports A, B, and C,
respectively. Measurements were obtained at 37˚C.

ISOLATION OF MITOCHONDRIA
Mitochondria were isolated from fresh adult mouse cardiac mus-
cle. Animals were euthanized using ketamine (100 mg/kg), and
hearts were quickly excised and placed in ice-cold 0.9% NaCl solu-
tion. All procedures were performed on ice. Blood was removed
by washing, and hearts were minced with fine scissors. Minced tis-
sues were transferred into Dounce glass-Teflon homogenizer and
washed three times with 4 ml of ice-cold mitochondria isolation
media (MIM) composed of 0.3 M sucrose, 10 mM Tris-HCl (pH
7.4), and 1 mM EDTA. One ml of ice-cold 0.025% trypsin-EDTA
solution (Gibco) was added to each sample, gently mixed and incu-
bated on ice for 7 min. Trypsin activity was quenched by addition
of 3 ml of MIM with 4 mg/ml BSA. Tissues were gently homoge-
nized with a Teflon pestle using a motorized drive. Homogenates
were centrifuged at 1000× g for 5 min at 4˚C. Supernatants were
transferred into new tubes and mitochondria sedimented by cen-
trifugation at 8000× g for 10 min at 4˚C. Mitochondrial pellets
were washed three times with MIM containing 2 mg/ml BSA and
finally resuspended in 50 µl MIM with 2 mg/ml BSA (Roche).
Mitochondrial protein concentration was determined using the
DC protein assay (BioRad). Mitochondrial preparations were
aliquoted, frozen in liquid nitrogen, and stored at−80˚C.

ENZYMATIC ACTIVITIES
Activities of mitochondrial RC complexes were determined spec-
trophotometrically using Shimadzu UV-1700 spectrophotometer

in digitonin-treated isolated mitochondria as described earlier
(Barrientos, 2002; Wibom et al., 2003) and normalized to citrate
synthase (CS) activities.

For pretreatment, 10 µl frozen mitochondrial pellet (approx-
imately 200 µg) was resuspended in 90 µl of 20 mM Tris-HCl,
120 mM KCl, 2 mg/ml digitonin (Life Technologies), 0.5 mg/ml
BSA, and kept on ice.

NADH: coenzyme Q (complex I)
C-I assay mixture contained following final composition: 10 µl
pretreated mitochondria, 0.97 ml of 5 mM KH2PO4 (pH 7.5),
5 mM MgCl2, 0.24 mM CoQ1, 0.5 mM KCN, 1 mg/ml BSA, and
2.4 µg/ml antimycin A. Reaction was initiated with 0.02 mM
NADH and reduction of absorbance at 340 nm was recorded with
spectrophotometer before and after addition of rotenone (final
concentration 2 µg/ml).

NADH: cytochrome c reductase (complex I + III)
Ten microliters of pretreated mitochondria were incubated for
5 min at 30˚C in 0.98 ml of 5 mM KH2PO4 (pH 7.5), 5 mM MgCl2,
0.24 mM CoQ1, 0.5 mM KCN, 1 mg/ml BSA, 0.12 mM cytochrome
c (oxidized form). Reaction was initiated with 0.02 mM NADH
and increase of absorbance at 550 nm was recorded with spec-
trophotometer before and after addition of antimycin A (final
concentration 2 µg/ml).

Cytochrome c oxidase (complex IV)
Non-enzymatic oxidation of cytochrome c was followed at 550 nm
in 0.99 ml of 50 mM KH2PO4 (pH 7.5), 2 µg/ml rotenone, and
0.03 mM reduced cytochrome c. Reduced cytochrome c was pre-
pared using ascorbate (Birch-Machin et al., 1994). Ten microliters
of pretreated mitochondria were added to reaction buffer and
enzyme-catalyzed cytochrome c oxidation was measured before
and after addition of 0.20 mM KCN.

Mitochondria ATPse activity (Complex V)
C-V assay media containing 50 mM Tris (pH 8.0), 5 mg/ml
BSA, 20 mM MgCl2, 50 mM KCl, 15 µM FCCP, 5 µM antimycin
A, 10 mM phosphoenol pyruvate, 2.5 mM ATP, 2 U/ml of lac-
tate dehydrogenase and pyruvate kinase, and 0.02 mM NADH.
Reaction was initiated by adding 10 µl of pretreated mito-
chondria and reaction was followed by reduction of NADH
absorbance at 340 nm before and after addition 2 µM of oligo-
mycin.

Citrate synthase
Citrate synthase activity was measured at 412 nm. CS assay media
contained 0.1 mM 5,5′-dithiobis (2-nitrobenzoic acid); 3-carboxy-
4-nitrophenyl disulfide (DTNB), 0.25% Triton X-100, 0.5 mM
oxaloacetate, 0.31 mM acetyl CoA, 50 mM Tris-HCl, pH 8.0. CS
activity was calculated by increasing absorbance at 412 nm using
extinction coefficient for TNB 13.6 mM−1

× cm−1.

STATISTICAL ANALYSIS
Differences between groups were assessed for significance by
unpaired Student’s t -test with the assumption of equal variances.
Results were considered statistically significant if the P value
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was <0.05. Results are expressed as arithmetic means± SEM.
Statistical calculations were performed using the Prism program
(GraphPad Software, San Diego, CA, USA).

RESULTS
ENERGY EXPENDITURE AND RER DURING REST AND FORCED EXERCISE
ON TREADMILL
Impaired ability to withstand physiological and environmental
stressors, such as physical exercise or cold exposure, is a common
feature for many mitochondrial myopathies. Exercise intolerance
is one of the main clinical manifestations of BTHS in humans and
has been linked to reduced ability of CL-deficient mitochondria
to extract and utilize oxygen from blood (Spencer et al., 2011).
Cold-intolerance has been reported in mouse models of fatty acid
oxidation deficiency (Exil et al., 2006) and uncoupling protein
knockout mice (Enerback et al., 1997). We investigated whether the
mitochondrial abnormalities in striated muscles in Taz-KD model
affect the ability of mice to withstand physiological and environ-
mental stressors, such as physical exercise and cold environment.
We were particularly interested if intolerance to stressors became
manifest prior to the cardiac phenotype that becomes apparent at
7–8 months of age. Therefore, for exercise and indirect calorime-
try experiments, we selected 4–5 month old WT and Taz-deficient
male littermates. Metabolic indices in WT and Taz-KD mice were
analyzed at rest and during exercise using an open-circuit indirect
calorimetry.

First, we analyzed the resting metabolic rate at thermoneu-
trality (+31˚C) and in the cold (+5˚C). Mice were placed in
the temperature-controlled metabolic chambers without food but
with free access to water. Oxygen consumption and CO2 pro-
duction rates were measured every 10 min in small gas samples
taken from the chamber using an online open-circuit indirect
calorimetry system. Analysis showed that there were no differ-
ences in the resting oxygen consumption rates (VO2) between
Taz-KD and WT groups at +31˚C. Exposure to cold significantly
increased VO2 in both experimental groups, but, again, values
did not differ between WT and Taz-KD mice (Figure 1A). These
results demonstrate that thermogenic capacity is not affected by

CL-deficiency and that Taz-KD mice can adjust well and tolerate
a cold environment. Monitoring of oxygen consumption during
a 24-h-period at +31˚C revealed that VO2 values follow periodic
oscillating patterns, as shown on Figure 1B. Similarly, oscillat-
ing patterns of VO2 were observed in WT mice, when placed in
cold environment (Figure 1C). In contrast, Taz-KD mice VO2

oscillation amplitudes were significantly less than those for WT
controls.

Next, we subjected mice to forced exercise on a treadmill. After
initial resting on the treadmill for 30 min to acclimate the animals,
the test was started with a 10% incline and 5 m/min speed. Speed
was increased step-wise by 5 m/min every 5 min to a final speed of
25 m/min. Thus, the duration of an exercise session was 36.8 min
and the distance traveled was 507.4 m. Taz-KD mice repeatedly
failed to stay on the belt at 15 m/min and 10% inclination, and
none of the Taz-KD mice were able to sustain running when the
treadmill speed more than 20 m/min. In contrast, WT control
mice had no difficulty maintaining exercise at this speed. Because
Taz-KD mice could not sustain exercise on the treadmill at 10%
incline, we reduced the incline to 5%, and mice of both experi-
mental groups were able to tolerate this workload during the entire
36.8 min session.

Indirect calorimetric analysis revealed that VO2 values sharply
rose with increased workload in Taz-KD animals, while those for
WT mice remained relatively steady (Figure 2A). Paradoxically,
with further increases of running speed, VO2 values for Taz-KD
mice declined, but WT mice VO2 continued to rise with increasing
workload (Figure 2A). Analysis revealed a sudden drop of RER
values during exercise with increasing speed (Figure 2B). This
drop of RER values was common for all tested WT mice. Surpris-
ingly this phenomenon is either absolutely absent or significantly
subtler in Taz-KD mice (Figure 2B). Blood glucose and lactate
were analyzed at the end of exercise sessions. Blood glucose levels
were not significantly different between WT and Taz-KD groups
(Figure 2C); however, lactate was significantly elevated in blood
samples of Taz-KD mice compared to WT controls (Figure 2D),
indicative of impaired aerobic energy metabolism in Taz-deficient
mice.

FIGURE 1 | Resting physiological indices ofTaz-KD and WT mice at
thermoneutrality (+31˚ C) and in the cold (+5˚ C). (A) Whisker box
plot of normalized oxygen consumption rates of WT (white) and Taz-KD
(gray) mice at +31 and +5˚ C. (B) Representative plot of normalized

oxygen consumption of WT and Taz-KD mice during a 24-h period at
+31˚ C. Dark and light cycles are shown. (C) Representative plot of
normalized oxygen consumption of WT and Taz-KD mice during a 5-h
period at +5˚C.
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FIGURE 2 | Representative recordings of physiological parameters of
Taz-KD and WT mice during forced exercise on a treadmill. (A,B) O2

consumption rate and respiration exchange ratio (RER) were monitored
continuously during the entire session of forced exercise. Taz-KD mice
repeatedly failed to stay on treadmill [black arrowheads on (A)], while WT
controls remained on the treadmill belt during the entire test. Sudden

drops of RER values were present in all tested WT mice [white
arrowhead on (B)] and were totally absent or substantially blunted in
Taz-KD mice. Treadmill speed is shown with dashed line [right hand axis
of (A,B)]. Blood glucose (C) and lactate (D) levels were measured in WT
and Taz-KD mice immediately after completion of exercise testing (n= 4).
* P < 0.05.

METABOLIC PROFILING OF NEONATAL CARDIOMYOCYTES
Previously, we demonstrated that L4CL content is greatly reduced
in Taz-deficient cardiac mitochondria (Acehan et al.,2010). Reduc-
tion of L4CL is likely to affect enzymatic activities of the electron
transport chain. To further characterize defects of mitochondr-
ial metabolism within the context of intact cells, we prepared
primary cultures of neonatal cardiomyocytes from WT and Taz-
KD mice. We analyzed mitochondrial oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) in cultured
neonatal cardiomyocytes using the XF24 Seahorse bioanalyzer
(Figure 3). First, basal respiration rates of cardiomyocytes were
determined (Figure 3A). Following the measurements of basal
OCR values, oligomycin, a complex V inhibitor, was introduced
into the respiration media to distinguish ATP-linked respiration
from the proton leak. As shown on Figure 3A, basal respira-
tion rates and proton leak values were not different between
WT and taz-deficient cardiomyocytes. Following oligomycin injec-
tion, maximal, or uncoupled respiration rate was determined by
injecting wells with 3.8 µM FCCP. Taz-KD cardiomyocytes exhib-
ited approximately 40% lower maximal respiration values than
WT controls; presumably signifying reduced activities of ETC
complexes in CL-deficient mitochondria.

Coincident with this decrease in mitochondrial oxygen con-
sumption, we noted that the basal ECAR in Taz-KD cardiomy-
ocytes was higher than in WT controls, consistent with an
increased reliance on glycolysis (Figures 3C,D). This metabolic
shift away from aerobic respiration and toward cytosolic glycol-
ysis in CL-deficient cardiomyocytes probably indicates a com-
pensatory remodeling of cellular metabolism in order to main-
tain cellular energy homeostasis in the setting of dysfunctional
mitochondria.

MEASUREMENT OF ACTIVITIES OF INDIVIDUAL MITOCHONDRIAL RC
COMPLEXES
Reduction of maximal respiration rates in Taz-KD cells suggest
that the mitochondrial oxidative phosphorylation system is dam-
aged and that activities of RC complexes are compromised in

CL-depleted mitochondria. However, it is not clear which RC
complex is most affected by CL-insufficiency.

We examined activities of individual mitochondrial complexes
in cardiac mitochondria. Mitochondrial fractions were isolated
from doxycyline-fed WT and Taz-KD mice of 3–4 months of age.
Mitochondria were solubilized with digitonin. Enzymatic activi-
ties of complex I (NADH-dehydrogenase), complex I–III segment,
complex IV (cytochrome c oxidase), and complex V (mitochon-
drial ATPase) were measured spectrophotometrically. Activities of
mitochondrial RC complexes were normalized to CS activities for
each mitochondrial preparation.

We found that rotenone-sensitive complex-I, cyanide-sensitive
complex IV, and oligomycin-sensitive complex V activities were
not significantly affected by CL-deficiency in Taz-KD cardiac
mitochondria. In contrast, activity of RC segment complex I–III
(cytochrome c oxidoreductase or C-I–C-III) was reduced in Taz-
KD mitochondria by 40% (Table 1, Figure 4A), suggesting that
mitochondrial complex III activity is diminished in CL-deficient
mitochondria.

DISCUSSION
In the present study, we investigated mechanisms of exercise intol-
erance in a mouse model of BTHS. Exercise intolerance has
been recognized as one of the hallmarks of human BTHS. It
has been suggested that exercise intolerance in BTHS patients is
caused by diminished extraction/utilization of oxygen by skeletal
muscle and impaired cardiac contractile reserve (Spencer et al.,
2011). However, molecular mechanisms underlying the effects of
CL-deficiency on mitochondrial function in muscle cells remain
unknown.

We demonstrated that CL-deficiency in Taz-deficient mice had
no significant effect on resting metabolism in either warm or
cold environments. Both WT and Taz-KD mice equally responded
to cold stress by robustly increasing oxygen consumption. Cold-
intolerance has been described in genetic models with defects in
mitochondrial energy-producing systems. However, our results
demonstrated that Taz-KD mice did not show any signs of distress
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FIGURE 3 | Metabolic profiling of neonatal cardiomyocytes from WT
andTaz-KD mice. (A) Basal and stimulated mitochondrial oxygen
consumption rates (OCR) in cultured cardiomyocytes. OCR traces are
expressed as pmol O2 per min in WT and Taz-KD cardiomyocytes and
normalized to cell number. Vertical dashed lines indicate the times of
addition of oligomycin (2 µM), FCCP (3.7 µM), and rotenone (2 µM). (B) Total
oxygen consumption (reserve capacity) is significantly lower in Taz-KD
cardiomyocytes compared with the WT controls (*p < 0.007 ). Mitochondrial
reserve capacity was determined by calculating the total area under the

curve (AUC) of FCCP-stimulated respiration trace [shaded areas on (A)]. (C)
Extracellular acidification rates (ECAR) of WT and Taz-KD neonatal
cardiomyocytes. ECAR rates, expressed as mpH per min in WT and Taz-KD
cardiomyocytes and normalized to cell numbers. (D) ECAR values at basal
conditions were significantly higher for Taz-KD cardiomyocytes (*p < 0.002),
consistent with an increase reliance of Taz-KD cells on glycolysis.
Extracellular acidification values were determined by calculating AUC of
ECAR tracing at basal metabolic state [shaded areas on (C)]. The differences
in means in (B,D) were assessed by Tukey’s post-hoc test.

Table 1 | Enzymatic activities of mitochondrial respiratory chain

complexes in WT andTaz-KD mitochondria.

WT Taz-KD

Complex I 0.215±0.020 (n=6) 0.227±0.028 (n=4) ns

Complex I – III 1.289±0.393 (n=5) 0.574±0.105 (n=5) P < 0.05

Complex IV 4.382±0.085 (n=6) 3.960±0.269 (n=4) ns

Complex V 0.357±0.059 (n=3) 0.388±0.084 (n=3) ns

Values are normalized to citrate synthase activities and presented as a

mean±SEM (n, number of assays; ns, not statistically significant).

while exposed to cold environment (+5˚C) for more than 5 h.
More detailed analysis of metabolic parameters in a warm envi-
ronment revealed that OCR of WT control mice follow periodic
oscillating patterns, perhaps reflecting murine circadian activities

(Figure 1B). Similar oscillating patterns of O2 consumption rates
were observed in WT mice when placed in cold environment
(Figure 1C). In contrast, in Taz-KD mice VO2 oscillation was
either completely absent or amplitudes were significantly reduced
as compared to WT controls. These results may be indicative that
mechanisms of dynamic regulation of whole-body metabolism are
affected by CL-deficiency in mitochondria.

When subjected to forced exercise on treadmill, Taz-KD mice
performed far more poorly than WT littermates. Taz-KD mice
were not able to sustain a high-intensity exercise (20 m/min
at 10% inclining) even for 30 s, while WT control littermates
remained on the belt at this level of intense exercise. Open-circuit
calorimetry during aerobic exercise on the treadmill revealed
that, in response to step-wise increasing intensity of workload,
mice progressively move metabolic reliance from mixed sub-
strates (fat, carbohydrates, and amino acids) toward the carbo-
hydrates. This shift in fuel preference is reflected as a gradual
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FIGURE 4 | Impaired complex-III activity in CL-deficient mitochondria. (A)
Activities of individual respiratory chain complexes in isolated cardiac
mitochondria of WT and Taz-KD mice. (B) The structure of bovine bc1 complex
(C-III) with bound phospholipid molecules (PDB entry 2AO6). Different
polypeptides are shown with various colors. Sides facing cytosol and
mitochondrial matrix sides are shown. (C) magnified view of phospholipids

moiety in mitochondrial bc1 complex. Two cardiolipin molecules are illustrated
with green balls. Phosphatidyl-ethanolamine molecules are shown as yellow
sticks. Polypeptides in close proximity to phospholipid molecules are shown:
cytochrome c1 (P00125, gray), cytochrome b (P00157, purple), subunit 8, or
ubiquinone-binding protein QP-C (P13271, dark olive) and subunit 7 (P00129,
gold).

increase of RER values from 0.75 to 0.95 or higher with increas-
ing workload. With further increases in running speed, RER
values for Taz-KD mice sharply dropped, which indicates that
WT mice dynamically shifted their reliance on metabolic sub-
strates from predominantly carbohydrates (RER≥ 0.9) to mixed
substrates (RER≤ 0.8). This switch, which was common for all
tested WT mice, can be related to the “second wind” phenom-
enon in athletes (Bank and Chance, 1994). Surprisingly, this
phenomenon is either absolutely absent or significantly reduced
in Taz-KD mice. The “second wind” phenomenon is affected in
humans with various inborn metabolic defects (Haller and Viss-
ing, 2002, 2004; Vissing et al., 2005). Absence of a “second wind”
may be further evidence that mechanisms of dynamic regula-
tion of metabolism in response to energy demands are deficient
in Taz-KD mice. Open calorimetry results are in good agree-
ment with recently published data suggesting that BTHS patients
have difficulties extracting oxygen from blood and/or utilizing it
when performing an exercise on cycle ergometer (Spencer et al.,
2011).

