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Abstract 

Ca2+ is a versatile regulator of many cellular processes, including cellular and mitochondrial energy 

metabolism. To achieve precise control of metabolic processes, Ca2+ signalling events occur at specific 

locations and for certain duration. Main focus of the current dissertation is on differential spatial and 

temporal Ca2+ regulation of mitochondrial bioenergetics. Two main sites important for Ca2+ regulation 

of mitochondrial energy metabolism are mitochondrial matrix and mitochondrial intermembrane 

space (IMS).  Matrix Ca2+ regulation of mitochondrial bioenergetics occurs through Ca2+ sensitive 

dehydrogenases of citric acid cycle. Main control spots for activation of matrix dehydrogenases are 

endoplasmic reticulum (ER)-mitochondria contact cites, or mitochondria associated ER membranes 

(MAMs), where the Ca2+ transfer from ER to mitochondria occurs. Ca2+ uptake into the matrix occurs 

through mitochondrial Ca2+ uniporter, and is regulated by a complex mechanism involving several 

proteins, which form MCU complex (MCUC). Composition of MCUC is altered under different 

pathological states and during aging. In the former case, as well as in certain cancers, mitochondrial 

uncoupling protein 2 (UCP2) was shown to play a major role in the regulation of matrix Ca2+ uptake 

through MCU. The first publication of the cumulative dissertation reviews the involvement of UCP2 in 

mitochondrial Ca2+ uptake in health and disease. The second regulatory site of mitochondrial 

bioenergetics is the IMS, which hosts Ca2+ sensitive NADH shuttles, malate-aspartate shuttle (MAS) 

and glycerol-phosphate shuttle. Since MAS forms the main shuttle in mammalian cells, it was the 

focus of the second publication.  Ca2+ ions activate MAS at lower concentrations than matrix 

dehydrogenases, in addition to the absence of Ca2+ uptake threshold into the IMS, thus MAS is crucial 

for basal mitochondrial bioenergetics. As a result of high sensitivity of the NADH shuttle, it can 

respond to slight alterations in subcellular Ca2+ levels by rewiring cellular and mitochondrial 

bioenergetics. It provides a fast and reliable way to pre-emptively respond to cellular stress. The final 

publication of the cumulative dissertation is on Ca2+ mediated regulation of mitochondrial 

bioenergetics during early ER stress that is orchestrated by sigma-1 receptor (S1R). In this work, we 

have demonstrated that S1R directs the ER Ca2+ leak generated during early phases of ER stress 

towards mitochondria, which boosts mitochondrial energy production. S1R also plays a role in timely 

diversion of the leak away from mitochondria as the ER stress progresses, preventing mitochondrial 

Ca2+ overload. Thus, current dissertation adds new insights in spatial and time-resolved Ca2+ 

regulation of mitochondrial energy metabolism in health and disease, identifies new pathways, and 

open new venues for future research.  
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Zusammenfassung 

Ca2+ ist ein vielseitiger Regulator vieler zellulärer Prozesse, einschließlich des zellulären und 

mitochondrialen Energiestoffwechsels. Um eine präzise Steuerung von Stoffwechselprozessen zu 

erreichen, treten Ca2+ Signalisierungsereignisse an bestimmten Orten und für eine bestimmte Dauer 

auf. Der Schwerpunkt der aktuellen Dissertation liegt auf der differentiellen räumlichen und 

zeitlichen Ca2+-Regulation der mitochondrialen Bioenergetik. Zwei Hauptstellen, die für die Ca2+-

Regulation des mitochondrialen Energiestoffwechsels wichtig sind, sind die mitochondriale Matrix 

und der mitochondriale Intermembranraum (IMS). Matrix Ca2+ Regulation der mitochondrialen 

Bioenergetik erfolgt durch Ca2+ sensitive Dehydrogenasen des Zitronensäurezyklus. 

Hauptkontrollpunkte für die Aktivierung von Matrixdehydrogenasen sind Kontaktstellen zwischen 

endoplasmatischem Retikulum (ER) und Mitochondrien oder Mitochondrien-assoziierte ER-

Membranen (MAMs), wo der Ca2+-Transfer vom ER zu den Mitochondrien stattfindet. Die Ca2+-

Aufnahme in die Matrix erfolgt durch mitochondrialen Ca2+-Uniporter und wird durch einen 

komplexen Mechanismus reguliert, an dem mehrere Proteine beteiligt sind, die den MCU-Komplex 

(MCUC) bilden. Die Zusammensetzung von MCUC wird unter verschiedenen pathologischen 

Zuständen und während des Alterns verändert. Im ersteren Fall sowie bei bestimmten Krebsarten 

wurde gezeigt, dass das mitochondriale Entkopplungsprotein 2 (UCP2) eine wichtige Rolle bei der 

Regulierung der Ca2+-Aufnahme der Matrix durch MCU spielt. Die erste Veröffentlichung der 

kumulativen Dissertation befasst sich mit der Beteiligung von UCP2 an der mitochondrialen Ca2+-

Aufnahme bei Gesundheit und Krankheit. Die zweite regulatorische Stelle der mitochondrialen 

Bioenergetik ist das IMS, das Ca2+-sensitive NADH-Shuttles, Malat-Aspartat-Shuttle (MAS) und 

Glycerol-Phosphat-Shuttle beherbergt. Da MAS das Hauptshuttle in Säugerzellen bildet, stand es im 

Mittelpunkt der zweiten Veröffentlichung. Ca2+-Ionen aktivieren MAS bei niedrigeren 

Konzentrationen als Matrixdehydrogenasen, zusätzlich zum Fehlen einer Ca2+-Aufnahmeschwelle in 

das IMS, daher ist MAS entscheidend für die basale mitochondriale Bioenergetik. Als Ergebnis der 

hohen Empfindlichkeit des NADH-Shuttles kann es auf geringfügige Veränderungen des subzellulären 

Ca2+-Spiegels reagieren, indem es die zelluläre und mitochondriale Bioenergetik neu verdrahtet. Es 

bietet eine schnelle und zuverlässige Möglichkeit, präventiv auf zellulären Stress zu reagieren. Die 

letzte Veröffentlichung der kumulativen Dissertation befasst sich mit der Ca2+-vermittelten 

Regulation der mitochondrialen Bioenergetik während frühem ER-Stress, die durch den Sigma-1-

Rezeptor (S1R) orchestriert wird. In dieser Arbeit haben wir gezeigt, dass S1R das ER- Ca2+-Leck, das 

während früher Phasen von ER-Stress entsteht, in Richtung Mitochondrien lenkt, was die 
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mitochondriale Energieproduktion ankurbelt. S1R spielt auch eine Rolle bei der rechtzeitigen 

Umleitung des Lecks weg von den Mitochondrien, wenn der ER-Stress fortschreitet, wodurch eine 

mitochondriale Ca2+-Überladung verhindert wird. Somit fügt die aktuelle Dissertation neue Einblicke 

in die räumlich und zeitaufgelöste Ca2+-Regulierung des mitochondrialen Energiestoffwechsels bei 

Gesundheit und Krankheit hinzu, identifiziert neue Wege und eröffnet neue Möglichkeiten für 

zukünftige Forschung. 
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1   Introduction 

 

