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A B S T R A C T   

Calcium (Ca2+) signalling acts a pleiotropic message within the cell that is decoded by the mitochondria through 
a sophisticated ion channel known as the Mitochondrial Ca2+ Uniporter (MCU) complex. Under physiological 
conditions, mitochondrial Ca2+ signalling is crucial for coordinating cell activation with energy production. 
Conversely, in pathological scenarios, it can determine the fine balance between cell survival and death. Over the 
last decade, significant progress has been made in understanding the molecular bases of mitochondrial Ca2+

signalling. This began with the elucidation of the MCU channel components and extended to the elucidation of 
the mechanisms that regulate its activity. Additionally, increasing evidence suggests molecular mechanisms 
allowing tissue-specific modulation of the MCU complex, tailoring channel activity to the specific needs of 
different tissues or cell types. This review aims to explore the latest evidence elucidating the regulation of the 
MCU complex, the molecular factors controlling the tissue-specific properties of the channel, and the physio
logical and pathological implications of mitochondrial Ca2+ signalling in different tissues.   

1. Introduction 

The foundation of mitochondrial Ca2+ signalling can be traced back 
to the 1960s with pioneering studies demonstrating the active uptake of 
Ca2+ by energized isolated mitochondria [1,2]. Despite significant in
sights into the regulation and diverse functions of mitochondrial Ca2+

signalling, including its role in aerobic metabolism and cell survival [3, 
4] (reviewed in [5–7]), the identity of the channel responsible remained 
elusive for a long time. This limitation hindered further research aimed 
at better understanding the physiological role of mitochondrial Ca2+

signalling in the organism and tissue homeostasis. Two breakthrough 
discoveries since 2010, the elucidation of the molecular identity of the 
mitochondrial Ca2+ uniporter regulator MICU1 [8] and of MCU itself [9, 
10], marked the beginning of the molecular era in mitochondrial Ca2+

research. 
The identification of MCU marked a turning point in understanding 

mitochondrial Ca2+ signalling. Following the discovery of MCU, addi
tional components were progressively identified in the years that fol
lowed. This progress has significantly deepened our understanding of 
the functional regulation of the MCU complex. Despite this advancement 
in identifying the components of the channel and the recent elucidation 

of its complete protein architecture (reviewed in [11–13]), several key 
questions remain regarding its precise modulation in different tissues. 
These questions include how the channel is modulated under physio
logical conditions and during the progression of pathological states. 
Further research is needed to elucidate these aspects. 

Unanswered questions that require future investigation include how 
changes in the expression, assembly and stability of individual elements 
affect channel activity, and how this is regulated in different tissue types 
and under different physiopathological conditions. This review aims to 
present recent findings on the mechanisms of regulation of MCU channel 
and insights into the role of mitochondrial Ca2+ signalling in different 
organs, emphasising the specific molecular properties in the different 
tissues and cell types. 

2. The MCU complex 

The membrane-spanning subunits of the MCU complex are composed 
of three different proteins: MCU, MCUb and EMRE [9,10,14,15]. The 
MCU spans the inner mitochondrial membrane (IMM) with a pair of 
transmembrane domains connected by a short loop oriented towards the 
intermembrane space (IMS) [16]. Consequently, both the N- and 
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C-terminal domains reside within the mitochondrial matrix. Function
ally, the MCU must self-assemble into tetramers to form the pore of the 
channel [16,17]. A key element in this assembly is the DIME motif, a 
four-amino-acid stretch between the second transmembrane domain 
and the loop. This motif oligomerises with radial symmetry, creating a 
negatively charged region at the IMS opening of the channel, forming 
the selectivity filter for the channel [16]. On the other side of the IMM, 
the N-terminal domain of MCU can interact extensively with another 
MCU tetramer, forming a v-shaped dimer. This suggests that dimeriza
tion may be involved in a specific localisation of the MCU complex 
within specific subdomain of the mitochondrial IMM [16] (see below). 

Despite the ability of the MCU tetramer to oligomerise in this channel 
architecture, MCU in metazoans remains unable to facilitate in vivo Ca2+

permeation [18]. Indeed, effective channel function requires the pres
ence of the 10 kDa protein EMRE [14]. Structurally, EMRE consists of a 
single transmembrane domain together with short N- and C-terminal 
domains. The IMS-oriented N-terminal domain contains a polybasic 
sequence of amino acids relevant for interacting with regulatory sub
units [16]. On the other hand, insights from the protein structure of the 
MCU complex show that the C-terminal domain of EMRE is essential for 
maintaining the MCU channel in a functional configuration that allows 
Ca2+ permeation [19]. 

Within the channel, MCU subunits can be replaced by one or more 
auxiliary subunits MCUb [15]. MCUb shares a significant homology with 

the MCU primary sequence, particularly in the highly conserved trans
membrane and loop domains. However, there are specific amino acid 
substitutions in the loop region of MCUb. These substitutions critically 
affect the ability of the MCU complex to allow Ca2+ permeation when 
MCUb is incorporated into the complex [15]. Additionally, recent mo
lecular modelling of MCUb, based on the molecular structure of the MCU 
complex, suggests that incorporating MCUb can alter the overall struc
ture of the complex. These changes include a reduction in the interfacial 
interaction between MCUb and EMRE, as well as a change in the pore 
size of the complex [20]. While the N-terminal domain of MCUb retains 
substantial homology with MCU, specific amino acid substitutions may 
potentially account for differences in the dimerization properties of 
MCU complexes containing MCUb moieties. 

The regulatory components of the channel are represented by the 
MICU proteins - MICU1, MICU2 and MICU3. These proteins reside in the 
IMS and contain two EF-hand Ca2+-binding motifs in their protein 
structure, allowing them to sense changes in Ca2+ concentrations 
([Ca2+]). MICU1 is the central regulatory component of the MCU com
plex [21,22]. It forms dimers stabilised by disulfide bonds linking 
conserved cysteines within its C-terminal domains, both with MICU1 
itself and with either MICU2 or MICU3 [23–25]. This MICU dimer in
teracts with the MCU complex through the IMS pore aperture and the 
polyaspartate tail of EMRE. The initial interaction involves a lysi
ne/arginine ring (K126, R129, R259, R261 and R263) and the D261 ring 

Fig. 1. The sigmoidal activity of the MCU complex. (A) Graph illustrating the relationship between [Ca2+]cyt and mitochondrial Ca2+ uptake rate. At low [Ca2+]cyt, 
the MICUs dimers inhibit mitochondrial Ca2+ uptake until a specific threshold is reached. Beyond this threshold, cooperative activation occurs, leading to a steep 
increase until maximal capacity is reached. (B) MICUs dimer acts as a gatekeeper at lower [Ca2+]cyt, releasing channel inhibition. Continued elevation of [Ca2+]cyt 
saturates the EF-hand Ca2+ binding domains, prompting cooperative channel activation. 
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at the MCU pore [16]. The interaction with the polybasic region of 
MICU1 and the polyaspartate tail of EMRE keeps the dimer in proximity 
to the MCU complex, even when gatekeeping is relieved [16]. The MICU 
dimer exerts pivotal regulatory functions in regulating channel activity. 
In resting cells, it keeps the channel in a closed state, preventing 
excessive mitochondrial Ca2+ influx and Ca2+ vicious cycles. When Ca2+

concentrations escalate, the gatekeeping mechanism is relieved and 
MICU orchestrates cooperative channel activation, allowing for a rapid 
mitochondrial response to Ca2+ influx [22,26,27]. 

3. Regulation of the channel activity 

For several decades, numerous reports have consistently shown a 
sigmoidal relationship between cytosolic Ca2+ concentration ([Ca2+]cyt) 
and the rate of mitochondrial Ca2+ uptake ([28] and Fig. 1). At low 
[Ca2+], the rate of Ca2+ uptake by mitochondria is notably inhibited 
until a specific threshold is reached. Beyond this point, mitochondrial 
Ca2+ uptake exhibits a cooperative activation, leading to a sharp in
crease in the uptake rate, until it reaches a maximum capacity [22]. 
Indeed, the sigmoidal activity of the MCU complex serves as an adaptive 
mechanism. It allows mitochondria to filter out minor increases in 
[Ca2+]cyt, preventing chronic and unnecessary stimulation. At the same 
time, it enables mitochondria to respond efficiently to significant and 
rapid spikes or oscillations in [Ca2+]cyt during periods of sustained 
cellular activity. Nevertheless, it is important to note that changes in the 
activation threshold and the extent of cooperative activation can 
significantly influence how mitochondria respond to Ca2+ challenges 
across different tissues [26]. This allows mitochondria to adapt to the 
specific needs and demands of each context. Traditionally, these 
distinctive properties have been attributed to the MICUs dimers [22,23, 
25], which are the only subunits known to sense [Ca2+]. However, the 
intricate molecular composition of the MCU complex introduces an 
intriguing possibility of potential regulatory layers. New insights into 
these potential layers are needed for a more complete understanding. 