Cardiolipin molecules are associated with all RC complexes.
Cardiolipin is essential for interactions of RC complexes and
assembly of supercomplexes (Zhang et al., 2005). Metabolic profil-
ing of neonatal cardiomyocytes revealed that CL-deficiency had no
apparent effect on basal oxygen consumption level; however, max-
imal uncoupled respiration rate was markedly reduced in Taz-KD
cardiomyocytes compared to WT controls. Reduction of maxi-
mal respiration rate in Taz-KD cells can be caused by diminished
activity of mitochondrial complex-III in CL-depleted mitochon-
dria. Mitochondrial complex III (C-III), also called cytochrome
bc1 complex, is composed of 11 subunits (PDB: 2A06), of which of
only one, cytochrome b, is encoded by the mitochondrial genome.
C-III catalyzes the transfer of electrons from reduced coenzyme
Q to cytochrome c, with a concomitant translocation of protons
across the inner mitochondrial membrane (Benit et al., 2009; Wenz
et al., 2009; Gil Borlado et al., 2010). Bovine cardiac C-III contains

four structurally incorporated CL molecules (Huang et al., 2005).
The head groups of one cardiolipin molecule bind at the inter-
face of cytochrome b (P00157) and subunit 7 (P00129) and
might be important for the structural integrity of the complex
(Figures 4B,C). Cardiolipin is essential for super-complex for-
mation between C-III and C-IV in yeast mitochondria (Zhang
et al., 2005). CL molecules may also participate in forming the
environment necessary to promote substrate diffusion from the
membrane to the active site and/or substrate exchange between
sites of quinine/quinol catalysis within the complex (Palsdottir
and Hunte, 2004).

Mitochondrial DNA (mtDNA) mutations in cytochrome b
(MT-CYB) gene constitute a major cause of complex III defi-
ciency and underlie a wide range of neuromuscular disorders (Gil
Borlado et al., 2010), with exercise intolerance as a major symp-
tom (Andreu et al., 1999). Ischemia-reperfusion injury in rat heart
causes reduction of C-III with concomitant decrease of CL content
in mitochondria (Petrosillo et al., 2003).

Reduced C-III activity perhaps may not be the only factor that
results in diminished maximal respiration in Taz-KD cells. Other
factors, such as limited lateral diffusion of electron-transporting
carriers and destabilization of RC supercomplexes in CL-depleted
mitochondria, cannot be entirely excluded. It has been demon-
strated that CL is required for the assembly of supramolecular
complexes of complex-V (ATP synthase complex) (Acehan et al.,
2011). In a recent publication (Kiebish et al., 2013) it has been
shown that Taz-knockdown affects C-III activity in cardiac mito-
chondria without any effects on C-I, C-II, and C-IV activities.
However, in contrast with our studies the authors observed a rela-
tively small, but statistically significant deficiency in C-V activity in
Taz-KD cardiac mitochondria. This discrepancy with our results
may be explained by differences in temperatures of C-V assays. In
our experiments, we measured C-V activity at 30˚C, while Kiebish
et al. at 37˚C. It is plausible that C-V deficiency is not perceptible
at 30˚C, but manifests at higher temperature. Moreover, in our
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C-V assay, we measured ATP hydrolysis rate, the reverse reaction
to ATP synthesis. It is possible that the presence of CL is crit-
ical for the ATP synthase reaction, but has less effect on ATP
hydrolysis.

Possible enhanced production of reactive oxygen species (ROS)
in CL-deficient mitochondria and increased ROS-mediated dam-
age of mtDNA may be additional pathogenic factors in developing
of phenotype in Taz-KD mice and BTHS patients.

In summary, we report exercise intolerance in Taz-KD
mice with markedly impaired oxygen utilization capability at
high workload, but without apparent deficiencies at rest. CL-
deficiency resulted in significant reductions of maximal uncou-
pled mitochondrial respiration rate, or mitochondrial reserve in

Taz-KD neonatal cardiomyocytes. Reduction of mitochondrial
reserve in Taz-KD cardiomyocytes is likely caused by diminished
activity of complex-III, which requires CL for its assembly and
optimal activity. Our results provide a mechanistic insight of
pathogenesis of BTHS and may be useful for designing potential
therapeutic interventions, such as increasing the mitochondrial
RC efficiency by supplementations with vitamins K2 and C (Argov
et al., 1986; Vos et al., 2012).
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Mitochondrial redox imbalance has been implicated in mechanisms of aging, various
degenerative diseases and drug-induced toxicity. Statins are safe and well-tolerated
therapeutic drugs that occasionally induce myotoxicity such as myopathy and
rhabdomyolysis. Previous studies indicate that myotoxicity caused by statins may be
linked to impairment of mitochondrial functions. Here, we report that 1-h incubation
of permeabilized rat soleus muscle fiber biopsies with increasing concentrations of
simvastatin (1–40 μM) slowed the rates of ADP-or FCCP-stimulated respiration supported
by glutamate/malate in a dose-dependent manner, but caused no changes in resting
respiration rates. Simvastatin (1 μM) also inhibited the ADP-stimulated mitochondrial
respiration supported by succinate by 24% but not by TMPD/ascorbate. Compatible
with inhibition of respiration, 1 μM simvastatin stimulated lactate release from soleus
muscle samples by 26%. Co-incubation of muscle samples with 1 mM L-carnitine, 100 μM
mevalonate or 10 μM coenzyme Q10 (Co-Q10) abolished simvastatin effects on both
mitochondrial glutamate/malate-supported respiration and lactate release. Simvastatin
(1 μM) also caused a 2-fold increase in the rate of hydrogen peroxide generation and
a decrease in Co-Q10 content by 44%. Mevalonate, Co-Q10 or L-carnitine protected
against stimulation of hydrogen peroxide generation but only mevalonate prevented the
decrease in Co-Q10 content. Thus, independently of Co-Q10 levels, L-carnitine prevented
the toxic effects of simvastatin. This suggests that mitochondrial respiratory dysfunction
induced by simvastatin, is associated with increased generation of superoxide, at
the levels of complexes-I and II of the respiratory chain. In all cases the damage
to these complexes, presumably at the level of 4Fe-4S clusters, is prevented by
L-carnitine.

Keywords: statins, skeletal muscle mitochondrial dysfunction, myotoxicity, L-carnitine, coenzyme Q10

INTRODUCTION
Statins are natural (fungal-derived) or synthetic inhibitors of the
enzyme HMG-CoA reductase that catalyzes the conversion of 3-
hydroxy-3-methylglutaryl coenzyme-A (HMG-CoA) into meval-
onic acid, the rate-limiting step in cholesterol synthesis (Endo,
1992). High plasma levels of cholesterol are well established
as independent risk factor for coronary heart disease (Sirvent
et al., 2005a) that can be significantly reduced by statins treat-
ment (Tobert et al., 1982). The efficacy and tolerability of statins
are well documented (Tobert et al., 1982; Sirvent et al., 2005b).
Although this treatment normally lowers morbidity and mortality
(LIPID Study Group, 1998) about 10% of the patients (Bruckert
et al., 2005) develop myophatic symptoms and approximately one
in 7.5 million patients develop fatal rhabdomyolysis (Venero and
Thompson, 2009). Myopathic symptoms caused by statins, such
as muscle cramps, myalgia, weakness and exercise intolerance can
occur with or without increase in plasma creatine kinase levels
(Sirvent et al., 2005a).

Statins block cholesterol synthesis early in its metabolic
pathway therefore they also decrease the production of both
ubiquinone (Co-Q10) and other important metabolites including
dolichols and other prenylated isoprenoids required for mus-
cle cell functions (Sirvent et al., 2008). Co-Q10 is an important
respiratory chain electron transporter that also displays antiox-
idant properties in its reduced form (ubiquinol). Although the
molecular mechanisms underlying statins induced myotoxicity
are not well established the most popular hypothesis proposes
that it is mediated by inhibition of mitochondrial respiration
as a consequence of Co-Q10 depletion (Ghirlanda et al., 1993;
Laaksonen et al., 1995; Thibault et al., 1996; Miyake et al., 1999;
Rundek et al., 2004; Paiva et al., 2005; Littarru and Langsjoen,
2007; Mabuchi et al., 2007; Young et al., 2011; Bookstaver et al.,
2012). In addition, several studies using isolated mitochondria or
intact cells propose that statins promote cell death mediated by
mitochondrial dysfunctions associated with alterations in calcium
homeostasis, inhibition of beta-oxidation, inhibition of complex I
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of the electron transport chain and mitochondrial oxidative stress
(Sirvent et al., 2005b; Yasuda et al., 2005; Kaufmann et al., 2006;
Velho et al., 2006; Oliveira et al., 2008; Skottheim et al., 2008;
Itagaki et al., 2009; Kwak et al., 2012).

Data from our group (Velho et al., 2006) showed that statins
stimulate Ca2+ induced mitochondrial permeability transition
(MPT) in vitro, in mitochondria isolated from control mice
liver or in liver mitochondria isolated from mice treated with
lovastatin (100 mg/kg daily via gavage, during 15 days). In addi-
tion, Sacher et al. (2005) reported that simvastatin or lovastatin
(1–100 μM) activate the mitochondrial pathway of apoptosis
in primary human skeletal muscle cells obtained from skele-
tal muscle biopsies of healthy individuals. With respect to the
mechanisms of cell death induced by statins, we have previously
shown that, at low concentrations (≤10 μM), simvastatin induces
apoptosis in PC3 prostate cancer cells. At these low concentra-
tions mevalonate but not cyclosporine A, an inhibitor of MPT,
prevented cell death (Oliveira et al., 2008). At higher concen-
trations (≥60 μM) simvastatin-induced necrosis was sensitive to
cyclosporine A but not to mevalonate, indicating that, at high
concentrations, the toxicity of statins is not solely the result of
HMG-CoA reductase inhibition. In addition, cell necrosis was
preceded by a threefold increase in the concentration of cytoso-
lic free Ca2+ and MPT (Oliveira et al., 2008). More recently
Costa et al. (2013) provided evidence that simvastatin-induced
MPT and cell necrosis were inhibited by L-carnitine and pirac-
etam in a dose-dependent fashion; when combined, L-carnitine
and piracetam acted at concentrations significantly lower than
they act individually. These results shed new light into both
the cytotoxic mechanisms of high statins concentrations and
the mechanisms underlying the protection against MPT and cell
death by the compounds L-carnitine and piracetam (Costa et al.,
2013).

L-carnitine, beyond the physiological functions on fatty acids
transport across the inner mitochondrial membrane, has the
properties to scavenge reactive oxygen (Gulcin, 2006; Mescka
et al., 2011) and to bind Fe2+ (Gulcin, 2006) a transition metal,
supposed to participate in the mitochondrial oxidative stress that
leads to MPT (Castilho et al., 1995). Therefore, the aims of
this study were double: first, to analyze the events leading to
simvastatin induced skeletal muscle toxicity, at low concentra-
tions (1 μM), and second, to better understand the mechanism
underlying mitochondrial protection against reactive oxygen by
L-carnitine or Co-Q10.

The results presented here indicate that simvastatin induced
inhibition of respiration is mediated by the attack of mitochon-
drially generated superoxide radicals to the respiratory chain
complexes I and II probably at the level of 4Fe-4S clusters. In
addition, both L-carnitine and Co-Q10 act directly as radical
scavenger in the protection against simvastatin-induced oxidative
damage to skeletal muscle mitochondria.

MATERIALS AND METHODS
CHEMICALS AND REAGENTS
For all experiments, the reagents used were of analytical
grade. Adenosine 5′-diphosphate monopotassium salt dihy-
drate (ADP), adenosine 5′-triphosphate monopotassium salt

dihydrate (ATP), bovine serum albumin (BSA), dimethyl
sulfoxide (DMSO), ethylene-bis(oxyethylenenitrilo)tetraacetic
acid (EGTA), oligomycin, L-glutamic acid, L-malic acid, car-
bonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP),
4-(2-hydroxyethyl)piperazine-1-ethanesulfonic acid (HEPES)
Phospho-creatine, taurine, (2-[N-Morpholino] ethanesulfonic
acid) monohydrate, ascorbic acid, oxaloacetic acid, imidazole,
K-lactobionate, simvastatin, ubiquinone, β-Nicotinadenineamine
dinucleotide were obtained from Sigma-Aldrich (St. Louis, MO,
USA). The ADP, glutamate and malate solutions were prepared
by dissolving the acids in water and adjusting the pH to 7.2
with KOH.

ANIMALS
Wistar female rats with 10–12 weeks of age had access to stan-
dard laboratory rodent chow diet and water ad libitum and
were housed at 22 ± 2◦C on a 12 h light-dark cycle. The exper-
iments were approved by the Committee for Ethics in Animal
Experimentation at the university and are in accordance with the
Guide for the Care and Use of Laboratory Animals published by
the National Academy of Sciences.

SKELETAL MUSCLE SAMPLE PREPARATION
Soleus muscle tissues were harvested from rats and placed in
ice-cold relaxing solution [containing 10 mM Ca-EGTA buffer
(2.77 mM of CaK2EGTA + 7.23 mM K2EGTA) free concentra-
tion of calcium 0.1 mmol/L, 20 mmol/L imidazole, 50 mmol/L
K+/4-morpholinoethanesulfonic acid, 0.5 mmol/L dithiothre-
itol, 7 mmol/L MgCl2, 5 mmol/L ATP, 15 mmol/L phospho-
creatine, pH 7.1]. Two to three milligram of soleus skeletal
muscle were utilized and individual fiber bundles were sepa-
rated with 2 forceps. Samples were permeabilized for 30 min
in ice-cold relaxing solution with saponin (50 μg/mL) gently
stirred and washed 3 times with MiR05 medium (60 mmol/L
potassium lactobionate, 0.5 mmol/L EGTA, 3 mmol/L MgCl2,
20 mmol/L taurine, 10 mmol/L KH2PO4, 20 mmol/L HEPES,
110 mmol/L sucrose, 1 g/L BSA, pH 7.1) at 4◦C. Samples
were dried with filter paper and weighted (Kuznetsov et al.,
2008).

OXYGEN CONSUMPTION MEASUREMENTS
Oxygen consumption in permeabilized skeletal muscle tissues
was measured in a medium MiR05 at 37◦C, in the presence
of 10 mM glutamate and 5 mM malate, or 5 mM succinate, or
50 μM TMPD plus 2 mM ascorbate plus 1 μM antimycin A using
a high resolution oxygraph OROBOROS (Innsbruck, Austria).
Simvastatin or Dimetilsulfóxido (DMSO) was incubated by 1 h.
400 μM ADP, 1 μg/mL oligomycin, and 0.2 μM FCCP were added
during experiments (Kuznetsov et al., 2008).

CITRATE SYNTHASE (CS) ACTIVITY
The conversion of oxaloacetate and acetyl-CoA to citrate
and SH-CoA catalyzed by citrate synthase was monitored by
measuring the colorimetric product thionitrobenzoic acid
(Shepherd and Garland, 1969). Soleus skeletal muscle
homogenates (0.5–0.75 mg/mL, wet weight) were incubated
at 30◦C in a buffer containing 50 mM tris-HCl (pH 8.0),
0.1% Triton X-100, 250 μM oxaloacetate, 50 μM acetyl-CoA,
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and 100 μM 5,5′-dithiobis(2-nitrobenzoic acid). The increase
in absorbance at 412 nm was monitored for 6 min using a
microplate reader (Power Wave XS 2, BioTek Instruments,
Winooski, VT, USA).

LACTATE ASSAY
Lactate production was monitored by means of changes in NADH
fluorescence. Medium containing 50 mM hydroxylamine, 50 mM
tris, pH10.0, 800 μM NAD+, 40 U lactate dehydrogenase and
an aliquot of medium MiR05 containing the non-permeabilized
sample prior incubation with simvastatin or DMSO for 1 h, at
25◦C. Calibration was made by addition of know concentrations
of lactate. A Hitachi F4500 spectrofluorometer operating at exci-
tation and emission wavelengths of 366 and 450 nm, respectively,
was used to measure the changes in NADH fluorescence.

HYDROGEN PEROXIDE RELEASE
Soleus skeletal muscle samples (∼20 mg) were pre incubated with
simvastatin or DMSO for 1 h in medium MiR05 plus 10 μM
Amplex red (Molecular Probes, Invitrogen, Carlsbad, CA) and
1 U/mL horseradish peroxidase. Calibration was made by addi-
tion of known concentrations of hydrogen peroxide. Changes in
fluorescence were monitored using a spectrofluorometer (Hitachi
F4500) operated at excitation and emission wavelengths of 563
and 587 nm, respectively (Anderson and Neufer, 2006).

SAMPLES FOR COENZYME Q10 ASSAY
Standard coenzyme Q10 (≥98%purity) was purchased from
Sigma-Aldrich (USA). HPLC-grade water was prepared using
a MilliQTM System (Millipore Corporation). Methanol HPLC-
grade was purchase from Merck Chemicals (Germany), Ethanol
analytical grade and perchloric acid were purchased from
F. MAIA (Brazil). Benzene (light petroleum) was purchased
from VETEC (Brazil). Samples from soleus skeletal muscle
(around 100 mg) from Wistar rats were prepared as previously
described by Redfearn and Whittaker (1966) with modifications
(Redfearn and Whittaker, 1966). Briefly, muscle tissue sam-
ples were homogenized in medium containing 1 mL of MiR05
medium, 1 mL of 0.6 M perchloric acid, and 3 mL of cold
methanol. The homogenates were vortexed during 30 s, 5 mL of
benzene were added and the samples were vortexed again for
30 s. The samples were centrifuged at 5000× g for 10 min (room
temperature). The upper phase was collected and dried under
nitrogen flux. The precipitate obtained was dissolved in 50 μL of
hexane.

HPLC ASSAY FOR COENZYME Q
Coenzyme Q10 was determined using a chromatographic system
Shimadzu LC (Japan) in conjunction with a SPD-10A UV-Visible
set to 275 nm. Twenty microliters of the samples in hexane
were injected into the analytical column (Luna 250 × 4.6 mm;
C18 (2) 100A; 5 μm particle size; Phenomenex®) maintained at
25◦C. Coenzyme Q10 was eluted from the column at a flow
rate of 1.4 mL/min using a isocratic mode linear gradient of
methanol:ethanol (65:35). Lower and upper limits of detection
for total coenzyme Q10 were confirmed at the following con-
centrations: 0.167 μmol/L and 150 μmol/L. The lower and upper

limits of linearity were observed at the following concentrations:
0.5 μmol/L and 50.0 μmol/L.