1.1   Cellular Ca2+ homeostasis 

Ca2+ ions are ubiquitous second messengers with plethora of specific functions necessary to sustain 

life, development, and when necessary, to execute programmed death of a cell1. One might wonder 

how a cell can achieve such specificity when it comes to regulation of so many vital processes by an 

ion that on its own is not so specific and has many effector and binding proteins. It does so by 

controlling space and time where Ca2+ ions act, thus limiting any unwanted side effects1. Cells 

employs different intracellular Ca2+ storage units that can sequester the ions and keep their 

concentration in the cytosol to a minimum. While the extracellular fluids contain plenty of Ca2+ 

(about 1-2 mM), the cytosolic Ca2+ concentration lies around 100 nM2,3. In case there is a need for 

Ca2+ signalling, a cell can deploy Ca2+ either from its internal stores, such as endoplasmic reticulum 

(ER) as main intracellular Ca2+ store, or from outside of a cell. Ca2+ mobilization events occur by 

specialized channel proteins located either on the membranes of intracellular Ca2+ stores or on the 

plasma membrane (PM), such as Inositol 1,4,5-trisphosphate receptors (IP3R) on the ER membrane 

and Orai channels on the PM. These elevations in cellular Ca2+ level can be decoded by many 

different Ca2+ sensitive effector proteins and elicit cellular responses. For example calmodulin is one 

of these proteins, and contains four Ca2+ binding sites4. Upon Ca2+ binding, Ca2+ -calmodulin complex 

can activate numerous downstream proteins, including kinases, phosphatases, and transcription 

regulators, among others4.   

Once the signalling cascade has been activated and Ca2+ ions are elevated in the cytosol and/or other 

intracellular organelles, the resting Ca2+ levels need to be restored to avoid unnecessary secondary 

effects of prolonged Ca2+ elevation, which can trigger programmed cell death if left unchecked5. 

Restoration of basal Ca2+ levels is mainly achieved by re-sequestration into ER stores by 

sarco/endoplasmic reticulum Ca2+-ATPase (SERCA) or extrusion into extracellular space by PM Ca2+-

ATPase (PMCA)1. The SERCA pump is the main Ca2+ pump that keeps high ER luminal Ca2+ 

concentration (100-500 uM) and maintains a steep gradient between ER and cytosol6. Both SERCA 

and PMCA consume high amount of ATP, which is predominantly supplied to them by mitochondria 

as main source for cellular ATP synthesis. In addition to SERCA and PMCA, cytosolic Ca2+ elevations 

can be cleared by Ca2+ uptake into intracellular organelles such as mitochondria7.  
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1.2   Mitochondrial Ca2+ homeostasis  

Mitochondria are able to sequester large quantities of Ca2+ and buffer cytosolic Ca2+ elevations7. 

Mitochondrial matrix is separated from the cytosol by two mitochondrial membranes, inner 

mitochondrial membrane (IMM), which restricts free ion movement, and a more permeable outer 

mitochondrial membrane (OMM). In order to reach the mitochondrial matrix, Ca2+ ions pass the 

OMM through voltage-dependent anion channels (VDACs) that form large oligomeric, high 

conductance channels permeable to ions and metabolites8. Once Ca2+ ions pass OMM, they enter the 

mitochondrial intermembrane space (IMS), a tight opening in between the two mitochondrial 

membranes. From there, they need to pass the IMM, which has proven to be a sophisticated process 

with intricate mechanisms and several layers of regulation9. One important point that needs to be 

considered is that the ion impermeable nature of the IMM is paramount for the mitochondrial well-

being. Mitochondria are known to build a highly negative membrane potential across the IMM by 

pumping protons out of the matrix using the so-called respiratory complexes, thus creating an overall 

negative charge on the inner leaflet of the IMM. This negative membrane potential serves as a 

driving force for positively charged Ca2+ ion uptake into mitochondrial matrix. A more detailed 

explanation of the mitochondrial sub-structure and membrane potential generation will be 

addressed below.  

The main route Ca2+ ions take on their way through the IMM is the mitochondrial Ca2+ uniporter 

complex (MCUC)10,11. Scientist have known of the existence of an mitochondrial uniporter for a long 

time, but the protein itself was only recently discovered10,11. Early studies with isolated mitochondria 

have shown that a high conductance Ca2+ uniporter exists, and that mitochondria can uptake Ca2+ 

ions through it as long as it can maintain negative membrane potential, up to the point of “rupture”, 

when mitochondria burst and release all of the Ca2+ ions that have been taken up12,13. This process is 

known as mitochondrial permeability transition and happens via the mitochondrial permeability 

transition pore (mPTP). Opening of the mPTP is triggered by mitochondrial Ca2+ overload and the 

assambly of multiple proteins forming the mPTP which is permeable to molecules smaller than 1.5 

kDa14. This transition leads to loss of mitochondrial membrane potential and subsequent cell death, 

which is why mitochondrial Ca2+ uptake needs to be tightly regulated. 

One of the two pore-forming proteins of the MCUC is MCU, a 35-kDa protein with two 

transmembrane α-helixes that span the IMM11. It is predicted that MCU forms higher oligomeric 

structures to form the pore, with tetrameric structure being more likely11,15. MCU assembles with 

further proteins to a large complex called MCU complex (MCUC) (Figure 1), which consists of pore 
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forming MCU, its dominant negative form MCUb15, and essential MCU regulator (EMRE), the second 

pore-forming protein of the MCUC16. EMRE is attributed with bridging MCU to other regulatory 

proteins, namely to Mitochondrial Ca2+ Uptake (MICU) proteins16. Three MICU proteins have been 

described so far and all are said to exert additional regulation to mitochondrial Ca2+ uptake by setting 

a threshold for Ca2+ uptake17–19. MICU1 and MICU2 were shown to be main gatekeepers of MCU in 

most tissues20,21, while MICU3 is shown to be exclusively expressed in neuronal tissues19. MICU 

proteins set a certain threshold for mitochondrial Ca2+ uptake, below which, MCU is in its closed state 

and doesn’t conduct Ca2+ 20 (Figure 1). Different tissues express MCU, MICU1, and MICU2 at varying 

stoichiometry, allowing to fine-tune the mitochondrial Ca2+ uptake threshold22. For example, skeletal 

muscle cells have lower MICU1 to MCU ratio then heart muscle cells, thus mitochondria of skeletal 

muscle cells take up Ca2+ more easily, meaning the threshold for mitochondrial Ca2+ uptake is lower22. 

Further to its role as a gatekeeper in MCUC, MICU1 was described to be involved in organizing inner 

mitochondrial membrane structure and facilitating MCU shuttling from out of cristae membrane into 

inner boundary membrane (IBM) upon Ca2+ mobilization from the ER23. Additionally, it was 

demonstrated by our group that MICU1 is responsible for spatial regulation of mitochondrial 

membrane potential24. Another component of MCUC is the Mitochondrial Ca2+ Uniporter Regulator 1 

(MCUR1) protein, which is described to serve as a scaffold for the complex and to play an important 

role in the functioning of the MCUC25. 

 

Figure 1. Graphical illustration of the MCUC. MICU1 and MICU2 “guard” the MCU and set a Ca2+ 

uptake threshold; upon Ca2+ elevation in the IMS that reaches the threshold, MICU1 and MICU2 open 
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and allow the Ca2+ ions to pass through MCU. For simplicity, other components of the MCUC were not 

included. 

