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Abstract
Mitochondrial Ca2+ is involved in heterogeneous functions, ranging from the control of metabolism and ATP production to the
regulation of cell death. In addition, mitochondrial Ca2+ uptake contributes to cytosolic [Ca2+] shaping thus impinging on specific
Ca2+-dependent events. Mitochondrial Ca2+ concentration is controlled by influx and efflux pathways: the former controlled by
the activity of the mitochondrial Ca2+ uniporter (MCU), the latter by the Na+/Ca2+ exchanger (NCLX) and the H+/Ca2+ (mHCX)
exchanger. The molecular identities of MCU and of NCLX have been recently unraveled, thus allowing genetic studies on their
physiopathological relevance. After a general framework on the significance of mitochondrial Ca2+ uptake, this review discusses
the structure of the MCU complex and the regulation of its activity, the importance of mitochondrial Ca2+ signaling in different
physiological settings, and the consequences of MCU modulation on organ physiology.
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Introduction

Ca2+ accumulation in energized mitochondria was first de-
scribed in the early 1960s [22, 110], and since then, the contri-
bution of Ca2+ uptake to mitochondrial bioenergetics and cel-
lular processes has considerably evolved. The formulation of
the chemiosmotic hypothesis [66], together with the measure-
ment of sizable internally negative membrane potentials [94],
led to the concept of an energetically favorable Ca2+ uptake
mechanism. In the 1980s, with the identification of inositol
1,4,5-trisphosphate (InsP3) as a soluble second messenger,
which triggers the release of Ca2+ from the endoplasmic retic-
ulum (ER), and the development of accurate tools for measur-
ing Ca2+ concentration, the attention on mitochondrial Ca2+

accumulation declined. Indeed, it appeared that the affinity of
mitochondria for Ca2+ was too low to accumulate the cation,

not only in resting cytosolic Ca2+ concentrations ([Ca2+]cyt) (~
0.1 μM) but also during the transient increase (2–3 μM) gen-
erated by cell stimulation [65]. This view was drastically re-
vised when tools allowing the selective measurement of mito-
chondrial Ca2+ concentration ([Ca2+]m) in living cells were de-
veloped. By targeting the Ca2+-sensitive photoprotein aequorin
to mitochondria, Pozzan and coworkers demonstrated that a
rapid mitochondrial Ca2+ peak, reaching values well above
those of the bulk cytosol, parallels the [Ca2+]cyt rise evoked
by cell stimulation [91]. Furthermore, the apparent discrepancy
between the affinity of Ca2+ transporters and the high level of
Ca2+ taken up by mitochondria was resolved by demonstrating
that mitochondria, upon cell stimulation, are exposed to micro-
domains of high [Ca2+] that greatly exceed the values measured
in the cytosol due to the close contacts (< 200 nm) between the
mitochondria and the ER [92].

Mechanistically, to reach the mitochondrial matrix, Ca2+

needs to cross two lipid bilayers: the outer and the inner mi-
tochondrial membranes (Fig. 1). The outer mitochondrial
membrane (OMM) is permeable to ions and small proteins
(MW< 10 kDa), thanks to the presence of a large conductance
channel, the voltage-dependent anion channel (VDAC),
whose permeability is controlled by ATP and other regulatory
factors [18]. The inner mitochondrial membrane (IMM) is an
ion-impermeable membrane, whose surface is significantly
bigger than the one of OMM due to the presence of numerous
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invaginations called cristae. The huge driving force for mito-
chondrial Ca2+ entry is provided by the activity of the respi-
ratory chain complexes that, by translocating H+ in the inter-
membrane space, leads to an electrochemical gradient (ΔμH)
that in mitochondria is mainly represented by the electrical
component, generating a mitochondrial membrane potential
(ΔΨm) of ~ 180 mV. Accordingly, treatment with an uncou-
pler such as p-[trifluoromethoxyl]-phenyl-hydrazone (FCCP),
that collapses theΔΨm, abolishes mitochondrial Ca2+ uptake.
[Ca2+]m is additionally regulated by Ca2+ efflux pathways
through the mitochondrial Na+/Ca2+ (NCLX) and H+/Ca2+

(mHCX) exchangers [93].
The functional significance of mitochondrial Ca2+ accumu-

lation started to be elucidated when it was demonstrated that
mitochondrial Ca2+ regulates three key enzymes of mitochon-
drial metabolism: ketoglutarate dehydrogenase, isocitrate de-
hydrogenase, and pyruvate dehydrogenase phosphatase 1
(PDP1). The net effect on tricarboxylic acid (TCA) cycle ac-
tivation is a boost in the synthesis of reduced OXPHOS sub-
strates (NADH and FADH2), enhanced respiratory chain ac-
tivity, and a subsequent increase in H+ pumping [93] (Fig. 1).

In addition, Ca2+ pulses also stimulate the adenine nucleotide
transporter [63] and complex V (mitochondrial F0F1 ATP syn-
thase) [20], harnessing the H+ gradient to upregulate ATP pro-
duction. Finally, Ca2+ activatesα-glycerolphosphate dehydroge-
nase, a component of the glycerol phosphate shuttle that supplies
NAD+ for glycolysis [116]. Thus, an important role for mito-
chondrial Ca2+ accumulation could be inferred, i.e., a rapid up-
regulation of mitochondrial ATP production in stimulated cells.

The ability of the mitochondria to act as Ca2+ buffers im-
pinges also on the pattern of the cytosolic Ca2+ signals, with

different consequences depending on the arrangement of mi-
tochondria inside cells. For example, in pancreatic acinar
cells, three distinct groups of mitochondria have been identi-
fied, i.e., mitochondria located at the peripheral basal area and
perigranular and perinuclear mitochondria. Each of these sub-
sets is characterized by specific responses to cytosolic Ca2+

signals occurring in their close proximity [76].
The mitochondrial electron transport chain is the main cel-

lular process that generates reactive oxygen species (ROS) in
mammalian cells under both physiological and pathological
conditions. ROS are derived from molecular oxygen by elec-
tron transfer reactions resulting in the formation of superoxide
anion radical (O2−) and subsequently hydrogen peroxide
(H2O2), either spontaneously or by the action of superoxide
dismutases (SOD). In the presence of iron, superoxide and
H2O2 can lead to the formation of highly reactive hydroxyl
radicals, which can damage cellular proteins, RNA, DNA, and
lipids. Interaction of ROS with nitric oxide or fatty acids can
lead also to the formation of peroxynitrite or peroxyl radicals,
respectively, that are also highly reactive [38]. Although mi-
tochondrial ROS (mROS) have been previously mainly con-
sidered as by-products of oxidative metabolism, it is now
clearly established that they also act as important signaling
molecules controlling a plethora of cellular functions, both
in physiology and in pathology [40]. Mitochondrial Ca2+ up-
take, by increasing the metabolic rate, and thus O2 consump-
tion and respiratory chain electron leakage, drives superoxide
production [38]. Ca2+ may promote mROS formation both
directly, by stimulating mROS generating enzymes, like glyc-
erol phosphate and α-ketoglutarate dehydrogenase [108], and
indirectly, as in the case of nitric oxide synthase (NOS)