STATISTICAL ANALYSES
The results of experiments performed in at least five independent
experiments are displayed as means ± S.E.D and significance was
assessed by ANOVA, followed by the Tukey post-test, or student-
t test with significance level set at p < 0.05 using Sigma Stat 3.1
(Systat, San Jose, CA, USA).

RESULTS
INHIBITION BY SIMVASTATIN OF ADP- OR FCCP-STIMULATED
OXYGEN CONSUMPTION SUPPORTED BY COMPLEX I SUBSTRATES IN
SKELETAL MUSCLE FIBERS
In order to investigate the effects of simvastatin on soleus skele-
tal muscle mitochondrial respiration “in vitro” we incubated the
permeabilized bundles for 1 h in the standard incubation medium
(MiR05) containing increasing concentrations (1, 15, or 40 μM)
of simvastatin or 0.1% DMSO as control. Oxygen consumption
supported by 10 mM glutamate plus 5 mM malate was moni-
tored before and after the sequential additions of 400 μM ADP,
1 μg/mL oligomycin, and 0.2 μM FCCP. Figure 1 shows that sim-
vastatin promoted a dose dependent inhibition of ADP- and
FCCP-stimulated respiration but did not affect the rate of rest-
ing respiration (data not shown). The inhibition caused by 1 μM
simvastatin was 25 and 27% for ADP- and FCCP-stimulated res-
piration, respectively. The inhibition peaked at 57% in the pres-
ence of 40 μM simvastatin for both ADP- and FCCP-stimulated
respiration.

Considering that typically prescribed daily oral doses of statins
20–80 mg (Kwak et al., 2012) generate concentration peaks in
skeletal muscle in the range of 2–5 μM, we choose the concen-
tration of 1 μM simvastatin to perform the next experiments.

FIGURE 1 | Inhibition by simvastatin of ADP- or FCCP-stimulated

oxygen consumption supported by complex I substrates in skeletal

muscle. Skeletal muscle samples were incubated in MiR05 medium in the
presence of 1, 15, and 40 μM simvastatin, or DMSO for 1 h. ADP (400μM)
or 1 μg/mL oligomycin plus 0.2 μM FCCP were added where indicated.
Respiration was supported by 10 mM glutamate plus 5 mM malate.
∗p < 0.05 vs. control by one-way analysis of variance. N = at least
6 independent experiments.
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INHIBITION BY SIMVASTATIN OF ADP-STIMULATED OXYGEN
CONSUMPTION SUPPORTED BY SUCCINATE
The results on respiratory complex II inhibition by statins
reported in the literature are controversial (Sirvent et al., 2005a,
2012; Bouitbir et al., 2012a). Here we analyzed the effect of 1 μM
simvastatin on succinate or TMPD/ascorbate supported respira-
tion. One hour incubation of the skeletal muscle preparation with
1 μM simvastatin caused 24% inhibition of ADP-stimulated res-
piration supported by succinate but did not significantly change
the rate of TMPD/ascorbate supported respiration (Figure 2A).
In addition, the citrate synthase activity assay applied to skeletal
muscle tissue incubated during 1 h in the presence of 1 μM sim-
vastatin indicated that mitochondrial density and number were
not changed by the statin treatment (Figure 2B).

FIGURE 2 | Inhibition by 1 µM simvastatin of ADP-stimulated oxygen

consumption supported by succinate but not by TMPD/ascorbate.

(A) Skeletal muscle samples were incubated in MiR05 medium in the
presence of 1 μM simvastatin, or DMSO for 1 h. ADP (400μM) or 1 μg/mL
oligomycin plus 0.2 μM FCCP were respectively added. The respiration was
supported by 5 mM succinate or 5 μM TMPD plus 2 mM ascorbate plus 1 μM
antimycin A. (B) Skeletal muscle homogenates were incubated at 30◦C in a
buffer containing 50 mM tris-HCl (pH 8.0), 0.1% Triton X-100, 250 μM
oxaloacetate, 50 μM acetyl-CoA, and 100 μM 5, 5′-dithiobis(2-nitrobenzoic
acid) to assay citrate synthase activity. Prior preparation of homogenates,
skeletal muscle samples were incubated by 1 h in MiR05 medium in
presence of 1 μM simvastatin. ∗p < 0.05 vs. control by student t-test. N = at
least 5 independent experiments.

INHIBITION BY 1 µM SIMVASTATIN OF ADP- OR FCCP-STIMULATED
OXYGEN CONSUMPTION SUPPORTED BY COMPLEX I SUBSTRATES
WAS PREVENTED BY MEVALONATE, Co-Q10 OR L-carnitine
The first step to elucidate the mechanism of simvastatin induced
skeletal muscle respiration inhibition was the co-incubation with
mevalonate, the product of the reaction catalyzed by the enzyme
HMG-CoA reductase. Figures 3A,B show that 100 μM meval-
onate protected against simvastatin-induced inhibition of com-
plex I substrates supported respiration stimulated by ADP or
FCCP, respectively. The next step was the co-incubation with
coenzyme Q10, another product of cholesterol de novo biosyn-
thesis. It can be seen that 10 μM Co-Q10 similarly to mevalonate
significantly protected against the inhibition of complex I respira-
tion stimulated by ADP- or FCCP (Figures 3A,B). L-carnitine is
another compound reported to protect skeletal muscle or tumor

FIGURE 3 | Inhibition by 1 µM simvastatin of (A) ADP or (B)

FCCP-stimulated oxygen consumption supported by complex I

substrates was prevented by mevalonate, Co-Q10 or L-carnitine.

Skeletal muscle samples were incubated in MiR05 medium in the presence
of 1 μM simvastatin, or DMSO for 1 h containing 100 μM mevalonate,
10 μM coenzyme Q10, or 1 mM L-carnitine. ADP (400 μM) or 1 μg/mL
oligomycin plus 0.2 μM FCCP were added and oxygen consumption was
supported by 10 mM glutamate plus 5 mM malate. Since the control and
1 μM simvastatin bars were not statically different in Figure 1 and panel
(A), we used a general averages for controls and 1 μM simvastatin in both
figures. ∗p < 0.05 vs control by one-way analysis of variance. N = at least
6 independent experiments.
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FIGURE 4 | Increase in lactate production by 1 µM simvastatin was

prevented by mevalonate, Co-Q10 or L-carnitine in skeletal muscle.

An aliquot of MiR05 medium containing non-permeabilized skeletal
muscle samples pre incubated by 1 h with 1 μM simvastatin or
DMSO, or coincubated with 100 μM mevalonate, 10 μM coenzyme
Q10 or 1 mM L-carnitine was added to a medium containing 50 mM
hidroxilamine, 50 mM tris, 800μM NAD+, 40 U lactate dehydrogenase,
pH 10 at 25◦C, for spectrofluorimetric assay of lactate release.
∗p < 0.05 vs. control by one-way analysis of variance. N = at least
5 independent experiments.

cells against simvastatin induced toxicity (Arduini et al., 2004;
Costa et al., 2013). Figures 3A,B, respectively, show that 1 mM
L-carnitine protected against inhibition of complex I respiration
stimulated by ADP or FCCP.

INCREASE IN LACTATE PRODUCTION BY 1 µM SIMVASTATIN WAS
PREVENTED BY MEVALONATE, Co-Q10 OR L-carnitine IN SKELETAL
MUSCLE FIBERS
Treatment of hypercholesterolemic patients with statins has been
reported (De Pinieux et al., 1996) to increase lactate/pyruvate
ratio in blood serum. In fact, this ratio can be used as a non-
invasive test to detect impairment or toxic effects on mitochon-
drial energy linked metabolism (Robinson, 1989; Munnich et al.,
1992; Chariot et al., 1994). Here we present data showing that
1 h incubation of skeletal muscle tissue with 1 μM simvastatin
caused an increase of 26% in lactate production (Figure 4) that
was abolished by the co-incubation of simvastatin with each of
the compounds 100 μM mevalonate, 10 μM Co-Q10, or 1 mM
L-carnitine.

DECREASE IN COENZYME Q10 BY 1 µM SIMVASTATIN WAS
PREVENTED BY MEVALONATE BUT NOT BY L-carnitine IN SKELETAL
MUSCLE FIBERS
In order to ascertain the possible role of ubiquinone in the mech-
anism of statins induced mitochondrial dysfunction (Ghirlanda
et al., 1993; Laaksonen et al., 1995; Thibault et al., 1996; Miyake
et al., 1999; Rundek et al., 2004; Paiva et al., 2005; Littarru and
Tiano, 2010) we assayed the Co-Q10 content in permeabilized
skeletal muscle tissues after 1 h incubation with 1 μM simvastatin.
Figure 5 shows that under the same experimental conditions in
which the statin promotes inhibition of respiration the reduced

FIGURE 5 | Determination of coenzyme Q10 in skeletal muscle

incubated with 1 µM simvastatin alone or in the presence of

mevalonate or L-carnitine. Permeabilized skeletal muscle samples were
incubated in MiR05 medium in the presence of 1 μM simvastatin, or
DMSO for 1 h in the presence of 100 μM mevalonate, 10 μM coenzyme
Q10, or 1 mM L-carnitine. After tissue homogenization, extraction was
performed utilizing perchloric acid and cold methanol. Coenzyme Q10 was
measured with a Shimadzu HPLC. ∗p < 0.05 vs. control by one-way
analysis of variance. N = at least 9 independent experiments.

levels of Co-Q10 were about 40% decreased relative to the con-
trol experiment. Interestingly, 100 μM mevalonate but not 1 mM
L-carnitine prevented the decrease in Co-Q10 content. Therefore,
we hypothesized that either L-carnitine or Co-Q10 protected
against simvastatin-induced inhibition of respiration by acting as
antioxidants. Accordingly, this inhibition of respiration was not
mediated by the ability of Co-Q10 to transfer electrons from com-
plex I and II to complex III, but rather by the action of Co-Q10
as a free radical scavenger. In order to ascertain this possibility
we next investigated the effects of simvastatin alone or in co-
incubation with 100 μM mevalonate, 10 μM Co-Q10, or 1 mM
L-carnitine on hydrogen peroxide production by skeletal muscle
fibers mitochondria.

INCREASE IN HYDROGEN PEROXIDE BY 1 µM SIMVASTATIN WAS
PREVENTED BY MEVALONATE, Co-Q10 OR L-carnitine IN SKELETAL
MUSCLE FIBERS
Literature data also report that statin treatment may increase the
rates of superoxide and hydrogen peroxide production in muscu-
lar cells (Kwak et al., 2012) and in muscle tissues from patients
(Bouitbir et al., 2012b). In this study we assayed hydrogen perox-
ide and found that 1 h incubation of skeletal muscle tissues with
1 μM simvastatin promoted an increase of about 103% in the
rate of hydrogen peroxide production compared to the controls.
Similarly to what happens with respiration and lactate produc-
tion, this increase in H2O2 was abolished by co-incubation of
simvastatin with 100 μM mevalonate, 10 μM Co-Q10, or 1 mM
L-carnitine (Figure 6).

DISCUSSION
The present work provides evidence that 1 h incubation of skele-
tal muscle fibers with 1 μM simvastatin promotes mitochondrial
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FIGURE 6 | Increase in hydrogen peroxide release by 1 µM simvastatin

was prevented by mevalonate, Co-Q10 or L-carnitine in skeletal

muscle. Permeabilized skeletal muscle samples were incubated, for 1 h, in
medium MiR05 containing 1 μM simvastatin or DMSO, 10 μM Amplex red,
1 U/mL horseradish peroxidase, 10 mM glutamate, 5 mM malate, or
simultaneous incubated with 100 μM mevalonate, 10 μM coenzyme Q10 or
1 mM L-carnitine. Changes in fluorescence were monitored on a
spectrofluorometer. ∗p < 0.05 vs. control by one-way analysis of variance.
N = at least 5 independent experiments.

dysfunction associated with inhibition of respiration, decrease in
the content of Co-Q10 and increased rates of hydrogen peroxide
production.

Most literature data on statins toxicity was obtained from
in vivo or in vitro experiments using different animal models
and higher doses than those found in the serum of hyperc-
holesterolemic patients (Sacher et al., 2005; Sirvent et al., 2005a;
Kaufmann et al., 2006; Nadanaciva et al., 2007). Here we ana-
lyzed the mechanisms underlying mitochondrial dysfunctions
associated with the lowest simvastatin concentration (1 μM) that
significantly inhibited respiration supported by complex I and II
linked substrates, under our experimental conditions. Although
the assays were made in vitro using muscle biopsies, the present
findings may be relevant to the understanding of statins toxicity
in vivo that produces a variety of myophatic symptoms includ-
ing myalgia, muscle cramps, and rarely rhabdomyolysis. These
symptoms are more frequent in patients treated with high statin
doses (80 mg/daily) and are increased by factors or conditions
that increase serum and muscle statin concentrations (grape fruit
juice, hypothyroidism, diabetes mellitus, advanced age, liver, and
kidney diseases), and factors that increase muscle susceptibility to
injury such as alcohol consumption, drug abuse, heavy exercise,
and some muscle diseases (Venero and Thompson, 2009).

In the present study we did not find significant difference
in resting respiration between statin treatment and controls. In
contrast, a significant inhibition of both phosphorylating and
uncoupled respiration, relative to the controls (Figure 1) suggests
that mitochondrial number and density were normal and that the
maximal respiratory capacity of skeletal muscle was decreased by
simvastatin. This interpretation is supported by the citrate syn-
thase assay (Figure 2) and is in line with those by Kwak et al.
(2012) using myotube cells treated with simvastatin.

Increase in lactate levels, decrease in ATP production, and
stimulated glycolysis have also been associated with inhibition of
muscle respiration by statins impairment of mitochondrial func-
tions (Robinson, 1989; Munnich et al., 1992; Chariot et al., 1994).
Here we show that both inhibition of respiration and increase
in lactate production were prevented by co-incubation of sim-
vastatin with L-carnitine, mevalonate or Co-Q10; compounds
known to protect against statins toxicity (Arduini et al., 2004;
Sacher et al., 2005; Kettawan et al., 2007; Oliveira et al., 2008;
Costa et al., 2013). These results are consistent with literature
data (Kaufmann et al., 2006; Sirvent et al., 2008) proposing that
simvastatin-induced inhibition of oxygen consumption in skeletal
muscle is mediated by inhibition of Co-Q10 synthesis. On these
grounds, the present results suggest that L-carnitine might also be
protecting against the decrease in Co-Q10.

Co-Q10 is a mobile carrier that collects electrons from com-
plex I and II transferring them to complex III and, in addition,
in its reduced form (ubiquinol) acts as a potent antioxidant
(Graham et al., 2009; Deichmann et al., 2010; Figueira et al.,
2013). Supplementation with Co-Q10 has demonstrated effec-
tiveness in ameliorating neurodegenerative diseases, cerebellar
ataxia, heart failure, and muscular symptoms (Kaikkonen et al.,
2002; Naini et al., 2003; Mabuchi et al., 2007; Littarru and Tiano,
2010). Therefore, we assayed the Co-Q10 content in skeletal
muscle tissue treated with 1 μM simvastatin. In agreement with
literature data (Ghirlanda et al., 1993; Laaksonen et al., 1995;
Thibault et al., 1996; Miyake et al., 1999; Rundek et al., 2004;
Paiva et al., 2005; Littarru and Langsjoen, 2007) our results indi-
cate that simvastatin significantly decreased the content of the
reduced form of Co-Q10. Interestingly, the co-incubation with
L-carnitine, in contrast to the co-incubation with mevalonate that
also protects against simvastatin-induced inhibition of respira-
tion, did not protect against Co-Q10 depletion. This indicates that
the decreased content of Co-Q10 is limiting the rate of mitochon-
drial respiration in the presence of simvastatin mainly due to its
property to remove or scavenging free radicals and not due to its
property to transfer electrons from complexes I and II to com-
plex III. As a matter of fact, Panov et al. (2005) provided evidence
that inhibition of respiration by superoxide, at the levels of com-
plex I and complex II, may result from damage to 4Fe-4S clusters.
Indeed, complex I has six and complex II has one 4Fe-4S clusters
rendering these structures highly sensitive to the damaging effects
of superoxide. Accordingly, previous data indicate that enzymes
containing 4Fe-4S clusters are particularly vulnerable to damag-
ing by superoxide or peroxinitrite radicals (Flint et al., 1993; Radi
et al., 1994; Fridovich, 1995; Bouton et al., 1996; Panov et al.,
2005; Demicheli et al., 2007).

L-carnitine is known to protect against mitochondrial dys-
functions associated with oxidative stress caused by a series of
conditions such as aging, ischemia reperfusion, inflammation,
degenerative diseases, carcinogenesis and drug toxicity, in vivo
or in vitro (Moretti et al., 2002; Binienda, 2003; Kumaran
et al., 2004, 2005; Sener et al., 2004; Virmani et al., 2004;
Binienda et al., 2005; Keil et al., 2006; Yapar et al., 2007; Shen
et al., 2008; Silva-Adaya et al., 2008; Elinos-Calderon et al.,
2009; Vamos et al., 2010; Ye et al., 2010; Zhang et al., 2010).
Given the properties of L-carnitine to scavenge reactive oxygen
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(Gulcin, 2006; Mescka et al., 2011) and to bind Fe2+ (Gulcin,
2006), we propose that this molecule may directly interact with
4Fe-4S clusters protecting the respiratory complexes I and II
against the attack by the superoxide radical. This proposition is
not in contrast to the results reported by Benati et al. (2010)
showing that simvastatin decreases the capacity of macrophages
to phagocyte and kill bacteria by impairment of oxidative burst,
a rather different mechanism not involving the mitochondrial
respiratory chain.

In addition, it is noteworthy to remind that 60 μM
simvastatin-induced MPT and cell necrosis were sensitive to
L-carnitine or piracetam in a dose-dependent fashion and medi-
ated by additive mechanisms (Costa et al., 2013). In the present
work we observed that piracetam did not affect the inhibition
of respiration or the increase in H2O2 production induced by
1 μM simvastatin (results not shown). These results suggest that
in the previous work (Costa et al., 2013) the role of pirac-
etam on the protection against high simvastatin concentrations
(60 μM) was mediated by the ability of the compound to pro-
tect against Ca2+-induced alterations in membrane fluidity (Keil
et al., 2006). This occurs via unspecific interactions of pirac-
etam with the polar head groups of biological membranes (Keil
et al., 2006). Indeed, Ca2+ binding to inner membrane cardiolipin
causes important alterations in the lipid organization that favors

the burst of mitochondrial ROS that triggers Ca2+-induced MPT
(Grijalba et al., 1999).