3.1. Membrane spanning subunits 

Recent advancements in our understanding of the MCU complex 
have revealed a complex interplay of regulatory mechanisms within the 
membrane spanning subunits of the channel. First, studies using patch 
clamp recordings showed that MCU current density is directly influ
enced by the concentration of Ca2+ in the mitochondrial matrix 
([Ca2+]mit) [29]. At normal resting matrix Ca2+ levels, there is signifi
cant inhibition of MCU activity, with maximal channel inhibition 
occurring at approximately 400 nM of [Ca2+]mit [30]. This suggests that 
the matrix [Ca2+] is a key regulator of MCU activity. The proposed 
matrix Ca2+ sensor appears to be linked to the ability of the MCU 
N-terminal domain to bind cations with low affinity [31]. Mutations in 
critical residues within this domain has been shown to abrogate the 
inhibitory effect of [Ca2+]mit on MCU activity [29]. From a physiological 
perspective, this mechanism is thought to serve as a protective mecha
nism against mitochondrial Ca2+ overload. However, it is important to 
note that the regulation of MCU activity by [Ca2+]mit depends on the 
association of MICU1/2 with the channel on the opposite side of the 
IMM [29]. This suggests a tight coupling between [Ca2+]mit and 
MICU1/2 in regulating MCU activity. As a result, dissecting the precise 
mechanism of [Ca2+]mit regulation of MCU remains challenging, and 
concrete evidence of its physiological and pathological relevance is still 
awaited, as most of the studies conducted so far have been conducted in 
cells. 

A secondary level of regulation within the MCU complex involves the 
integration of MCUb into the channel. MCUb can replace any subunit of 
MCU within the tetrameric complex, resulting in a reduction in the Ca2+

conductance of the MCU complex. Indeed, substitution of two conserved 
residues near the DIME motif has been shown to significantly affect 
channel conductance [15]. There is a general consensus that considers 

MCUb a dominant-negative regulator of MCU channel activity [15,32, 
33]. The precise extent to which the substitution of MCU for MCUb in 
the stoichiometry of the MCU complex affects the channel conductance 
remains somewhat unclear. Nevertheless, insights from studies 
involving MCU knockout (KO) mouse models suggest that MCUb tetra
mers are unable to conduct Ca2+. This is evident from the fact that MCU 
depletion alone is sufficient to completely abolish mitochondrial Ca2+

influx into the mitochondrial matrix [34]. Furthermore, recent evidence 
supports the notion that MCUb diminishes the functionality of the 
channel. This evidence shows that MCUb is unable to interact with 
EMRE [33] and/or MICUs [32]. This lack of interaction can be attributed 
to both a decreased presence of EMRE within the complex and a 
reduction in the cooperative activation of the channel activity due to the 
loss of MICU1 interaction. 

3.2. Regulatory subunits 

The MICUs represent the most extensively studied regulators of the 
MCU complex, primarily due to their canonical EF-hand Ca2+-binding 
domains [35]. These subunits exert control over the activation threshold 
and cooperative activation of the channel, as demonstrated in previous 
studies [22,23,25,36]. These parameters are crucial in determining the 
amplitude of the mitochondrial Ca2+ response. Indeed, variations in the 
activation threshold determine the minimal stimulus required to trigger 
mitochondrial Ca2+ uptake and influence the speed at which mito
chondria respond to cellular activation [26,27]. Similarly, different 
levels of cooperative channel activation confer different Ca2+ uptake 
capacities to mitochondria facing identical challenges (Fig. 2). MICU1 
was originally identified as the gatekeeper and cooperative activator of 
the channel. Indeed, KO of MICU1 in cell cultures not only eliminates the 
activation threshold, but also reduces the cooperative activation ([22] 
and Fig. 2A). The subsequent discovery of the paralogous MICU2 and 
MICU3 [35], coupled with the revelation of the dimeric nature of 
MICUs, further complicates the regulatory landscape [23,25]. It is worth 
noting that MICU1 is the subunit that directly interacts with the channel 
[16]. As a consequence, the MICUs dimer always includes MICU1 [23, 
25]. In this configuration, MICU1 can form dimers with itself, resulting 
in MICU1 homodimers, or with one of the other MICUs, MICU2 and 
MICU3, leading to the formation of different MICUs heterodimers 
[23–25]. Generally, these dimers inhibit the channel when not bound to 
Ca2+, and this inhibition is relieved by Ca2+ binding to their EF-hand 
domains. The Ca2+ affinity of the MICUs dimers is crucial in govern
ing this process. The consensus is that the MICU1:MICU1 homodimer 
shows a higher Ca2+ affinity compared to the MICU1:MICU2 dimer 
([37] and Fig.s 2B-C). Although the Ca2+ affinity of the MICU1:MICU3 
dimer has not been measured yet, functional analyses of MICU3 suggest 
a strong activation effect, indicating a potentially higher affinity 
compared to the MICU1:MICU1 homodimer ([24,38] and Fig. 2D). The 
specific functional role of Ca2+ binding to the EF-hand domains of one 
monomer versus the other in the regulation of the activation threshold 
and cooperative activation is still under investigation. However, for the 
MICU1:MICU2 dimer, it is clear that Ca2+ must bind to both the MICU1 
and MICU2 EF-hand domains to fully activate MCU-dependent mito
chondrial Ca2+ uptake [23,25]. 

3.3. Tissue-expression of the MCU complex components 

The composition and regulation of the MCU complex provides mul
tiple levels of modulation of channel properties. One of the more 
straightforward means of modulation is through the differential 
expression of the channel components, namely MCU, MCUb, and EMRE. 
This concept is supported by various lines of evidence correlating MCU 
current density in different tissues through electrophysiological mea
surements [39] with the varying expression levels of MCU [9], EMRE 
[14], and MCUb [15]. MCUb is particularly interesting in this context, as 
it shows low expression levels in most tissues [15]. The MCU:MCUb ratio 
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becomes crucial when studying tissue-specific regulation of the channel. 
For example, the heart stands out as an important example, where the 
MCU:MCUb ratio is ten times lower compared to skeletal muscle. Not 
surprisingly, this results in heart mitochondria having ten times lower 
MCU current density than skeletal muscle mitochondria [39]. A fasci
nating aspect is that recent reports have demonstrated that MCUb 
expression can be modulated during various physiological and patho
logical conditions. For instance, changes in MCUb expression have been 
observed during the maturation of macrophages from a 
pro-inflammatory to an anti-inflammatory phenotype in experimental 
models of muscle damage and regeneration ([40] and Fig. 3A). In MCUb 
knockout (MCUbKO) mice, the switch in macrophage phenotype is 
impaired, affecting muscle repair after injury [40]. Furthermore, MCUb 
induction during fasting in skeletal muscle has been observed, influ
encing substrate preference by enhancing fatty-acid utilisation ([41] and 

Fig. 3B). In the cardiac context, MCUb expression significantly rises 
post-myocardial infarction ([32,33] and Fig. 3C). The role of MCUb in 
the heart has been further explored in a mouse model of type 2 diabetic 
cardiomyopathy [42], where MCUb levels are upregulated as a 
stress-responsive mechanism to limit Ca2+ overload during cardiac 
injury. 