 

Since the mitochondrial Ca2+ uptake threshold set by MICU1 and MICU2 is high, sometimes reported 

to be in range of 2-5 uM, which is not reached in the cytosol of healthy cells, mitochondrial Ca2+ 

uptake mainly takes place at specialized contact sites between ER and mitochondria called 

Mitochondria Associated ER Membranes (MAMs)26. As ER contains 100-500 uM Ca2+, ER Ca2+ release 

generates high enough Ca2+ concentration at MAMs that can reach the mitochondrial Ca2+ uptake 

threshold26. Thus, ER-mitochondria communication plays a vital role in regulation of mitochondrial 

fitness. In fact, many age related pathological conditions, including cancer and neurodegenerative 

diseases, are thought to be caused by alteration in the MAMs27,28. It is reported that patients with 

Alzheimer’s disease, Parkinson’s disease, and Amyotrophic Lateral Sclerosis have altered MAM 

structure and composition29.  

As mitochondria sequester large quantities of Ca2+, it needs to balance it with an efficient extrusion 

mechanism. Mitochondrial Ca2+ extrusion is achieved through the Na+/(Li+)/Ca2+ exchanger (NCLX)30. 

The stoichiometry of Ca2+ and Na+ exchange by NCLX is a matter of debate, with 1:2 and 1:3 being 

proposed, meaning for every Ca2+ ion extruded, mitochondria take up two or three sodium ions, 

resulting in either electroneutral (in case of 1:2) or electrogenic (in case of 1:3) exchange31. These 

sodium ions in turn are extruded from the matrix by the means of sodium proton exchangers32. NCLX 

is of paramount importance for mitochondria, since matrix Ca2+ levels need to be kept at certain level 

to prevent mitochondrial Ca2+ overload and depolarization, a process that leads to cell death33. 

Hence, NCLX knock out (KO) animals do not survive34, while MCU KO animal do, although only in 

unstressed state35.  

The latter can possibly be explained by the fact that besides MCUC, mitochondria can take up Ca2+ 

ions through other means. It was shown that leucine zipper-EF-hand containing transmembrane 

protein 1 (LETM1) can serve as an alternative Ca2+ uptake pathway36,37. Although it is still disputed 

weather LETM1 is a Ca2+/H+ or K+/H+ exchanger38, it was definitively shown to be important for 

mitochondrial Ca2+ uptake of Ca2+ entering the cell via the store operated Ca2+ entry (SOCE)37. SOCE is 

characterized by cellular Ca2+ entry through the plasma membrane via Orai channels following ER 

Ca2+ store depletion39. Depletion of ER Ca2+ store is sensed by ER Ca2+ sensing protein stromal 

interaction molecule 1 (STIM1), which is recruited to the sub-PM region upon sensing low luminal 

Ca2+ level40–42. There, it recruits and activates Orai channels, which facilitate Ca2+ entry and refilling of 
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ER Ca2+ stores40–42. Some of the Ca2+ entering through these means can be taken up by mitochondria, 

but the amount of Ca2+ coming from this route is not as high as the one directly released from ER7,43. 

As such, Ca2+ concentration reaching mitochondrial during SOCE does not reach mitochondrial Ca2+ 

uptake threshold, thus does not enter mitochondrial matrix via the MCUC, but likely through other 

means. 37In addition to described members of MCUC, our group has found yet another fundamental 

regulator of the complex, namely uncoupling protein 2 (UCP2)44, which is indispensable for 

mitochondrial Ca2+ uptake in cancer cells and during aging45,46. My first publication reviews findings 

on UCP2 function in health and disease, and contrasts its function as a proton uncoupler versus a 

regulator of mitochondrial Ca2+ uptake46.  

 

1.3   The contribution of uncoupling protein 2 to mitochondrial Ca2+ homeostasis 

Electrochemical gradient generated by the ETC is used to synthesize ATP on the IMM invaginations 

called cristae, a process called oxidative phosphorylation (OXPHOS)47. However, some part of the 

proton gradient is dissipated  and not used to make ATP48. This is  done, in part, to prevent 

hyperpolarization of the IMM, which can result in formation of reactive oxygen species (ROS)49. 

Additionally,  uncoupling proteins 1 (UCP1) which represents app. 30 % of the protein mass in the 

brown adipose tissue, is responsible for heat generation by directly uncoupling of the proton 

gradient50. Unlike UCP1, it is appears unlikely that UCP2 and 3, which are expressed in far less 

amounts than UCP1, possess the same mechanism of action51. UCP2 was first described to be 

involved in mitochondrial Ca2+ uptake by Trenker et al. in 2007. Following years, many more 

publications established that UCP2 is indispensable for mitochondrial Ca2+ uptake, especially during 

aging and in cancer45,46,52,53. This is due to post-translational modification of MICU1, which gets 

asymmetrically methylated by protein arginine N-methyltransferase 1 (PRMT1)45. As a result of the 

methylation, mitochondrial Ca2+ uptake threshold set by MICU1 gets increased45 (Figure 2). 

Madreiter-Sokolowski et al. 2016 has shown that UCP2 is able to directly interact with methylated 

MICU1 and lower the threshold needed for mitochondrial Ca2+ uptake. PRMT1 activity is known to be 

upregulated in certain cancers and during aging, which is mimicked by the involvement of UCP2 in 

mitochondrial Ca2+ uptake54. It is described that during aging, cells heavily rely on mitochondria for 

energy production, and in order to boost mitochondrial productivity, the communication between ER 

and mitochondria is increased55. This tight communication between the two organelles supplies 

mitochondria with Ca2+ from ER stores and in turn supplies ER with mitochondrially produced ATP. 

But a caveat of increased mitochondrial Ca2+ supply is a danger of Ca2+ overload, which is likely a 
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reason why cells have methylated MICU1 – to increase the mitochondrial Ca2+ uptake threshold. In 

this scenario, UPC2 serves as an additional layer of regulation, thus fine-tuning mitochondrial Ca2+ 

uptake during aging. Similar to aged cells, cancer cells too rely on mitochondrial bioenergetics, 

despite many reports showing increased glycolysis in cancer3,56. Healthy mitochondrial are 

paramount for cancer wellbeing, thus cancer cells have mechanisms to balance mitochondrial Ca2+ 

levels, like aged cells57. They, too have methylated MICU1-UCP2 interaction to control proper 

mitochondrial function54. 

 

Figure 2. Graphical representation of the effect of MICU1 methylation by PRMT1 on mitochondrial 

Ca2+ uptake. MICU1 methylation increases the MCU opening threshold, thus decreasing mitochondrial 

Ca2+ uptake. This threshold is normalized by UCP2, which interacts with methylated MICU1 and lowers 

the threshold.  
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1.4   Matrix Ca2+ regulation of mitochondrial bioenergetics 

Perhaps one of the reasons why cells have evolved so many regulatory mechanisms for mitochondrial 

Ca2+ homeostasis is because mitochondria critically depend on Ca2+ ions for their proper function and 

energy production58. Mitochondria are known as cellular powerhouses since majority of the cells rely 

on mitochondria to produce cellular energy bearing molecule – adenosine triphosphate (ATP). Cells 

use ATP to maintain their survival and function, which involves basically all processes of a living cell. 

Despite a general misconception that cancer cells mostly rely on aerobic glycolysis, cancer 

mitochondria are active and generates fair share of cellular ATP59. Besides, maintenance of 

mitochondrial membrane potential is a priority of most cancer cells3, as collapse of mitochondrial 

membrane potential will activate apoptosis, thus cancer cells maintain a good balance between fast 

growth and mitochondrial well-being and have evolved several layers for regulation as seen in case of 

involvement of UCP260.  