CONCLUSIONS
Considering that the three compounds (mevalonate, Co-Q10, or
L-carnitine) that prevented the inhibition of respiration by sim-
vastatin also protected against stimulation of hydrogen peroxide
generation, we may conclude that reactive oxygen is the com-
mon denominator in the mechanism of respiration inhibition
by statins. In addition, the lack of protection against Co-Q10
depletion by L-carnitine indicates that this compound as well
as Co-Q10 acts directly as radical scavenger in the protection
against simvastatin-induced oxidative damage to skeletal muscle
mitochondria.
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Systemic inflammatory response (SIR) comprises both direct effects of inflammatory
mediators (IM) and indirect effects, such as secondary circulatory failure which results
in tissue hypoxia (HOX). These two key components, SIR and HOX, cause multiple
organ failure (MOF). Since HOX and IM occur and interact simultaneously in vivo, it
is difficult to clarify their individual pathological impact. To eliminate this interaction,
precision cut liver slices (PCLS) were used in this study aiming to dissect the effects
of HOX and IM on mitochondrial function, integrity of cellular membrane, and the
expression of genes associated with inflammation. HOX was induced by incubating
PCLS or rat liver mitochondria at pO2 < 1% followed by reoxygenation (HOX/ROX model).
Inflammatory injury was stimulated by incubating PCLS with IM (IM model). We found
upregulation of inducible nitric oxide synthase (iNOS) expression only in the IM model,
while heme oxygenase 1 (HO-1) expression was upregulated only in the HOX/ROX
model. Elevated expression of interleukin 6 (IL-6) was found in both models reflecting
converging pathways regulating the expression of this gene. Both models caused damage
to hepatocytes resulting in the release of alanine aminotransferase (ALT). The leakage
of aspartate aminotransferase (AST) was observed only during the hypoxic phase in the
HOX/ROX model. The ROX phase of HOX, but not IM, drastically impaired mitochondrial
electron supply via complex I and II. Additional experiments performed with isolated
mitochondria showed that free iron, released during HOX, is likely a key prerequisite
of mitochondrial dysfunction induced during the ROX phase. Our data suggests that
mitochondrial dysfunction, previously observed in in vivo SIR-models, is the result of
secondary circulatory failure inducing HOX rather than the result of a direct interaction
of IM with liver cells.

Keywords: liver, reoxygenation, lipopolysaccharide, cytokine, iNOS, IL-6, HO-1, free iron

INTRODUCTION
Trauma, sepsis, and several types of shock are accompanied by
two key pathological events. These are drastic elevation of lev-
els of inflammatory mediators (IM), predominantly cytokines
(Clarkson et al., 2005), and secondary circulatory failure causing
tissue hypoxia (HOX) (Legrand et al., 2010). Systemic inflam-
matory response syndrome (SIRS) can be induced by either
damage-associated molecular pattern molecules (DAMPs) or
pathogen-associated molecular pattern molecules (PAMPs) caus-
ing non-infectious and infectious inflammatory responses that
are associated with elevated IM levels. In ischemia, immune
activation is mainly mediated by DAMPs, whereas in infectious
diseases it is triggered by PAMPs. Cytokines, such as tumor necro-
sis factor alpha (TNF-α), interleukin 6 (IL-6), and interferon

gamma (IFN-γ), contribute to the inflammatory response by acti-
vating pathological intracellular signaling cascades which result
in cellular dysfunction and death. While TNF-α is the most
potent activator of death pathways, IL-6 is one of the key regula-
tors of the inflammatory response in the liver. It activates acute
phase response, increasing the synthesis of C-reactive protein,
fibrinogen, and serum amyloid A, among others. Additionally,
IL-6 production has also been suggested as a common fea-
ture of ischemic injury (Kielar et al., 2005) and particularly
of liver ischemia (Tacchini et al., 2006). The inducible nitric
oxide synthase (iNOS) is typically upregulated by IM, predom-
inantly by TNF-α and IFN-γ, and plays an important role in
the onset of inflammatory response. Upregulation of iNOS has
also been demonstrated in hepatic ischemia reperfusion models
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(Isobe et al., 1999). Nitric oxide (NO), a product of iNOS activ-
ity, modulates mitochondrial function and stimulates cGMP-
dependent signaling. Heme oxygenase 1 (HO-1) is a member
of the heat shock protein family (HSP32), catalyzing enzy-
matic degradation of heme, resulting in the release of equiva-
lent amounts of biliverdin, carbon monoxide, and ferrous ion
(Tenhunen et al., 1968). Upregulation of HO-1 has been shown in
both conditions, inflammation (Bauer et al., 2003) and impaired
circulation (Duvigneau et al., 2010). Meanwhile, it is well doc-
umented that both hypoxia/reoxygenation (HOX/ROX) and IM
activate multiple transcription factors that regulate IL-6, iNOS,
and HO-1 expression. However, it is less clear which condition
has the major impact on the early upregulation of either gene.
Furthermore, both HOX (Shiva et al., 2007) and IM (Singer et al.,
2004) are often associated with impaired mitochondrial func-
tion. HOX/ischemia (Rouslin et al., 1990) as well as inflammatory
response (Duvigneau et al., 2008) has been shown to decrease ATP
levels. Damage to mitochondria is critical for many cellular func-
tions, as mitochondria are involved in a variety of other processes,
e.g., innate immune signaling (West et al., 2011), ROS production
(Murphy, 2009) and programmed cell death (Skulachev, 1999).
There is a body of literature documenting the release of alanine
aminotransferase (ALT) and aspartate aminotransferase (AST)
following liver ischemia (Lin et al., 2009) and SIRS (Izeboud
et al., 2004). In the event of cell lysis, hepatocellular enzymes
are released and can be determined in blood or in the incu-
bation medium in in vitro experiments (Lerche-Langrand and
Toutain, 2000). ALT is mainly present in the cytoplasm of hepa-
tocytes whereas AST is mostly localized in mitochondria but also
in the cytoplasm. Therefore, release of ALT predominantly indi-
cates increased permeability of the cytoplasmic membrane, while
the increased AST levels reflect both increased permeability of
the cytoplasmic membrane and mitochondrial damage. It is dif-
ficult to differentiate in vivo between the pathological impact of
IM and hypoxia on tissue functions because of systemic interac-
tions. However, it is important to gain better understanding of the
exact pathological mechanisms leading to organ dysfunction in
order to develop efficient therapeutic strategies. Precision cut liver
slices (PCLS) are a reliable in vitro model of liver tissue, maintain-
ing cell–cell and cell-extracellular matrix interactions without the
influence of systemic processes (Lerche-Langrand and Toutain,
2000). We applied this model to dissect the effects of IM and
HOX on liver cells. We hypothesized that the above described
changes in gene expression and cellular function/integrity could
partially be exclusively attributed to either HOX/ROX or IM.
Consequently, determination of these markers will help to under-
stand the dynamics of disease and choose an adequate therapeutic
strategy. Therefore, the main objective of this study was to inves-
tigate whether or not mitochondrial dysfunction, disintegrity
of cellular membranes and the expression of genes associated
with SIRS can be assigned to either HOX- or IM-dependent
pathways.

MATERIALS AND METHODS
CHEMICALS
All reagents were obtained from Sigma-Aldrich (Vienna, Austria)
unless otherwise noted.

ANIMALS
Adult male Sprague-Dawley rats (300–350 g) were purchased
from the Animal Research Laboratories, Himberg, Austria. All
animal procedures were approved by the local legislative com-
mittee and conducted according to National Institute of Health
guidelines.

WHITE BLOOD CELLS (WBC) ISOLATION AND CONDITIONED MEDIUM
GENERATION
Eight rats were anesthetized with isoflurane (Abbott, Vienna,
Austria), heparin (600 U/kg, Ebewe, Unterach, Austria) was
injected and whole full blood was withdrawn from the vena
cava and transferred into 50 ml flasks. Red blood cells were
lysed with Schwinzer lysis buffer (0.16 M NH4Cl, 0.27 mM
EDTA, 10 mM KHCO3) for 15 min at 4◦C. WBC were pel-
leted by centrifugation (10 min, 400 g, 4◦C) and washed twice in
RPMI 1640 medium. Cell pellets were resuspended to 1 × 106

cells/ml in RPMI 1640 medium. IM were generated by incu-
bation of WBC with lipopolysaccharide (LPS, E. coli Serotype
026:B6, 6 μg/ml) for 24 h at 37◦C. Finally, the cell suspen-
sion was centrifuged, the supernatant, now containing WBC-
derived cytokines (conditioned medium), was pooled and stored
at −80◦C. The cytokine pattern of the conditioned medium
determined by Myriad RBMTM (Austin, TX, USA) is shown in
Table 1.

PREPARATION OF PCLS
Rats were anesthetized with isoflurane and sacrificed by decapi-
tation. The liver was extracted and placed into ice cold custodiol
solution (Koehler Chemie, Bensheim, Germany) until slice prepa-
ration. Cylindrical tissue cores of 6 mm diameter were punched
from the left lateral liver lobe and embedded in 3% agarose gel.
Slices of 250 μm thickness were cut using a microtome (com-
presstome VF-300, Precisionary Instruments Inc., Greenville, NC,
USA) at room temperature. Slices were incubated in ice cold
Ringer solution (Fresenius Kabi, Graz, Austria) for 25 min in
order to wash out intracellular compounds released due to the
preparation procedure.

Table 1 | Selected cytokines present in control and conditioned

medium (CM).

Cytokine Lower limit Control CM

of detection

C-reactive protein, [μg/mL] 0.017 NDa 0.078

Interferon γ, [pg/mL] 4.6 ND 4.6

Interleukin-1 α, [pg/mL] 36 ND 288.5

Interleukin-10, [pg/mL] 45 ND 74.7

Interleukin-11, [pg/mL 27 ND 94.5

Interleukin-2, [pg/mL] 12 ND 12

Interleukin-7, [ng/mL] 0.015 ND 0.08

Tumor necrosis factor α, [ng/mL] 0.010 ND 0.59

Monocyte chemotactic protein 1,
[pg/mL]

0.996 ND 1335

aND, not detectable.
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EXPERIMENTAL MODELS BASED ON PCLS
In the HOX/ROX-model, HOX was induced by incubating
PCLS in glass vials under nitrogen flow at pO2 < 1% fol-
lowed by subsequent ROX with medium equilibrated with air
oxygen. HOX/ROX medium was supplemented with the gly-
colysis inhibitor 2-deoxy-D-glucose (DOG, 10 mM). Duration
of the hypoxic and ROX phases is indicated in figure leg-
ends. Normoxic control samples (NOX) were incubated in
the HOX/ROX medium which was equilibrated with air dur-
ing the whole incubation period. Inflammatory injury (IM-
model) was simulated by incubation of PCLS in 6 well plates
(Costar, Corning, USA) containing 1 mL conditioned medium.
Corresponding controls were incubated in normal, not pre-
conditioned, RPMI 1640 medium (NM) with or without LPS
(6 μg/ml).

PREPARATION OF ISOLATED MITOCHONDRIA
Liver mitochondria were isolated by four consecutive centrifu-
gation steps as previously described (Dungel et al., 2011). The
final pellet was resuspended in buffer containing 0.25 M sac-
charose, 10 mM Tris, 0.5 mM ethylenediaminetetraacetic acid,
and 5 mg/mL fatty acid-free bovine serum albumin (pH 7.2,
25◦C). The protein concentration was analyzed using the Biuret
method.

DETERMINATION OF ENDOGENOUS FREE IRON IN LIVER SECTIONS
Liver sections were cut (2 × 2 × 10 mm) to fit to the EPR spec-
trometer cavity and subjected to hypoxia for 1 h under nitrogen.
Sections were processed as previously described (Kozlov et al.,
1992) to determine endogenous free iron following formation of
nitrosyl iron complexes.

MITOCHONDRIAL RESPIRATION
Respiratory parameters of mitochondria were monitored
using a high resolution respirometer (Oxygraph-2k, Oroboros
Instruments, Innsbruck, Austria). Isolated mitochondria/PCLS
were incubated in buffer containing 105 mM KCl, 5 mM
KH2PO4, 20 mM Tris-HCL, 0.5 mM EDTA, and 5 mg/mL
fatty acid-free bovine serum albumin (pH 7.2, 25◦C). State 2
respiration was stimulated by the addition of either 5 mM gluta-
mate/5 mM malate or 10 mM succinate and 1 ng/ml rotenone.
Transition to state 3 respiration was induced by addition of
adenosine diphosphate (ADP, 1 mM). In experiments with
isolated mitochondria, 20 μM FeSO4 and/or 20 μM desferriox-
amine B (Desferal, Novartis, Vienna, Austria) were added to a
number of samples before the onset of hypoxia. Mitochondrial
function was determined before hypoxia [baseline (BL)], imme-
diately after hypoxia and after 15 min of ROX. To determine
mitochondrial function after hypoxia, mitochondria, incubated
under hypoxic conditions, were moved in buffer equilibrated
with air. Measurements were started immediately and were
completed 2 min later.

LIVER ENZYME ASSAY
ALT and AST levels were analyzed in the incubation medium
after PCLS incubations using a Cobas c 111 reader (Roche, Basel,

Switzerland). Samples were taken at different time points as
indicated in figure legends.

cDNA SYNTHESIS AND RT-PCR
RNA was isolated from snap frozen PCLS using illustra RNAspin
Mini RNA Isolation Kit (GE Healthcare, Buckinghamshire, UK).
The amount of extracted RNA was determined spectrophoto-
metrically at 260 nm and purity was assessed by the 260/280 nm
ratio on an Eppendorf BioPhotometer plusUV/Vis (Eppendorf,
Hamburg, Germany). RNA integrity was controlled by micro-
capillary gel analyzes using Agilent Bioanalyzer 2001 System and
RNA6000 nano LabChip Kit (Agilent Technologies, Santa Clara,
CA, USA). 1 μg of total RNA was used for cDNA synthesis.
cDNA was generated using Superscript™ II RNAse H- reverse
transcriptase (200U/reaction; Invitrogen; Carlsbad, CA, USA)
and anchored oligo-dT-primers (3.5 μmol/L final concentra-
tion). Successful cDNA generation was checked by conventional
PCR using GAPDH specific primers, as described elsewhere
(Duvigneau et al., 2003). Equal aliquots from each cDNA were
pooled to generate an internal standard (IS) which was used
as reference for the quantification. Analysis of gene expres-
sion was performed by means of qPCR. Primer pairs for the
analysis of HO-1 are described elsewhere (Duvigneau et al.,
2008). Primer paires for the analysis of IL6 and iNOS were
newly designed. Further details regarding settings and valida-
tion of the qPCR assays in adhering to MIQE guidelines can
be found in the supplementary material (Table S1; Figure S1).
qPCR was carried out on a CFX96™ (Bio-Rad, Hercules, CA,
USA). Each reaction contained SYBR® green I as reporter (0.5×,
Sigma, USA), iTaq™ polymerase™ (0.625 U/reaction; BioRad),
the primers (250 μnmol/l each, Invitrogen) with a final con-
centration of 200 μmol/l dNTP (each) and 3 mmol/l MgCl2
in the provided reaction buffer with a final volume of 12 μl.
All samples were measured in duplicates. Each plate contained
corresponding randomly assigned RT-minus controls (10% of
all samples investigated), the no-template-control (NTC), as
well as the IS. Data were analyzed using the inbuilt software
CFX manager (Version 2.0, Bio-Rad) in the linear regression
mode. Expression of target genes was calculated against the
IS using a modified comparative ��Cq method (Schmittgen
and Livak, 2008). First the gene specific Cqs were substracted
from the mean Cq of the IS obtained for the same gene giv-
ing rise to �Cq. The values were than substracted from the
normalization factor, which was calculated by averaging the
�Cqs of the internal reference genes, of the same sample
(��Cq). The obtained ��Cq values of the replicates were
averaged and expressed as 2ˆ-DDCq in fold changes relative to
the IS.

STATISTICAL ANALYSIS
Data are displayed as mean ± SEM. All parameters were tested
for normality (Kolmogorov–Smirnov test) prior to analysis.
Statistical analysis of data was performed by one way ANOVA
followed by LSD post-hoc test in normally distributed data and
Kruskal–Wallis combined with Mann–Whitney test in groups
showing a non-Gaussian distribution. Calculations were per-
formed using SPSS 15 software (SPSS Inc., USA). The number
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of independent samples (n) is indicated in figure legends. The
significance level was set at 0.05 and is indicated as ∗p < 0.05,
∗∗p < 0.01; ∗∗∗p < 0.001.

RESULTS
THE EFFECT OF HOX/ROX AND IM ON MARKERS OF HEPATOCYTE
DAMAGE (ALT AND AST)
Initially the experimental HOX/ROX-PCLS and IM-PCLS mod-
els were standardized. Standardization of the models is based
on a significant elevation of ALT release as a basic marker of
hepatocyte damage. In the IM-PCLS model significantly ele-
vated ALT levels were observed following 4 h of incubation
with IM (Figure 1A), while AST levels remained unchanged
(Figure 1C). In the HOX/ROX-PCLS model pronounced and
statistically significantly elevated ALT and AST levels were
observed after 1 h of hypoxia. No further release of ALT or
AST was observed after subsequent ROX (1 h) (Figures 1B,D).
To analyze whether IM induced inflammatory response in
PCLS, we tested the expression of genes associated with
inflammation.

CHANGES IN GENE EXPRESSION IN PCLS FOLLOWING HOX/ROX AND
INCUBATION WITH IM
IM led to an upregulation of iNOS (Figure 2A) and IL-
6 (Figure 2E) but did not change HO-1 gene expression
(Figure 2C). In contrast, in the HOX/ROX model we did not
observe any increase in iNOS gene expression (Figure 2B) but
HO-1 (Figure 2D) and IL-6 (Figure 2F) were significantly upreg-
ulated. A shorter HOX-phase (0.5 h) and longer ROX-phase (1.5 h)
increased expression of HO-1 (Figure 2D) and IL-6 (Figure 2F).

THE EFFECT OF HOX/ROX AND IM ON RESPIRATORY FUNCTION OF
MITOCHONDRIA IN PCLS
Incubation with IM did not impair mitochondrial respiration
(Figures 3A,C). Incubation with LPS showed a trend to increas-
ing rate of mitochondrial respiration with glutamate/malate, a
complex I substrate (Figure 3A). However, HOX/ROX led to a
decrease in state 3 respiration, reflecting ATP synthesis, by a fac-
tor of 15.4 when mitochondria respired with glutamate/malate
(Figure 3B) and by a factor of 3.3 when mitochondria respired
with succinate (Figure 3D), a complex II substrate.

FIGURE 1 | Effect of IM (A,C) and HOX/ROX (B,D) on the release of ALT

(A,B) and AST (C,D) from PCLS. (A,C) PCLS were incubated in NM only or
NM containing LPS or LPS+IM at 37◦C. ALT/AST samples were taken
after 4 h incubation. (B,D) PCLS were incubated in NM which was either
equilibrated with air (NOX, ROX) or nitrogen (HOX). The medium for ALT/AST
analysis was taken at the end of the hypoxic phase (1 h) and the end of the

subsequent reoxygenation phase (1 h HOX + 1 h ROX). Data are expressed
as mean ± SEM of at least n = 4 and as a percentage of control. ∗∗p < 0.01;
∗∗∗p < 0.001. Abbreviations used: ALT, alanine aminotransferase; AST,
aspartate aminotransferase; NM, normal medium; LPS, lipopolysaccharide;
IM, inflammatory mediators; NOX, Normoxia; HOX, Hypoxia; ROX,
reoxygenation; PCLS, precision cut liver slices.
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FIGURE 2 | Effect of IM (A,C,E) and HOX/ROX (B,D,F) on gene expression

of iNOS (A,B), HO-1 (C,D) and IL-6 (E,F). PCR analysis samples were
collected after 4 h of PCLS incubation in NM only or NM containing LPS or
LPS + IM at 37◦C (A,C,E) or after 2 h of PCLS incubation in NM which was
either equilibrated with air (NOX, ROX) or nitrogen (HOX) (B,D,F). Data are
expressed as mean ± SEM of at least n = 4. ∗p < 0.05; ∗∗p < 0.01,

∗∗∗p < 0.001. mRNA expression is represented as fold increase of
the corresponding control. Abbreviations used: iNOS, inducible nitric oxide
synthase; HO-1, heme oxygenase 1; NM, normal medium; LPS,
lipopolysaccharide; IM, inflammatory mediators; NOX, Normoxia; HOX,
Hypoxia; ROX, reoxygenation; PCLS, precision cut liver slices; ND,
not detectable.