In addition to the membrane-spanning subunits of the channel, the 
regulatory subunits MICUs play a pivotal role, and differential expres
sion levels of these paralogous proteins can dramatically alter the acti
vation threshold and the cooperative activation of the channel. Recent 
research has highlighted the heterogeneity of the MICUs dimers in 
different tissues [24,26,27,38,43]. One striking example of 
tissue-specific MICU regulation can be found in skeletal muscle. Here, a 
tissue-specific splicing variant of MICU1 is expressed, and the addition 
of a single exon containing four amino acids significantly increases the 
affinity of the MICUs dimer for Ca2+, shifting the threshold for MCU 
opening to lower Ca2+ concentrations [43]. This adaptation enables a 
rapid response of mitochondrial oxidative metabolism to skeletal muscle 
activity, ensuring an efficient supply of ATP for contraction. Intrigu
ingly, this splicing event is tightly regulated by specific splicing factors 
whose expression increases during muscle differentiation [44]. Another 
tissue-specific MICU is MICU3, which was originally characterised as a 
neuronal-specific regulator of MCU, but nowadays identified as player in 
mitochondrial Ca2+ homeostasis in different other tissues like heart and 
skeletal muscle [45,46]. Like MICU1.1, MICU3 can enhance mitochon
drial Ca2+ signalling through MCU when incorporated into the complex 
[24,38]. Recent investigations have revealed a general trend in electri
cally excitable cells where MCU channels appear to be configured for 
easier activation [26,27]. In skeletal muscle, for example, there is a 
predominant expression of MICU1 homodimers. In neurons, there is 
expression of MICU1:MICU3 dimers, and cardiomyocytes have very low 
levels of MICUs overall. This specific configuration of the MCU complex 
in these excitable cells allows for a rapid response of mitochondrial 
metabolism to cell activation, enabling the efficient production of ATP 
to support energy-demanding processes such as neurotransmission and 
muscle contraction. In contrast, hepatocytes control the MCU channel 
through the MICU1:MICU2 heterodimer, which provides a robust acti
vation threshold and strong cooperative channel activation. The differ
ential expression of MICUs is particularly important as it can modify the 
activation properties of the channel by altering the relative expression of 
the different MICUs and promoting the formation of different MICUs 
dimers [26,27]. While MICU proteins are essential for mitochondria to 
decode cytoplasmic Ca2+ signals under normal conditions, several 
studies demonstrate that their protein expression can change under both 
physiological and pathological conditions [47–50]. For example, a 
decrease in MICU2 expression has been observed in the liver during 
fasting. This change could lead to a shift from MICU1:MICU2 hetero
dimers to MICU1 homodimers, resulting in an increased rate of Ca2+

uptake and ATP production [47,48]. Similar adaptations during fasting 
have been observed in renal pathological conditions, such as in a model 
of autosomal dominant polycystic kidney disease [51]. 

3.4. MCU complex post-translational modifications 

Another layer of complexity arises from the post-translational mod
ifications (PTMs) undergone by various components of the MCU chan
nel, which significantly influence their activity. Phosphorylation, in 
particular, has been extensively studied. Initial investigations in 2012 
identified phosphorylation of MCU Ser92 by CAMKII, supposedly acti
vating MCU [52]. However, subsequent patch-clamp experiments and 
CaMKIIKO animal models have raised doubts about this finding [53,54]. 
Another notable phosphorylation event occurs at Tyr289 by proline-rich 
tyrosine kinase 2 (Pyk2), which promotes channel oligomerization and 
enhances mitochondrial Ca2+ signalling [55]. This modification may 
have pathological implications, as activation of the MCU/Pyk2 pathway 
in brain ischemia stimulates MCU channel activity, leading to 

Fig. 2. Alteration of the threshold and cooperative activation of the MCU 
complex contingently to the different expression of the MICUs dimers. In car
diac tissues (A) absence of the MICUs dimer eliminates the threshold and 
cooperative activation. MICU1:MICU2 heterodimer (B) establishes a high 
threshold and strong cooperative activation of the channel, decoding cytosolic 
Ca2+ transients into [Ca2+]mit increases as seen in hepatic tissue. MICU1 
homodimers (C) in skeletal myotubes or MICU1:MICU3 heterodimers (D) in 
brain neurons decrease activation threshold and facilitates a more immediate 
cooperative activation of the complex. 
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detrimental effects on mitochondrial function and neuronal survival 
[56]. Additionally, AMPK-mediated phosphorylation of Ser57 on MCU 
can positively modulate mitochondrial Ca2+ entry, enhancing mito
chondrial respiration and energy production, which are critical for cell 
replication [57]. 

PTMs, especially phosphorylation, have been extensively studied in 
cancer cell lines, revealing their involvement in tumour progression and 
malignancy. For example, phosphorylation of MCU has been implicated 
in the development of colorectal cancer (CRC). In CRC, receptor- 
interacting protein kinase 1 (RIPK1) interacts with MCU to enhance 
mitochondrial Ca2+ uptake and energy metabolism, thereby promoting 
CRC cell proliferation. Additionally, Akt kinase-mediated phosphoryla
tion of MICU1 at Ser124 disrupts the MICU1-MICU2 dimer, inhibiting 
MICU1′s suppressive effect on MCU. [58]. This leads to elevated basal 
mitochondrial matrix Ca2+ levels, abnormal reactive oxygen species 
(ROS) production, and tumour progression [58]. Accordingly, mutants 
of MICU1 that cannot be phosphorylated restore normal mitochondrial 
Ca2+ and ROS levels, thereby inhibiting Akt-driven tumour growth [58]. 

In addition to phosphorylation, other PTMs can also influence MCU 
channel activity. One such modification is MCU oxidation, particularly 
at Cys97. Upon oxidation, Cys97 undergoes reversible S-gluta
thionylation, which promotes the assembly of MCU channels into 
higher-order complexes with sustained activity, resulting in increased 
mitochondrial Ca2+ accumulation [59]. Moreover, MCU oxidation can 
also occur through interaction with Complex I of the electron transport 
chain, leading to uniporter degradation. However, under conditions of 
Complex I dysfunction, this interaction is lost and MCU levels increase, 
thereby sustaining mitochondrial Ca2+ levels to preserve bioenergetic 
homeostasis [60]. Additionally, post-translational methylation of 
MICU1 by arginine methyltransferase 1 (PRMT1) at Arg455 reduces its 
sensitivity to Ca2+[61]. UCP2/3 can restore the Ca2+ sensitivity of 
methylated MICU1, thereby reinstating mitochondrial Ca2+ uptake ac
tivity [61–63]. 

3.5. MCU complex proteolytic processing and assembly 

The MCU complex, with its numerous subunits, is assembled in 
different configurations that are influenced by the expression levels of its 
components. Additionally, the process is regulated by specific mito
chondrial proteases and chaperones (Fig. 4). For example, the integra
tion of EMRE into the channel occurs after its assembly with MICUs 
dimers, a sequential process designed to prevent the formation of 
ungated channels [64]. Interestingly, mAAA-type proteases exhibit the 
ability to discriminate between uncomplexed and MCU-bound forms of 
EMRE, selectively degrading the former (as explained below). This se
lective degradation promotes the balanced expression of MCU and 
EMRE, which is essential for the proper assembly and function of the 
channel complex [65]. The mitochondrial peptidase MAIP1 acts as a 
chaperone during the assembly of EMRE with MCU [64]. This mecha
nism has particulars pathological relevance, as the loss of the m-AAA 
protease leads to the accumulation of constitutively active MCU-EMRE 
channels lacking gatekeeper subunits. This accumulation can particu
larly affect neuronal mitochondria, leading to mitochondrial Ca2+

overload [64]. The number of EMRE units required for a functional 
channel is still unclear. While the cryo-EM structure of the MCU complex 
proposed a 1:1 ratio between MCU and EMRE proteins [16,19], it re
mains unclear whether complexes with fewer than four EMREs can still 
permeate Ca2+, and how the properties of the complex change under 
these conditions. Evidence suggests that altered MCU:EMRE stoichi
ometry in cells leads to the formation of an active channel but fails to 
properly tether MICUs dimers to the complex, resulting in altered 
gatekeeping and cooperative activation profiles [66]. Furthermore, the 
elucidation of the protein structure of the MCU complex has introduced 
another potential level of regulation in its assembly. The cryo-electron 
microscopy (cryo-EM) structure of the MCU complex, determined at 
high [Ca2+], reveals the formation of a dimer of the holocomplex [16, 
67]. The authors of this discovery speculate that this dimeric configu
ration may favour the localisation of the channel to the most superficial 
IMM rather than to the invaginated cristae regions. Consequently, this 
could play a pivotal role in regulating mitochondrial Ca2+ uptake 

Fig 3. Remodelling of the MCU complex in physiological and pathological conditions. (A) Transition from proinflammatory to anti-inflammatory macrophages 
involves elevated MCUb expression, regulating macrophage metabolism towards a reparative phenotype. (B) In skeletal muscle, fed and calorie-restricted states 
induced by fasting upregulate MCUb expression, initiating mitochondrial metabolic adaptation favouring fatty acid utilization for energy production. (C) Post- 
myocardial infarction, elevated MCUb expression decreases mitochondrial Ca2+ uptake, limiting Ca2+ overload. However, heart failure exhibits increased MICU1 
expression, impacting mitochondrial Ca2+ dynamics and channel gating, potentially affecting energy metabolism and contractile dysfunction. 
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through the precise localization of MCU complexes to specific regions 
within the IMM [16]. Other factors can influence the oligomerization of 
MCU channels, such as the previously mentioned S-glutathionylation of 
the NTD domain of MCU [59]. Another mechanism involves the mito
chondrial protein MCUR1, initially identified as a regulator of MCU [68, 
69] and more recently suggested to act as a cytochrome c oxidase as
sembly factor [70]. Recently it has been shown that the deletion of 
MCUR1 affect also the MCU oligomeric state, impacting on the MCU 
channel activity [71]. 