Mitochondrial matrix hosts crucial cellular metabolic pathways, including citric acid cycle, which is 

where most of the energy from nutrients is extracted61. After being taken up from extracellular 

space, glucose enters cytosolic glycolysis. During glycolysis, cells produce 2 molecules of ATP, 2 

molecules of reduced nicotinamide adenine dinucleotide (NADH), and 2 molecules of pyruvate. After 

exiting glycolysis, pyruvate is transported into mitochondrial matrix, where it enters citric acid cycle. 

There, it undergoes series of enzymatic reactions to extract energy bearing molecules (GTP, ATP) and 

electron donors (NADH, FADH). The latter reaction is catalysed by mitochondrial dehydrogenases, 

two of which, isocitrate dehydrogenase and a-ketoglutarate dehydrogenase, are directly regulated by 

matrix Ca2+ concentration62,63. Additionally, pyruvate dehydrogenase (PDH) is indirectly regulated by 

Ca2+ ions through phosphorylation64,65. PDH kinase phosphorylates and inactivates PDH, while PDH 

phosphatase dephosphorylates it in a Ca2+ dependent manner, removing inhibitory phosphate group 

and activating the dehydrogenase62,65. Thus, matrix Ca2+ can regulate mitochondrial NADH 

generation. Subsequently, NADH molecules produced by the citric acid cycle donate their electrons 

to the electron transport chain (ETC). ETC is composed of large protein supercomplexes embedded in 

the mitochondrial inner membrane, particularly on specialized cristae membranes66,67. ETC consists 

of 4 complexes. Complex I is NADH:ubiquinone oxidoreductase and is a complex where NADH 

molecules donate their electrons, that are passed along the ETC onto molecular oxygen, forming 

water molecule in the end. FADH on the other hand donates its electron at complex II - succinate 

dehydrogenase. Electrons from complex II join the ones from complex I at complex III, cytochrome 

bc1 complex, and go on to complex IV - cytochrome c oxidase, where the electrons get transferred to 
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molecular oxygen. Using the energy from electron transfer down the ETC, complexes I, III, and IV 

shuttle protons from the mitochondrial matrix into cristae lumen, creating a negative membrane 

potential and a proton gradient across the IMM, which is then used for ATP synthesis47.  

 

1.5   IMS Ca2+ regulation of cellular and mitochondrial bioenergetics 

In addition to regulation of mitochondrial bioenergetics by matrix Ca2+ through the activation of 

mitochondrial dehydrogenases, Ca2+ ions can influence mitochondrial and cellular energy production 

from the mitochondrial intermembrane space (IMS)3,68–70. Mitochondrial IMS is a tightly packed space 

in between the two mitochondrial membranes, which houses many structural and functional 

proteins and protein complexes. Malate-aspartate shuttle (MAS) is one of these complexes that 

resides in the IMS. MAS is attributed with transferring NADH equivalents, in form of solute 

metabolites, in and out of mitochondria71,72. It is a major component of cytosolic NADH recycling 

machinery of mammalian cells69. MAS consists of two solute carrier antiports that shuttle metabolites 

in and out of mitochondrial matrix. Additionally, the antiporters are complemented by malate 

dehydrogenase and aspartate aminotransferase, both of which are present in the cytosol/IMS and in 

mitochondrial matrix69. First antiporter component of MAS is aralar1, or in case of non-excitable cells, 

citrin73,74. Aralar and citrin are glutamate and aspartate antiporters, which transport aspartate out of 

the mitochondria and glutamate in. Importantly, both carriers need Ca2+ ions for their activity68. 

Aralar has a half maximal activation at Ca2+ concentration of around 300 nM, while citrin’s half 

maximal activation by Ca2+ is achieved at 100 nM68,75. Activation concentrations of the two proteins 

fit to the cell types they are expressed in. Aralar is the main MAS component in excitable cells that 

frequently have basal cytosolic Ca2+ oscillations that can translate to the IMS, reach the 300 nM range 

and keep aralar active. On the other hand, citrin is activated at lower Ca2+ levels and is expressed 

mainly in non-excitable cells that don’t have spontaneous cytosolic Ca2+ oscillations. Aralar and citrin 

are complemented by the second antiporter of the MAS – malate- α-ketoglutarate antiporter (OGC), 

which transports malate into the matrix and α-ketoglutarate out of the matrix76. In contrast to aralar 

and citrin, malate- α-ketoglutarate antiporter is not Ca2+ sensitive. The metabolites transported by 

the solute carriers are interconverted and form two anti-parallel cycles. After leaving the 

mitochondrial matrix, aspartate and α-ketoglutarate are processed by aspartate aminotransferase, 

which transfers the amine group of aspartate to α-ketoglutarate, forming glutamate and 

oxaloacetate. Glutamate can be transferred back into the matrix via aralar/citrin, while oxaloacetate 

is oxidized by malate dehydrogenase in the IMS to form malate77. Malate is then transported into the 
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matrix against another molecule of α-ketoglutarate. The reverse reactions then happen in the matrix, 

with the same two enzymes present there as well. The schematic representation of the MAS is shown 

Figure 3.  

 

Figure 3. Schematic representation of malate-aspartate shuttle. MAS connects cytosolic and 

mitochondrial energy pathways by interconverting and shuttling of substrates, in the process 

recycling NADH and transferring its equivalents from cytosol to mitochondria. OAA – oxaloacetate, 

OGC – malate- α-ketoglutarate antiporter. OAA to malate is catalysed by cytosolic MDH, while the 

reverse reaction is catalysed by mitochondrial MDH. Similarly, aspartate aminotransferase is present 

in both IMS/cytosol and matrix, where it interconverts aspartate, OAA, α-ketoglutarate and 

glutamate 

Glycerol phosphate shuttle is another Ca2+ sensitive NADH shuttle located at IMS of many cell types, 

but the contribution of glycerol phosphate shuttle to the transfer of NADH equivalents into 

mitochondria is far less than that of MAS in mammalian cells78,79. Glycerol phosphate shuttle consists 

of cytosolic and mitochondrial inner membrane residing glycerol 3-phosphate dehydrogenases, cGPD 

and mGPD, respectively (Figure 4). cGPD transfers electrons from NADH to dihydroxyacetone 

phosphate (DHAP), as a result forming glycerol-3-phosphate and recycling NADH back to NAD+. In 

IMS, mGDP oxidizes glycerol-3-phosphate to regenerate DHAP and in the process forms FADH2 

molecule. mGPD can facilitate or directly be involved in transfer of electrons to coenzyme Q of the 

electron transport chain. Of the two enzymes involved in glycerol phosphate shuttle, only the mGPD 

is reported to be Ca2+ sensitive69,78–80.  
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Figure 4. Schematic representation of glycerol phosphate shuttle. Cytosolic glycerol 3-phosphate 

dehydrogenases converts glycolytic intermediate DHAP to glycerol-3-phosphate, which is converted 

back to DHAP by IMS residing, Ca2+ sensitive glycerol 3-phosphate dehydrogenases. The former also 

generates FADH2 and assists in its oxidation and electron donation to coenzyme Q of the ETC. 

 

Both NADH shuttles control glycolysis, through recycling NADH and making NAD+ available, and 

OXPHOS, through substrate supply, giving IMS Ca2+ a major function in regulating mitochondrial 

bioenergetics and in linking cytosolic and mitochondrial energy pathways. Low Ca2+ activation 

concentrations of IMS residing shuttles compared to matrix dehydrogenases makes IMS regulation of 

mitochondrial bioenergetics more subtle and easier to manipulate. In my second first author 

publication, I have studied the importance of basal sub-cellular Ca2+ homeostasis, with an emphasis 

on IMS Ca2+ as a regulator of mitochondrial bioenergetics3. We have described how alteration in IMS 

Ca2+ level can reversibly rewire cellular metabolism of non-excitable cells in citrin dependent manner. 