ACCUMULATION OF FREE IRON UPON HYPOXIA
Since iron is known to induce mitochondrial dysfunction, we
determined whether or not free iron levels are increased during
1 h of hypoxia. One hour of hypoxia in liver sections resulted in
an increase in intracellular free iron levels by approx. 20 nmol/g
tissue (Figure 4). In the following experiments we tested the
effect of 20 nmol/ml ferrous ion concentration on mitochondrial
function.

THE EFFECT OF HOX/ROX AND IRON ON RESPIRATORY FUNCTION OF
ISOLATED RAT LIVER MITOCHONDRIA
To better understand the mechanisms of mitochondrial dys-
function under hypoxic conditions and the impact of free

iron, we performed experiments with isolated mitochondria. No
decrease of respiratory activity of mitochondria was observed
following 15 min of hypoxic conditions (Figure 5). The pres-
ence of iron (Fe) in the hypoxic phase did not influence
respiratory activity at this time point. However, after 15 min
of ROX mitochondrial function was drastically impaired. The
addition of iron chelator desferrioxamine B (Df) abolished
the difference in respiration rates between samples with and
without iron.

DISCUSSION
The aim of this study was to clarify the impact of two pathophysi-
ologic stressors, IM and HOX/ischemia that typically accompany
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FIGURE 3 | Effect of IM (A,C) and HOX/ROX (B,D) on the mitochondrial

state 3 respiration. PCLS mitochondria were stimulated with glutamate +
malate (A,B) or succinate (C,D). Transition to state 3 respiration was induced
by addition of ADP (1 mM). Mitochondrial function was determined after 4 h
of PCLS incubation in NM only or NM containing LPS or LPS + IM at 37◦C

(A,C) or after 2 h of PCLS incubation in NM which was either equilibrated
with air (NOX, ROX) or nitrogen (HOX) (B,D). Data are expressed as mean ±
SEM of at least n = 4. ∗∗∗p < 0.001. Abbreviations used: NM, normal
medium; LPS, lipopolysaccharide; IM, inflammatory mediators; NOX,
Normoxia; HOX, hypoxia; ROX, reoxygenation; PCLS, precision cut liver slices.

FIGURE 4 | (A,B) Accumulation of free iron in liver sections under
hypoxia. The sections were treated with nitrite solution and frozen for
EPR analysis either immediately after preparation (control) or after
incubation for 1 h at 37◦C under nitrogen (1 h hypoxia). The difference
in free iron concentration between control and 1 h hypoxia was approx.

20 nmol/g tissue (A). The amplitudes (Fe) of the g = 2.03 peak were
measured in the EPR spectra (B) of control liver sections (dotted line)
and after 1 h hypoxia (full line) to determine the concentration of
nitrosyl iron complexes. Data are expressed as mean ± SEM of n = 3.
∗p < 0.05.

SIRS, and compromise liver function. Since both stressors are
strongly linked to and influenced by each other, their effects can-
not be dissected in vivo. Most in vitro models, however, lack
the complexity of liver tissue, and the observed responses may

therefore not reflect the in vivo situation. In this study we have
used PCLS in which liver structures are kept intact, including the
different liver cell types. This in vitro model allowed us to dis-
tinguish between the effects of IM and HOX/ROX on liver cells,
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FIGURE 5 | Effect of HOX, ROX, and free iron on state 3 mitochondrial

respiration rate. The baseline (BL) represents the respiration of freshly
isolated mitochondria. Furthermore, mitochondria were incubated either
under air (NOX) or under nitrogen (HOX) with 20 μM FeSO4 (Fe) or without
(CO) for 15 min. Subsequently, all samples were incubated under air for
further 15 min (ROX). A group of samples received 20 μM desferrioxamine
B (Df) immediately after onset of hypoxia. Data are expressed as mean ±
SEM of at least n = 5. ∗p < 0.05; ∗∗p < 0.01. Abbreviations used: NOX,
Normoxia; HOX, Hypoxia; ROX, reoxygenation; BL, Baseline; CO, control,
Fe, FeSO4; Df, desferrioxamine B.

since they can be studied separately. Inflammation affects hep-
atocytes via IM which are formed by activated immune cells in
the blood and by Kupffer cells residing in liver tissue. To simu-
late the effects of systemic inflammation, we used IM generated
ex vivo by white blood cells treated with LPS. To simulate effects
of IM produced by Kupffer cells, we stimulated PCLS directly
with LPS. Both models (HOX/ROX and IM) caused damage to
liver cells as seen from increased levels of ALT. Examination
of AST levels in both models showed an increase only in the
HOX model, suggesting mitochondrial damage. Interestingly, in
the HOX model both AST and ALT accumulated during the
hypoxic phase, while ROX did not change these values. This
suggests that the release of these enzymes is not due to reper-
fusion induced oxidative damage. Alternatively, the damage to
biomembranes under hypoxic conditions may be due to depri-
vation of ATP and subsequent release of calcium ions. Calcium
activates phospholipases, which cause the increase in membrane
permeability. It has been shown that the inhibition of phos-
pholipase A2 abolishes the release of ALT in dogs subjected to
liver ischemia/reperfusion during reperfusion (Ogata et al., 2001).
We did not observe any effects of LPS, although the dose of
LPS used in our experiments was reported to induce the release
of ALT in in vivo (Duvigneau et al., 2008). The fact that only
the HOX model induced an increase in AST suggests that HOX
predominantly causes mitochondrial dysfunction. This assump-
tion was supported by data relating to the respiratory activity
of mitochondria in PCLS. IM did not significantly compromise
mitochondrial function, while HOX induced a drastic impair-
ment of respiratory activity. Interestingly, this effect was more
pronounced in the presence of glutamate/malate, a substrate
of complex I, than in the presence of succinate, a substrate of

complex II. This is in line with previous publications carried out
in in vivo models showing a decrease in mitochondrial function
upon ischemia/reperfusion (I/R) due to inhibition of complex I
and cytochrome c release (Kuznetsov et al., 2004). Mitochondrial
dysfunction might be mediated by changes in iron availability,
as both iron deficiency and iron excess impair mitochondrial
function (Walter et al., 2002). This is in accordance with reports
suggesting the involvement of iron in a transient defect in mito-
chondrial function observed 8 h after challenge with endotoxin
(Duvigneau et al., 2008). Moreover, the release of iron has been
suggested to be a key event during oxidative mitochondrial dam-
age and hepatocellular injury (Uchiyama et al., 2008). Free iron
concentration in fresh liver sections was about 30 nmol/g tissue
which is in line with previously published data (Kozlov et al.,
1992). It has also been shown that free iron occurs in the fer-
rous form. Exposure of liver specimens to warm ischemia for
1 h resulted in an increase of free iron levels of 20 nmol/g tissue
compared to controls, which is in accordance with previous pub-
lications (Sergent et al., 2005). This concentration was used in
this study with isolated mitochondria in order to test whether or
not this particular concentration of iron can induce the changes
we have observed in experiments with PCLS. To clarify whether
iron-mediated mitochondrial damage occurs under HOX or dur-
ing ROX we used equal short-term HOX and ROX induction
(15 min each) with or without adding iron ions. State 3 respi-
ration did not change compared to baseline immediately after
HOX phase, but was drastically decreased after 15 min of ROX,
suggesting that ferrous iron did not impair mitochondrial func-
tion under hypoxic conditions. The decrease in state 3 respiration
during ROX was more pronounced in the presence of iron ions.
The iron chelator desferrioxamine B increased mitochondrial res-
piration rates to the levels of NOX controls in samples with or
without iron. The latter suggests that endogenous iron ions may
contribute to the mitochondrial damage. Interestingly, mitochon-
dria in NOX controls had a lower respiration rate than samples
subjected to HOX, suggesting that the mechanisms of mitochon-
drial damage in this model are strictly oxygen dependent. In the
IM model we found a significant upregulation of iNOS after 4 h.
Others have reported increased iNOS levels after 3 h of LPS stim-
ulation (Olinga et al., 2001). However, the concentration of LPS
used in the cited study was 15 times higher than in our study.
Coincidence between upregulation of iNOS and increased release
of ALT in our suggests, that damage to hepatocyte membrane
occurs in this model in association with the immune response,
without affecting mitochondria, since neither the mitochondrial
function nor AST levels were affected. These data show that
iNOS is a very reliable marker for the inflammatory response.
Application of HOX/ROX did not result in an upregulation of
iNOS. Thus, our data suggest that the activation of iNOS in HOX
models previously reported (Duvigneau et al., 2010) is due to
secondary inflammatory response rather than due to hypoxia.
HO-1 expression was rapidly upregulated only in the HOX model,
but not in the IM model, even though the incubation period
was longer in the latter model. We conclude that early upregu-
lation of HO-1 is primarily responsive to changes in the redox
balance, presumably via HIF-1α and Nrf2. Previous studies doc-
umented an upregulation of HO-1 both during SIRS and hypoxia
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in the liver in different in vivo models (Bauer et al., 2003;
Duvigneau et al., 2010). Here we show that HO-1-upregulation
is oxygen rather than IM dependent. Therefore, the increase
of HO-1 mRNA seen under conditions of SIRS, have to be
attributed primarily to disturbed oxygen delivery to the tar-
get cells, due to hypoxia and an inhibition of mitochondrial
function. This suggests that activation of HO-1 in SIRS mod-
els is mainly due to secondary circulatory failure rather than
due to a direct interaction with IM. The predominant pathway
of HO-1 regulation is the Nrf2-dependent pathway. It has been
shown that Nrf-2 is upregulated during the post-ischemic ROX
phase (Leonard et al., 2006). In addition, it has been shown
that NF-kB may also be involved in the upregulation of HO-1,
although these data are still controversial [reviewed in Paine et al.
(2010)].

In contrast to iNOS and HO-1 which were upregulated only
in one of the two models, IL-6 responded to both hypoxia and
IM. This can be explained by the fact that numerous signal-
ing pathways are known to activate IL-6 mRNA expression, via
NF-kB, JNK, C/EBP/(NF)-IL6 and CREB-dependent pathways.
It has already been shown that hypoxia induces the (NF)-IL-6
pathway (Yan et al., 1995). In addition, IL-6 may be upregulated
by a number of IM via NF-kB-dependent pathway similarly to
iNOS (Hur et al., 1999; Li and Verma, 2002). Thus, IL-6 synthe-
sis may be activated by both IM and impaired oxygen delivery.
Shortening of the HOX-phase (0.5 h) and extension of the ROX-
phase (1.5 h) strongly increased expression of both HO-1 and
IL-6, suggesting that either HOX-phase inhibits or ROX-phase
activates gene expression most likely through decreased ATP
levels.

In summary, in this study we distinguished between the patho-
logical impacts of hypoxia and direct interaction of IM with
parenchymal cells in PCLS based models. These in vitro mod-
els can be used to analyze other parameters accompanying either
SIRS or circulatory failure. In addition our data show that accu-
mulation of free iron in hypoxic tissue is critical for mitochondrial
function. This is in line with previous reports showing benefi-
cial effects of iron chelators in hypoxia models (Arkadopoulos
et al., 2010) and sepsis models (Srinivasan et al., 2012). A
clear understanding of whether HOX or IM dependent path-
ways predominantly cause organ failure in certain pathologic
states will contribute to the development of new effective therapy
approaches.

The major limitation of this study is that experiments were
performed at a defined set of conditions of either hypoxia (e.g.,
duration of HOX and ROX) or inflammation (e.g., concentra-
tion of IM and incubation time). The balance between HOX-
dependent and IM-dependent processes may depend on the
severity of a disease or an experimental model.
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Forkhead box O (FOXO) transcription factors are regulators of cell-type specific apoptosis
and cell cycle arrest but also control longevity and reactive oxygen species (ROS).
ROS-control by FOXO is mediated by transcriptional activation of detoxifying enzymes
such as Superoxide dismutase 2 (SOD2), Catalase or Sestrins or by the repression
of mitochondrial respiratory chain proteins resulting in reduced mitochondrial activity.
FOXO3 also regulates the adaptation to hypoxia by reducing mitochondrial mass
and oxygen consumption during HIF-1α activation. In neuronal tumor cells, FOXO3
triggers ROS-accumulation as a consequence of transient mitochondrial outer membrane
permeabilization, which is essential for FOXO3-induced apoptosis in these cells. Cellular
ROS levels are affected by the FOXO-targets Bim, BclxL, and Survivin. All three
proteins localize to mitochondria and affect mitochondrial membrane potential, respiration
and cellular ROS levels. Bim-activation by FOXO3 causes mitochondrial depolarization
resulting in a transitory decrease of respiration and ROS production. Survivin, on the
other hand, actively changes mitochondrial architecture, respiration-efficacy and energy
metabolism. This ability distinguishes Survivin from other anti-apoptotic proteins such as
BclxL, which inhibits ROS by inactivating Bim but does not alter mitochondrial function.
Importantly, FOXO3 simultaneously also activates ROS-detoxification via induction of
SESN3. In this paper we discuss the hypothesis that the delicate balance between
ROS-accumulation by Bim-triggered mitochondrial damage, mitochondrial architecture
and ROS-detoxifying proteins determines cell fate. We provide evidence for a FOXO
self-reactivating loop and for novel functions of FOXO3 in controlling mitochondrial
respiration of neuronal cells, which further supports the current view that FOXO
transcription factors are information-integrating sentinels of cellular stress and critical
modulators of cell homeostasis.

Keywords: forkhead transcription factor, Bcl2-rheostat, BH3-only proteins, mitochondrial respiration, mitochondrial

fission

THE FAMILY OF FORKHEAD BOX O TRANSCRIPTION
FACTORS
The family of mammalian forkhead box O (FOXO) tran-
scription factors consists of the four members FKHR/FOXO1,
FKHRL1/FOXO3, AFX/FOXO4, and FOXO6 which regulate
apoptosis and cell cycle, immune response, energy state, stress
resistance, and longevity. Although all four mammalian FOXO
transcription factors share the same DNA binding motives (Obsil
and Obsilova, 2011) and seem to have overlapping functions,
knock out animals for single FOXO family members show dif-
ferent defects (Arden, 2008). FOXO1 knockout mice die in utero
due to defective vasculature (Hosaka et al., 2004), FOXO3 knock-
out mice suffer from organ inflammation resulting from defective
development of regulatory T-cells (Harada et al., 2010; Kerdiles
et al., 2010). In contrast FOXO4 and FOXO6 knockout mice
present with mild phenotypes (Zhu et al., 2011; Salih et al.,
2012). Conditional triple-knock-out in the adult mouse causes
a relatively mild neoplastic phenotype, i.e., these mice develop
hemangiomas and thymic lymphomas, which suggests that
FOXO1, FOXO3, and FOXO4 are involved in the maintenance

of the hematopoietic stem cell population and the regulation of
endothelial cell homeostasis (Paik et al., 2007; Tothova et al.,
2007). In cultured neuroblastoma cells the activation of FOXO3
triggers the intrinsic death pathway and induces programmed cell
death via induction of the pro-apoptotic BH3-only proteins Bim
and Noxa (Obexer et al., 2007). In addition FOXO3 represses the
apoptosis-inhibitor protein Survivin (Guha et al., 2009; Obexer
et al., 2009) and determines the sensitivity of neuroblastoma cells
to DNA-damaging chemotherapeutic agents. More recently it was
shown that beside its function as a tumor-suppressor FOXO3
might also promote cancer cell survival. FOXO3 induces detox-
ification and stress resistance thereby contributing to tumor stem
cell renewal (Naka et al., 2010) and protection of cancer cells from
eradication during chemotherapy (Hui et al., 2008) and hypoxia
(Bakker et al., 2007).

In this article we will discuss the current knowledge on the
involvement of FOXO transcription factors in the regulation
of cellular homeostasis with specific emphasis on mitochon-
drial integrity, morphology and activity. In addition we present
our hypothesis that FOXO3 controls a delicate balance between
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mitochondrial reactive oxygen species (ROS)-generation and
ROS-preventing or detoxifying processes, which is critical for cell
death decision in neuronal cells.

GROWTH FACTOR SIGNALING INACTIVATES FOXO
TRANSCRIPTION FACTORS
The activity and subcellular localization of FOXO transcription
factors (except FOXO6) is regulated by various upstream regula-
tors that modify FOXO proteins via phosphorylation, acetylation,
methylation and mono/poly-ubiquitination (Eijkelenboom and
Burgering, 2013). Phosphorylation at conserved serine/threonine
residues by protein kinase B (PKB) and by serum- and
glucocorticoid-induced kinase (SGK) induces the association
of FOXO transcription factors with 14-3-3 proteins and their
nuclear export and inactivation (Tzivion et al., 2011). This evo-
lutionary conserved FOXO-inactivating pathway directly links
FOXO activity to insulin and insulin-like growth factor signal-
ing, suggesting that under normal growth conditions, FOXOs
are inactivated and dispensable for the survival of cells. Similar
to PKB and SGK, IkB-kinase (IKK) and extracellular-signal reg-
ulated kinase (ERK) phosphorylate distinct serines (Ser644 of
FOXO3 by IKK and Ser294, Ser344, Ser425 of FOXO3 by ERK)
thereby causing FOXO-inactivation (Figure 1). Importantly,
phosphorylation by PKB, IKK, and ERK also constitutes a signal
for poly-ubiquitination and proteasomal degradation of FOXO
transcription factors thereby, in addition to functional inactiva-
tion, also reducing protein steady state levels (Matsuzaki et al.,
2003; Hu et al., 2004; Yang et al., 2008).

STRESS KINASE CASCADES THAT ACTIVATE FOXO IN
RESPONSE TO ROS AND DNA-DAMAGE
First evidence for the participation of FOXO transcription factors
in ROS regulation was found in C.elegans studying the FOXO3
homologue DAF-16. There, DAF-16 regulates a stress-resistant-
state, where metabolism is shut down and the worm enters
so called Dauer-formation to extend lifespan during nutrient
deprivation (Braeckman and Vanfleteren, 2007). FOXO3 is also
thought to participate in longevity regulation by detoxification of
ROS. Several groups found the mitochondrial enzyme superoxide
dismutase 2 (SOD2) (Kops et al., 2002), the peroxisome-located
Catalase (CAT) (Tan et al., 2008), the antioxidant enzyme perox-
iredoxin III (Chiribau et al., 2008) or the redox enzyme sestrin3
(SESN3) (Chen et al., 2010; Hagenbuchner et al., 2012a) induced
by FOXO in different tissues. Also the growth arrest and DNA
damage repair enzyme GADD45a is activated after stress signal-
ing by FOXO transcription factors and contributes to the survival
of damaged cells and stress resistance (Furukawa-Hibi et al.,
2002).