Recent findings challenge the traditional view that the MCU complex 
remains in a stable configuration until activated by increased [Ca2+] in 
the IMS [72,73]. It has been demonstrated that MICU1 localizes to the 
inner boundary membrane (IBM) of the IMM in a manner dependent on 
mitochondrial membrane potential, where it contributes to stabilizing 
the cristae junctions [72,74], through direct interactions with MIC60 
and CHCHD2 [74]. Furthermore, recent investigations suggest that upon 
Ca2+ mobilization, MICU1 anchors MCU/EMRE at the IBM, proposing a 
"potentiation mechanism" in which MICU1 enhances channel activity 
upon stimulation rather than blocking it in its resting state [73], sup
ported by some evidence from patch clamp recordings [67]. However, 
the validity of this potentiation mechanism is still debated in the field 
[75–77], although these recent discoveries will undoubtedly stimulate 
further investigations into the regulatory properties of the MCU channel. 

The regulatory subunits of the MCU complex can undergo dynamic 
assembly both with themselves and with the channel. For example, it has 
been shown that an increase in [Ca2+]cyt leads to the rearrangement of 
MICU1 multimers into smaller complexes in intact cells [78]. This 
rearrangement could potentially alter the regulatory profile of MICU1. 
Furthermore, few reports have addressed the assembly of the regulatory 
subunits, MICUs. However, it appears to be a two-step mechanism. First, 
MICUs form dimers stabilized through the creation of a disulfide bond, a 
process catalysed by the IMS oxidoreductase Mia40. This enzyme oxi
dises conserved cysteines within the MICUs to create mature dimers 
[79]. Initially, the disulfide bond was thought to be essential for the 
proper MICU function. However, recent research has shown that MICUs 
can dimerise even in the absence of disulfide bond formation [27]. In 
fact, mutating the cysteine involved in the disulfide bridge in MICU1 
does not prevent MICU1 from interacting with the channel or effectively 
regulating channel activity [27]. 

An intriguing aspect is the regulation of the formation of different 
MICUs dimers. Some tissues have both MICU1:MICU2 dimers and 
MICU1 homodimers, whereas MICU2 homodimers have never been 
observed in vivo. This seems to be because MICU1 has a high affinity for 
itself, favouring homodimerization when other MICU1 monomers are 

present. To prevent this and to facilitate the formation of heterodimers, 
the import of MICU1 into the IMS must be tightly controlled, allowing 
for the accumulation of MICU2 through a faster import process [27]. The 
precise molecular mechanisms controlling these differential import rates 
remain unknown. However, when MICU1 import increases or MICU2 
abundance decreases, MICU1 readily encounters other MICU1 mole
cules and forms homodimers. Recently, it has been suggested that unlike 
MICU1, MICU2 lacks a specific Mia40 recognition sequence. This might 
explain of the absence of MICU2 homodimers, possibly due to their 
faster degradation [27]. 

3.6. Proteolytic processing and degradation of MCU complex. 

In recent years, the regulation of proteolytic degradation of the MCU 
complex components has emerged as a critical aspect of mitochondrial 
Ca2+ homeostasis. Precisely control of the levels of these components is 
essential for proper assembly and physiological control of channel ac
tivity (Fig. 4). While the regulation of proteolytic degradation of MCU 
itself remains poorly understood, MCU appears to be a highly stable 
protein with a long half-life [80]. In contrast, other MCU complex 
components such as EMRE (with a half-life of about 8 hours) [65] and 
MICU1 (with a half-life of about 4 hours) [27] have shorter lifespans. 
This is where the mitochondrial protein quality control system comes 
into play, particularly through the action of matrix and IMS 
AAA-proteases that regulate the degradation of various MCU complex 
components. For instance, excessive EMRE is targeted for degradation 
by m-AAA-proteases like AFG2L3 and SPG7. This regulatory process 
prevents the over-incorporation of EMRE into the complex, which could 
lead to the formation of uncontrolled MCU channels [64,65]. The 
mitochondrial protein quality control system also plays a role in the 
controlled degradation of the regulatory subunit MICUs. YME1L1, an 
IMS AAA-protease, regulates MICUs protein levels. Recent findings 
suggest that YME1L1 efficiently degrades MICUs monomers when they 
are not in a disulfide-stabilised dimeric state [27]. This mechanism ap
pears to enhance the stability of MICUs and explains why they are 
typically detected as dimers under non-reducing conditions. Notably, 
MICU2, which lacks Mia40 recognition sequence and does not form 
homodimers through disulfide bond stabilization, is rapidly degraded, 
preventing the accumulation of this particular dimeric form [27]. These 
regulatory processes ensure precise control over the levels and forms of 
MCU complex components, contributing to the fine-tuned regulation of 
mitochondrial Ca2+ uptake. 

Fig. 4. Assembling and proteolytic processing of the MCU complex components. (A) EMRE integrates into the channel after associating with MICUs dimers, pre
venting uncontrolled channel formation. Excessive EMRE levels may be degraded by the m-AAA protease AFG2L3, contributing to regulatory control. (B) MICUs 
assembly involves a two-step process. Initially, the IMS oxidoreductase Mia40 catalyzes disulfide bond formation in MICU1. The oxidized MICU1 then interacts with 
another MICUs protein to form the dimeric structure. (C) The IMS AAA-protease YME1L1 regulates MICUs protein levels by selectively degrading MICUs monomers 
not engaged in dimeric states stabilized by disulfide bonds, aiding in maintaining proper assembly of MICUs dimers within the mitochondrial calcium uni
porter complex. 
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4. The physiological roles of the Mitochondrial Ca2þ Uniporter 

Understanding the tissue-specific regulation of mitochondrial Ca2+

signalling does not mean that its role in tissue homeostasis has been fully 
elucidated. To unravel this importance, researchers have employed 
various animal models, including those with genetic modifications of the 
MCU complex, to elucidate its physiological role during embryonic 
development and in tissue homeostasis. 

4.1. Germline deletion of MCU channel components 

The most extensively characterised MCU channel components in the 
context of animal models is MCU itself. Researchers have generated 
models in C. elegans, D. melanogaster, Zebrafish and mice [34,81–85]. The 
absence of MCU is surprisingly well tolerated by several organisms. 
However, analysis of the total MCU KO mice (MCUKO) reveals a more 
complex picture. While MCUKO mice from the outbred CD1 strain are 
viable, approximately half of the offspring die during development. 
Viable outbred CD1 MCUKO mice exhibit smaller size, reduced organ and 
body weight (with preserved organ/body weight ratio), altered pyruvate 
dehydrogenase (PDH) phosphorylation and activity, and a marked 
impairment in their ability to perform strenuous work [34]. Interest
ingly, total MCUKO is embryonically lethal in the inbred C57BL/6 strain, 
which dies before E14.5 of embryonic development [34,57]. These 
findings suggest a background-dependent compensatory mechanism 
that emerges to overcome the deletion of MCU, particularly when the 
genetic diversity allows for adaptative flexibility. Studies conducted in 
cell lines further support the importance of MCU and mitochondrial 
Ca2+ uptake during cell cycle progression. MCU is required to couple 
mitochondrial functions to metabolic demands during the G1-S transi
tion and mitosis of the cell cycle [86]. The production of new cells im
poses significant energetic and biosynthetic demands on the mother cell 
to ensure proper progression throughout the cell cycle [87,88]. There
fore, MCUKO mice exhibit delayed wound healing, reduced numbers of 
proliferating cells during liver regeneration, and fewer cells in organs 
with limited postnatal proliferation [86]. Similarly, C. elegans lacking 
MCU shows defective wound healing and motility [84,89]. Another 
critical MCU component analysed in mouse models is EMRE. Given its 
essential role in enabling the MCU channel to Ca2+ permeation, total 
EMRE KO mouse (EMREKO) has a phenotype similar to total MCUKO 

