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Summary

Mitochondrial Ca2+ uptake has long been considered crucial for meeting the fluctuating energy 

demands of cells in the heart and other tissues. Increases in mitochondrial matrix [Ca2+] drive 

mitochondrial ATP production via stimulation of Ca2+-sensitive dehydrogenases. Mitochondria-

targeted sensors have revealed mitochondrial matrix [Ca2+] rises that closely follow the 

cytoplasmic [Ca2+] signals in many paradigms. Mitochondrial Ca2+ uptake is mediated by the 

Ca2+ uniporter (mtCU). Pharmacological manipulation of the mtCU is potentially key to 

understanding its physiological significance, but no specific, cell-permeable inhibitors were 

identified. In the past decade, as the molecular identity of the mtCU was brought to light, efforts 

have focused on genetic targeting. However, in the cells/animals that are able to survive impaired 

mtCU function, robust compensatory changes were found in the mtCU as well as other 

mechanisms. Thus, the discovery, through chemical library screens on normal and mtCU-deficient 

cells, of new small-molecule inhibitors with improved cell permeability and specificity might offer 

a better chance to test the relevance of mitochondrial Ca2+ uptake. Success with the development 

of small molecule mtCU inhibitors is also expected to have clinical impact, considering the 

growing evidence for the role of mitochondrial Ca2+ uptake in a variety of diseases, including 

heart attack, stroke and various neurodegenerative disorders. Here, we review the progress in 

pharmacological targeting of mtCU and illustrate the challenges in this field using data obtained 

with MCU-i11, a new small molecule inhibitor.
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Why is it important to target mtCU?

In unstimulated cells, the mitochondrial matrix [Ca2+] ([Ca2+]m) is similar to the 

cytoplasmic [Ca2+] ([Ca2+]c), and upon exposure of mitochondria to an uncoupler that 

releases their entire Ca2+ content, little or no increase in [Ca2+]c is detected [1]. These 

results suggest that mitochondria do not serve as intracellular Ca2+ stores. However, during 

the response to physiological Ca2+-mobilizing agonists, [Ca2+]m shows transient increases, 

leading to the stimulation of energy metabolism through the Ca2+-sensitive matrix 

dehydrogenases (CSMDH)/Krebs cycle and to activity changes in other mitochondrial Ca2+ 

sensing mechanisms [2, 3]. Furthermore, during prolonged elevations of [Ca2+]c, the matrix 

Ca2+ content rises progressively, providing a trigger to stress signaling or cell death via 

opening of the mitochondrial permeability transition pore (mPTP) [4, 5]. [Ca2+]m signals 

elicited by physiological [Ca2+]c oscillations can also trigger mPTP opening if they coincide 

with factors that enhance the sensitivity of the mPTP to Ca2+ [6]. Most relevant in this 

regard is the interplay between [Ca2+]m and reactive oxygen species (ROS), which includes 

[Ca2+]m-induced stimulation of ROS production and ROS-mediated sensitization of the 

mPTP to [Ca2+]m [7, 8]. Thus, via mtCU-mediated Ca2+ uptake, mitochondria sense and 

respond to the [Ca2+]c fluctuations. The fraction of the mobilized Ca2+ taken up by 

mitochondria during [Ca2+]c signals is tissue specific but even if the amount is small, the 

mitochondria can affect the activity of cytoplasmic Ca2+ sources and targets because their 

strategic localization allows them to effectively control local [Ca2+]c at the relevant sites [9, 

10]. This is particularly relevant at the interface with the sarcoplasmic reticulum, where 

mitochondrial Ca2+ uptake can sense and affect Ca2+ mobilization [11, 12]. By modulating 

these pathways, mtCU might have a broad role in both physiology and pathogenesis (Figure 

1).

Demonstrating the loss of functions associated with the perturbation of mtCU is essential to 

understand the relevance of mitochondrial Ca2+ uptake. This is particularly important in 

cells and tissues where a direct measurement of [Ca2+]m has not been feasible or where 

results obtained in different studies are divergent. Cardiomyocytes, in particular, remain 

controversial in terms of [Ca2+]c signal propagation to the mitochondria. Studies support 

both beat-to-beat regulation of [Ca2+]m and integration of the [Ca2+]c spikes in a frequency-

dependent manner, with each [Ca2+]m phenotype expected to result in a different metabolic 

response [13–17]. The high frequency beating in mice favors integration of the [Ca2+]c 

spikes, whereas the lower heart rate in larger mammals, including human might be 

compatible with beat-to-beat rises of [Ca2+]m (10–50ms rise time and ≤1s decay time) [18]. 