Cellular stress induced by accumulation of ROS or DNA-
damage overrides the growth factor-induced functional inacti-
vation of FOXO. The response to ROS involves Jun-N-terminal
kinase (JNK) and mammalian STE20-like protein kinase 1
(MST1) which phosphorylate FOXO transcription factors directly
(Essers et al., 2004; Lehtinen et al., 2006; Sunters et al., 2006)
or also target its binding partner 14-3-3 protein (Sunayama
et al., 2005). The direct phosphorylation by JNK or MST1
induces the release of FOXO3 from 14-3-3 proteins and causes

FIGURE 1 | Control of FOXO function downstream of growth-factor

and stress-induced kinase signaling cascades. Growth factor signaling
via protein kinase B (PKB), serum- and glucocorticoid-induced kinase (SGK),
IkB-kinase (IKK), and extracellular-signal regulated kinase (ERK) causes
inactivation of FOXO transcription factors and their export from the nucleus.
Jun-N-terminal kinase (JNK) and mammalian STE20-like protein kinase 1
(MST1) that are activated upon cellular stress, induce the nuclear
accumulation of FOXOs. A main trigger of JNK activation is accumulation of
cellular reactive oxygen species (ROS) which together with DNA-damage
also activate ataxia telangiectasia mutated (ATM) kinase and induce the
interaction between ATM and FOXO and its nuclear accumulation.
AMP-activated kinase (AMPK) functions as a cellular energy sensor that
increases the activity of nuclear FOXO factors. AMPK thereby acts in
concert with either low growth factor availability or high cellular stress and
further steers FOXO target recognition.

nuclear accumulation. However, as phosphorylation occurs at a
conserved serine in the forkhead domain (Ser209 of FOXO3)
it has not been completely clarified, how this phosphorylation
affects consensus sequence recognition by FOXO3. According to
crystal structures and band shift analyses (Brent et al., 2008),
DNA binding by FOXO1 is reduced or event abrogated suggesting
that during activation by JNK or MST1, FOXO might at least in
part interact with other transcription factors such as p53 (Chung
et al., 2012) or c-Myc (Ferber et al., 2012) and thereby regulate
target gene expression.

An important sensor of DNA-damage response is the ataxia
telangiectasia mutated (ATM), a member of the phosphoinositol-
3-kinase-like kinase family. ATM coordinates together with ATM-
related kinase (ATR) the cellular response to DNA-damage by
activating DNA-repair and signaling pathways. ATM senses DNA
double strand breaks and is also activated by ROS in mammalian
cells (reviewed in Ditch and Paull, 2012). ATM interacts with
FOXO3 and p53 during DNA-damage (Tsai et al., 2008; Chung
et al., 2012) and ROS-response (Yalcin et al., 2008) suggesting
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that these proteins are tightly interconnected during stress sig-
naling. We recently provided evidence that the FOXO3-ATM
complex also overcomes epigenetic silencing of the caspase-8 gene
in human neuroblastoma cells by activating the ATM downstream
target CREB which in turn triggers methylation-independent
activation of the caspase-8 promoter (Geiger et al., 2012).

AMP-activated kinase (AMPK) is a sensor of cellular energy
homeostasis and is activated by high AMP to ATP ratios. AMPK
phosphorylates FOXO3 on at least six different serine/threonine
residues (Thr179, Ser399, Ser413, Ser439, Ser555, Ser588, and
Ser626), which does not change subcellular localization of FOXO3
but increases its transcriptional activity and may modulate dif-
ferential promoter recognition (Greer et al., 2007). AMPK only
phosphorylates nuclear FOXO3 thereby acting in concert with
growth factor withdrawal or cellular stress signals. The exact
mechanism of FOXO3 transcriptional activation by AMPK has
not been completely elucidated but phosphorylation by AMPK
increases the interaction with CREB-binding protein (CBP)
(Wang et al., 2012) and p300 which both affect FOXO3 tran-
scriptional activity and promoter recognition by acetylation.
Phosphorylation of FOXO by AMPK has been linked to FOXO-
induced autophagy (Chiacchiera and Simone, 2009), neuronal
cell death (Davila et al., 2012), and muscle atrophy (Sanchez
et al., 2012). Importantly, fission of mitochondria triggers AMPK
activation and FOXO3-induced autophagy, which removes mito-
chondria and contributes to muscle atrophy (Romanello et al.,
2010). This suggests an energy-sensing network between AMPK,
FOXO3 and mitochondrial architecture.

STEERING FOXO FUNCTION BY ACETYLATION,
METHYLATION AND INTERACTION WITH OTHER
TRANSCRIPTION FACTORS
Besides kinase cascades FOXO transcription factors are subject
to additional post-translational modifications such as acetyla-
tion/deacetylation processes, most prominent via acetylation of
lysines in the forkhead domain by CBP/p300 (Wang et al., 2012)
or deacetylation by the protein deacetylase sirtuin-1 (SIRT1)
(Brunet et al., 2004; Kobayashi et al., 2005). Whereas acetylation
enhances the expression of pro-apoptotic FOXO-targets, SIRT1
modulates the transcriptional function of FOXO3 in a way which
inhibits FOXO3-induced expression of pro-apoptotic genes and
increases the expression of genes involved in cell-cycle regulation,
DNA-repair and stress resistance. FOXO-deacetylation by SIRT1
may therefore also contribute to longevity and survival of tumor
cells, questioning the general view of FOXOs as tumor suppres-
sor proteins (reviewed in (Calnan and Brunet, 2008). Another
posttranslational modification is methylation by protein argi-
nine methyltransferases (PRMT) 1 and 6 that add methyl groups
to arginine on substrate proteins. In the case of FOXO tran-
scription factors, PRMT1 targets arginine Arg248 and Arg250
(of FOXO1) within the PKB consensus motive, which prevents
PKB-mediated phosphorylation of Ser256 (FOXO1). As a con-
sequence nuclear export in presence of active PKB is inhibited
and the transcriptional activity of FOXO transcription factors
is increased (Yamagata et al., 2008). In contrast SET-domain
containing protein 7 (SETD7/SET9), a lysine-methyltransferase
was shown to methylate Lys270 in FOXO3, which inhibits

DNA-binding, induction of FOXO3 target genes such as Bim and
neuronal apoptosis (Xie et al., 2012). Therefore protein methyla-
tion significantly steers the activity of FOXO transcription factors
and also affects their posttranslational modification by protein
kinases.

Furthermore, FOXO proteins have been shown to cooperate
with cofactors such as Smad3/4, p53, as well as with nuclear
androgen-, glucocorticoid- and retinoic acid receptors (reviewed
in, Calnan and Brunet, 2008; van der Vos and Coffer, 2008).
Recently it was also shown that FOXO3 interacts with β-catenin
and that this interaction converts the transcriptional activity
of FOXO3 to promote metastasis instead of apoptosis in colon
cancer (Tenbaum et al., 2012).

A recent report suggests that FOXOs may also directly mea-
sure the redox status in a cell via reversible oxidation/reduction
of cysteine. Oxidation of cysteines in FOXO proteins causes the
covalent binding of p300 and CBP via disulfide bonds. These
modifications directly affect the transcriptional activity of FOXO
transcription factors and thereby allow them to act as sensors of
cellular redox status (Dansen et al., 2009). Together with phos-
phorylation by oxidative stress induced kinases such as JNK or
MST1, this mechanism may directly affect target gene regulation
by FOXO transcription factors and modulate the cellular response
to ROS.

FOXO3 AS A TRIGGER FOR MITOCHONDRIAL ROS
Although FOXO3 has been shown to induce a number of genes
that protect against ROS suggesting that they play a critical
role in keeping cellular ROS low, we recently demonstrated
that in primary neurons and neuroblastoma cells FOXO3 may
also increase mitochondrial ROS levels (Hagenbuchner et al.,
2012a). The accumulation of ROS was essential for FOXO3-
induced cell death in these cell types, since co-treatment with
the ROS inhibitor N-Acetyl-L-cystein (NAC) rescued neurob-
lastoma cells from FOXO3-induced apoptosis. This uncovers an
interesting possible feedback regulation between ROS and FOXO3
at mitochondria: on one hand FOXO3 is activated in response
to elevated cellular ROS levels and on the other hand FOXO3
itself triggers ROS accumulation by interrupting mitochondrial
outer membrane integrity. To investigate such a possible self-
amplifying regulation we infected SH-EP/FOXO3 cells that carry
a conditional 4OHT-activated FOXO3ERtm fusion protein with
a retrovirus coding for a wild-type ECFP-FOXO3 fusion pro-
tein. This ECFP-FOXO3 fusion protein can be used to monitor
FOXO3 nuclear accumulation by live cell fluorescence microscopy
in response to various stimuli (Obexer et al., 2009; Geiger et al.,
2012; Hagenbuchner et al., 2012a,b). In SH-EP neuroblastoma
cells the PI3K-PKB signaling pathway is highly active, which
causes cytoplasmic retention of FOXO3 (Obexer et al., 2007,
2009). In these cells, we studied whether activation of the con-
ditional, PKB-independent FOXO3 allele and FOXO3-induced
increase of mitochondrial ROS constitutes a signal to activate
cellular FOXO3 protein despite active PKB. A first ROS accu-
mulation was observed already 4 h after FOXO3-activation and
at this time point ECFP-FOXO3wt is already equally distributed
between nucleus and cytoplasm of the majority of the cells.
Interestingly at 6 h, when the first ROS wave already declines,
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wild-type ECFP-FOXO3 accumulates in the nucleus of the neu-
roblastoma cells (Figure 2). This supports the hypothesis that
some active FOXO3 molecules within a cell may trigger also
the nuclear accumulation and thereby hyper-activation of other
FOXO3 molecules. The primary, partial activation of FOXO
increases the levels of pro-apoptotic Bim, which in turn causes
damage to mitochondria, partial release of Cytochrome-c and
increased ROS production (Hagenbuchner et al., 2012a). The sec-
ondary FOXO3 activation might at least in part be regulated by
the first ROS accumulation and explain why some FOXO3 tar-
gets are immediately activated, such as Bim, whereas others are
induced (such as p27Kip1, data not shown) or repressed (such as
BclxL), (Hagenbuchner et al., 2012a) in delay. Although the rele-
vance of ROS in this FOXO3-induced FOXO3 activation has to be

proven, these observations support the hypothesis that oxidative
stress activates FOXO3, which enhances further mitochondrial
ROS and that this feedback-loop causes an avalanche-like, sec-
ondary activation of additional FOXO3 molecules leading to
the second wave of ROS accumulation and apoptotic cell death
(Figure 2).

THE CONNECTION BETWEEN FOXO, PRO-APOPTOTIC Bcl2
PROTEINS, RESPIRATION AND ROS
When analyzing the events that lead to the first accumulation
of ROS at the mitochondria, we identified the pro-apoptotic
FOXO3-target Bim as a trigger of transitory mitochondrial outer
membrane permeabilization. Bim is rapidly induced (within
2–8 h) by FOXO3 (Obexer et al., 2007), leading to translocation

FIGURE 2 | FOXO3 activation causes biphasic ROS accumulation at

mitochondria leading to feed forward activation and apoptosis. SH-EP
neuroblastoma cells expressing a conditional FOXO3-ERtm protein were
treated with 4-OH-tamoxifene (4OHT), which leads to functional activation of
this transgene. FOXO3 induces a first ROS accumulation at 4 h with complete
SESN3-dependent decay of ROS between 8 and 14 h and strong secondary
accumulation of ROS afterwards that finally leads to apoptotic cell death.
Accumulation of ROS was detected using MitoTracker Red CMH2XROS
(Invitrogen) by live-cell imaging in an Axiovert200M microscope (Zeiss) (A).
Subsequent to the first ROS peak triggered by FOXO3(A3)ERtm nuclear
accumulation of ECFP-FOXO3wt is observed suggesting amplifying feed
forward activation of additional FOXO3 molecules after primary FOXO3
activation (B). Apoptosis was determined by Annexin-V staining in a FC500

flow cytometer (Beckman-Coulter) (C). The chronology of cellular events in
response to FOXO3 activation: after 4 h ECFP-tagged FOXO3 starts to
accumulate in the nucleus (blue line, data based on quantification of nuclear
FOXO3 by live cell imaging analysis), ROS accumulates first after 4 h,
followed by decay to background ROS levels and a second much more
intensive ROS accumulation (red line) that also marks the onset of cell death
(black line, based on time course experiments using flow cytometric analysis
of annexin-V staining). The data was compiled from analyses shown in (A–C),
additional unpublished data or data from (Hagenbuchner et al., 2012a) (D).
Model of cell death/stress resistance regulation by FOXO3 involving the
biphasic accumulation of mitochondrial ROS downstream of Bim, which may
constitute a feed forward signal to overcome the ROS-protective capacity of
SESN3 (E).
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of Bax and to a first minor release of Cytrochrome-c, which
correlates with the first ROS accumulation (Hagenbuchner
et al., 2012a). Knock-down of Bim rescues neuroblastoma
cells from ROS-accumulation and FOXO3-induced apoptosis,
whereas tetracycline-regulated Bim-expression alone is sufficient
to induce ROS. These observations imply that FOXO3 interrupts
mitochondrial function by transient outer membrane permeabi-
lization via Bim, which results in Bax/Bak activation and in leak-
ing out of the electron-acceptor Cytochrome-c (Hagenbuchner
et al., 2012a). As a result of inefficient electron transfer ROS accu-
mulate at mitochondria. The amount of released Cytochrome-c
seems not sufficient in these neuronal cells to induce immedi-
ate apoptosome-mediated caspase-9 activation and cell death,
as first signs of apoptosis are evident much later after 18–24 h.
Whereas the knock-down of Bim prevents FOXO3-induced ROS
accumulation and cell death induction shRNA-mediated elim-
ination of Noxa/PMAIP1, another BH3-only protein that is
directly regulated by FOXO3 in neuronal cells, does not influ-
ence FOXO3-induced ROS accumulation. This suggests that a
weak BH3-only protein such as Noxa, which cannot induce
apoptosis by itself but acts as apoptosis-sensitizer is also not
potent enough to cause ROS accumulation at mitochondria.
The hypothesis that mitochondrial apoptosis is directly con-
nected to transitory permeabilization of the outer mitochon-
drial membrane leading to mitochondrial ROS accumulation is
further supported by the Bim-neutralizing pro-survival protein
BclxL: if overexpressed BclxL not only prevents FOXO3-induced
cell death but also the biphasic ROS accumulation thereby
directly linking FOXO3-induced ROS to the balance of pro-
and antiapoptotic Bcl2 proteins at mitochondria (Figures 2, 4).
Simultaneously with Bim induction and ROS accumulation,
mitochondrial respiration drops to about 70% of untreated con-
trols, but recovers again to 99% after decay of the first ROS
wave (Hagenbuchner et al., 2012a). Consistent with the hypoth-
esis that FOXO3-induced mitochondrial ROS results from the
detrimental effects of Bim on mitochondrial function, Bim over-
expression causes a significant drop of respiration that coincides
with high levels of ROS. On the other hand the overexpres-
sion of BclxL, which is repressed by FOXO3, also efficiently
preserves respiration during FOXO3-activation (Hagenbuchner
et al., 2012a). This suggests that FOXO3-activation by e.g., oxida-
tive stress causes an imbalance of FOXO3-regulated Bcl2 proteins
in neuronal cells leading to partial membrane permeabilization,
transitory decrease in respiration and accumulation of ROS at
mitochondria.

In contrast to these “acute FOXO3 effects” on mitochon-
dria in neuronal cells additional mechanisms have been dis-
covered how FOXO3 regulates mitochondrial mass, respiration
and ROS production. Two groups recently demonstrated that
FOXO3 is activated downstream of hypoxia-inducible factor-
1α (HIF-1α) during hypoxia and is involved in the repres-
sion of nuclear-encoded mitochondrial genes during hypoxia.
In this case, FOXO3 controls the adaptation to low oxygen and
slowly shuts down mitochondrial activity by antagonizing c-
Myc function. Hypoxia usually increases ROS production from
mitochondria, which feeds back into stabilization of HIF-1α.
Under hypoxic conditions, FOXO3 prevents hypoxia-induced

ROS and HIF-1α stabilization by ROS, which contributes to
tumor growth in xenograft models (Jensen et al., 2011; Ferber
et al., 2012).

A third mechanism by which FOXO3 modulates mitochon-
drial activity is by directly regulating mitochondria-encoded
genes. In response to glucose restriction in fibroblasts and skeletal
muscle cells FOXO3 is phosphorylated by AMPK and subse-
quently imported into mitochondria where it forms a protein
complex containing FOXO3, SIRT3, and mitochondrial RNA
polymerase (mtRNAPol). This complex activates the expression
of mitochondria-encoded genes, increases mitochondrial respi-
ration and contributes to muscle adaptation during nutrient
restriction (Peserico et al., 2013). How this complex affects mito-
chondrial structure has not been investigated yet.

FOXO3-INDUCED MITOCHONDRIAL ROS—A BALANCE
BETWEEN LIFE AND DEATH?
So does FOXO3-induced early ROS accumulation already
define the non-reversible activation of programmed cell death?
Interestingly, after the first peak around 4 h after FOXO3 acti-
vation mitochondrial ROS almost completely goes back to base-
line (Figure 2A and red line in schematic presentation), which
suggests that in parallel to mitochondrial damage also rescue
pathways are activated. In a large number of different cell types
FOXO-transcription factors play a critical role in the detoxifica-
tion of ROS and several FOXO3-targets were described for this
cell-protective effect, among them SOD2, Catalase (Kops et al.,
2002; Hasegawa et al., 2008; Tan et al., 2008) peroxiredoxin III
(Chiribau et al., 2008) or the redox enzyme sestrin3 (SESN3)
(Chen et al., 2010). SOD2 and Catalase are critically involved in
the detoxification of superoxide-radicals and peroxide in various
cell types and their activity might explain the decay of ROS and
recovery of mitochondrial respiration after the first ROS peak
during FOXO3 activation. However, SOD2 and Catalase were
not regulated in neuroblastoma cells and therefore do not seem
to contribute to the fluctuations of ROS levels during FOXO3-
induced apoptosis (Hagenbuchner et al., 2012a). Neuronal cells
rely on the thiol-reducing system based on thioredoxin and glu-
tathione, which act as reducers of cellular peroxides (Budanov
et al., 2004). In Microarray analyses, however, we identified the
antioxidant enzyme SESN3 as a FOXO3 target in neuronal and
neuroblastoma cells. SESN3 has two different functions: it acts
as an antioxidant factor and is critical for the regeneration of
peroxiredoxins. On the other hand SESN3 is also an inhibitor
of target of rapamycin complex 1 (TORC1), which may affect
FOXO3 activation via the PKB pathway (Budanov and Karin,
2008; Chen et al., 2010). When SESN3 induction is abrogated by
short-hairpin technology this also prevents the transitory decline
in ROS during FOXO3 activation and accelerates FOXO3-induced
apoptosis in neuronal cells. This suggests that FOXO3 activate
both, ROS production via Bim-induced mitochondrial damage
and in parallel a ROS detoxifying pathway via SESN3. SESN3
induction and ROS detoxification therefore represent a rescue
pathway for neuronal cells after FOXO3 activation. The balance
between ROS-inducing and ROS-detoxifying molecular players
determines whether the cell undergoes FOXO3-induced apoptosis
or not.
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The second ROS accumulation observed after about 16 h
(Figure 2) is associated with phosphorylation of p66/SHC, a
splice variant of the growth factor SHC, which localizes to
mitochondria (Hagenbuchner et al., 2012b). Phosphorylation of
p66/SHC correlates with increased H2O2 production (Giorgio
et al., 2005), suggesting that prolonged FOXO3 activation over-
comes the protective effect of SESN3 and continuous oxidative
stress leads to phosphorylation of p66. Increased ROS finally
causes oxidation of the Cytochrome-c-binding protein cardi-
olipin, which results in elevated levels of free Cytochrome-c
in the inter-membrane space and finally to effective release
of Cytochrome-c from mitochondria and apoptosis induction
via apoptosome formation and caspase activation (reviewed in,
Huttemann et al., 2011).