mouse. Mouse models with EMRE deletion reveal that mitochondria are 
unable to rapidly take up Ca2+ [90]. In an outbred background, a frac
tion of EMREKO mice is born and appears healthy and active, albeit 
smaller than wild-type (WT) littermates. EMREKO mouse has unaltered 
basal metabolism and, unlike MCUKO mouse, is not significantly 
impaired in exercise capacity [90]. In the context of the regulatory 
subunits, mouse models with total KO for MICU1 and MICU2 have been 
generated (MICU1KO and MICU2KO). Initially, it was observed that the 
whole-body knockout of MICU1 leads to lethality within hours after 
birth, with MICU1KO newborns displaying a failure of basic vital func
tions after-birth [91]. However, a subsequent mouse model reported a 
perinatal lethality rate of approximately 85%, with the surviving 
MICU1KO mice exhibiting ataxia and muscle weakness [92]. This 
phenotype resemble that of human patients with loss-of-function mu
tations in MICU1 [93]. Interestingly, as the MICU1KO mice age their 
phenotype appears to improve and they regain near-normal mitochon
drial Ca2+ homeostasis, coinciding with a decrease in EMRE protein 
expression [92]. 

Conversely, MICU2KO mice are viable and produce offspring in 
Mendelian ratios, with comparable sizes and activity levels to their wild- 
type littermates. Consistent with previous results using RNAi targeting 
MICU2 in mouse liver [35], both MICU1 and MCU protein levels were 
significantly reduced in liver tissue from MICU2KO mice. Deletion of 
MICU2 leads to more rapid mitochondrial Ca2+ uptake in response to 
low cytosolic Ca2+ challenges, while overall Ca2+ uptake is reduced 
upon greater stimulation, likely due to a reduction in MCU levels [94]. 

4.2. Heart 

The rhythmic contraction and relaxation of the heart muscle are 
essential to drive blood circulation and ensure adequate organ perfu
sion. This dynamic process places high energy demands on car
diomyocytes, which are met primarily by oxidative phosphorylation. It 
is therefore not surprising that mitochondria, which constitute approx
imately 30% of cardiomyocyte volume, play a pivotal role in cardiac 
physiology and pathology. Heart performance and mitochondrial ac
tivity are finely tuned to the needs of the body [95,96]. This occurs in the 
fight-or-flight response, where heart rate, contractile force, and mito
chondrial metabolism increase following β-adrenergic stimulation [97]. 

Ca2+ is central to excitation-contraction coupling, acting as a 
permissive factor for cross-bridge cycling and coupling energy meta
bolism to cardiomyocytes activation [96,97]. Under pathological con
ditions, mitochondrial Ca2+ overload is a major cause of cardiomyocyte 
cell death, primarily through the Ca2+-induced mitochondrial perme
ability transition (mPT) during ischemia/reperfusion (I/R) injury [4, 
98–100]. While several lines of evidence support the role of [Ca2+]m in 
fine-tuning cardiomyocyte bioenergetics [95,96], the precise contribu
tions of the MCU complex to cardiac physiology and pathology are less 
well understood. For this reason, cardiac functionality and the response 
to physiological or pathological stimuli were evaluated across various 
mouse models with affected [Ca2+]m (Table 1). These models included 
global KO of MCU, MCUb and EMRE (MCUKO [34], MCUbKO [33] and 
EMREKO [90]), a transgenic mouse expressing a heart-specific domi
nant-negative form of MCU (DN-MCUTG), an inducible heart-specific 
MCUKO (ihMCUKO, [101,102]), and a cardiomyocyte-specific MCUb 
overexpressing mouse (MCUbTG [32,33]). Notably, these models exhibit 
minimal effects on fundamental cardiac functions based on standard 
parameters, such as ejection fraction or ventricular fractional short
ening. Upon β-adrenergic stimulation, the rapid MCU-mediated increase 
in [Ca2+]m was found to be essential in enhancing cardiac function and 
augmenting energy supply through the stimulation of mitochondrial 
metabolism in both ihMCUKO and DN-MCUTG mouse models [101–104]. 
Similarly, acute overexpression of MCUb, resulting in reduced MCU 
complex activity, led to impairment in the fight-or-flight response [32]. 

Regarding cardiomyocyte cell death during I/R injury, the acute 
deletion of MCU effectively prevented mitochondrial Ca2+ overload, 
mPT, and reduces the extent of myocardial damage [101,102]. Notably, 
during I/R injury, an increase in MCUb expression levels was reported, 
acting as a protective compensatory measure to reduce [Ca2+]m and 
infarct area [32,33]. This was supported by increased cardiac remod
elling and infarct area in MCUbKO mouse [33]. Coherently, prolonged 
MCUb overexpression in mouse hearts resulted in a reduced infarct size 
after I/R injury [32,33]. 

Surprisingly, in the total MCUKO mouse [34], EMREKO [90] and the 
DN-McuTG mouse [103], where rapid mitochondrial Ca2+ uptake is 
abolished, no significant differences in cardiomyocyte susceptibility to 
cell death during I/R injury were observed. Additionally, MCUKO mouse 
did not exhibit sensitivity to the mPT inhibitor cyclosporine A (CsA) in 
protecting cardiomyocytes from damage following I/R injury [34]. A 
recent study by Parks et al. offered a plausible mechanism to reconcile 
the lack of sensitivity to CsA in the MCUKO mouse. The researchers 
demonstrated that cardiac mitochondria in MCUKO mice exhibit lower 
Ca2+ retention capacities when Ca2+ is driven into the mitochondrial 
matrix using the Ca2+ ionophore ETH-129. This phenomenon is attrib
uted to higher levels of phosphorylated CypD, rendering mitochondria 
more susceptible to mPT, even in the absence of rapid Ca2+ uptake by 
the MCU complex [105]. 

Despite conflicting evidence has emerged regarding the beat-to-beat 
coupling between increases in [Ca2+]m and [Ca2+]cyt [96], mouse car
diomyocyte mitochondria appear to integrate the frequency of cyto
plasmic Ca2+ signals as changes in steady-state [Ca2+]m [26,111,112]. 
Mouse cardiac mitochondria show a lower maximal Ca2+ uptake ca
pacity, a lower [Ca2+] threshold for activation, and a less steep 
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non-linear dependence on [Ca2+] compared to liver or muscle mito
chondria [26]. These kinetic properties are influenced by the composi
tion of the MCU complex, in particular the low ratio of MICU1:MCU 
content [26,27]. In this configuration, only an increase in frequency 
leads to a gradual increase in [Ca2+]m [26]. Conversely, increasing the 
MICU1:MCU ratio, as achieved by MICU1 overexpression in the heart, 
imposes a higher threshold of activation and increases the cooperative 
activation of the channel, but causes contractile dysfunction [26]. 
Intriguingly, in biopsies of failing human hearts, the MICU1:MCU ratio is 
higher relative to samples from healthy patients and correlates with 
decreased ejection fraction [49]. Importantly, despite a lower MICU1: 
MCU ratio, silencing MICU1 in mouse cardiac mitochondria exacerbates 
I/R injury [108]. Furthermore, it has been shown that MICU1 levels are 
downregulated in the heart of diabetic db/db mice, which promotes 
intrinsic apoptosis in neonatal cardiomyocytes [50]. In addition, 
restoring MICU1 levels to normal improves cardiac function in db/db 

mice. 
Overall, these studies suggest that [Ca2+]m plays an essential role for 

cellular adaptation to increased energy demands during stress responses 
and for regulating substrate oxidation preferences. Under pathological 
conditions, the modulation of MCU channel activity protects against 
Ca2+-induced mPT and cardiomyocyte cell death. 

4.3. Skeletal muscle 

Muscle contraction is vital for enabling body movement, maintaining 
posture and is essential for breathing process. To support muscle 
contraction, the production of ATP needs to be tightly regulated to meet 
the increased energy demands, which can rise by several orders of 
magnitude during intense physical activity [113,114]. In addition to 
their mechanical function, muscles also play crucial roles in the overall 
energy balance of the body. They act as storage sites for glucose during 

Table 1 
HEART.  