Nevertheless, IMS and matrix regulation mechanisms of mitochondrial function often go hand to 

hand, as one cannot function without the other. 
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1.6   Mitochondrial bioenergetics and ER stress  

Mitochondrial bioenergetics are adjusted to cellular energy demand under normal and pathological 

conditions. ER stress represent a hallmark of cancer as well as many metabolic and 

neurodegenerative disease81–83 and serves as an important example for the regulation of 

mitochondrial bioenergetics in response to cellular stress. ER is multifunctional organelle and is 

primarily responsible for processing, folding, and trafficking of nearly 1/3 of all proteins in eukaryotic 

cells. Once proteins are co-translationally targeted into the ER, they are handled by many chaperones 

and foldase enzymes that facilitate proper protein folding and posttranslational modifications84. 

Misfolded proteins are recognized in the ER lumen and are removed and degraded by a system called 

ER-associated degradation (ERAD)85. As it can be anticipated, all these processes require energy in 

form of ATP, thus ER also benefits from keeping close contact with mitochondria86. Additionally, as it 

was already mentioned above, ER is the main intracellular Ca2+ storage unit and many of the 

processes and enzymes in the ER lumen depend on Ca2+ ions. The main Ca2+ binding ER chaperone is 

calreticulin, which is responsible for folding and post-translational modification of nearly all 

glycosylated proteins87. Together with calnexin, another Ca2+ binding ER chaperone, calreticulin is 

responsible for the lifecycle of glycoproteins87–89. Another ER luminal Ca2+ binding protein is the main 

ER chaperone – heat shock protein A5, also known as glucose-regulated protein 78 (GRP78) or 

binding immunoglobulin protein (BiP). BiP is responsible for folding and post-translational 

modification of non-glycosylated proteins and plays a crucial role in ER stress response90.  

ER stress is a condition that is characterized as an inability of ER to properly fold and process proteins 

in its lumen, resulting in excessive accumulation of misfolded proteins and disruption of ER functions. 

ER stress triggers ER unfolded protein response (UPR), which senses and responds to ER stress by 

halting general protein synthesis, while increasing expression of ER chaperones. Three main 

pathways of ER UPR include double-stranded RNA-dependent protein kinase (PRK)-like ER kinase 

(PERK), activating transcription factor 6 (ATF6), and inositol requiring enzyme 1 (IRE1)91.  

It was reported that during early stages of ER stress, ER-mitochondrial contact sites increase, leading 

to increased ER-mitochondria Ca2+ crosstalk and boosted mitochondrial bioenergetics92. This is 

thought to be due to increased ER ATP demand to sustain UPR and to deal with unfolded proteins. It 

is suggested that ER increases Ca2+ supply of mitochondria, which in turn supply the ATP for the 

UPR86,93. At first glance, it appears to be a beneficial exchange, but if the ER stress persist, 

mitochondrial will run into a danger of Ca2+ overload, which is known to happen in many pathologies 

involving prolonged ER stress94. Thus, the timing of the ER-mitochondrial crosstalk is of upmost 
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importance, hence cells have developed adaptive mechanisms to prevent mitochondrial Ca2+ 

overload and still maintain elevated ATP production. During my studies, I have worked on the 

function of Sigma 1 receptor in ER stress and found that it plays a role in timely activation of 

mitochondria during early phases of ER stress response93. 

 

1.7   Role of sigma-1 receptor in regulation of mitochondrial bioenergetics in health and 

disease 

We have identified Sigma-1 receptor (S1R) as an orchestrator of ER-mitochondria interaction during 

early ER stress93. S1R is an ER chaperone, located primarily in the ER-mitochondria contact sites95. It is 

a transmembrane protein and is expressed in various tissue types, although it is dramatically 

concentrated in cells of the central nervous system95,96. S1R has plethora of reported functions and 

interaction partners, but the large body of research suggests its main role is to regulate ER-

mitochondrial communication95,97. S1R was shown to interact with inositol 1,4,5-trisphosphate 

receptor 3 (IP3R3), and to stabilize it at the mitochondria associated ER membranes95,98. Additionally, 

S1R interacts with IRE1 and assists in sustaining prolonged UPR by IRE199. As both IP3R3 and IRE1 are 

resident MAM proteins, S1R boosts ER-mitochondria crosstalk by concentrating these proteins to the 

MAMs. In addition, one study identified S1R’s role in store operated Ca2+ entry. It was shown that 

S1R interferes with STIM1 and Orai interaction upon ER store depletion and thus reduces Ca2+ 

entry100. Numerous studies have reported the involvement of S1R deficiency in various 

neurodegenerative diseases and cancer, emphasizing the importance of S1R in health and 

disease101,102.  

We have uncovered a crucial role of S1R in directing the ER Ca2+ leak towards mitochondria during 

early ER stress. We have confirmed the existence of ER Ca2+ leak directed towards mitochondria 

during early ER stress, and discovered that as the ER stress persists longer, the leak is redirected 

towards global cytosol and no longer directed only at mitochondria93. It was already shown that S1R 

can redistribute from the MAM area towards other parts of the ER as ER stress progresses95, which 

supports the time dependence of the phenomenon that we describe. As S1R has many described 

ligands that can modulate its action, targeting S1R in diseases involving ER stress can be an attractive 

therapeutic approach. 

In line with this, we have demonstrated that S1R modulation by its ligands can serve as an effective 

tool to manipulate cancer cell bioenergetics103. We uncovered that S1R activation can boost 
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mitochondrial bioenergetics by enhancing mitochondrial Ca2+ uptake, thus mimicking the early stages 

of ER stress103. This finding identifies S1R as an important target for cancer therapy as well.  

 

1.8   Fluorescence microscopy as a potent method to study mitochondrial bioenergetics 

As a final note, it is worth mentioning that recent advances in fluorescence imaging and development 

of genetically encoded fluorescent sensors has pushed the field of bioenergetics research forward 

immeasurably. During my studies, the majority of the experiments were performed using 

fluorescence microscopy. Many of the cellular metabolites that were undetectable before, or were 

only detectable in cell lysates, can now be studied within living cells. Since bioenergetics is a dynamic 

concept that only makes sense in regards to living cells, these new methods allow to image real time 

fluctuations of key ions and metabolites that define the cellular bioenergetics. An illustrative example 

is given in Figure 5, where mitochondrial ATP dynamics are imaged with mitochondrial matrix 

targeted ATP biosensor AT1.03104. The sensor consists of ATP binding domain flanked on both sides 

by two fluorescent proteins, cyan fluorescent protein (CFP) and yellow fluorescent protein (YFP)104. 