MITOCHONDRIAL REORGANIZATION AND EFFECTS OF
FOXO3
Mitochondrial activity and connectivity regulates oxidative phos-
phorylation and thereby intracellular ATP production. Electrons
from energy rich NADH and FADH2 are transferred through
the chain of four large enzyme complexes, leading to a proton
flux via the inner mitochondrial membrane. As a side product,
mitochondrial respiration leads to production of ROS, mainly
through complex I, III and the reduced ubiquinol pool. ROS
from complex I are mainly released on the matrix side of mito-
chondria, whereas complex III releases ROS into the matrix and
the inter-membrane space. Within the inter-membrane space
free Cytochrome-c acts as natural ROS detoxifier by removing
unpaired electrons from superoxide leading to O2 formation and
by conversion of hydrogen peroxide. During apoptosis induction,
ATP production is reduced and mitochondria undergo reorgani-
zation to release Cytochrome-c into the cytosol which leads to
a sharp increase of ROS from complex I (reviewed in, Sena and
Chandel, 2012).

The mitochondrial shape and size are controlled by mem-
bers of the fusion/fission family which, together with the Bcl2
family, control mitochondrial fragmentation and Cytochrome-
c release (Karbowski et al., 2006; Sheridan et al., 2008). The
main mammalian fission protein is the GTPase dynamin-related
protein 1 (DNM1L/Drp1), whose activity is mainly regulated
by phosphorylation at Ser616 and Ser637. Ser616 phosphory-
lation by Cdk1/cyclinB affects GTPase effector domain (GED)
function and leads to translocation of Drp1 to the mitochon-
dria during mitosis. De-phosphorylation on Ser637 is thought
to be mediated by calcineurin which facilitates the translo-
cation of Drp1 to distinct foci at the outer membrane of
mitochondria, where oligomerization of Drp1 induces the frag-
mentation of mitochondrial networks into single mitochondria
(reviewed in, Elgass et al., 2013). Other regulators of mitochon-
drial fusion, mitofusin 1 and 2 (MFN1 and MFN2) and optic
atrophy1 (OPA1) also regulate mitochondrial fusion dynam-
ics. MFN1 and MFN2 are located at the mitochondrial outer
membrane and are responsible for connecting separate mito-
chondria. OPA1 is localized inside the intermembrane space and
cooperates with MFN1 and MFN2 to fuse the inner and outer
membranes of different mitochondria (reviewed in, Elgass et al.,
2013).

Drp1, MFN1, and MFN2 were shown to cooperate with
distinct members of the Bcl2 family in the reorganization of
mitochondria during apoptosis induction. Active Drp1 facilitates
Bax oligomerization during outer membrane permeabilization
(Karbowski et al., 2006). BclxL and Bcl2 can bind MFN2, but
not MFN1 and BclxL also interacts with Drp1, which interestingly
increases its GTPase activity and leads to apoptosis-independent
fragmentation of mitochondria in specific cell types (Delivani
et al., 2006; Sheridan et al., 2008). Therefore, BclxL can promote
either fusion or fission, even in the same cell type.

So how does FOXO3 affect mitochondrial architecture in neu-
ronal cells? We observed de-phosphorylation of Drp1 at Ser637
and its translocation to the mitochondria 8 h after FOXO3 acti-
vation, suggesting that Bim-induced ROS may lead to cellular
stress-induced de-phosphorylation of Drp1 (Hagenbuchner et al.,
2012b). At the same time, Bax is recruited to the mitochondria
and small amounts of Cytochrome-c are released to the cyto-
plasm. After 24 h FOXO3 induces MFN1 and MFN2 expression,
which correlates with the onset of apoptosis and reorganization
of mitochondria. Ectopic expression of BclxL not only blocked
Cytochrome-c release and apoptosis by sequestering Bim but also
prevented the induction of the fusion/fission machinery pro-
teins by FOXO3 (Hagenbuchner et al., 2012b). This implies that
induction of Bim and repression of BclxL by FOXO3 signifi-
cantly affect the mitochondrial fusion/fission machinery via Drp1
recruitment, which, in addition to ROS accumulation and BH3-
only-induced Bax-oligomerization may contribute to FOXO3-
induced Cytochrome-c release and apoptosis (Hagenbuchner
et al., 2012b). Beyond Bcl2-family members FOXO3 affects mito-
chondrial activity and shape also via regulating the FOXO3 target
Survivin.

SURVIVIN UNCOUPLES MITOCHONDRIAL FISSION FROM
CYTOCHROME-c RELEASE AND APOPTOSIS INDUCTION
Survivin belongs to the family of Inhibitors of Apoptosis Proteins
(IAPs) and was reported to inhibit apoptosis only when located
to the mitochondria (Dohi et al., 2007; Obexer et al., 2009).
Survivin contains the characteristic zinc-binding BIR domain
but lacks the typical RING domain of other IAP family mem-
bers. Apoptosis inhibition was ascribed to the ability of Survivin
to directly bind and stabilize XIAP, which directly interferes
with caspase activation (Dohi et al., 2004). These mechanisms
suggest that Survivin prevents apoptosis downstream of mito-
chondria. However, in neuroblastoma cells we observed a dif-
ferent mode of action of Survivin: Survivin mRNA expression
is rapidly repressed by FOXO3 and this leads to rapid loss of
cytoplasmic Survivin, whereas mitochondrial Survivin shows sig-
nificantly higher stability. Ectopically expressed Survivin reduces
the number of CMXRos-negative cells during FOXO3-activation,
suggesting a role for Survivin at the level of mitochondria (Obexer
et al., 2009). In concordance we observed that Survivin pre-
vents Bax accumulation at the mitochondria and the release
of Cytochrome-c into the cytoplasm after FOXO3-activation.
Interestingly, Survivin interferes with FOXO3-induced ROS accu-
mulation. Similar to knock-down of Bim or ectopic expression of
BclxL, Survivin inhibits FOXO3-induced ROS, Bax activation and
Cytochrome-c release (Hagenbuchner et al., 2012b). In contrast
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to BclxL, which prevents Drp1 accumulation at mitochondria,
Survivin-overexpressing cells showed increased Drp1 levels but
reduced Drp1 phosphorylation (unpublished data) and there-
fore significantly higher amounts of mitochondria-associated

Drp1 than control cells (Hagenbuchner et al., 2012b). These
increased Drp1 levels resulted in fragmented mitochondria in
Survivin-expressing cells (Figure 3). The mitochondrial fission
phenotype is reversibly either by the use of the Drp1-inhibitor

FIGURE 3 | The FOXO3-target Survivin reduces mitochondrial respiration

and induces mitochondrial fission in neuronal tumor cells via Drp1

recruitment to mitochondria. Ectopic expression of the anti-apoptotic
protein Survivin in neuroblastoma cells reduces basal and FCCP-activated
mitochondrial respiration to about one third of control cells. Oxygen
consumption of the cells and mitochondrial function were analyzed by
high-resolution respirometry (Kuznetsov et al., 2008), using a two-channel
Oroboros Oxygraph respirometer. This reduced respiratory activity results

from almost absence of respiratory complex I activity (data not shown;
∗∗∗P < 0.001, student’s t-test) (A). Survivin recruits DNM1L/Drp1 to
mitochondria and induces mitochondrial fission. Microscopic images were
acquired on an Axiovert200M microscope equipped with an Apotome_2
module (B). Mitochondrial fission is associated with apoptosis-protection and
significantly reduced capability to accumulate ROS in response to FOXO3
activation or treatment with chemotherapeutic agents (see text)
(Hagenbuchner et al., 2012b).

FIGURE 4 | A conceptional view on how FOXO3 regulates mitochondrial

ROS and apoptotic cell death in neuronal cells and neuroblastoma

tumor cells. Transitory induction of pro-apoptotic Bim by FOXO3 constitutes
a first mitochondria-damaging signal that triggers the primary ROS peak at
4 h. In parallel the ROS-detoxifying SESN3 accumulates and critically
regulates decay of the ROS after 4–6 h. Bim-neutralizing BclxL and Survivin
are both repressed by FOXO3, thereby lowering the ability of the cell to cope

with apoptosis-inducing signals. This concerted regulation of pro- and
anti-apoptotic ROS-affecting proteins overcomes the protective effect of
SESN3 after about 16 h leading to a sharp and continuous increase in ROS,
which finally leads to apoptotic cell death. The schematic presentation is
based on several time-course immunoblot experiments and data from
fluorescence-based mitochondrial ROS measurements not included in this
paper.
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Mdivi-1 or by knock-down of Drp1 with short-hairpin technol-
ogy, which both lead to mitochondrial fusion. Also the reduction
of Survivin levels reverses the mitochondrial phenotype, suggest-
ing that Survivin actively contributes to mitochondrial fission
via Drp1 recruitment. In contrast to the current dogma that
Drp1 translocation to mitochondria and mitochondrial fission is
associated with apoptosis induction the Survivin-induced fission
even protects cells against FOXO3-induced apoptosis and con-
fers resistance to chemotherapeutic agents (Hagenbuchner et al.,
2012b). This protective effect is associated with efficient inhi-
bition of FOXO3-induced ROS, which may be ascribed at least
in part to significant reduction of mitochondrial respiration by
Survivin. In neuronal tumor cells moderate overexpression of
Survivin lowers endogenous respiration to about one third of
control cells via inactivation of respiratory complex I (Figure 3).
Survivin-induced changes of mitochondrial shape and mitochon-
drial respiration reprograms cellular energy metabolism so that
the cells become dependent on glycolysis and sensitive to glycoly-
sis inhibitors (Hagenbuchner et al., 2012b). Thereby, by affecting
cellular Survivin expression FOXO3 affects mitochondrial shape,
respiratory activity and energy metabolism.

FOXO3 was originally described as a tumor-suppressor pro-
tein that activates cell death inducers such as TRAIL, Fas

ligand, Bim or Noxa or controls detoxification of ROS. In
the meantime this view has been challenged as it was shown
that FOXO3 may also control mitochondrial respiration dur-
ing adaptation to hypoxia or is even imported into mito-
chondria to regulate expression of mitochondrial genes. The
fact that FOXOs are inactive under optimal growth condi-
tions suggests that these transcription factors function as home-
ostasis regulators during stress rather than as typical tumor
suppressors. According to our recent studies FOXO3 induces
mitochondrial ROS as an essential second messenger during
Bcl2-protein controlled apoptotic cell death but also detoxi-
fying proteins that counteract ROS accumulation (Figure 4).
Importantly, FOXO3 also represses the proto-oncogene Survivin,
which we discovered to regulate the mitochondrial fusion/fission
machinery and mitochondrial respiration by interfering with
complex I activity. By this, the FOXO3-target Survivin repro-
grams energy metabolism and activates glycolysis to produce
energy for survival. So FOXO3 is a transcription factor that
directly or indirectly affects mitochondrial respiration, ROS
accumulation and even mitochondrial shape, which on one
hand affects apoptosis sensitivity of tumor cells, but also
may have significant impact on life-span in multicellular
organisms.
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Mitochondrial damage has been associated with early steps of cardiac dysfunction in heart
subjected to ischemic stress, oxidative stress and hypertrophy. A common feature for the
mitochondrial deterioration is the loss of the mitochondrial membrane potential (�� m)
with the concomitant irreversible opening of the mitochondrial permeability transition pore
(MPTP) which follows the mitochondrial Ca2+ overload, and the subsequent mitochondrial
swelling. We have recently characterized the expression of the Na+/H+ exchanger 1
(mNHE1) in mitochondrial membranes. This surprising observation provided a unique
target for the prevention of the Ca2+-induced MPTP opening, based on the inhibition
of the NHE1 m. In this line, inhibition of NHE1 m activity and/or reduction of NHE1 m
expression decreased the Ca2+-induced mitochondrial swelling and the release of reactive
oxygen species (ROS) in isolated cardiac mitochondria and preserved the �� m in isolated
cardiomyocytes. Mitochondrial NHE1 thus represents a novel target to prevent cardiac
disease, opening new avenues for future research.

Keywords: ischemia, mitochondrial permeability transition pore, NHE1, mitochondrial swelling, siRNA

SODIUM/PROTON EXCHANGER (NHE)
Sodium/proton exchangers (NHE) are a family of integral mem-
brane proteins present in most organisms. These transporters
which catalyze the electroneutral exchange of one intracellular
H+ for one extracellular Na+ across membrane along their con-
centrations gradient are crucial for control of intracellular pH
(pHi) and cell volume, and, cell migration and proliferation.

The first NHE isoform to be identified was NHE1, which has
a ubiquitous tissue distribution in mammals (Sardet et al., 1989).
Since its discovery, nine other human isoforms have been iden-
tified (NHE2–NHE10) (Fliegel, 2008; Lee et al., 2008). While
NHE1–NHE6 reside in the plasma membrane or recycling endo-
somes, NHE7–NHE9 are located inside the cell rather than the
plasma membrane (Fliegel, 2008). The NHE10 is expressed in the
surface of osteoclast (Lee et al., 2008).

NHE1 IN THE HEART
NHE1 is the most studied isoform that accumulates preferentially
in microdomains of cells membranes, concentrating along the
basolateral membrane of epithelia (Biemesderfer et al., 1992) and
the intercalated disks and t-tubules of cardiac myocytes (Petrecca
et al., 1999). The sarcolemmal NHE1 is the major Na+ influx
pathway found in the plasma membrane of cardiac cells.

NHE1 is an integral membrane glycoprotein with a pre-
dicted molecular mass of 85 kDa. NHE1 can be separated
into an N-terminal, membrane-associated domain, and a long
C-terminal tail, with both the N-and C-terminal domains being
cytoplasmic (Wakabayashi et al., 1997), (Orlowski and Grinstein,
1997). NHE1 is expressed ubiquitously in mammalian cells,

where it electroneutrally exchanges one intracellular H+ for
one extracellular Na+, thus regulating pHi. The membrane
domain composed of 12 transmembrane regions is associated
with ionic transport (Wakabayashi et al., 1992), and contains the
allosteric H+ sensor site that determines the exquisite sensitivity
of the exchanger to intracellular H+. The cytoplasmic domain is
involved in the regulation of the activity of the exchanger by sev-
eral mechanisms. Removal of the distal region of the cytosolic tail
causes a shift of the pHi sensitivity to the acidic side and an impor-
tant inhibition of NHE1 activation by growth factors (Fliegel
and Karmazyn, 2004). Cytoplasmic tail contains several phospho-
rylation sites and a high affinity and a low-affinity calmodulin
binding sites (Bertrand et al., 1994). The high-affinity binding site
functions as an “autoinhibitory domain” that binds Ca2+-bound
calmodulin and allows activation of the exchanger. Deletion of
this domain constitutively activates NHE1 and mimics elevated
intracellular [Ca2+] (Wakabayashi et al., 1994). In addition, the
cytoplasmic tail contains a binding site for the calcineurin B
homolog protein CHP1, an essential cofactor for NHE1 (Pang
et al., 2001). The exchanger is phosphorylated by different protein
kinases in response to hormone and growth factor stimulation, as
well as sustained acidosis (Sardet et al., 1990, 1991; Haworth et al.,
2003).

Under basal conditions, NHE1 exchanger is relatively qui-
escent and its activity relies only on the extrusion of the H+
produced by the metabolic activity of cells as well as the H+ that
enters the cell through acid-loading mechanisms. However, the
exchanger has an exquisite sensitivity to the increase in intracel-
lular H+ levels and enhances its activity once pHi drops below
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a threshold level by allosterically “sensing” pHi, and by being
phosphorylated or by interacting with some associated proteins,
thus promoting the rapid extrusion of acid (Leem et al., 1999).
NHE1 is constitutively phosphorylated in resting cells, but fur-
ther phosphorylation is induced by several stimuli acting through
G-protein-coupled receptors such as α1-adrenergic receptors,
angiotensin II (Ang II), and endothelin-1 (ET-1). Kinases such
as the Ca2+-/calmodulin-dependent kinase II (Fliegel et al.,
1992), the extracellular signal-regulated kinase (ERK) (Moor and
Fliegel, 1999), 90 kDa ribosomal S6 kinase (p90 rsk) (Takahashi
et al., 1999), p38 mitogen-activated kinase (p38 MAPK) (Khaled
et al., 2001), p160 ROCK (Tominaga et al., 1998), and the
Nck-interacting kinase (NIK) (Yan et al., 2001) putatively phos-
phorylate NHE1 to modulate NHE1 activity. In addition, both
protein kinases C and D are thought to influence NHE1 activity
in response to growth factor and hormone stimulation without
a direct phosphorylation of the exchanger (Fliegel et al., 1992;
Haworth et al., 1999). NHE1 is also susceptible to dephospho-
rylation by protein phosphatases such as PP1 (Misik et al., 2005)
and PP2A (Snabaitis et al., 2006). Carbonic anhydrase II (CAII)
binds to the regulatory cytosolic domain of NHE1 enhancing
its activity. Phosphorylation of the C terminus of NHE1 greatly
increased the binding of CAII. This binding was shown to involve
a protein–protein interaction, suggesting that both proteins con-
stitute a complex. The inhibition of CAII decreased NHE1 activity
significantly (Li et al., 2002).