Model Ca2+ phenotype Basal heart functions Tissue metabolism Fight and flight 
response 

I/R injury Reference 

Total MCU KO 
(germline) mouse 

Abolished 
mitochondrial 
Ca2+uptake and lower 
basal [Ca2+]mit 

Impaired ability to 
perform exhausting 
physical activity but 
normal ejection. 

Defect in Ca2+-stimulated 
respiration 

No effect No effect, but 
impairment of the 
protective effect of CsA 

[34, 
105–107] 

Heart-specific dominant- 
negative MCU mouse 

Abolished 
mitochondrial 
Ca2+uptake and lower 
basal [Ca2+]mit 

Normal Increased PDH 
phosphorylation levels 

Impaired response No effect [103] 

Heart-specific dominant- 
negative MCU mouse - 
pacemaker cells 

Abolished 
mitochondrial 
Ca2+uptake 

Normal Impaired ATP production 
upon increase heart 
frequency 

Impaired 
chronotropic 
response 

n.d. [104] 

Tamoxifen-inducible 
heart-specific MCU KO 
mouse 

mitochondrial 
Ca2+uptake, no 
changes in basal 
[Ca2+]mit 

Normal Impaired metabolism upon 
increase activity 

Impaired response Protection [101,102] 

Heart MICU1 
overexpression mouse 

Increased threshold 
and cooperativity for 
mitochondrial Ca2+

uptake. 

Heart contractile 
impairment with 
decrease in ejection 
fraction and fractional 
shortening. 

n.d. n.d. n.d. [26] 

Heart specific MICU1 
silencing mouse 
-Intramyocardial 
injection 

Mitochondrial Ca2+

overload 
Normal Altered mitochondrial 

morphology and suppressed 
mitochondrial function. 

n.d. Exacerbation 
(worsening infarct size, 
cardiac function, and 
myocardial apoptosis) 

[108] 

Inducible heart-specific 
MCU KO mouse 

n.d. Normal Higher reliance on lipid 
oxidation under increased 
workload 

No effect n.d. [109] 

Acute MCUb 
overexpression mouse 

Decrease 
mitochondrial 
Ca2+uptake rate 

Acute induction causes a 
transient impairment of 
contractile function 
(recover after 1 month) 

Impaired maximal 
respiration, reserve capacity 
and increased PDH 
phosphorylation levels 

Impaired response Protection [32] 

Total MICU2 KO mouse delayed cytosolic Ca2+

reuptake 
Normal up to 16 months 
old, after left atrial 
enlargement.  

n.d. n.d. [94] 

Total EMRE KO mouse Abolished 
mitochondrial 
Ca2+uptake and lower 
basal [Ca2+]mit 

Normal No effect No effect No effect, but 
impairment of the 
protective effect of CsA 

[90] 

Inducible heart-specific 
EMRE KO mouse 

Abolished 
mitochondrial 
Ca2+uptake and lower 
basal [Ca2+]mit 

Normal Defect in Ca2+-stimulated 
ATP production 

Impaired response Protection in the short- 
term 

[110] 

Total MCUb KO mouse No changes in basal Normal Normal n.d. Exacerbation and 
increased cardiac- 
remodeling 

[33] 

Cronic MCUb 
overexpression mouse 

Inhibited 
mitochondrial 
Ca2+uptake 

Normal Normal n.d. Protection [33] 

Total MICU3 KO mouse n.d. Normal Increased PDH 
phosphorylation levels 

Protection against 
beta-adrenergic 
induced 
dysfunction 

Protection [46] 

n.d.: not determined. 
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post-prandial fasting and serve as sources of amino acids during periods 
of starvation [115]. 

In the context of muscle homeostasis, the role of mitochondrial Ca2+

signalling is well established (Table 2). Overexpression of MCU in 
muscle cells leads to muscle hypertrophy and provides protection 
against denervation-induced atrophy [116]. Conversely, muscle-specific 
knockdown (skMCUKD) or muscle-specific MCUKO (skMCUKO) results in 
muscle atrophy and impaired strength and performance in mice [34, 
116–118]. Indeed, MCU-dependent mitochondrial Ca2+ uptake exerts a 
significant trophic effect on two major hypertrophic pathways in skel
etal muscle, namely the PGC-1α4 and IGF1-Akt/PKB pathways [119, 
120]. In particularly, the PGC-1α4 pathway appears to be influenced by 
mitochondrial Ca2+ signalling, as demonstrated by conditions that in
crease mitochondrial Ca2+ uptake, such as the depletion of the cytosolic 
Ca2+ buffer parvalbumin, which affects muscle trophism and activates 
this pathway [121]. Moreover, skMCUKO mice exhibit a profound 
change in muscle composition, shifting from slow-twitch to fast-twitch 
muscle fibre types [117]. This shift is accompanied by a change in 
metabolic preference, characterized by increased glycolytic rate, 
reduced pyruvate utilization, and increased β-oxidation to supply 
mitochondrial oxidative catabolism [117,118]. The metabolic shift in 
skMCUKO mice is attributed to lower PDH activity, resulting from 
reduced steady-state [Ca2+]mit [117]. A similar metabolic phenotype is 
observed in mice overexpressing the Pyruvate Dehydrogenase Kinase 4 
(PDK4), which promotes PDH phosphorylation and inactivation. Inter
estingly, normal PDH activity and pyruvate oxidation can be restored in 
skMCUKO mice by overexpressing the Ca2+-insensitive Pyruvate Dehy
drogenase Phosphatase PDP2 [117]. Despite their higher reliance on 
fatty acid oxidation, skMCUKO myofibers exhibit elevated rates of 
glucose uptake and lactate production in vivo compared to controls, 
leading to increased blood lactate levels due to decreased pyruvate 
oxidation. This increased demand for glucose triggers a rewiring of 
whole-body metabolism in skMCUKO mice. This includes upregulated 
hepatic gluconeogenesis and glycogenolysis and increased lipolysis in 
visceral adipose tissue [117]. A similar metabolic phenotype was 
observed in a mouse model with tamoxifen-inducible MCU deletion in 
adulthood, suggesting that this outcome is not merely an adaptation 
response to chronic MCU deletion [117]. Altogether, these findings 
highlight the pivotal role of MCU in regulating muscle activity, tro
phism, and substrate oxidation preferences, with significant conse
quences for whole-body metabolism. 

The significance of mitochondrial Ca2+ signalling in muscle physi
ology is further underscored by the higher Ca2+ transport currents 
exhibited by muscle mitochondria compared to other organs [39]. 
Myocyte mitochondria have a higher density of the MCU complex, 
facilitating mitochondrial Ca2+ uptake, particularly in comparison to 
cardiomyocytes and hepatocytes [26,27]. Furthermore, myocyte MCU 
complex contains MICU1.1, a tissue-specific splice variant of MICU1 
with a significantly greater affinity for Ca2+, promoting Ca2+-induced 
MCU activation and ensuring efficient coupling of mitochondrial 
metabolism to meet ATP demands [43]. In skeletal muscle, MCU chan
nel gating is primarily controlled by MICU1 homodimers rather than 
MICU1-MICU2 heterodimers [27]. It is worth noting that mutations in 
MICU1 have been associated with muscular and nervous system ab
normalities in humans [93,124–126]. Consistent with these findings, 
mice with a muscle-specific deletion of MICU1 exhibit alteration in Ca2+

homeostasis, muscle weakness, atrophy, fatigue, and impaired sarco
lemma repair abilities [122]. Indeed, the MCU channel has been 
implicated in plasma membrane repair through a mechanism involving 
Ca2+-stimulated mitochondrial ROS production, initiating actin poly
merization through the redox sensor RhoA [127]. Interestingly, patients 
with mutated MICU2 experience severe encephalopathy and cognitive 
impairment but do not show signs of myopathy [128], confirming the 
predominant role of MICU1 homodimer in regulating MCU in muscle 
cells or potential compensation by MICUs dimer shifts. 

4.4. Liver 

In addition to its exocrine and endocrine-like functions, the liver 
plays a pivotal role in whole-body energy homeostasis. It is involved in 
the uptake, storage, modification, and distribution of nutrients, thereby 
playing an essential part in the regulation of blood glucose levels and 
responses to stress. Many of these functions are finely regulated by Ca2+, 
which are integral components of signalling cascades initiated by hor
mones like insulin, glucagon, and epinephrine [129]. 