Fig. 1 Mitochondrial Ca2+

homeostasis is regulated by influx
and efflux mechanism and
impinges on oxidative
metabolism, mROS generation,
and mPTP opening.
Physiologically, mitochondrial
Ca2+ uptake stimulates TCA
cycle and ATP production (right-
hand side), while in pathological
conditions, mitochondrial Ca2+

overload causes the opening of
the mPTP (left-hand side). mROS
play either a signaling role or
behave as damaging agents
depending on their concentration
and on the biological context
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activation that, by forming NO, blocks complex IV and leads
to mROS formation [30]. In addition, the mild mitochondria
uncoupling effect (ΔΨm dissipation) of Ca2+ uptake contrib-
utes to mROS generation. Importantly, mROS play a crucial
role in cancer progression, eliciting metabolic adaptations es-
sential for metastasis formation and invasion [84]. It has been
shown, in a triple-negative breast cancer model, that the inhi-
bition of mitochondrial Ca2+ uptake causes a decrease in
mROS production and consequently a reduction in cancer
progression and metastasis formation [106].

Finally, mitochondrial Ca2+ overload triggers mitochondrial
permeability transition pore (mPTP) opening (Fig. 1). mPTP is
a high-conductance channel mediating mitochondrial swelling
[4, 81]. Matrix Ca2+ is an essential permissive factor for mPTP
opening: as [Ca2+]cyt increases beyond a certain value, mito-
chondrial Ca2+ overload ensues. This, together with other caus-
al factors, most notably oxidative stress, high phosphate con-
centrations, and low adenine nucleotide concentrations, trig-
gers mitochondrial Bpermeability transition,^ i.e., the mito-
chondrial membrane becomes permeable to any molecule less
than 1.5 kDa in size. Consequent dissipation of theΔΨm leads
to membrane depolarization, increased mROS generation, and
decreased ATP production, eventually triggering apoptosis.
The function of Ca2+ in apoptosis is particularly fascinating,
since a small amount of cytochrome c released frommitochon-
dria can bind to and promote Ca2+ conductance through IP3R.
The increased cytosolic Ca2+ then triggers a massive exodus of
cytochrome c from all mitochondria in the cell, thus activating
caspases and nucleases that finalize the apoptotic process [10].
Recently, it has been proposed that mPTP forms from the F-
ATP synthase through a strictly Ca2+-dependent mechanism
[32–34]. However, the detailed mechanisms of mPTP

activation are still debated and readers are referred to specific
contributions on this topic [5, 12, 36, 37, 67].

The molecular characterization of the MCU
complex

In 2011, the identification of the gene encoding the pore-
forming subunit of the MCU, made by two independent
groups [3, 21], marked a turning point in the field of mito-
chondrial physiology and paved the way for the characteriza-
tion of one of the most sophisticated ion channels described so
far. We will briefly describe the different components of the
MCU complex distinguishing the membrane pore-forming
subunits from the soluble regulatory components (Fig. 2).

The pore-forming subunits

Three proteins have been identified as components of the
MCU pore-forming subunit that spans the IMM: MCU,
MCUb, and EMRE (Fig. 2).

TheMCU gene, originally named CCDC109a, was identi-
fied through a bioinformatics screening of the MitoCarta da-
tabase, i.e., a compendium of mitochondrial proteins identi-
fied by mass spectrometry analyses on mitochondrial prepa-
rations from different mouse tissues [3, 21, 72]. The MCU
gene is well conserved among metazoan and plants while is
absent in yeast, that lacks the Ruthenium red-sensitive mito-
chondrial Ca2+ uptake, in some fungi and in protozoans [8]. It
encodes a 40 kDa protein that contains two predicted trans-
membrane domains joined by a very short, but highly con-
served, loop that faces the intermembrane space (IMS). The

Fig. 2 The mitochondrial Ca2+

uniporter is a complex composed
of pore-forming proteins
(comprising the channel subunit
MCU, the dominant-negative
subunit of the channel MCUb,
and the short transmembrane
regulator EMRE) and of
regulatory proteins (MICU1 and
MICU2). Both MICU1 and
MICU2 contain EF-hand
domains facing the
intermembrane space. By sensing
IMS [Ca2+], MICU1 and MICU2
coordinately regulate both the
threshold and the cooperativity of
channel opening
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N- and C-domains, which represent the majority of the protein
sequence, face the mitochondrial matrix [3, 61]. The MCU
protein structure analysis reveals two important aspects.
First, since MCU displays only two transmembrane domains,
it has to undergo oligomerization to form a functional channel.
This is confirmed by blue native gel separation experiments of
purified mitochondria, that display a high molecular complex
containing MCU with an apparent molecular weight of
450 kDa [3, 21, 87]. Second, consensus sequences of classical
Ca2+-binding domains have not been identified in MCU pro-
tein sequence. This suggests thatMCU is unable to regulate its
own activity. In addition, the MCU loop region that faces the
IMS and that connects the two transmembrane domains is too
small to contain regulatory elements since it is formed by a
stretch of only 11 amino acids. Nonetheless, the loop includes
salient residues necessary for MCU channeling. In particular,
the loop contains the BDIME^ motif, characterized by nega-
tively charged amino acids (such as D260 and E263) essential
to confer selectivity to the MCU channel [3, 21]. In addition,
the residue S258 is critical to confer sensitivity of MCU com-
plex to Ru360, the most potent inhibitor of the uniporter [3].

The protein structure of the N-terminal domain of MCU
was resolved by a crystallographic study [51]. This domain
contains a residue (S92) that was predicted as a putative phos-
phorylation site for CaMKII [51]. Mutation of this residue
causes a reduction in the MCU Ca2+ conductance. This find-
ing matches with the demonstration that mitoplasts derived
from hearts treated with CaMKII inhibitors display a reduced
MCU current [45].