Binding of ATP to the sensor results in a conformational change, which moves the two fluorescent 

proteins closer to each other. Upon excitation of the CFP, part of the excitation energy is transferred 

to the YFP, the Förster resonance energy transfer (FRET), which is proportional to the distance 

between fluorescent proteins. This gives dual emission from both CFP and YFP upon single excitation 

of a CFP, providing an advantage of ratiometric readout of ATP concentration, which is not 

dependant on expression level of the sensor. Dynamic measurement of mitochondrial ATP level 

before and after application of ATP synthase inhibitor is depicted in Figure 5, which shows the 

difference in basal mitochondrial ATP levels between two adjacent cells and highlights the 

advantages of single cell fluorescent imaging technique for bioenergetics research. In a similar 

manner, many cellular metabolites, including, but not limited to, Ca2+, pyruvate, lactate, NAD/NADH, 

and citrate can be investigated with high spatio-temporal resolution in single living cells. Some of the 

most important genetically encoded biosensors that made my work possible are presented in Table 

1.  
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Figure 5. Representative pseudocolored images of live cell mitochondrial ATP measurement using 

matrix targeted ATP biosensor AT1.03 in EA.hy926 cells. The graph below shows respective 

mitochondrial ATP dynamics. Basal level was recorded for 2 minutes, followed by addition of 

mitochondrial ATP synthase inhibitor oligomycin in real time.  
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Table 1. List of genetically encoded biosensors used during the studies 

Name of the sensor What it 

detects 

Characteristics References 

AT1.03 and mtAT1.03 ATP FRET based ratiometric biosensors 

targeted to cytosol or mitochondria 

104 

Pyronic Pyruvate Cytosolic FRET based ratiometric 

biosensor 

105 

mtPyronicSF Pyruvate Mitochondrial single FP based 

biosensor 

106 

Peredox NAD/NADH 

ratio 

Cytosolic ratiometric biosensor 107 

D3Cpv and 4mtD3cpv Ca2+ Cytosolic and mitochondrial FRET based 

ratiometric biosensors 

108 

D1ER Ca2+ ER targeted FRET based ratiometric 

biosensors 

109 

GEM-GECO (cyto, IMS, 

cristae, matrix) 

Ca2+ Ratiometric biosensors targeted to 

various subcellular and 

submitochondrial compartments 

110,111 

Laconic lactate Cytosolic FRET based biosensor 112 

Hyper7 H2O2 Cytosolic ratiometric biosensor 113 

mtCitrON citrate Mitochondrial intensiometric biosensor 114 
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2   First author publications:
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3   Discussion 

During the course of my studies, I have investigated cellular and mitochondrial Ca2+ homeostasis and 

regulation of mitochondrial bioenergetics by Ca2+ ions. In the review article titled “The contribution 

of uncoupling protein 2 to mitochondrial Ca2+ homeostasis in health and disease - a short revisit”, we 

give historical perspective to the research in the field of uncoupling proteins, with focus on 

uncoupling protein 246. We then discuss new findings on UCP2 and its relevance in aging, cancer and 

neurodegenerative diseases, and compare mechanism of action of UCP2 in regards to its proposed 

function as a proton uncoupler versus its involvement in mitochondrial Ca2+ uptake46. Since UCP2 is 

described to be involved in so many pathologies, understanding its correct mode of action is 

paramount. Although different in theory, both uncoupling and Ca2+ uptake functions can be achieved 

by the same mechanism. A recent study by our group has demonstrated that MICU1 is keeping 

mitochondrial cristae junction structure and enables maintaining two separate membrane potentials, 

one for the cristae membrane and other for mitochondrial inner boundary membrane24. It has been 

shown that UCP2 can modulate MICU1 function upon MICU1 methylation by PRMT145, thus involving 

UCP2 in the spatial regulation of mitochondrial membrane potential, and by extent mitochondrial 

proton gradient. These findings provide a possible hint at dual function of UCP2 in regulation 

mitochondrial Ca2+ uptake and membrane potential without directly uncoupling IMM proton 

gradient.  

Although direct uncoupling of the proton gradient by UCP2 has not been extensively proven, an 

uncoupling by means of fatty acid shuttling or MICU1 regulations appears to be more likely115. As it 

has been reported that MICU1 methylation by PRMT1 involves UCP2 in mitochondrial Ca2+ uptake 

and that PRMT1 expression is increased during aging46,54, it is safe to assume that the correlation of 

large body of research on UCP2 involvement in age associated diseases is likely to be stemming from 

its involvement in regulation of mitochondrial Ca2+ uptake. Additionally, our group has proposed an 

uncoupling mechanism that combines mitochondrial Ca2+ uptake machinery and dissipation of proton 

gradient by UPC2. According to this model, by binding to methylated MICU1, UCP2 can lower the 

opening threshold of MICU1 oligomers, leading to opening of cristae junction. Opening of cristae 

junction leads to proton leakage from the cristae lumen into the IMS, resulting in loss of the proton 

gradient between matrix and cristae lumen24. Possible proton gradient uncoupling mechanisms of 

UCP2 are shown in Figure 6. Further validation of proposed mechanisms of action for UPC2 are 

needed given the importance of UCP2 in health and disease. 
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Figure 6. Three possible ways of proton gradient uncoupling by UCP2. a. Direct uncoupling was 

proposed based on 60% protein homology of UCP2 to UCP1; according to this model, UCP2 shuttles 

protons down their electrochemical gradient. b. The second model proposes UCP2 uncoupling of the 

proton gradient by fatty acid shuttling; upon transfer of anionic fatty acids from matrix to IMS or 

cristae lumen facing side of the IMM, fatty acids get protonated in low pH environment, allowing 

them to slip back into the matrix, thus carrying a net positive charge into the matrix and uncoupling 

the proton gradient from ATP synthesis. c. Uncoupling through disassembly of MICU1 oligomers and 

opening of cristae junction; in case of MICU1 methylation by PRMT1, UCP2 can directly bind to MICU1 

and facilitate the lowering of MICU1 opening threshold, thus opening the cristae junction in response 

to IMS Ca2+ elevations and dissipating the proton gradient of the cristae membrane by letting protons 

escape into IMS.  

   

Even though mitochondrial Ca2+ uptake has a tremendous role in regulation of mitochondrial 

bioenergetics, we have demonstrated that IMS Ca2+ is as important as matrix Ca2+ in this regard3. Our 

data suggest that upon stimulation of mitochondrial bioenergetics by means of ER Ca2+ release to 

achieve the maximal mitochondrial ATP production, IMS and matrix Ca2+ has similar contribution, as 

citrin knock down yielded the same reduction in ATP production as MCU knock down3. This finding 

suggests that both mechanisms complement each other when it comes to maximum productivity of 



69 
 

mitochondria under stimulation, whereby MAS sustains increased substrate supply and matrix 

dehydrogenases assure electron donor generation. But the situation under basal conditions looks 

different. In unstimulated, basal state, mitochondrial bioenergetics are more dependent on IMS Ca2+ 

as it controls steady substrate supply to mitochondria and maintains glycolytic flux from glucose to 

pyruvate3. Thus, it is important to consider the differences between the two mitochondrial sub-

compartments when studying Ca2+ regulation of mitochondrial bioenergetics.  

As we have demonstrated, cells readily respond to even small changes in Ca2+ homeostasis and react 

to it within minutes. That is achieved due to low Ca2+ activation concentration of MAS, which is 

around 100 nM for citrin and 300 nM for aralar, in contrast to micromolar activation concentrations 

for matrix dehydrogenases62,63,68,75. This allows cells to respond to reduced IMS Ca2+ levels which can 

result from reduced extracellular Ca2+, increased cytosolic Ca2+ buffering, or reduced ER-

mitochondrial communication. As we have observed, cells can respond to such changes within 

minutes by rewiring their metabolism ahead of long term expression level reprogramming. Thus, Ca2+ 

signalling and Ca2+ regulation of vital processes allows for such fast processing of environmental 

changes and responding to them with metabolic alterations.  