Liver MCU complexes have a high MICU1:MCU ratio, which confers 
a high threshold and highly cooperative Ca2+ transport to mitochondria. 
This configuration allows rapid and efficient translocation of individual 
cytoplasmic Ca2+ spikes into mitochondria [26]. Notably, silencing 
MICU1 in mouse liver results in Ca2+ uptake patterns similar to those 
observed in cardiac mitochondria [26]. In mice, these channels are 
primarily regulated by MICU1:MICU2 heterodimers [27]. MICU1 

Table 2 
SKELETAL MUSCLE.  

Model/Strain Ca2+ phenotype Muscle functions Tissue metabolism Reference 

Skeletal muscle-specific 
MICU1 KO mouse 

Loss of MCU complex threshold of 
activation and impaired maximal 
[Ca2+]m 

Muscle weakness, muscle 
atrophy and impaired fiber 
repairment 

Muscle fatigue and enhanced anaerobic metabolism after 
exercise 

[122] 

Skeletal muscle-specific 
MCU KO mouse 

Abolished mitochondrial Ca2+

uptake 
Atrophy, impaired muscle force 
and exercise performance; 

Slow-to-fast fibre type switch, impaired oxidative metabolism, 
increased fatty acid oxidation. Systemic metabolism alteration 
(liver and adipose tissue). 

[117, 
118] 

Inducible skeletal muscle- 
specific MCU KO mouse 

n.d. Atrophy, impaired exercise 
performance; 

Slow-to-fast fibre type switch, impaired oxidative metabolism, 
increase fatty acid oxidation. Systemic metabolism alteration 
(lactate, FA and keto-bodies levels) 

[117] 

Skeletal muscle-MCU KD Decreased mitochondrial Ca2+

uptake and basal [Ca2+]mit 

Muscle fiber atrophy Increased PDH phosphorylation [116] 

Skeletal muscle MCU 
overexpression 

Increased mitochondrial Ca2+

uptake and basal [Ca2+]mit 

Muscle fiber hypertrophy and 
protection from denervation- 
induced atrophy 

Decrease PDH phosphorylation [116] 

Skeletal muscle-specific 
MCUb KO mouse 

Impaired mitochondrial Ca2+

retention capacity 
Normal Increased pyruvate dehydrogenase activity, increased muscle 

malonyl coenzyme A (CoA), reduced fatty acid utilization, 
glucose intolerance, and increased adiposity. 

[41] 

Skeletal muscle-specific 
MCUb overexpression 
mouse 

Increased mitochondrial Ca2+

retention capacity 
n.d. Increased fatty acid oxidation, decreased fat accumulation, 

and lower body weight. 
[41] 

Total MICU3 KO mouse Decreased mitochondrial Ca2+

uptake 
Normal IIa-to-IIb fiber type switch, impaired exercise performance, 

muscle fatigue, increased PDH phosphorylation levels, 
reduced NADH production upon stimulation 

[123] 

n.d.: not determined. 
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silencing impairs cellular responses to hormones and makes cells more 
susceptible to Ca2+ overload ([22] and Table 3). However, under basal 
conditions in vivo, specific liver MICU1 KO mice do not show significant 
changes in liver morphology, histology or function. However, they fail 
to regenerate successfully after hepatectomy [91]. This regenerative 
failure has been attributed to mitochondrial Ca2+ overload, which leads 
to the induction of mPT and subsequent hepatocyte necrosis, resulting in 
persistent inflammation [91]. Liver regeneration is also impaired in 
MCUKO mice [86] which dictates the balance between the Ca2+ eleva
tion necessary for metabolic stimulation and the excessive levels that 
induce mPT [130]. 

The liver-specific deletion of MCU (lMCUKO) provides valuable in
sights into the role of mitochondrial Ca2+ in hepatic metabolism [131]. 
Mitochondria from the liver of MCUKO mice are unable of rapid Ca2+

uptake and exhibit lower basal [Ca2+]mit. Consequently, the ablation of 
MCU leads to impairments in fatty acid oxidation, resulting in the 
massive accumulation of lipids and reduced ketone body production, 
particularly under fasting conditions [131]. The underlying mechanisms 
of these alterations involve aberrant AMP-activated Protein Kinase 
(AMPK) activation. The impaired rapid Ca2+ uptake by mitochondria 
causes AMPK dephosphorylation. This dephosphorylation is mediated 
by the Ca2+-dependent phosphatase PP4, even under conditions of a low 
ATP/AMP ratio, when AMPK should be active. Conversely, in a model of 
MCU hyperactivation due to an activating mutation of MCU (C96A) that 
results in higher basal and stimulated [Ca2+]mit, there is an increase in 
basal and maximal oxygen consumption rate. In this context, AMPK is 
highly phosphorylated, which leads to the activation of downstream 
pathways that reduced liver and plasma triglycerides, increased ketone 
bodies production, and enhanced lipid clearance during fasting condi
tions [131]. 

4.5. Brain 

The brain metabolic demand accounts for approximately 20% of the 
total oxygen consumption in the body during resting or basal physio
logical states [132]. This sustained energy requirement is principally 
attributable to the maintenance of electrochemical ion gradients across 
the neuronal plasma membrane and the energetically demanding pro
cesses inherent in synaptic neurotransmission. Neurons in the brain 
require an efficient balance between ATP production through glycolytic 
pathways and mitochondrial oxidative phosphorylation to effectively 
meet the dynamic energy demands associated with varying neural ac
tivity [133]. In most cases, glucose serves as brain primary energy 
source, although during prolonged fasting or in ketogenic diets, the 
brain can also utilize ketone bodies for energy [134]. 

The large number of different cell types presents in the brain, with 
distinct metabolic profiles, excitable properties, channel composition, 
and mitochondrial heterogeneity [135–137], hinders a complete un
derstanding of mitochondrial Ca2+ signalling in this organ (Table 4). 
Single-cell analysis has provided insight into the distribution of MCU 

components transcripts across various brain cell types. Notably, a robust 
enrichment of MCU, MICU1, and MICU2 is present in excitatory and 
inhibitory neurons, as well as in microglia and oligodendrocytes, and to 
a lesser extent in astrocytes [138,139]. Particularly noteworthy is the 
substantial enrichment of MICU3 in neurons and glia. MICU3 was 
originally identified as a neuronal specific MCU complex regulator, able 
to enhance mitochondrial Ca2+ signalling in this cell type [24]. 
Recently, it was demonstrated that MICU3 is essential in axonal mito
chondria within neurons, where it lowers the threshold for MCU channel 
activation. This adaptation enables the rapid uptake of Ca2+ in response 
to small changes in local [Ca2+]cyt and allows for metabolic flexibility, 
transitioning from glycolytic to oxidative metabolism during cellular 
activity [38]. Notably, within neurons, a cell type characterized by a 
highly specialized structure comprising dendrites, soma and long axon, 
there is a remarkable heterogeneity in the mitochondrial population. 
Recent reports underscore this heterogeneity by revealing significantly 
larger mitochondrial Ca2+ transients in the soma and apical dendrites 
compared to the proximal axon and basal dendrites [140]. This obser
vation suggests the existence of distinct MCU complexes within different 
mitochondrial subpopulations, each potentially characterized by a spe
cific repertoire of regulatory subunits capable of modulating the acti
vation properties of the MCU channels. 

Furthermore, disruptions in [Ca2+]cyt homeostasis leading to subse
quent mitochondrial Ca2+ overload, often culminating in mPT, have 
been identified as pivotal mechanisms underlying cellular injury during 
excitotoxicity, I/R in neurons, and prevalent pathological hallmarks in 
various neurodegenerative disorders [100,146]. Consequently, the 
investigation of the MCU complex in neurons holds significant relevance 
as a potential target for therapeutic intervention. For instance, phar
macological inhibition of the MCU complex with Ru360 [147] or acute 
KD of MCU [148] has been demonstrated to protect neurons against 
excitotoxicity in in vitro experiments. An interesting observation is that 
the activation of neurons, inducing sub-toxic elevations in cytoplasmic 
Ca2+ levels that mimic physiological activation, results in the down
regulation of MCU expression [136,148], possibly as protective mech
anism to prevent mitochondrial Ca2+ overload. Indeed, the 
overexpression of MCU can have deleterious effects on neural function. 
MCU overexpression exacerbates the loss of mitochondrial membrane 
potential (ΔΨ) induced by NMDA and promotes neuron death, even 
under normal physiological conditions [144,148]. Indeed, the intro
duction of adenoviral particles carrying the MCU gene into the brain 
cortex elicits gliosis, microglial activation, and neural loss [144]. 