Although MCU oligomer has been predicted to be a tetramer
by a molecular dynamic approach [87], NMR and cryo-EM of
theCaenorhabditis elegansMCU identified a pentamer complex
[71]. In both of the proposed molecular structures, the DIME
motifs form the pore entrance and they are part of the channel
selectivity filter [71, 87]. Whether the expression and the purifi-
cation of the C. elegans MCU in a prokaryotic system, which
does not express the essential complex component EMRE (see
below), are sufficient to ensure the correct structure assembling is
unclear. Indeed, EMRE seems required for ensuring mitochon-
drial Ca2+ uptake and for the assembly of the regulatory subunits
MICU1 and MICU2 [98], but its role on the folding of MCU,
and thus for MCU structure, is still debated and needs further
clarification.

The MCUb gene, formerly known as CCDC109b, was
identified through an MCU sequence homology screening
[87], and the incorporation of MCUb in the MCU complex
has been demonstrated also by proteomics experiments [98].
MCUb greatly impairs Ca2+ permeation through the MCU
[87]. It is present only in vertebrates, while it is absent in other
organisms in which MCU is present. The MCUb amino acid
sequence is highly conserved among different species and
shares 50% of similarity with MCU [87]. For this reason,
the overall predicted domain distribution and topology are

conserved between MCU and MCUb. Nonetheless, MCUb
presents salient differences from MCU. Firstly, two critical
and conserved amino acid substitutions in the loop region
confer to MCUb a dominant-negative function. Indeed, the
substitution of theMCU loop residue E256 with a noncharged
residue drastically reduces the conductivity of the channel
[87]. In addition, MCU and MCUb show radically different
expression profiles among tissues. Consequently, some tis-
sues, such as the heart, exhibit a high MCU:MCUb ratio,
while others, such as skeletal muscle, display a lower ratio.
As for the physiological relevance of the presence and the
differential expression of this isoform, it might represent one
of the mechanisms that underlie the different MCU currents
recorded in different tissues [29].

EMRE is the last component of the MCU pore to be identi-
fied. It is a 10 kDa protein of the IMM, and it represents a
metazoan innovation since it is not present in the other eukary-
otic taxa where MCU and MICU1 are expressed. It is com-
posed of a transmembrane domain, a short N-terminal domain,
and a highly conserved acidic C-terminal domain [98]. EMRE
is essential for MCU activity, as demonstrated by experiments
in EMRE KO cells where mitochondrial Ca2+ uptake is
abolished. Even though in planar lipid bilayer MCU and the
regulatory subunits MICU1 and MICU2 display the ability to
interact with each other without the presence of EMRE [77],
this protein has been proposed to play a fundamental role in the
interaction between the pore core subunits and the regulatory
subunits [98]. In addition, in yeast cells, that do not present
mitochondrial Ca2+ uptake, human MCU is able to assemble
in a functional channel only when EMRE is present. This gave
rise to the concept that EMRE is essential to assemble a func-
tional MCU channel in metazoan organisms [48]. Furthermore,
the acidic C-terminal domain has been identified as a matrix-
Ca2+ sensor that governs the MCU activity. Accordingly,
EMREwould be able to form a unique regulatory complexwith
MICU1 and MICU2 that is able to sense Ca2+ at both sides of
IMM [109]. This is in opposition to another report, which pro-
poses a structural role of EMRE and a different topology across
the IMM, incompatible with the suggested matrix-Ca2+ sensor
of the acidic C-terminal domain [121].

The regulatory subunits

As mentioned above, none Ca2+-sensing domains have been
identified in the MCU structure, indicating that MCU is un-
able to regulate its own activity. Instead, it is clear that the
regulation of MCU is dependent on IMS-residing proteins,
namely MICU proteins. These belong to a family of proteins
with common features: they are located in the mitochondria,
they display EF-hand domains in their protein structure, and
they interact with MCU [80] (Fig. 2). Through an integrative
strategy that fuses comparative physiology, evolutionary ge-
nomics, organelle proteomics, and RNAi screenings, MICU1
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was identified as a critical modulator of mitochondrial Ca2+

uptake even before the identification of MCU [80]. MICU1 is
fundamental for the proper gatekeeping of the MCU channel,
as demonstrated by the fact that the silencing of MICU1
causes mitochondrial Ca2+ overload [19, 59]. In addition,
MICU1 acts also as cooperative activator of MCU, thus en-
suring the increase in the MCU Ca2+ conductivity during cell
stimulation [19].

Some years after MICU1 discovery, two MICU1 paralog
genes were identified. These originate from a gene duplication
event prior to vertebrate evolution. MICU2, formerly named
EFHA1, displays a tissue expression pattern similar to
MICU1 [83]. Instead, MICU3, formerly named EFHA2, is
expressed prevalently in specific tissues, such as the nervous
system and skeletal muscle [73, 83]. As MICU1, MICU2 dis-
plays two well-conserved EF-hand domains and several studies
demonstrated that it is located in the IMS [19, 42]. Interestingly,
MICU2 stability depends on the presence of MICU1, and the
knockdown of MICU1 causes the destabilization of MICU2
protein, without affecting MICU2 mRNA levels [77, 83].
Indeed, MICU2 forms obligate heterodimers with MICU1, sta-
bilized by a disulfide bond through two conserved cysteine
residues [77], that have been hypothesized to be joined thanks
to the mitochondrial oxidoreductase Mia40 [82]. The MICU1-
MICU2 heterodimer is responsible for one of the most peculiar
properties of mitochondrial Ca2+ uptake, i.e., the sigmoidal re-
sponse to increasing [Ca2+]cyt [19, 77]. In detail, in resting con-
ditions, theMCU complex is inhibited to prevent mitochondrial
Ca2+ overload and ion vicious cycles. However, when [Ca2+]cyt
increases, the MCU complex is subjected to a cooperative ac-
tivation that ensures the prompt response of the mitochondria to
cell challenge. Overall, the regulation ofMCU complex activity
by MICU1-MICU2 heterodimers is possible thanks to the abil-
ity of these proteins to sense Ca2+ concentration through their
EF-hand domains [46, 77]. Nonetheless, the affinity for Ca2+ of
the EF-hand domains is still controversial. As for MICU1, Kd