Both in the frequency modulation and beat-to-beat paradigms, specific interference with 

mtCU is central to establishing the physiological role of mtCU activity.
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Targeting of mtCU has also been envisioned as a potential therapeutic approach. In 

conditions of energy deficit including acute heart failure, stimulation of mtCU to enhance 

the activity of the Ca2+-dependent matrix enzymes and mitochondrial ATP production might 

be beneficial [19, 20] (Figure 1). Conversely, in mitochondrial Ca2+ overload-favoring 

conditions such as the reperfusion phase of ischemia-reperfusion injury, organ transplant or 

toxic liver injury, impaired control of the mtCU by MICU1 aggravates the injury [21–23], 

and acute suppression of mtCU activity helps to prevent mPTP opening and might offer 

therapeutic value [24–26]. In addition to these acute conditions, mtCU abundance and 

activity changes have been linked to other cardiac impairments including arrhythmias (e.g. 

[27]) and cardiomyopathies (e.g. [28]). Mitochondrial Ca2+ dysregulation and Ca2+ overload 

have also been implicated in the progression of various neurodegenerative diseases [29, 30] 

(Figure 1). Blocking mitochondrial Ca2+ uptake for a prolonged period likely has negative 

consequences in cardiomyocytes and neurons, but pharmacological “tuning” of mtCU 

activity might be considered as a therapeutic strategy. Lastly, altered expression and/or 

function of mtCU components has been linked to cancer progressions [31, 32], which might 

also become candidate for mtCU-directed therapy.

Molecular composition of the mtCU

Cytoplasmic Ca2+ has to cross both the outer and inner mitochondrial membranes (OMM, 

IMM) to enter the matrix (Figure 1). The predominant pathways for Ca2+ diffusion across 

the OMM are the Voltage Dependent Anion-selective Channels (VDACs)[33, 34]. Because 

of their high density and high conductance for cations in their “closed” state, VDACs allow 

rapid Ca2+ diffusion. The primary driving force for Ca2+ entry into the matrix is the inside-

negative membrane potential (ΔΨm) across the IMM maintained by the proton-extruding 

activity of the electron transport chain. The predominant mechanism by which Ca2+ crosses 

the IMM inward is the mtCU [35] (Figure 1). In most cells, the mtCU-mediated Ca2+ uptake 

is negligible at submicromolar [Ca2+]c and the transport velocity increases by a supralinear 

manner above ≥1μM [Ca2+]c. This is because the mtCU has both a transport site and a 

separate activation site for Ca2+ [36]. By patch-clamping mitoplasts, the mtCU has been 

characterized as a ruthenium red-sensitive and highly selective inward-rectifying Ca2+-gated 

Ca2+ channel [37].

mtCU has now been established as a hetero-oligomeric channel complex. The major mtCU-

forming proteins have been identified, including the pore, MCU [38, 39], a paralog that can 

produce a dominant-negative phenotype, MCUb [40], a scaffold/regulator, EMRE [41], and 

Ca2+-sensitive regulators, MICU1 [42], MICU2 [43] and MICU3 [44]. To date, a MICU 

complex (a hetero/homo-dimer of MICU1 and MICU2 or MICU1 and MICU3) appears to 

determine both the threshold and cooperative activation of the mtCU by Ca2+, thus providing 

a mechanism for the supralinear [Ca2+]c activation of the mtCU [45, 46]. Indeed, the MICU 

proteins possess EF-hand Ca2+-binding domains [42, 43] localized to the intermembrane 

space [45, 47], making them suitable to sense [Ca2+]c signals for the control of 

mitochondrial Ca2+ uptake. MICU1 and MICU2 are broadly expressed [43, 48], whereas 

MICU3 is mostly expressed in the brain [44]. Recent evidence indicates that MICU1 also 

interacts with the MICOS complex and this interaction might be relevant for both the control 

of Ca2+ uptake and cristae structure [49, 50].
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The cryo-EM structure of the metazoan MCU-EMRE complex has shown a tetrameric 

complex stabilized by N-terminal domain (NTD) interactions in the matrix among the MCU 

subunits and EMRE-mediated gating through the interaction between the extended tail of 

EMRE and the juxtamembrane loop of MCU [51]. Notably, modification of a 10 amino acid 

long region in the TM2 domain of the human MCU allowed the formation of an EMRE 

independent channel [52]. Based on mutational analysis, MICU1 can be anchored to the 

MCU-EMRE complex via the interaction of its polybasic region with the IMS localized 

poly-aspartate tail of EMRE [41, 53]. However, recent evidence by us and others supports a 

direct interaction of MICU1 with the selectivity filter (-D261-x-x-E264- motif or D-ring 

formed by D261s in the tetrameric pore) of the MCU, which is central to minimizing the 

Ca2+ flux through the MCU at low [Ca2+]c [54, 55]. Very recently the structure has become 

available for the MCU-EMRE-MICU1-MICU2 complex from 3 cryo-EM studies [56–58]. 