As previously described, the NHE1, relatively quiescent under
basal conditions, however, becomes highly active during ischemia
in response to intracellular acidosis, leading to NHE1-mediated
Na+ entry into the cell (Karmazyn, 1999a; Karmazyn et al., 1999).
Inhibition of [Na+]i accumulation by increasing NHE activity
and prevention of Ca2+ overload via Na+/Ca2+ exchanger have
been proposed as potential mechanisms of cardioprotection by
NHE1 blockade (Avkiran, 1999). NHE exchanger inhibitors have
proven to protect the heart against ischemia/reperfusion (I/R)
injury (Karmazyn, 1999a,b). Moreover, the positive effect that
NHE1 inhibition exerts on left ventricular systolic function dur-
ing revascularization therapy after acute myocardial infarction
has been documented (Rupprecht et al., 2000). The protection of
the ischemic myocardium by NHE1 inhibition after the onset of
reperfusion has been described (Rohmann et al., 1995; Gumina
et al., 1998; Hurtado and Pierce, 2000). The decrease in myocar-
dial infarct size, through interference with the action of reactive
oxygen species (ROS) generation at the beginning of reperfusion,
has also been reported (Koerner et al., 1991; Tanaka et al., 1994;
McDonald et al., 1999; Sahna et al., 2002). Fantinelli et al. (2006)
described that pharmacological interventions, ROS scavenging
and NHE1 inhibition, when applied together and at their max-
imal effective concentration, did not induce protection further
than that obtained separately by each pharmacologic procedure.
These findings suggest that both interventions act through a com-
mon pathway. The authors proposed that in addition to the effect
of preventing intracellular Na+ increase, NHE1 inhibition by
cariporide decreases ROS-induced damage.

NHE1 activity is controlled by pHi and numerous other fac-
tors, such as hormones, catecholamines, enzymes, and mechan-
ical stimuli, known to be associated with heart disease (Avkiran

and Haworth, 2003; Cingolani et al., 2008; Villa-Abrille et al.,
2010; De Giusti et al., 2011). Furthermore, cardiac expression
of an activated form of NHE1 that lacks the calmodulin-binding
inhibitory domain was sufficient by itself to initiate cardiac hyper-
trophy and heart failure (Nakamura et al., 2008). Constitutively,
active NHE1 leads to pathological changes in activation of
the Ca2+-dependent pro-hypertrophic signaling molecules, cal-
cineurin and CaMKII (Nakamura et al., 2008). Similarly, in heart
over-expression of activated NHE1 was recently found to elicit
specific pathways of gene activation, inducing an increase in
cross-sectional area of cardiomyocyte, interstitial fibrosis, and
depressed cardiac function, in transgenic mice (Xue et al., 2010).

NHE1 AND MITOCHONDRIA
Emerging evidence supports the fact that mitochondrial dys-
function underlies the causes of numerous cardiac diseases (for
review, see Baines, 2010). The mitochondrial death pathway fea-
tures the sequential loss of mitochondrial membrane potential
(�� m), which is accompanied by opening of the mitochon-
drial permeability transition pore (MPTP), release of ROS and
diverse toxic proteins which promote the activation of pro-
teolytic activity of caspases (Teshima et al., 2003). When the
MPTP opens, the permeability barrier of the inner membrane
becomes disrupted and causes the free movement of protons
across it, inducing uncoupling of the oxidative phosphoryla-
tion and mitochondria swelling. The MPTP is a large con-
ductance pore thought to be activated by ROS, by increased
mitochondrial Ca2+ levels and by dissipation of the mitochon-
drial �� m (Akao et al., 2003; Javadov and Karmazyn, 2007).
The MPTP opening can be further increased when Ca2+ over-
load is accompanied by oxidative stress, adenine nucleotide
depletion, and elevated phosphate concentrations. Moreover, a
decrease in mitochondrial anion superoxide production induced
by two known enhancers of ROS production, Ang II and
ET-1, upon NHE1 inhibition has been reported (Garciarena
et al., 2008). Furthermore, the increase in ROS production
induced by the opening of the mitochondrial ATP-dependent
K+ channel was abolished by cariporide (Garciarena et al.,
2008).

Studies on the MPTP and its role in reperfusion injury
and cardiac hypertrophy have proven fruitful (Piot et al.,
2008; Halestrap and Pasdois, 2009). Duchen et al. (1993) and
Griffiths and Halestrap (1993) showed that delayed opening of
MPTP by the MPTP inhibitor, cyclosporine A (CsA), protects
ischemic/reperfusion (I/R) injury in perfused rat hearts. Recently,
Piot et al. (2008) reported a decrease in infarct size in patients
with acute myocardial infarction by CsA administered at the time
of reperfusion. Interestingly, a role of mitochondria in determin-
ing cardiac hypertrophy after myocardial infarction has also been
proposed (Karmazyn, 1988; Caldiz et al., 2007; Javadov et al.,
2008, 2009; Cingolani et al., 2010). NHE1 inhibition was one of
the most promising therapeutic strategies for I/R injury based
on experimental animal studies. However controversial results
were obtained using NHE1 inhibitors in clinical trials: cariporide
(GUARDIAN) (Theroux et al., 2000) or EXPEDITION (Mentzer
et al., 2008) and Eniporide (ESCAMI) (Zeymer et al., 2001) (for
review, see Murphy and Allen, 2009). These trials were unable to

Frontiers in Physiology | Mitochondrial Research June 2013 | Volume 4 | Article 152 |115

http://www.frontiersin.org/Mitochondrial_Research
http://www.frontiersin.org/Mitochondrial_Research
http://www.frontiersin.org/Mitochondrial_Research/archive


Alvarez and Villa-Abrille Mitochondrial NHE1 and heart disease

demonstrate a significant reduction in mortality when these com-
pounds were tested in patients after acute myocardial infarction
(Theroux et al., 2000; Zeymer et al., 2001) or were suspended
early due to undesired effects (Mentzer et al., 2008). In a sub-
group of patients who underwent coronary artery bypass graft
surgery and were treated with cariporide, a 25% improvement in
cardiac performance was detected. Similar beneficial effects were
seen in a small trial of 100 patients who received cariporide before
percutaneous coronary angioplasty (Rupprecht et al., 2000).

The related myocardial protective effects induced by CsA and
NHE1 inhibition prompted us to speculate about the possibil-
ity that NHE1 inhibition protects the heart by targeting the
mitochondria (Robin et al., 2007). We recently demonstrated
that reduction of mNHE1 protein expression (shRNA-NHE1)
or specific inhibition of NHE1 (HOE642) at the rat heart
mitochondria significantly reduced the Ca2+-induced mitochon-
drial swelling [Figures 1, 2, modified from Villa-Abrille et al.
(2011)]. Interestingly, HOE642 did not provide additional effect
on Ca2+-induced mitochondrial swelling, in mitochondria with
diminished levels of mNHE1 protein expression, suggesting a
direct involvement of mNHE1 on the susceptibility of the MPTP
for opening following the Ca2+ overload of the mitochondria.
Additionally, the immunosuppressive agent, CsA inhibited the
MPTP opening and mitochondrial swelling to the same extent
as observed in isolated rat heart mitochondria inhibited with
HOE642 or isolated mitochondria with reduced NHE1 expres-
sion [Figures 1, 2, modified from Villa-Abrille et al. (2011)]. We

speculate that a decrease in mitochondrial exchanger function
(or reduced expression by siRNA) should increase H+ concen-
tration on the external side of the MPTP. In this regard, a
prevention of MPTP formation by acidosis after an ischemic
episode has been reported. Thus, accumulation of H+ follow-
ing mNHE1 inhibition or expression reduction should decrease
MPTP opening in heart mitochondria subjected to stress con-
ditions. Though numerous studies (Karmazyn, 1988; Kusumoto
et al., 2001; Wang et al., 2003; Fantinelli et al., 2006) demon-
strated a protective role of NHE1 inhibition I/R injury in the
heart, no mitochondrial effect of NHE1 inhibition has been con-
sidered. However, a report by Ruiz-Meana et al. (2003) drew
attention to this possibility. Furthermore, Aldakkak et al. (2008)
demonstrated that the enhanced activation of NHE with alka-
line pHi during ischemic stress leads to an additional increase
in mitochondrial Ca2+ load, which contributes to greater dete-
rioration of mitochondrial bioenergetics and ROS production
on reperfusion. Authors proved that NHE1 blockade at an alka-
line pH improved the functional recovery after reperfusion,
minimized the increase in mitochondrial [Ca2+], preserved the
mitochondrial redox state, and reduced ROS production. These
data suggested that both sarcolemmal and mitochondrial NHE1
may be involved in promoting mitochondrial Ca2+ loading with
I/R injury. In connection with this, Teshima and collabora-
tors (2003) demonstrated that cariporide protects cardiomyocyte
against cell death induced by oxidative stress, preserving intra-
cellular Na+ and Ca2+ homeostasis and mitochondrial integrity.

FIGURE 1 | Mitochondrial swelling induced by CaCl2. (A) Typical
experiment showing the scattered light absorbance traces of
Ca2+ -induced swelling in response to addition of CaCl2 to heart
mitochondria isolated from rats transduced with shRNA-SCR (SCR,
scrambled, control) in the presence or absence of cariporide (HOE642,
10 μM) and Cyclosporine A (CsA, 10 mM). Cariporide and Cyclosporine
attenuated Ca2+ -induced mitochondrial swelling and the decrease in light
scattering in mitochondrial suspensions. Cariporide inhibited the decrease

in light scattering in a similar magnitude to CsA. (B) Scheme of a
mitochondrion showing the CaCl2-induced swelling in mitochondria that
expresses scrambled sequence and functional NHE1, and possible
mitochondrial site of action of the cariporide. This inhibitor could act on
different mitochondrial mechanisms, including NHE. They could act
through a decrease in mitochondrial Ca2+ , H+, and �� m affecting the
MPTP formation or altering the sensitivity to those factors to induce
MPTP formation. Modified from Villa-Abrille et al. (2011).
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FIGURE 2 | Mitochondrial swelling induced by CaCl2. (A) Typical
experiment showing the scattered light absorbance traces of
Ca2+ -induced swelling in response to addition of CaCl2 for heart
mitochondria isolated from rats transduced with shRNA-NHE1 in the
presence and absence of cariporide. The shRNA-NHE1 transduction
significantly inhibited Ca2+ -induced mitochondrial swelling compared with
SCR-transduced animals, (as previously shown in Figure 1). Cariporide

and Cyclosporine attenuated the decrease in light scattering in
SCR-transduced rats and did not affect the decrease in light scattering in
shRNA-NHE1-transduced rats. These results indicate that the NHE1
participates in the mechanism by which the Ca2+ induces MPTP opening
and swelling. (B) Scheme showing the absence of mitochondrial swelling
and MPTP opening induced by Ca2+ when NHE1 is silencing. Modified
from Villa-Abrille et al. (2011).

The mitochondrial Ca2+ overload and the mitochondrial �� m
loss induced by oxidative stress were remarkably prevented by
cariporide (Teshima et al., 2003). Additionally, Toda et al. (2007)
demonstrated that the NHE1 inhibitor, cariporide, diminished
the mitochondrial Ca2+ overload and MPTP opening induced by
Na+/K+ ATPase inhibition in isolated cardiomyocytes. Although
these effects were proposed to be secondary to prevention of
the cytosolic increase in Ca2+, more recently a direct mitochon-
drial action of NHE1 inhibitors related to the suppression of the
myocardial superoxide production has been reported (Garciarena
et al., 2008). A “cyclosporine like effect” of NHE1 inhibition was
proposed, but the site of action of those compounds was not iden-
tified (Garciarena et al., 2008). Garciarena et al. (2008) studied
the “anti-ROS effect” of NHE1 inhibitors. The authors ana-
lyzed NADPH oxidase-dependent mitochondrial O2-generation
induced by ANG II or ET-1. The NADPH oxidase-dependent
mitochondrial release of ROS is the basis of the so-called “ROS-
induced ROS release” phenomenon proposed by Zorov et al.
(2000) and Kimura et al. (2005). However, there is no clear evi-
dence that sarcolemmal NADPH oxidase-derived ROS interacts
with the mitochondria. Accordingly, Zhang et al. (2001) using
reconstituted mKATP channels of bovine heart demonstrated that
O2-directly stimulates the opening of these channels. The three
NHE1 inhibitors used by Garciarena et al. (2008) blunted the
increased mitochondrial ROS production and the redox activa-
tion of the kinases, well-known downstream targets of ROS (Sabri
et al., 1998; Rothstein et al., 2002). The authors proposed a direct
mitochondrial effect rather than a scavenging action of NHE1
inhibitors. Additionally, they showed that cariporide blunted not
only the increased O2-production induced by ANG II/ET-1 but
also the production induced by opening the mKATP channel with
diazoxide. A mitochondrial action of NHE1 inhibition secondary

to changes in cytosol was previously suggested by Javadov et al.
(2005). In two previous publications, these authors concluded
that the mitochondrial effect of NHE1 inhibitors is indirect and
possibly mediated by the prevention of cytosolic Ca2+ overload.
Thus, inhibition of the sarcolemmal NHE1 alters intracellular
Na+ concentration and promotes Ca2+ overload (Javadov et al.,
2005, 2008). Accordingly, they did not detect any mitochon-
dria direct effect of the NHE1 inhibitors, and they suggested an
action on MPTP function through glycogen synthase kinase 3-β
(Javadov et al., 2009). We were unable to determine whether
or not under their experimental conditions the effect of NHE1
inhibitors on mitochondrial Ca2+ and/or H+ is prevented.

In 1969, Mitchell and Moyle (1969) proposed the existence
of Na+/H+ exchange in mitochondria. Later, the existence of
two systems capable of catalyze the H+ transport across the
mitochondrial membrane, was described (Garlid et al., 1991).
These systems—the unselective K+/H+ exchanger (KHE), which
catalyzes the transport of virtually all alkali ions in the mitochon-
drion, and the NHE, which selectively transports Na+ or Li+
through mitochondrial membranes—were proposed as the main
cation transporters of the mitochondria (Garlid et al., 1991). In
addition, Garlid et al. (1991) demonstrated in beef heart mito-
chondria that solubilized NHE in the organelle can be purified in
an active state.

In mitochondria, NHE mediates the exchange of matrix Na+
for intermembrane H+ generated by respiration (Garlid, 1988).
Thus, H+ influx in the mitochondrial matrix through the mito-
chondrial NHE would constitute a form of H+ leakage not
coupled to ATP synthesis, which in turn will dissipate the energy
stored as transmitochondrial membrane H+ gradient.

NHE1 is a typical integral membrane protein with 10–12
predicted spanning segments, a long COOH terminus, and an
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NH2-terminal tail that possesses the mitochondrial localization
signal. Previous studies using immunofluorescence and three-
dimensional confocal microscopy techniques demonstrated the
presence of NHE1 in the nuclear membranes isolated from the
aortic vascular smooth muscle and liver of human, rabbit, and rat,
suggesting a possible role of the nuclear NHE1 in the modulation
of intranuclear pH (Bkaily et al., 2004). Our experiments, using
isolated cardiomyocytes or mitochondrial lysates demonstrated
the expression of the NHE1 protein in mitochondria isolated
from rat ventricular myocardium and mitochondria isolated from
HEK 293 cells transfected with NHE1-HA cDNA (Villa-Abrille
et al., 2011). Besides the expression of NHE1 in the plasma mem-
brane of cardiac cells, we have characterized the expression of
NHE1 in mitochondria of cardiac muscle (Villa-Abrille et al.,
2011) by several different experimental techniques (immunogold
analysis combined with electron microscopy, immunohistochem-
istry combined with confocal microscopy or immunoblot analy-
sis). Accordingly, Javadov et al. (2011) examined the expression
of NHE1 and NHE6 in Percoll-purified rat heart mitochon-
dria by immunoblot analysis and they only observed NHE1 in
the mitochondria fraction (Javadov et al., 2011). Retention of
NHE1 expression in isolated mitochondria subjected to digitonin
allows them to conclude that NHE1 is expressed in the inner
mitochondrial membrane (Javadov et al., 2011).

Dual distribution, at both plasma membrane and mito-
chondria, of others protein like the Na+/Ca+2 exchanger 1-3
(NCX1-3) (Gobbi et al., 2007), and Kv1.3 (Szabo et al., 2005),
Kir6.2 (Garg and Hu, 2007), and Ca+2-activated BK potassium
channels (Siemen et al., 1999), has been previously reported. In
addition, Connexin 43 (Cx43), a constitutive protein that forms
cardiac gap junctions contributing to cell-cell coupling, was also
localized in mitochondria (Boengler et al., 2005, 2009). Cx43 con-
tains four transmembrane domains as well as amino and carboxy
termini located in the cytosol. Cx43 localized in subsarcolem-
mal mitochondria and its carboxy terminus directed toward the
intermembrane space (Boengler et al., 2009).

With the assistance of the RNA interference technique, we
evaluated the function and expression of NHE1 in cardiac tis-
sues. With the objective of knocking down the expression of
NHE1 in the heart, we injected a lentiviral vector expressing
shRNA-NHE1 intramyocardically. The intramyocardial injection

of lentivirus carrying a shRNA-NHE1 (silencing of NHE1) not
only reduced the expression of NHE1 at the level of mitochondria
but also prevented Ca2+-induced swelling of rat heart mitochon-
dria [Figures 1, 2, modified from Villa-Abrille et al. (2011)]. The
silencing of NHE also prevents the development of the slow force
response (Perez et al., 2011). A decrease in mitochondrial NHE
function (or reduced expression by siRNA) should increase H+
concentration in mitochondrial matrix. In connection with this,
the prevention of MPTP formation by acidosis in reperfusion
after ischemia has been reported (Cohen et al., 2007; Rodriguez-
Sinovas et al., 2009). We reported a delay of MPTP formation
in isolated mitochondria by NHE1 inhibition and posttranscrip-
tional NHE1 gene silencing. These findings open a new avenue of
research about the mechanism of protection achieved by NHE1
inhibition in reperfusion injury, cardiac hypertrophy, and heart
failure. The mechanism by which the opening of the MPTP
is prevented at low NHE1 expression is unknown. As previ-
ously described under physiological conditions, the mitochon-
drial NHE introduces cytosolic H+ into the mitochondrial matrix
in exchange for mitochondrial Na+. Therefore, a decrease in
exchanger activity or expression should reduce H+ and increase
Na+ concentration in the mitochondrial matrix and perhaps
increase H+ concentration on the cytosolic side of the MPTP.
The decrease in H+ matrix concentration would favor and not
prevent MPTP formation, but the increase of H+ on the cytoso-
lic side of the MPTP may inhibit pore formation. In connection
with this scenario, the prevention of MPTP formation by aci-
dosis in reperfusion after ischemia has been reported (Cohen
et al., 2007). An increase in mitochondrial Na+ would decrease
the inwardly directed Na+ gradient, affecting the mitochondrial
Na+/Ca2+ exchanger, other factors being constant (Murphy and
Steenbergen, 2008). A decrease in Ca2+ efflux from the mitochon-
dria would increase mitochondrial Ca2+ concentration and favor
rather than reduce MPTP formation.

The main objective of this review was to emphasize the pres-
ence of NHE1 in the mitochondrial membrane and its role in
MPTP opening. We are proposing the mitochondrial NHE1 as
a novel target to prevent cardiac disease including I/R injury, car-
diac hypertrophy, and heart failure. However, we could not rule
out the concomitant participation of the sarcolemmal NHE1 in
the protective effects achieved by NHE inhibition.
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