measurements performed by isothermal titration calorimetry
range from 4 to 40 μM [111, 115], while measurements of
intrinsic tryptophan fluorescence record a higher affinity, with
a Kd of ~ 300 nM [47]. These discrepancies, reflecting the dif-
ferent technical approaches, surely need further investigation.
By in vivo experiments and electrophysiological studies carried
out in planar lipid bilayer, our laboratory demonstrated that, at
low [Ca2+]cyt, MICU2 inhibits MCU activity, thus representing
the genuine gatekeeper of the channel. On the other hand,
MICU1 senses high [Ca2+] and it allows the cooperative acti-
vation of MCU during cytosolic Ca2+ increases. Along these
lines, MICU1 silencing causes Ca2+ overload due to the loss of
the gatekeeper MICU2 and reduces the maximal activation of
MCU due to the loss of cooperativity [27, 47, 77, 83, 111].
Nonetheless, the stoichiometry of MCU regulators in the com-
plex is still completely unknown. This is a problematic issue,
since it has been proposed that during Ca2+ stimulationMICU1

multimers undergo molecular rearrangement [113].
Furthermore, it has been recently proved that the ratio between
MICU1 and MCU is sufficient to account for the different reg-
ulatory properties of theMCU complex in different tissues [73].
Indeed, the authors proposed that the different amounts of
MCU not associated with MICU1 explain the tissue specificity
of cytosolic Ca2+ transients decoding at the level of mitochon-
dria. In particular, the low MICU1:MCU ratio measured in the
heart allows mitochondrial Ca2+ uptake even for low [Ca2+]cyt
transients, due to a low gating of the channel accompanied by a
low cooperativity. In this way, the beat-to-beat Ca2+ transients
that occur in the heart cause an integrative Ca2+ accumulation.
On the other hand, the high MICU1:MCU ratio, as observed in
the liver, confers high cooperative activation of the channel but
strengthens the threshold of activation. Therefore, subthreshold
[Ca2+] fluctuations are not sufficient to trigger mitochondrial
Ca2+ uptake. Moreover, each single sustained cytosolic Ca2+

increase is effectively transmitted to the mitochondria [73].
Other mitochondrial proteins have been identified as puta-

tive modulators of MCU activity. MCUR1, formerly named
CCDC90a, was identified as a modulator of MCU, since the
silencing of this protein causes a decrease of mitochondrial
Ca2+ uptake in HEK293T cells [58]. However, its role in the
MCU complex is highly debated, because it is also important
for complex IVassembly and MCUR1 silencing causes a con-
sistent drop of mitochondrial membrane potential [78]. The
other component proposed to be part of the MCU complex is
SLC25A23 [39], which belongs to a family of Mg-ATP/Pi
solute carriers across IMM [2]. The mutation of its EF-hand
domains reduces mitochondrial Ca2+ accumulation [39], but
whether this depends on a direct MCU activity regulation or
whether it affects mitochondrial bioenergetics or mitochondri-
al Ca2+ buffering capacity is still debated.

Mitochondrial Ca2+ signaling in physiology:
general framework and effects of MCU
modulation

Heart

Back in 1883, the heart was the first striated muscle that was
demonstrated to contract in response to Ca2+ [90].Much of the
Ca2+ needed for contraction comes from the sarcoplasmic re-
ticulum (SR) and is released in a beat-to-beat fashion by the
process named Ca2+-induced Ca2+ release [7]. Indeed, it was
postulated that, in mammalian cardiac muscle, the entry of a
small amount of Ca2+ through the sarcolemma during the
plateau of the action potential results in a large increase of
intracellular Ca2+ through the RyR2, an event considered nec-
essary for contraction (for a review, see [28]). Specifically, the
depolarization induced by the action potential opens the L-
type Ca2+ channels located on the membrane and transverse
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tubules, resulting in the entry of a small amount of Ca2+. This
induces a large increase in the dyadic space, the region bound-
ed by the t-tubule and SR [17]. This increase makes the SR
RyR2s open, thereby releasing a much larger amount of Ca2+

from the SR. The latter event causes an increase in free Ca2+

ion concentration from approximately 100 nM to 1 μM, mak-
ing more Ca2+ available for binding to troponin C (TnC). The
binding of Ca2+ ions to TnC initiates a cascade of events
leading to force generation by the cycling of cross-bridges,
i.e., the interaction between the thin and thick filaments [17].
For relaxation to occur, Ca2+ must be removed from the cyto-
plasm. This requires the closure of RyR2s and, concomitantly,
that Ca2+ is both pumped back into the SR, by the SERCA and
out of the cell, largely by the Na+/Ca2+ exchanger (NCX),
with some contribution from the plasma membrane Ca2+-
ATPase [17]. Importantly, physiological sympathetic stimula-
tion of the heart through β-adrenergic receptors increases the
force of contraction (inotropy) and accelerates relaxation
(lusitropy) [7]. The L-type Ca2+ channel is the main route
for Ca2+ entry into cardiac myocytes that not only results in
contraction but, importantly, in the upregulation of ATP pro-
duction that powers cardiac excitation and contraction.
Indeed, maintenance of intracellular Ca2+ homeostasis is crit-
ical for the regulation of mitochondrial ATP production [112].
Importantly, most of the ATP needed for cardiac excitation
and contraction is synthesized within the mitochondria via
oxidative phosphorylation that, as mentioned above, is a
Ca2+-dependent process [23]. The fundamental role of the
mitochondria in meeting changes in energy demand, such as
upon increased workload or hormonal stimulation, is demon-
strated by the close apposition of the mitochondria and the
major source of Ca2+ for contraction, the SR. Therefore, it
was hypothesized that Ca2+ release from the SR will elevate
local Ca2+ to high levels resulting in a large mitochondrial
Ca2+ influx [53]. Nevertheless, direct patch clamp recordings
have shown that cardiac mitochondria IMCU is substantially
smaller than that of other tissues and, in particular, ~ 30 times
smaller than skeletal muscle IMCU [29]. In the heart, the mito-
chondria occupy 37% of cellular volume. Therefore, the small
IMCU might prevent excessive buffering of Ca2+ needed for
contraction. Furthermore, excessive mitochondrial Ca2+ up-
take, in conjunction with accumulation of ROS, has long been
associated to the opening of the mPTP, leading to irreversible
ΔΨ collapse, swelling of the mitochondria, with consequent
loss of cytochrome c and ultimately necrotic cardiomyocyte
cell death, as observed in ischemic/reperfused myocardium
[24]. Therefore, reducing the amplitude of cardiac mitochon-
drial transients might serve as a safety mechanism.