One of the mitochondrial response mechanisms to altered sub-cellular Ca2+ homeostasis is the switch 

of mitochondrial F0F1 ATP synthase to reverse mode, in which it pumps protons out of the matrix to 

maintain negative membrane potential in face of reduced MAS activity3 (Figure 7). This switch is 

crucial, since hampered NADH shuttle activity leads to disruption of TCA cycle substrate supply, 

which lowers matrix NADH production and ETC activity, leading to the collapse of mitochondrial 

membrane potential. Thus, reversal of the ATP synthase rescues cells from apoptosis at the cost of 

mitochondrial ATP production3. 
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Figure 7. Reversal of mitochondrial F0F1 ATP synthase direction from ATP production under normal 

Ca2+ homeostasis (left) to ATP consumption under disrupted Ca2+ homeostasis (right). Upon reversal, 

ATP synthase pumps protons out of the matrix into cristae lumen, thus maintaining negative 

membrane potential at cost of ATP production.  

 

Additionally, our findings provide a new perspective for metabolic and genetic disorders involving 

malate-aspartate shuttle, glucose metabolism and Ca2+ misbalance. Type II citrullinemia is a genetic 

disorder caused by citrin deficiency and is characterized by hampered glucose metabolism, especially 

in liver116,117. Thus, main pathogenesis of citrin deficiency is considered to be hepatic energy deficit. 

Low carbohydrate diet supplemented with medium-chain triglyceride are recommended to treat the 

symptoms by bypassing the malate-aspartate shuttle116,117. Our study on citrin mediated metabolic 

rewiring provides additional insight into type II citrullinemia and supports the approach for metabolic 

treatment of the disease, based on careful dietary supplementation, as we were able to rescue the 

effects of reduced MAS activity by pyruvate supplementation3.The schematic representation in 

Figure 8 summarizes the metabolic alterations happening during citrin/MAS inactivity, due to either 

calcium insufficiency or genetic defects in MAS components. It is worth noting that cancer cells 

express high levels of lactate dehydrogenase (LDH) and are able to partially rescue the defective 
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activity of citrin/MAS under reduced basal Ca2+ level, thus providing an additional therapeutic 

approach based on introducing alternative means for NADH recycling118. A recent study has provided 

a new tool to manipulate cellular and systemic NAD/NADH levels via enzymatic NADH recycling119. 

The tool is based on Lactobacillus brevis (Lb) NOX1, which oxidizes NADH to NAD+, consuming oxygen 

and forming a water molecule in the process119. The same group developed another tool using 

bacterial lactate oxidase and catalase that converts lactate and oxygen to pyruvate and water120. 

Both of these tools were demonstrated to rescue mitochondrial disorders resulting in reductive 

stress and NAD/NADH imbalance. As a consequence, fitting metabolic treatment approaches can be 

developed for various metabolic disorders, given we understand the fundamental science behind the 

disease.  

 

Figure 8. Schematic representation of MAS function under normal (left) and pathological (right) 

conditions. Under normal Ca2+ homeostasis, MAS recycles cytosolic NADH and mains substrate supply 

to matrix. Upon intracellular Ca2+ drop, especially at the mitochondrial IMS, MAS activity is hampered, 

resulting in reduced NADH recycling, which can lead to reduced glycolysis. Cancer cells and other cell 

types with elevated lactate dehydrogenase, can rescue this by producing lactate and recycling NADH 

in this way. But as a consequence, pyruvate does not enter TCA cycle and only two molecules of ATP 

are produced from one molecule of glucose. 
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In addition to cancer cells and non-excitable cells, MAS was shown to be fundamental for neurons 

70,121 and pancreatic beta cells122. Malate-aspartate shuttle is described as a “gas pedal” of 

mitochondria, and was shown to be indispensable for boosting mitochondrial activity in highly energy 

demanding neurons123,124. Importance of MAS for insulin secretion is self-explanatory, as pancreatic 

beta cells are the main glucose sensors in a body and need to have a smooth glucose metabolism. It 

was shown that MAS impaired beta cells have defective glucose stimulated insulin release 

(GSIS)122,125. We have conducted preliminary studies in pancreatic beta cells as well, and saw the 

effects of reduced basal IMS Ca2+ on glucose metabolism. In contrast to cancer cells that are easily 

reprogrammed, pancreatic beta cells do not expression high levels of LDH, thus they can’t rescue the 

hampered glucose metabolism by rerouting glycolysis towards LDH126,127. Even if such way was 

possible, for example by overexpressing LDH, it would be counterproductive for beta cells, as they 

need to fully metabolise the glucose in mitochondria to extract ATP, which then is used to block ATP 

sensitive K+ channels on the plasma membrane. The latter yields membrane depolarization that 

triggers cytosolic Ca2+ oscillations, which induce fusion of insulin containing vesicles with the plasma 

membrane and secretion of insulin127,128.  

Another aspect that needs careful consideration, is the Ca2+ source and Ca2+ route to IMS and matrix. 

Since there is no apparent threshold for cytosolic Ca2+ to reach IMS, we expected at first that 

cytosolic Ca2+ can modulate the activity of IMS residing NADH shuttles. But as our experiments have 

shown, Ca2+ coming from the ER through ER-mitochondria contact sites regulates the activity of the 

shuttles3. This finding is in contrast to several studies that have shown that global cytosolic Ca2+ can 

influence the activity of MAS, but these studies were performed in isolated mitochondria, thus lack 

the real setting of an intact cell77. Although it is worthy to mention that we studied only the 

regulation under basal state, and we think that the studies performed by others hold true under 

stimulated conditions, when rise in global cytosolic Ca2+, for example coming from store operated 

Ca2+ entry, can easily reach IMS and activate MAS.  

In sharp contrast to IMS, matrix is more restrictive in allowing Ca2+ ions. The threshold set my MICU1-

2 on MCUC is high, so that it doesn’t allow global, sub-threshold Ca2+ elevations to enter 

mitochondrial matrix26,129. Hence, the main route for matrix Ca2+ uptake is through specialized Ca2+ 

hotspots at ER-mitochondria contact sites, MAMs. MAMs are enriched in Ca2+ channels, such as 

IP3Rs, which are reported to be directly coupled to outer mitochondrial membrane residing VDAC 

channels by glucose-regulated protein 75 (GRP75)130,131. Upon release of Ca2+ from ER through IP3Rs, 

Ca2+ concentration at the microdomains reaches several µM and is translated into matrix26. Such 
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large Ca2+ signalling events synchronize both NADH shuttles and matrix dehydrogenases. 

Interestingly, this sort of high threshold for mitochondrial Ca2+ uptake is characteristic of non-

excitable cells, whereas excitable cells, such as pancreatic beta cells or neurons, have much lower 

Ca2+ uptake threshold. It can be a manifestation of their high energy demand for secretion and 

information processing, respectively, and this mode of Ca2+ uptake is more suitable given the basal 

cytosolic Ca2+ oscillations of these cells. Lower mitochondrial Ca2+ uptake threshold can be achieved 

by altering the ratio of MCU:MICU1:MICU2, as was reported for liver, heart, and skeletal muscle 

cells22 (Figure 9). 

 

Figure 9. MCUC of non-excitable cells (above) versus MCUC of excitable cells (below). Excitable cells 

have higher ratio of MCU to MICU1/2, thus have lower mitochondrial Ca2+ uptake threshold. 