Similarly to the heart, global MCUKO mice did not manifest protec
tion against I/R damage in the brain [141,142]. Moreover, the elimi
nation of MCU resulted in the loss of the protective effects induced by 
hypoxic preconditioning in the brain [141]. To further investigate these 
findings, MCU deletion was induced in adult animals using a 
tamoxifen-driven Cre-recombinase system, specifically targeting 
Thy1-positive neurons [143]. In these adult-induced neuronal MCUKO 

mice, reductions in sensorimotor deficits, brain damage, infarct volume, 

Table 3 
LIVER.  

Model/Strain Ca2+ phenotype Liver functions Tissue metabolism Reference 

Liver specific MICU1 KD Loss of threshold and 
cooperativity activation of MCU 

Normal under basal conditions. Liver is unable to regenerate after 
hepatectomy (decrease hepatocytes proliferation, massive necrosis 
and persistent inflammation). 

Defect in Ca2+-stimulated 
ATP production 

[22,91] 

Total MICU2 KO mouse Increased [Ca2+]mit accumulation 
slope upon low [Ca2+] 
stimulation 

n.d. n.d. [94] 

Liver specific MCU KO 
mouse 

Abolished mitochondrial Ca2+

uptake 
accumulation of lipids, and lower ketone body production during 
fasting. 

Compromised fatty acid 
oxidation and decreased ATP 
level 

[131] 

MCU hyperactivation 
(MCUC96A KI) mouse 

Increased mitochondrial Ca2+

uptake and basal [Ca2+]mit 

Reduced liver and plasma TAG; increased ketone bodies 
production and lipid clearance during fasting. 

Increased oxidative 
metabolism 

[131] 

n.d.: not determined. 
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and mitochondrial injuries were observed following I/R. Likewise, MCU 
heterozygous mice (MCU+/− ), characterized by a 40% reduction in MCU 
protein levels, exhibited reduced mitochondrial Ca2+ overload, reduced 
infarct volume, diminished neuron apoptosis, preserved neuron ultra
structure, and ameliorated neurological deficits post-cerebral infarction 
[142]. 

In recent years, an increasing number of patients exhibiting neuro
muscular and cognitive impairments have been identified with loss-of- 
function mutations in MICU1 [93,124–126]. These studies strongly 
imply a direct association between patient symptoms and altered 
mitochondrial Ca2+ signalling. Consequently, a neuronal-specific 
MICU1 KO mouse model (nMICU1KO) was developed to elucidate the 
regulatory role of the MCU complex in neuronal biology and neuro
logical impairments [145]. The nMICU1KO mouse exhibits a progressive, 
abnormal motor and cognitive phenotype, accompanied by the degen
eration of motor neurons in the spinal cord and cortex. Notably, these 
manifestations are concomitant with a lower Ca2+ activation threshold 
and maximal Ca2+ uptake capacity in isolated cortical mitochondria. 

The collective results from both in vitro and in vivo models strongly 
support the crucial role of mitochondrial Ca2+ signalling in neurons, 
underscoring the critical importance of finely tuning [Ca2+]mit to sustain 
neuronal activity and prevent deleterious Ca2+ overload. The observed 
discrepancies between constitutive and inducible MCUKO models further 
emphasize that chronic MCU deletion may elicit diverse compensatory 
mechanisms. 

4.6. Pancreatic β cells 

Pancreatic β cells play a pivotal role in regulating glucose homeo
stasis as they serve as the primary source of the hormone insulin. The 
release of insulin is governed by a process called glucose-induced insulin 
secretion (GSIS): when glucose levels increase in pancreatic β cells, it 
stimulates aerobic metabolism, leading to increased ATP production. 
This rise in ATP levels results in the closure of ATP-sensitive K+ chan
nels, membrane depolarization, and subsequent influx of Ca2+ via 
voltage-gated Ca2+ channels, ultimately triggering insulin release [149]. 
Impairments in β-cell glucose sensitivity and reductions in β-cell mass 
are fundamental to the development of insulin-resistant diabetes mel
litus [150]. Given the role of mitochondrial Ca2+ in regulating aerobic 
metabolism, it is unsurprising that [Ca2+]mit plays a role in β cell func
tions [151]. The involvement of MCU channel components has been 
investigated in various β cell derived cell lines such as INS-1 cells and rat 
islets [152,153]. Specific deletion of MCU in β cells impairs glucose 
stimulated mitochondrial Ca2+ accumulation, ATP production, and in
sulin secretion ex vivo. In vivo studies have shown that the deletion of 
MCU in β cells leads to significantly higher blood glucose levels 

following glucose challenge due to impaired insulin release [154]. 
Additionally, MICU2KO mice exhibit impaired GSIS, potentially linked to 
a disruption in mitochondrial Ca2+ uptake [155]. Overall, mitochondrial 
Ca2+ signalling plays a crucial role in the insulin secretion process by 
sustaining ATP production, which signals for the release of insulin. 

5. Conclusions and perspectives 

This review aims to highlight the critical role of mitochondrial Ca2+

signalling in various physiological contexts, drawing from recent studies 
conducted in different cell types and animal models. These studies have 
significantly contributed to our understanding of the MCU channel 
intricate system, revealing how the molecular composition and the 
regulatory mechanisms can vary based on tissue specificity. The diverse 
phenotypes observed in various animal models highlight the importance 
of integrating findings to gain a comprehensive understanding of 
mitochondrial Ca2+ signalling across organisms. Given the critical role 
of mitochondrial Ca2+ dysregulation in numerous pathologies, under
standing the efficient control and maintenance of the MCU complex 
becomes imperative. To achieve this, standardization of experimental 
approaches and techniques is crucial to reconcile conflicting results. For 
instance, it has emerged that studies employing mitoplast patch clamp 
recordings must be meticulously conducted to ensure comprehensive 
analysis of the entire MCU complex, ensuring accuracy and reliability 
[67,75,76]. Continued advancements in Ca2+ probes, microscopy tech
niques offering higher resolution, and in vivo Ca2+ measurements are 
essential for advancing the field and validating results obtained in cell 
lines and isolated mitochondria. These developments will enable re
searchers to delve deeper into the function and regulation mechanisms 
of mitochondrial Ca2+ signalling. While significant progress has been 
made in identifying various molecules that modulate MCU channel ac
tivity [156–159], their clinical implementation remains distant due to 
their non-specific effects. The challenge lies in their low specificity and 
broad action, affecting mitochondria across various tissues indiscrim
inately. The discovery of new molecules and new therapeutic strategies 
that act at different levels of the MCU channel regulatory layers, and an 
understanding of how different tissues uniquely modulate MCU channel 
activity, may pave the way for more tailored pharmacological in
terventions. This targeted approach holds great promise for advancing 
the clinical translation of MCU channel modulators and ultimately 
improving the treatment outcomes in several pathologies linked to 
mitochondrial Ca2+ dysregulation. 
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L. Senovilla, Calcium signaling and cell cycle: Progression or death, Cell Calcium 
70 (2018) 3–15, https://doi.org/10.1016/J.CECA.2017.07.006. 

[89] A. Weiser, A. Hermant, F. Bermont, F. Sizzano, S. Karaz, P. Alvarez-Illera, 
J. Santo-Domingo, V. Sorrentino, J.N. Feige, U. De Marchi, The mitochondrial 
calcium uniporter (MCU) activates mitochondrial respiration and enhances 
mobility by regulating mitochondrial redox state, Redox Biol 64 (2023) 102759, 
https://doi.org/10.1016/J.REDOX.2023.102759. 

[90] J.C.J. Liu, N.C. Syder, N.S. Ghorashi, T.B. Willingham, R.J. Parks, J. Sun, M. 
M. Fergusson, J.C.J. Liu, K.M. Holmström, S. Menazza, D.A. Springer, C. Liu, 
B. Glancy, T. Finkel, E. Murphy, EMRE is essential for mitochondrial calcium 

uniporter activity in a mouse model, JCI Insight 5 (2020), https://doi.org/ 
10.1172/JCI.INSIGHT.134063. 

[91] A.N. Antony, M. Paillard, C. Moffat, E. Juskeviciute, J. Correnti, B. Bolon, 
E. Rubin, G. Csordás, E.L. Seifert, J.B. Hoek, G. Hajnóczky, MICU1 regulation of 
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