These studies confirm the interaction of MICU1 with the D-ring and emphasize the role of 

several residues of MICU1 (Y114, Y121, K126, R129, R259, R261, and R263) in direct 

interaction with MCU.

Genetic targeting of the mtCU

The first MCU-deficient mouse was created on a mixed genetic background. The 

heterozygous breeding of these mice yielded KO/KO mice below the Mendelian ratio, but 

the few KO/KO offspring showed normal development and had only minor functional 

problems like the adaptation of striated muscle to work. Mitochondria harvested from the 

tissues failed to take up added Ca2+ [59]. By contrast, homozygous MCU-deficient mice 

created on the C57BL/6 background failed to give any viable pups [60, 61]. Heart-specific 

inducible deletion of MCU in adult C57BL/6 mice resulted in an impaired “fight-or-flight” 

response and protection against acute cardiac ischemia-reperfusion injury [24, 25]. Thus, in 

the absence of mitochondrial Ca2+ uptake post-uterine life is tenable, at least in mice, but 

some steps of early development seem to be impaired and the ability to meet increased 

energy needs is compromised in adult mice. Importantly, in MCU-deficient mice, several 

compensatory changes in Ca2+ handling and metabolism were found, including upregulation 

of fatty acid oxidation [62] and post-translational modification of cyclophilin D (CyPD), 

which mediates the effect of [Ca2+]m on mPTP activation [63], while in mouse hearts 

expressing a dominant negative form of MCU, cytoplasmic Ca2+ homeostasis was altered 

[64]. Mitochondria isolated from MCU-deficient cells were shown to have releasable Ca2+, 

fueling speculation as to a compensatory mechanism that can deliver Ca2+ to the 

mitochondrial matrix in the absence of the MCU [25].

Adaptive rearrangements of the Ca2+ homeostasis are even more striking in MICU1-

deficient cells, mice and patients. MICU1-deficient mice show normal embryonic 

development, but all the KO/KO pups (on C57BL/6 background), or most of them (mixed 

background) die at birth without starting regular breathing [23, 65]. Neuron loss in the 

brainstem where the respiration is controlled likely results from mitochondrial Ca2+ 

overload, to which MICU1-deficient cells are prone [23]. Liver- or skeletal muscle-specific 

MICU1 deletion is tolerated at rest but the response to increased functional demand or injury 

is severely impaired [23, 66]. In the surviving MICU1 KO/KO pups and in the affected 

tissues of organ specific MICU1 knockout mice, EMRE shows a compensatory decrease [65, 
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66]. Furthermore, EMRE deletion restores the viability of the MICU1-deficient pups [65]. 

EMRE loss likely causes a decrease in the number of the functional MCU pores and so 

contributes to attenuation of the Ca2+ overload and cell injury. The Ca2+ chelation capacity 

in the mitochondrial matrix is also enhanced in some MICU1-deficient models [45].

Genetic deficiency in MCU in humans has not been documented to date. By contrast, many 

MICU1-deficient patients have been identified who all show motor dysfunction and 

commonly have learning impairments [67–69]. The patients’ cells lack MICU1 protein and 

also show compensatory changes in other components of the mtCU, for example EMRE 

down-regulation has been observed [66], though some patients seem to have an EMRE 

increase [70]. The mitochondrial Ca2+ transport phenotype of the patient cells replicates that 

of the MICU1-deficient mouse cells or cell lines, including an excessive Ca2+ accumulation 

at resting [Ca2+]c, and an attenuated Ca2+ uptake during [Ca2+]c signals and 

supraphysiological [Ca2+]c exposures [66, 67].

Based on studies of cell lines, some adaptive changes seen in response to genetic targeting of 

mtCU components are likely transcriptional, but others closely follow the targeting of MCU 

or MICU1, indicating control at the level of the protein turnover. For example the mAAA 

proteases, AFG3L2 and SPG7, mediate the rapid degradation of EMRE [71, 72]. Thus, even 

in short-term silencing experiments, the observed Ca2+ phenotype can reflect the 

combination of the effects on the primary target and adaptive changes.