 

Irrespective of cell type, ER stress is reported to affect Ca2+ signalling between ER and mitochondria 

and to boost mitochondrial bioenergetics. Large body of research is dedicated in deciphering events 

happening at different stages of ER stress. We have dwelled into the events happening during early 
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stages of ER stress induced by known ER stressor – tunicamycin93. Tunicamycin blocks the first step of 

glycoprotein synthesis and thus triggers ER stress and UPR93. Additionally, we wanted to study the 

involvement of Sigma-1 receptor (S1R) in the early ER stress, since S1R is frequently implicated in ER-

mitochondrial communication. The induction of ER stress with tunicamycin boosted mitochondrial 

bioenergetics parameters, such as mitochondrial ATP level, membrane potential, and NADH redox 

index, after 2 hours of treatment. These parameters went back to basal levels after 8 hours of 

treatment, suggesting time dependent phenomenon. Interestingly, S1R knock-down eliminated the 

increased mitochondrial bioenergetics after 2 hours of ER stress, suggesting that it is S1R 

dependent93. 

In order to gather more information on the mechanism of time and S1R dependent enhancement of 

mitochondrial bioenergetics, we evaluated ER-mitochondrial tethering. As others have reported 

increased tethering between ER and mitochondrial after couple hours of ER stress92, we measured 

ER-mitochondria co-localization after 2 and 8 hours of ER stress. In contrast to previous reports, we 

did not detect increased tethering in SH-SY5Y human neuroblastoma cells line93. The difference with 

published reports can be stemming from difference in cell line used, since previous reports were not 

done in SH-SY5Y cells. Additionally, the method we deployed for ER-mitochondria co-localization 

analysis does not have the highest resolution, thus a better alternative method might be necessary in 

the future work. On the other hand, we detected enhanced ER Ca2+ leak after both 2 and 8 hours of 

ER stress. Enhanced ER Ca2+ leak can be considered as an alternative to tethering, since it is the 

functional consequence of increased tethering between the organelles. We then tested the 

involvement of Sigma-1 receptor in enhanced ER Ca2+ leak. Knock-down of S1R increased ER Ca2+ leak 

without ER stress induction, while combination of S1R knock-down and tunicamycin treatment did 

not have an additive effect93. These findings suggest that S1R knock-down may mimic ER stress and 

induce the Ca2+ leak, or that S1R is needed for the control of the ER Ca2+ leak and the S1R knock-down 

results in uncontrolled leak. On the other hand, persistence of the same ER Ca2+ leak after 2 and 8 

hours of stress and return of the mitochondrial bioenergetics back to basal after 8 hours may be an 

indication of mitochondrial Ca2+ overload, or it can also mean that the ER Ca2+ leak is no longer 

directed at mitochondria after 8 hours of stress. Although, only the latter provides more likely 

explanation to the fact that despite the presence of enhanced ER Ca2+ leak in S1R knock-down cells, 

mitochondrial bioenergetics do not seem to be affected by it.  

To test these assumptions, we measured mitochondrial matrix Ca2+ levels. ER stress induction by 

tunicamycin treatment for 2 hours increased matrix Ca2+ levels in control cells, but not in S1R knock-
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down cells. Matrix Ca2+ levels of control cells after 8 hours of ER stress returned to basal levels, while 

in S1R knock-down cells it remained unchanged from both basal and 2 hour tunicamycin treated 

levels93. These data clarifies the time dependency of the mitochondrial bioenergetics boost: the 

increased matrix Ca2+ level after 2 hours of ER stress can be the reason for increased mitochondrial 

bioenergetics at that time point. Since the matrix Ca2+ level goes back down after 8 hours, so does 

the mitochondrial bioenergetics. S1R knock-down cells, however, don’t have the increased Ca2+ levels 

and don’t have boosted bioenergetics. What still remains interesting, is that S1R knock-down cells 

have enhanced ER Ca2+ leak, but not elevated matrix Ca2+ levels, which begs the question whether 

S1R knock-down impairs mitochondrial Ca2+ uptake. To test if S1R KD cells have impaired matrix Ca2+ 

uptake, we measured IMS Ca2+ levels under ER stress. If IMS Ca2+ levels would be elevated in both 

control and S1R knock-down cells, it would mean that S1R is required for mitochondrial Ca2+ uptake. 

IMS Ca2+ dynamics mimicked that of matrix Ca2+, and was elevated only in control cells after 2 hours 

of ER stress, while S1R knock-down cells didn’t have a significant change in IMS Ca2+ levels. Absence 

of elevated Ca2+ in IMS and matrix of S1R knock-down cells would mean that elevated ER Ca2+ leak 

observed in these cells is not directed towards mitochondria. In support of this view, it has been 

reported that S1R redistributes from MAMs towards rest of the ER upon prolonged ER stress and 

after ER Ca2+ depletion95. Additionally, S1R was shown to serve as a scaffold for ER Ca2+ release 

channels and to stabilize IP3Rs in their open state95,99. Taken together, these published works 

together with our findings suggests a time dependent mechanism of action for S1R under ER stress 

(Figure 10). Under resting condition, S1R is localized to the MAM region, where it serves as a scaffold 

and stabilizer of Ca2+ channels, along with other reported functions. Upon ER stress induction, ER 

develops a Ca2+ leak (we have not established if S1R is somehow directly involved in the leak or not). 

S1R, through its scaffolding and stabilizing role, keeps the leak directed to mitochondria at the 

MAMs. Upon persisting ER stress (8 hours or more), S1R is redistributed within ER, thus no longer 

keeps the Ca2+ leak channels at MAMs and directed towards mitochondria.  
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Figure 10. S1R orchestration of mitochondria targeted ER Ca2+ leak during early ER stress. Under basal 

condition S1R is localized to the ER-mitochondria contact sites, where it anchors and stabilizes IP3Rs. 

That is particularly important during early ER stress, since ER develops a Ca2+ leak in response to ER 

stress. S1R maintains the leak at MAMs and ensures that mitochondria receives the Ca2+ leak. As a 

result, mitochondrial bioenergetics are boosted and mitochondria can supply ATP to ER for UPR. As 

the ER stress progresses, S1R redistributes towards other parts of ER and the leak is not targeted at 

mitochondria. This way, cells generate ATP for UPR and avoid excessive mitochondrial Ca2+ overload. 

 

In addition to ER stress, S1R receptor’s activity under resting state has an impact on mitochondrial 

bioenergetics. We have studied the effects of pharmacological activation and inactivation of S1R by 

its ligands on cellular bioenergetics103. We have discovered that while activation of S1R boosts 
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mitochondrial Ca2+ uptake, and consequently mitochondrial ATP production, its inactivation doesn’t 

have a major impact on either Ca2+ uptake or ATP production. On the other hand, S1R activation 

decreased cancer cell reliance on aerobic glycolysis, while inactivation increased it, suggesting a basal 

activity of S1R in balancing cellular reliance on glycolysis103.  

In conclusion, Ca2+ regulation of cellular energy metabolism is fast, highly flexible and reliable way to 

adapt to various external and internal signals and conditions cells may face. Despite being broad and 

non-specific, we and others have shown that Ca2+ signalling can be precise thanks to various spatial 

and temporal control mechanisms cells have evolved. Many age related pathologies have altered Ca2+ 

regulation of cellular bioenergetics, making fundamental research in this field our first priority to 

tackle associated diseases. Only by understanding intricate mechanisms involved in controlling 

healthy energy metabolism, can we identify therapeutic targets and deploy interventions. 
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