Despite the physical proximity of the mitochondria to the
SR compartment and their Ca2+-dependent role in ATP pro-
duction, the ability of the mitochondria to serve as significant
dynamic buffers of cytosolic Ca2+ in the heart is still debated
[13]. Furthermore, highly controversial is whether the fast

cytosolic Ca2+ transients in excitation-contraction coupling in
beating cardiomyocytes are transmitted to the matrix compart-
ment in a beat-to-beat fashion or in a slow integration pattern
[43]. This issue has been addressed by the first study reporting
the effects of MCU modulation on heart function [26]. In de-
tail, by means of a GFP-based Ca2+ indicator targeted to the
OMM of neonatal cardiomyocytes, Pozzan and coworkers
demonstrated the presence of microdomains of high [Ca2+]
generated at the SR/mitochondria contacts that allow the mas-
sive entrance of Ca2+ into these organelles. Indeed, a fraction
of Ca2+ released during systole enters the mitochondria and is
released back into the cytoplasm during diastole, resulting in a
significant buffering of Ca2+ peaks. In addition, the modulation
of MCU protein levels by silencing or overexpression en-
hances or decreases the amplitude of cytoplasmic Ca2+ oscil-
lation, respectively, and the opposite effect takes place into the
mitochondria. Furthermore, mitochondrial Ca2+ uptake in the
heart mitochondria is controlled by a low MICU1:MCU ratio,
as discussed above. This property has been hypothesized to
ensure beat-to-beat mitochondrial Ca2+ accumulation at low
frequency, while allowing an integrative matrix Ca2+ accumu-
lation when frequency increases [73].

Despite these findings demonstrating the importance of mi-
tochondrial Ca2+ buffering in cardiac physiology, the heart phe-
notype of the first model of MCU knockout mouse was surpris-
ingly mild [41, 75]. As expected, mitochondria isolated from
MCU−/− cardiomyocytes do not take up Ca2+ [75] and have
lower resting Ca2+ levels compared to controls. However, basal
ATP levels are unchanged, demonstrating a preserved basal
mitochondrial energetics [41]. Furthermore, mice lacking
MCU show normal basal cardiac function in terms of ejection
fraction, fractional shortening, stroke volume, and chamber
size, both in adulthood (12-month-old mice) and in aging (20-
month-old mice). In addition, no differences between WT and
MCU−/− mice were observed in the left ventricular cardiac out-
put at baseline and after isoproterenol stimulus, which mimics
the Bfight or flight^ response, i.e., an episode of high-energy
demand triggered by catecholamine-induced heart acceleration.
Also, when mice were subjected to surgical transverse aortic
constriction (TAC), as a model of chronic stress,MCU−/− hearts
showed the same cardiac parameters measured in the WT [41].
Taken together, these data suggest that mitochondrial Ca2+ ac-
cumulation is dispensable both for the basal cardiac function
and during acute and chronic increased workload. Further ex-
periments were carried out to assess the role of MCU during
ischemia-reperfusion (I-R) injury. MCU−/− hearts show no sign
of I-R injury protection [75]. In detail, measurements of the rate
pressure product and direct assessment of the infarct area in
post-ischemic recovery period indicate no difference between
MCU−/− animals and the controls. Interestingly, when treated
with cyclosporine A (CsA), that inhibits Ca2+-dependent cell
death mediated by the opening of mPTP, WT hearts were
protected from I-R injury, while MCU−/− hearts were not.
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This result suggests that an mPTP-independent death pathway
occurs in the absence of MCU [75]. It is noteworthy that the
birth ratio of the MCU−/− mice, which are in an outbred strain
composed by a mix of CD1 and C57/BL6 backgrounds, is
lower than expected [75] and that, in an inbred strain, MCU
deletion is embryonically lethal [68]. These data demonstrate a
crucial role of mitochondrial Ca2+ uptake during embryonic
development, which is hidden in the mixed strain.

The first heart-specific model generated was a transgenic
mouse expressing a dominant-negative MCU isoform,
MCUD260Q,E263Q (DN-MCU), in the same mixed background
of the constitutive MCU−/− model [120]. When expressed in
cultured cells, DN-MCU does not completely abolish organelle
Ca2+ accumulation [21], although the mitochondria from DN-
MCU-expressing hearts have no measurable mitochondrial
Ca2+ uptake. DN-MCU mice have normal heart rate; however,
they display an impairment in the Bfight or flight^ response
(Fig. 3). In detail, when sinus atrial node (SAN) cells undergo
an extreme physiological stress, ATP generation is required to
fuel SERCA activity to maintain the proper Ca2+ load of the
SR. DN-MCUmice are not able to increase the heart rate under
physiological stress indicating that the ATP production is MCU
dependent. ATP dialysis in cardiac pacemaker cells is sufficient
to recover the phenotype. Additionally, oxygen consumption
rate (OCR) is increased in DN-MCU-isolated perfused heart,
but not in permeabilized fibers or isolated mitochondria [89].
Moreover, DN-MCU heart has a higher diastolic cytosolic
[Ca2+], consistent with the loss of mitochondrial buffering.
This cytosolic Ca2+ increase is partially rescued by the addition
of ATP, suggesting that these cardiomyocytes display an
extramitochondrial adaptation that depends on the reduced
ATP availability. Importantly, similar to the MCU−/− model,
DN-MCU hearts are not protected against I-R injury.

Next, a mouse model with two LoxP sites flanking exons
5 and 6 of the MCU gene was mated with animals express-
ing a tamoxifen-inducible Cre recombinase driven by a
cardiomyocyte-specific promoter. MCU gene deletion was
induced in adult mice, and the cardiac function was evalu-
ated [50, 54]. Firstly, MCU ablation in adult heart led to a
great reduction in mitochondrial Ca2+ accumulation, al-
though the basal mitochondrial [Ca2+] was not affected.
Similar to DN-MCU mice and total MCU− /− mice,
cardiac-specific inducible MCU−/− mice are indistinguish-
able from WT in normal conditions and after cardiac pres-
sure overload. Cardiomyocytes derived from these mice
present normal respiration rate in basal conditions, although
a decrease in oxygen consumption rate was detected after
isoproterenol treatment [50, 54]. However, as opposed to
previously reported total MCU knockout and DN-MCU
mouse models [75, 120], in the inducible cardiac-specific
model, MCU ablation strongly protects hearts from I-R in-
jury [50, 54] (Fig. 4). Finally, studies on the cardiac-specific
adult MCU−/−mouse confirmed the impairment in the Bfight
or flight^ response triggered by β-adrenergic stimulation
[50, 54] (Fig. 3), as observed in the DN-MCU transgenic
mouse model [120].