In summary, genetic targeting approaches are effective for the different mtCU components 

but also induce robust compensatory mechanisms both at the mtCU level, and in other 

mitochondrial and cellular pathways. Some of the prior studies were clearly aware of the 

potential compensation and thus selected the approaches to eliminate the gene relatively 

acute fashion both in cells system and in vivo. However, the compensations often develop 

quickly and likely play a role in the survival of the initial insults. Complete understanding of 

the adaptive changes will require further studies. Thus, at this point, we cannot rely only on 

genetic targeting to understand the physiological and pathophysiological role of the mtCU.

Pharmacological targeting

Many pharmacological inhibitors of the mtCU are divalent/trivalent cations or polycations. 

Divalents/trivalents can either traverse mtCU and act as competitive inhibitors of Ca2+ like 

Sr2+ or bind to the channel without permeation like Mg2+ or La3+ [35]. These inhibitors 

have been useful to explore the biophysical properties of the mtCU but offer little help in 

intact cell or tissue paradigms. The most frequently used is Ruthenium Red (RuRed), an 

oxo-bridged triruthenium polycation stain that was first used to visualize extracellular acidic 

mucopolysaccharides and glycoproteins. RuRed effectively inhibits the mtCU (Ki ~30nM in 

rat liver mitochondria) [73] but also blocks a range of other channels including the 

ryanodine receptor [74]. It was recognized early, that the commercial RuRed preparations 

contained contamination that was more potent than RuRed itself. First, an oxo-bridged 

diruthenium compound contaminant, Ru360 was identified (IC50 ~0.18nM for Ru360 vs 

~6.8nM for RuRed in cardiac mitochondria). Ru360 does not affect the ryanodine receptor, 

the L-type Ca2+ channels or the Na+/Ca2+ exchanger [75], making it particularly useful in 
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the studies of Ca2+ transport in striated muscle that contain both mtCU and all the above 

Ca2+ channels/transporters. However, Ru360 is poorly membrane permeable [76] and is 

unstable in aqueous solution and loses its activity in days. Most recently, a new diruthenium 

compound, Ru265 was synthesized that seems to be more effective in the inhibition of the 

mtCU than Ru360 in permeabilized cells (IC50 ~2.5 nM in HeLa cells) [77].

mtCU inhibition by RuRed or Ru360 is dramatically decreased by S259A mutation of MCU 

adjacent to the -D261-x-x-E264- motif in the IMS loop [39]. Two NMR studies indicated 

that RuRed/Ru360 binds to and plug the D-ring in the selectivity filter of pentameric MCU 

[78, 79] (Figure 1). Furthermore, when MICU1 is deleted or its -D-x-x-E-interacting motif is 

mutated, the mtCU is sensitized towards inhibition by RuRed/Ru360 [54]. Thus, RuRed/

Ru360 seems to exert mtCU inhibition by binding directly to MCU’s selectivity filter in the 

IMS, where the control of MCU by MICU1 also takes place. Unexpectedly, the inhibitory 

effect of Ru265 was found to be unaltered by the S259A mutation, but suppressed by 

mutating a cysteine in the N-terminal matrix motif of MCU (C97A) [77] (Figure 1). A 

matrix site of action would require Ru265 to transit 3 membranes.

The ruthenium compounds are extremely useful in blocking the mtCU in isolated 

mitochondria and other subcellular preparations. However, a major limitation in their use is 

that they bind to many targets and that their validated or not excluded off-target effects on 

various channels, including the two-pore-domain K+ channels (TASK-3, TREK-2, TRAAK), 

TRPV1–4, Piezo, and CalHM [80–82], prevent their use in validating mtCU physiological 

relevance or in therapy. Another concern is about their cell permeability. Ru360 has been 

used in intact cells but, in most studies, its effect on the intended target was not validated, 

while other studies with intact cells failed to document an inhibition of the [Ca2+]m signal 

[76]. Ru265 was also described as a cell permeable inhibitor of the mtCU, and after 

incubation of HeLa cells with 50μM Ru265 for 30min, inhibition of the agonist-induced 

[Ca2+]m rise was reported [77] but at such high concentrations of the drug, many off-target 

effects might come into play. Also, using the same Ru265 and treatment protocol, we found 

no significant change in the [Ca2+]m rise in intact histamine-stimulated HeLa cells (Figure 

2). Thus, there is ambiguity about the future of these ruthenium compounds as selective 

mtCU inhibitors in intact cells or tissues.

Early studies of mitochondrial Ca2+ uptake also showed that some medically relevant drugs 

like doxycycline and minocycline exert an inhibitory effect on the mtCU in isolated 

mitochondria and permeabilized cells [83–85]. These drugs have been shown to be 

protective in numerous models of ischemia/hypoxia and other toxicities in 4–50 μM 

concentration [85–87]. However, in intact cells, minocycline up to 80 μM failed to inhibit 

the [Ca2+]m rise [84] and was shown to affect other mitochondrial targets including 

respiratory complexes, VDAC channel [88], and mPTP [89].