Mitochondrial [Ca2+] is regulated by the coordinated activ-
ity of influx and efflux pathways [101]. To assess the contri-
bution of mitochondrial Ca2+ efflux to heart pathophysiology,
Elrod’s group recently developed an inducible mouse model
with a cardiomyocyte-specific deletion of the Slc8b1 gene
[55], which was previously demonstrated to encode the mito-
chondrial Na+/Ca2+ exchanger (NCLX) [74]. These mice
present a severe phenotype. Indeed, the heart-specific deletion
of the exchanger causes acute myocardial dysfunction and
fulminant heart failure with a survival rate of only 13%. The

Fig. 3 Dominant-negative MCU (DN-MCU) transgenic mice and inducible heart-specific MCU−/− mice are characterized by impaired Bfight or flight^
response, due to lack of ATP production required for heart rate increase
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hearts of the knockout mice display increased mass and car-
diac fibrosis. In addition, echocardiographic analyses show
ventricular dilatation and decreased left ventricular function.
Finally, the NCLX−/− hearts present a great sarcomere disor-
ganization. Regarding the molecular mechanism, knockout
adult cardiomyocytes show a faster rate of mitochondrial
swelling compared to control, increased superoxide genera-
tion, and compromised sarcolemmal integrity. Heart-specific
NCLX−/− mice crossed with cyclophilin D (CypD)-null mice
showed an almost complete rescue of the phenotype, demon-
strating that the sudden death induced by Slc8b1 deletion was
due to an mPTP-dependent mechanism. The mRNA expres-
sion of Slc8b1 and of MICU1 was increased in left ventricular
biopsies of explanted failing hearts of transplant recipients
[55]. To determine the biological relevance of these findings,
a cardiac-restricted doxycycline-controlled NCLX overex-
pressing mouse model was generated (NCLX-Tg). NCLX-
Tg adult cardiomyocytes present increased mitochondrial
Ca2+ efflux compared to controls which is sufficient to reduce
mPTP activity. In addition, NCLX-Tg hearts show a reduction
in infarct size and enhanced contractile function upon I-R
injury, suggesting a cardioprotective role of increased mito-
chondrial Ca2+ efflux [55]. These data demonstrate that mito-
chondrial Ca2+ efflux capacity is necessary for the mainte-
nance of mitochondrial homeostasis and heart cell survival.

Skeletal muscle

Ca2+ represents a powerful intracellular messenger in skeletal
muscle fibers, being able not only to trigger contractions by

binding to troponin C but also to activate protein phosphory-
lation or dephosphorylation by binding to calmodulin and
stimulating substrate oxidation by the mitochondria [100].

The rise of Ca2+ in the sarcoplasm is a key requirement for
skeletal muscle contraction. This event is initiated by the
excitation-contraction coupling mechanism that couples mus-
cular action potentials to myofibril contraction [99]. This pro-
cess relies on a direct coupling between two proteins, the SR
Ca2+-releasing channel ryanodine receptor (RyR1) and the
voltage-gated L-type Ca2+ channels (dihydropyridine recep-
tors, DHPRs), located on the sarcolemma of the transverse
tubule. As the RyR1s open, Ca2+ is released from the SR
and diffuses into the bulk cytoplasm generating a Ca2+ spark.
The reversible binding of Ca2+ ions to TnC triggers the cross-
bridge cycling, thus producing force. TnC, together with tro-
ponin T (TnT), troponin I (TnI), and tropomyosin (TM), forms
a regulatory unit that controls the dependency from Ca2+ to
muscle contraction [100].

Not only Ca2+ links excitation to contraction but also con-
jugates excitation to transcription, thus accounting for the
huge molecular heterogeneity of muscle cells [100]. For ex-
ample, binding of Ca2+ to calmodulin is known to activate
signaling pathways typical of the slow-oxidative phenotype
[100]. Indeed, Ca2+- and thus activity-dependent transcrip-
tional regulation via calcineurin (calmodulin-dependent
phosphatase 2A) and NFAT is associated with the translation
of fast and slow motor neuron activity into muscle fiber type-
specific transcriptional programs [16].

The cross-bridge cycle between myosin and actin is not
only dependent on Ca2+ but also on ATP hydrolysis that

Fig. 4 Inducible cardiac-specific
MCU deletion confers protection
from ischemia-reperfusion (I-R)-
induced damage associated to
mitochondrial Ca2+ overload and
mPTP opening
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liberates energy for the mechanical work. ATP consumption
increases by approximately 100-fold during contraction, and
thus, high demand cannot be fulfilled by the finite amount of
ATP normally stored inside the muscle [35].

It has been extensively shown that the Ca2+ waves during
contraction are transmitted to the mitochondria both in vitro
[14] and in vivo [95], which respond by activating Ca2+-sen-
sitive dehydrogenases that are key rate-controlling enzymes in
the TCA cycle [23, 35]. This tight coupling is achieved by the
mitochondria being located adjacent to Ca2+ stores (SR) and
in proximity of release sites (Ca2+ release units [CRUs]) [11].

The role of mitochondrial Ca2+ uptake in skeletal muscle
physiology is being vigorously investigated, as detailed here-
after. The MCU−/− mice which, as explained above, are char-
acterized by a mild phenotype, the most affected tissue is the
skeletal muscle [75]. Specifically, restingmatrix Ca2+ levels of
skeletal muscle mitochondria of MCU−/−mice are diminished
by approximately 75% compared to controls. In addition, the
phosphorylation levels of PDH are increased, and accordingly,
PDH activity is decreased, in line with the Ca2+-dependent
regulation of PDP1. In workload tests, MCU−/− mice have
significant impairment in exercise capacity, in line with the
role of mitochondrial Ca2+ accumulation to regulate ATP pro-
duction necessary to maintain a normal muscle functionality.

To avoid the compensatory effects acting during embryonic
development, the role of mitochondrial Ca2+ homeostasis in
skeletal muscle has been further investigated by local and
postnatal administration of AAV (adeno-associated viral) vec-
tors overexpressing or silencingMCU [60].MCU overexpres-
sion and downregulation triggered muscle hypertrophy and
atrophy, respectively (Fig. 5). Most importantly, MCU

overexpression is protected from denervation-induced muscle
atrophy caused by sciatic nerve excision. These effects are
independent from the control of aerobic metabolism, as dem-
onstrated by various lines of evidence. Firstly, PDH activity,
although defective in MCU-silenced muscles, was unaffected
in MCU overexpressing muscles. Second, hypertrophy was
comparable in both oxidative and glycolytic muscles, and fi-
nally, semiquantitative analyses of aerobic metabolism re-
vealed no major alterations. The control of skeletal muscle
mass by mitochondrial Ca2+ modulation is due to the activity
of two major hypertrophic pathways of skeletal muscle, PGC-
1α4 and IGF1-AKT/PKB. Taken together, these results dem-
onstrate that the modulation of mitochondrial Ca2+ accumula-
tion after birth contributes to skeletal muscle trophism and that
a Ca2+-dependent mitochondria-to-nucleus signaling route
links organelle physiology to the control of muscle mass [60].

The control of oxidative phosphorylation by Ca2+ is partic-
ularly crucial in skeletal muscle, one of the most ATP-
consuming organs of the body. It is thus not surprising that,
compared to other tissues, skeletal muscle mitochondria dis-
play high Ca2+ conductance [29] and that skeletal muscle
expresses a unique MCU Ca2+ uptake machinery [111].
Indeed, recently, an alternative splice variant of MICU1, that
was named MICU1.1, was discovered [111]. This isoform,
characterized by the addition of a micro-exon coding for four
amino acids, greatly modifies the properties of the MCU. In
detail, MICU1.1 binds Ca2+ one order of magnitude more
efficiently than MICU1 and, when heterodimerized with
MICU2, activates MCU current at lower Ca2+ concentrations
than MICU1-MICU2 heterodimers. In vivo injection of anti-
sense oligonucleotides mediating exon skipping of the

Fig. 5 The importance of proper mitochondrial Ca2+ homeostasis in different organs, like the skeletal muscle, endocrine pancreas, and brain, is
highlighted by the dysfunctional phenotype of specific animal models, as detailed in the figure
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MICU1.1 extra exon, and thus forced expression of MICU1,
demonstrated that MICU1.1 is required for maintaining suffi-
cient levels of mitochondrial Ca2+ uptake to provide the ATP
needed for contraction [111] (Fig. 5). These results demon-
strate a novel mechanism of the molecular plasticity of the
MCU Ca2+ uptake machinery. Future studies will likely un-
ravel other tissue-specific regulatory mechanisms of mito-
chondrial Ca2+ uptake.

Pancreatic β cells

The initial concept that Ca2+ controls the release of insulin by
β cells goes back to the seminal observation that the release of
this hormone is blocked in the absence of Ca2+ [119]. Notably,
β cells, the sole source of circulating insulin, convert small
fluctuations in blood glucose concentration into large changes
in insulin secretion within minutes. These cells are electrically
excitable cells that respond to increases in glucose concentra-
tion with enhanced metabolism, closure of ATP-sensitive K+

channels, and electrical spiking [97]. In detail, glucose induces
the secretion of insulin through the stimulation of oxidative
metabolism, an elevation in cytosolic ATP/ADP ratio, and the
closure of ATP-sensitive K+ channels (KATP). The subse-
quent depolarization of the plasma membrane results in oscil-
latory Ca2+ influx through voltage-gated Ca2+ channels,
which is the main and necessary signal for insulin release
through secretory granule exocytosis [31, 118]. Importantly,
defects in the generation of Ca2+ oscillations, and thus in pul-
satile insulin secretion, are associated with the loss of normal
glucose homeostasis in type 2 diabetes [103]. Ca2+ influx
through voltage-dependent Ca2+ channels has been shown to
create Ca2+ microdomains beneath the β-cell plasma mem-
brane with high [Ca2+] that might be crucial for insulin exo-
cytosis and to open Ca2+-activated K+ channels (see below
and [96]). Therefore, in pancreatic β cells, ATP acts as a
signaling molecule initiating plasma membrane electrical ac-
tivity linked to Ca2+ influx. Of note, the mitochondria play a
central role in this process by connecting glucose metabolism
to insulin release [57]. Specifically, in single primary β cells,
cytosolic Ca2+ oscillations triggered by electrical stimulation
cause stable increases in both [Ca2+]m and cytosolic ATP/ADP
ratio which depend on MCU activity [105]. Respiratory chain
inhibitors and uncouplers strongly inhibit insulin release [44],
and chelation of mitochondrial matrix Ca2+ [117] or silencing
of either MICU1 or MCU [1, 104] causes defective insulin
secretion in β-cell lines (Fig. 5). Finally, it has been proposed
that mitochondrial Ca2+ accumulation is essential to establish
a nutrient-induced mitochondrial pH gradient which is crucial
to sustain ATP synthesis and metabolism secretion coupling in
insulin-releasing cells [86]. In summary, a two-phase model
has been proposed, according to which soon after glucose
stimulation, cytosolic [ATP] increases independently of any
increase in cytosolic or mitochondrial [Ca2+]. Subsequently,

an increase in [Ca2+]cyt occurs, which is followed by a rise in
mitochondrial Ca2+ signal. This, in turn, stimulates mitochon-
drial metabolism and therefore ATP production. Importantly,
mitochondrial Ca2+ effluxmediated by the Na+/Ca2+ exchang-
er NCLX contributes to the regulation of insulin secretion inβ
cells by shaping glucose-dependent mitochondrial and cyto-
solic Ca2+ signals [70] (Fig. 5).