Recently, high throughput screening of small-molecule libraries have identified new 

candidates for cell permeable mtCU inhibitors: Mitoxantrone [78], DS16570511 [90], and 

most recently, MCU-i4 and MCU-i11 [91]. DS16570511 and MCU-i4 have been shown to 

cause depolarization of the mitochondria limiting their application as specific mtCU 

inhibitors [92][91]. Mitoxantrone has an IC50 ~13 μM in HeLa cells, and some of its 
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applications are limited by its blue color. Also, mitoxantrone was actually developed as a 

cytotoxic topoisomerase inhibitor for use in cancer - this would obviously limit its 

application as an MCU inhibitor [93, 94]. At this point, MCU-i11 appears promising in 

several respects, therefore, we discuss the action of this small-molecule in more details and 

provide some data illustrating MCU-i11 strengths and limitations in inhibition of mtCU in 

cell lines and primary cells/tissues.

Lessons from MCU-i11

MCU-i11 and MCU-i4 are two small-molecule compounds, identified as mtCU inhibitors 

effective in intact HeLa cells, mouse embryonic fibroblasts and skeletal muscle fibers in a 

MICU1-dependent manner [91] (Figure 1). MCU-i4 causes mitochondrial depolarization, 

making the interpretation of the phenotypes in terms of mtCU-dependence difficult so our 

further analysis here is focused on MCU-i11 (Figures 3–4). The experiments described 

below also provide some guidance for testing future candidates for inhibition of mtCU.

Ten μM MCU-i11 almost completely inhibited mitochondrial Ca2+ uptake in permeabilized 

HEK cells when extramitochondrial [Ca2+] was elevated to ~4μM, but exerted no inhibition 

in MICU1KO HEK cells (Figure 3AB). No MCU-i11-dependent change in ΔΨm was 

detected (TMRM uptake: 25.4±0.4 and 25.7±0.7% of total fluorescence in WT and 

MICU1KO, respectively, n=3). The IC50 in this model was between 1 and 3μM (Figure 3C). 

Thus, MCU-i11 is a potent inhibitor of the mtCU, though the IC50 is higher than that for 

RuRed/Ru360/Ru265. A striking difference between MCU-i11 and RuRed/Ru360 is that 

MICU1 is required for the inhibition by MCU-i11 ([91], current data), whereas MICU1 

decreased the affinity to inhibition by RuRed/Ru360 [54].

In intact HeLa cells stimulated with histamine, which mobilizes Ca2+ from the endoplasmic 

reticulum via the IP3 receptor, 10μM MCU-i11 attenuated the [Ca2+]m signal without 

altering ΔΨm or the [Ca2+]c transient that activates the [Ca2+]m rise (Figure 3DE). The lack 

of off-target effects on cytoplasmic Ca2+ handling is further illustrated by the same 

measurement performed in HeLa cells devoid of MCU (Figure 3DF). The attenuation of the 

[Ca2+]m increase by MCU-i11 was partial, and the IC50 was between 3 and 10μM (Figure 

3GH). Impressively, 4min preincubation with MCU-i11 was sufficient to attain a full effect 

(Figure 3I, as in [91]), and it was completely reversed by washout of MCU-i11 (Figure 

3KL). In primary cell models, MCU-i11 was shown to decrease the RyR-mediated [Ca2+]m 

rise in mouse skeletal muscle fibers [91]. Furthermore, the IP3 receptor-mediated [Ca2+]m 

rise was partially attenuated by 10μM MCU-i11 in wild type (WT) but not in MICU1-

deficient mouse hepatocytes (Figure 4A). In summary, MCU-i11 seems to be a useful tool to 

specifically and acutely suppress Ca2+ delivery to the mitochondrial matrix in a variety of 

cell types, without interfering with the extramitochondrial Ca2+ transport or the ΔΨm.

MCU-i11’s membrane permeation might contribute to the lesser inhibition in intact HeLa 

cells and hepatocytes than that in permeabilized HEK cells. However, another difference 

between the intact and permeabilized experiments is that in the former, mitochondria are 

exposed locally to 10–30μM [Ca2+] nanodomains [95, 96], whereas in latter, the 

extramitochondrial [Ca2+] was raised to 4μM or less. Thus, lesser potency of MCU-i11 at 
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high [Ca2+] might be the cause of the partial mtCU inhibition in the intact cells. Notably, 

mtCU [Ca2+] sensing is provided by MICU1, which is needed for inhibition by MCU-i11, 

and MICU1 is more abundant relative to MCU in the liver than that in the heart [97].

To test the [Ca2+]c and MICU1/MCU dependence of the inhibition by MCU-i11, isolated 

mitochondria from heart and liver were compared side by side using 4μM and 16μM [Ca2+] 

exposures by the addition of 7μM and 45μM CaCl2, respectively (Figure 4B–E). In liver 

mitochondria, upon 4μM [Ca2+] exposure the maximal inhibition by MCU-i11 was ~70%, 

whereas at 16μM [Ca2+], it was only 17% (Figure 4BC). In heart mitochondria, the maximal 

inhibition by MCU-i11 was ~40%, and 16% during 4μM and 16μM [Ca2+] exposures, 

respectively (Figure 4DE). Thus, the effectiveness of MCU-i11’s inhibition seems to be 

reduced at high [Ca2+], which might explain the relatively small effect of MCU-i11 during 

local, IP3 receptor- or RyR-mediated Ca2+ transfer from the endo/sarcoplasmic reticulum 

(e.g. Figure 3B vs 3E). Furthermore, in tissues with higher MICU1 abundance in the mtCU 

complexes, like the liver, MCU-i11 might be more effective than in tissues where MICU1 is 

less abundant like in cardiac muscle [43, 48]. Mechanistically, MCU-i11 appears to support 

the gatekeeping action of MICU1 on the mtCU but is unable to prevent the Ca2+ binding and 

activation of MICU1 during high [Ca2+] exposure. Therefore, MCU-i11 might be more 

useful to inhibit mtCU in paradigms with abundant MICU1 and moderate [Ca2+]c elevations. 

An important question, then, is whether MCU-i11 might be of any use during mitochondrial 

Ca2+ overload conditions, which commonly occur during ischemia-reperfusion injury.

To model this condition, liver and heart mitochondria were exposed to Ca2+ loads in the 

absence of ATP, a condition that promotes mPTP opening. Ca2+ overload and mPTP opening 

manifests as a precipitous delayed [Ca2+]c rise that is suppressed by cyclosporin A (CsA), an 

inhibitor of the mPTP. Based on the [Ca2+]c traces, MCU-i11 slightly delayed mPTP 

opening in liver mitochondria and seemed to have a small effect in the opposite direction in 

the heart mitochondria (Figure 4FG). Because the [Ca2+]c traces show the combination of 

the Ca2+ uptake inhibition and the mPTP-mediated Ca2+ release, a more straightforward 

assay for the permeability transition is the monitoring of the light scattering by the 

mitochondria, which reflects the mPTP opening-induced swelling as a decrease in light 

scattering. Based on this assay, MCU-i11 did not prevent the Ca2+-induced permeability 

transition in either liver mitochondria or heart mitochondria (Figure 4HI). To directly assess 

the potential protective effect of MCU-i11 against ischemia-reperfusion, we evaluated cell 

death after hypoxia (45 min)-reoxygenation (3hrs) in isolated mouse cardiomyocytes. MCU-

i11 did not decrease cardiomyocyte death induced by hypoxia-reoxygenation (without 

MCU-i11: 70.1±10.9%; preconditioning with MCU-i11: 67.3±11.4%; postconditioning with 

MCU-i11: 70.0±10.4% propidium-iodide positive cardiomyocytes, Mean±SEM, n=3). Thus, 

unfortunately, MCU-i11 is predicted to have little or no use in ischemia-reperfusion diseases 

and other disorders that progress through acute mitochondrial Ca2+ overload but could be of 

interest in chronic mild Ca2+ overload conditions, such as certain inherited 

cardiomyopathies.
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Future directions

The demand has been growing for means to target the mtCU for research and, potentially, 

for clinical applications (see Figure 1). Genetic targeting has succeeded for each component 

of the mtCU in cells and mice. The phenotype seems to be more severe for deletion of the 

main Ca2+ sensing regulator, MICU1, than for the pore-forming unit, MCU, though 

outcomes depend on the genetic background. The loss of gatekeeping sensitizes cells to 

mitochondrial Ca2+ overload and cell death/tissue injury. Furthermore, loss or attenuation of 

the dynamic mitochondrial Ca2+ uptake during [Ca2+]c fluctuations seems to cause some 

problems in handling increased energy needs. However, both MICU1 and MCU deletion are 

followed by compensatory changes in cellular Ca2+ handling and mtCU composition, which 

are, per se, evidence of the physiological relevance of mtCU [98]. But the compensation 

makes it difficult to understand how the mtCU serves as an effector of physiology. Although 

the compensation for mtCU components seems to be rapid, silencing or conditional deletion 

of MCU or MICU1 may still offer a time window to test the specific roles of the primary 

target. Because of the growing evidence of altered abundance of various mtCU components, 

and corresponding changes in mitochondrial Ca2+ transport in various diseases, genetic 

manipulations of the mtCU are expected to be considered for human diseases, too.