Neurons

Neurons require extremely precise spatial-temporal control of
Ca2+-dependent processes since they regulate vital functions
such as transmission of depolarizing signals, synaptic plasticity,
and metabolism [15]. Neurons have thus developed complex
pathways to couple Ca2+ signals to their physiological response.
Therefore, neurons are extremely sensitive to [Ca2+] levels and
even small defects in Ca2+ homeostasis can lead to destructive
consequences and alter normal neuronal activity, such as in
aging [49] and neurodegeneration [15]. Ca2+ influx into neu-
rons occurs through plasma membrane receptors and voltage-
dependent ion channels. Furthermore, the release of Ca2+ from
the ER also contributes to the elevation of [Ca2+]cyt. Overall, a
complex and highly compartmentalized Ca2+ signaling system
in neuronal cells allows the activation of different spatially sep-
arated Ca2+-dependent processes at the same time [79]. The
wide range of neuronal functions regulated by intracellular
Ca2+ signals raises the question of how selectivity is encoded
by such a universal messenger. One answer to this question is
the presence of local Ca2+ signals, or Ca2+ microdomains, de-
veloped rapidly near open Ca2+ channels, creating spatial Ca2+

gradients of high [Ca2+] near the open pores [69]. The major
sources of intracellular Ca2+ include Ca2+ influx through
ligand-gated glutamate receptors, such as N-methyl-d-aspartate
(NMDA) receptor (NMDAR) or various voltage-dependent
Ca2+ channels (VDCCs), as well as the release of Ca2+ from
intracellular stores [6]. The relative contribution of these
sources will depend on neuron size, transmitter system, and
location in neural circuits (i.e., excitatory or inhibitory) [6].

As for the Ca2+ entry through neuron plasma membrane
channels, the activation of presynaptic neurons leads to the
release of neurotransmitters into the synaptic cleft via the entry
of Ca2+ through the voltage-operated Ca2+ channels
(VOCCs). The released neurotransmitters in the synaptic cleft,
in turn, activate receptors in the postsynaptic PM, thus initiat-
ing signal transmission. In postsynaptic neurons, the activa-
tion of neurotransmitter receptors results in the generation of
Ca2+ signals that trigger responses that are specific to the type
of receptor (reviewed in [15]).

Importantly, in addition to regulating the physiological
functions of mature neurons, Ca2+ signaling also plays essen-
tial roles in the neurogenesis from neural stem/progenitor cells
which proliferate, migrate, and ultimately differentiate into
billions of neurons and glia that populate the brain. There is
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increasing evidence that Ca2+ signaling controls specific ge-
netic programs that establish the structures of the nervous
system through Ca2+-dependent signaling pathways such as
the calcineurin-NFATsignaling axis that has been shown to be
critical for axonal growth as well as presynaptic development,
dendritogenesis, and neuronal survival (reviewed in [107]).

Neurons are responsible for a huge oxygen consumption in
resting conditions in humans. Indeed, the brain uses about
20% of the total oxygen consumed at rest but represents only
2% of the body mass [64]. Importantly, neurons are almost
exclusively dependent on mitochondrial oxidative phosphor-
ylation (OXPHOS) as a main source of ATP, and Ca2+ entry
into the mitochondria guarantees activity-dependent regula-
tion of cellular energymetabolism [52]. As for skeletal muscle
contraction [35], also neuronal activity not only contributes
significantly to ATP consumption but also rapidly adapts to
increased activity stimulating ATP synthesis through a Ca2+-
dependent increase in OXPHOS [88].

The mitochondria exert other neuron-specific functions.
Indeed, their cellular distribution contributes to the accumulation
of a large amount of Ca2+ in a defined subcellular domain, pro-
moting large local cytoplasmic Ca2+ rises. Importantly, Ca2+ se-
questration by the mitochondria profoundly affects neurotrans-
mitter release, being strategically located in the proximity of Ca2+

channels such as NMDAR at the synaptic terminal [9, 62]. In
general, mitochondria recruitment to neuronal soma, synapses,
and dendritic spines is crucial for the regulation of nerve activity,
and any change in the positioning of the mitochondria to subcel-
lular domains affects neuron physiology and might contribute to
the pathogenesis of neurodegeneration [102].

For a long time, one of the outstanding questions among
neurologists has been whether modulation of mitochondrial
Ca2+ uptake impinges on the neurotoxic effects of the excitatory
neurotransmitter glutamate. In this respect, it was clear that the
cause of neuronal dysfunction and death was the excessive Ca2+

influx in neuron through the NMDA subtype of glutamate re-
ceptor. Experiments performed by modulating MCU allowed to
directly determine the role of mitochondrial Ca2+ uptake in re-
sponse to excitotoxic stimuli [85]. In detail, MCU overexpres-
sion exacerbated NMDA-induced loss of mitochondrial mem-
brane potential and cell death, while MCU knockdown
protected themitochondria fromNMDA-induced depolarization
and increased resistance to excitotoxicity. Endogenous MCU
expression is controlled by neuroprotective synaptic activity,
which negatively regulates MCU transcription, with a mecha-
nism that implies nuclear Ca2+ and CaM kinase-dependent in-
duction of the transcription factor Npas4 [85] (Fig. 5).

Following a report of a siRNA library screening that iden-
tified MCU and MICU1 as important factors for proper mem-
ory formation [114], a study performed in Drosophila
melanogaster established that MCU-mediated mitochondrial
Ca2+ uptake during development is of fundamental impor-
tance for olfactory memory formation but not for learning.

Decreased mitochondrial Ca2+ accumulation, triggered by
overexpression of a dominant-negative isoform of MCU in
mushroom body neurons, causes axon lengthening accompa-
nied by decreased synaptic vesicle content [25]. A recent re-
port focused on the role of mitochondrial Ca2+ uptake in do-
paminergic neurons. Silencing of D. melanogaster CG4495
gene, identified asMICU1 homolog, in dopaminergic neurons
impaired climbing activity, which was worsened with aging,
and shortened life span [56] (Fig. 5).

Concluding remarks

The physiological role of mitochondrial Ca2+ uptake has been
extensively studied in the last few years thanks to the availability
of transgenic animal models. Either constitutive or conditional
deletion of MCU, as well as overexpression of MCUb, has been
achieved in vivo. In addition, tissue-specific transgenic animals
have been produced. The effects of MCU activity modulation on
organs particularly relying onmitochondrial metabolism for their
energy demand, including the heart, skeletal muscle, neurons,
and pancreas, have been dissected. These studies have highlight-
ed the importance ofMCU in physiologic organ functions and in
the protection from damaging insults, but also the existence of
compensatory mechanisms. Intriguingly, cardiac-specific dele-
tion or overexpression of the NCLX demonstrates the essential
role of propermitochondrial Ca2+ efflux for heart function and, in
general, the requirement of fine-tuned mitochondrial Ca2+ dy-
namics for proper organ physiology. In the future, comprehen-
sive studies will unravel still obscure aspects of mitochondrial
Ca2+ homeostasis on cell and tissue functions.
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