In terms of pharmacological targeting, the need seems to be more urgent for mtCU 

antagonists than agonists, though positive regulators are speculated to be helpful in certain 

conditions. For decades the biggest obstacles were the membrane permeability and 

specificity of compounds. Recently, screening large libraries identified several small 

molecule inhibitors which rapidly cross the plasma membrane. Some of these molecules 

inhibit the uniporter without a direct effect on cytoplasmic Ca2+ homeostasis and 

mitochondrial energetics but future studies will be needed to test their specificity. However, 

none of the currently available inhibitors are sufficiently potent in intact cells, so either the 

current molecules will need further modification or new candidates identified.

It was already established that compounds can exert mtCU inhibition through either MCU or 

MICU1. The inhibition by RuRed/Ru360 targets the small IMS loop of MCU, which serves 

as the pore’s selectivity filter [78]. Further developments targeting this locus should 

recognize that MICU1’s presence affects the accessibility to this region of MCU [54]. MCU-

i11, by contrast, targets MICU1 to stabilize the closed state of the mtCU, but this drug 

cannot prevent activation of the mtCU by high [Ca2+]c [91], and present data). Deciphering 

the mechanism of the interaction between MCU-i11 and Ca2+ on MICU1 will require 

further studies. It will also be useful to identify further compounds that create resistance to 

the Ca2+ effect on MICU1. Because the inhibitory efficacy of both RuRed/Ru360 and MCU-

i11 depends on the relative abundance of MICU1 and MCU, the sensitivity to all these and 

related compounds is expected to be different in tissues with varying MICU1/MCU, and the 

sensitivity can also be altered by conditions with selective regulation of each mtCU 

component. In addition to targeting the mtCU components, potential future strategies might 

also target the factors that have been implicated in their regulation at the pre-or post-

translational level (for a recent review see [99]).
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Finding molecules that can potently and selectively inhibit the mtCU in intact cells and 

tissues is just the first step towards developing drugs for human applications. However, 

unlike RuRed, some of the new inhibitors can be modified in many ways to improve their 

pharmacodynamics. In any case, pharmacological inhibition of mtCU has progressed 

impressively in just a few years, and, building on the molecular definition and structural 

characterization of the mtCU constituents, and with the feasibility of screening extensive 

libraries of small molecules, the conditions are favorable for drug development.
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Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

[Ca2+]c cytoplasmic [Ca2+]

[Ca2+]m mitochondrial matrix [Ca2+]

CyPD cyclophilin D

IMM inner mitochondrial membrane

IMS intermembrane space

KO knocked out

MCU-i4 Mitochondrial calcium uniporter- inhibitor 4

MCU-i11 Mitochondrial calcium uniporter- inhibitor 11

mPTP mitochondrial permeability transition pore

mtCU Ca2+ uniporter

NTD N-terminal domain

OMM outer mitochondrial membrane

ROS Reactive Oxygen Species

RuRed Ruthenium Red

VDAC Voltage Dependent Anion-selective Channel

WT wild type
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Highlights

Pharmacological approach is needed to test mtCU’s physiological and medical relevance

Ruthenium compounds fail to inhibit the mtCU in intact cells

MCU-i11 inhibits the mtCU in intact cells dependent on MICU1 expression

Inhibition is inversely proportional to [Ca2+] and fails to decrease overload injury

Plan for testing the efficacy, specificity and reversibility of mtCU drug candidates
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Figure 1. Ca2+ transport mediated by the mtCU: pharmacological inhibitors and human 
disorders that might benefit from mtCU targeting
Mechanism of Ca2+ transfer to the mitochondria (green arrows) with an emphasis on the 

mtCU (rectangle with dashed lines) and the inhibitors of Ca2+ uptake (red characters) are 

depicted. The targets of Ca2+ in the mitochondrial matrix (CSMDH, mPTP) and the outcome 

of their activation (export of ATP, release of ROS, Ca2+, NAD, mtDNA and IMS proteins, 

respectively) is shown (on the right). The medical conditions linked to altered activity of 

these targets are listed in purple. Note that components of the Ca2+ transport and sensing 

without direct involvement in these pathways are omitted from the scheme.
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Figure 2. Ru265 fails to inhibit mtCU in intact HeLa cells
A [Ca2+]c (fura2) and [Ca2+]m (mtCepia) were measured in intact HeLa cells treated with 

50μM Ru265/DMSO for 4 or 30min, before 100μM histamine addition [45]. Mean traces are 

shown for 3 independent cell cultures (each tested in quadruplicate measurements, 110–180 

cells in total/condition). B Area under the curve (AUC, mean ± SEM) for the 300–460s time 

period.
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Figure 3. mtCU inhibition by MCU-i11 in WT, MICU1KO and MCUKO cell lines
A Clearance of a Ca2+ bolus (10μM CaCl2) was monitored in saponin-permeabilized WT 

and MICU1KO HEK cells in the presence of 2μM thapsigargin and 10μM CGP37157 to 

inhibit ER Ca2+ uptake and NCLX, respectively as described in [54]. Clearance of Ca2+ was 

completely prevented by RuRed (100%, n=3), confirming that clearance was due to 

mitochondrial Ca2+ uptake via the mtCU. Representative traces show the inhibition of 

mitochondrial Ca2+ uptake by 10μM MCU-i11 in WT, and the loss of inhibition in 

MICU1KO. B Percentage of Ca2+ uptake (30s) inhibition by MCU-i11 (i11). C Dose 

response curve of MCU-i11’s inhibition of mitochondrial Ca2+ uptake (n=6). D [Ca2+]c 

(fura2), [Ca2+]m (mtCepia) and ΔΨm (TMRM) were simultaneously monitored in intact 

wild type (WT) and MCUKO HeLa cells treated sequentially with 10 μM MCU-i11/DMSO 

and 100μM histamine [45]. Traces represent the means of cells from 6–8 measurements of 2 

experimental days. E Baseline subtracted peak amplitude of [Ca2+]c and [Ca2+]m, and the 
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ΔΨm measured at the time of the peak normalized to the prestimulation value. F AUC for 

[Ca2+]c and [Ca2+]m. GH MCU-i11 (3, 10, or 50 μM) was added to WT HeLa cells before 

stimulation with histamine. Mean [Ca2+]c and [Ca2+]m traces in G and AUC in H. IJ WT 

HeLa were treated with 10μM MCU-i11 for 4, 3, or 90min, before histamine addition. Mean 

[Ca2+]m traces in I and AUC in J for the results of quadruplicate measurements for each 

condition. KL Intact WT HeLa cells were pretreated with 10μM MCU-i11 for different 

intervals (4, 30, 90min) and then it was washed out, or not, 4 or 25min before stimulation 

with histamine. Mean [Ca2+]m traces in K and AUC in L. Every single cell fluorescence 

imaging experiment was reproduced with ≥3 different cell cultures in quadruplicate 

measurements each day. Results are expressed as mean ± SEM (*p<0.05, ***p<0.001).
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Figure 4. mtCU inhibition by MCU-i11 in liver and heart
A Mean [Ca2+]m (mtRCaMP) is shown for mouse hepatocytes treated sequentially by a 

submaximal dose of vasopressin (LVP, 1–1.5nM), and a maximal dose (HVP, 100nM). 

Measurements were done as described previously [45] n=8 for WT and n=4 for MICU1KO. 

Baseline subtracted highest value of [Ca2+]m was calculated for each condition and 

compared to each other by Two-way ANOVA test (Mean±SEM). MCU-i11 significantly 

decreased the [Ca2+]m peak in WT (0.99±0.035 vs. 0.65±0.032, p<0.001) and failed to alter 

in MICU1KO (0.53±0.038 vs. 0.43±0.022, p=0.132). BC Clearance of a Ca2+ bolus (7μM 

CaCl2) was measured in isolated liver (B) and heart (C) mitochondria fluorometrically as 

described in [23]. DE MCU-i11 dose-response for the inhibition of the initial Ca2+ clearance 

in liver (D) and heart (E) isolated mitochondria upon 7 or 45μM CaCl2 addition (n=3 for 

liver, 6 for heart). F mPTP opening in isolated liver mitochondria was visualized as a 

delayed [Ca2+] increase upon 7μM CaCl2 addition in the absence of Mg-ATP. Traces were 
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recorded without and with MCU-i11, and in the presence of 5μM CsA (inhibitor of mPTP). 

G In heart mitochondria, mPTP opening elicited by three pulses of 7μM CaCl2 was recorded 

in the absence and presence of MCU-i11. H&I mPTP opening manifests as mitochondrial 

swelling as measured by light scattering (side-scatter at 520nm). The Ca2+-induced light 

scattering decrease was recorded without and with MCU-i11 in liver (H) and heart (I) 

mitochondria. CsA was used as a positive control both in liver and heart (Mean traces for ≥4 

measurements in each condition).
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