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Abstract: Subcellular organellar contact sites, particularly those between mitochondria and the endoplasmic 
reticulum (MERCSs), play crucial roles in maintaining health. These specialized partitions facilitate vital 
communication between the organelles, regulating processes essential for cell function, including calcium 
balance, lipid biogenesis and transport, mitochondrial dynamics, and programmed cell death. Growing 
evidence shows that perturbation of MERCSs contributes significantly to various diseases, including 
neurodegenerative disorders like Alzheimer’s and Parkinson’s, metabolic issues, such as type 2 diabetes, 
heart conditions, and cancer. This review dives into this expanding field, exploring MERCSs as potential 
therapeutic targets. It provides a detailed overview of the proteins and processes that form and maintain 
MERCSs, highlighting how their disruption can lead to cellular dysfunction and disease. Additionally, it 
examines recent exciting breakthroughs in developing drugs and strategies that can manipulate MERCSs for 
clinical benefits. While challenges remain, this review emphasises the potential of MERCS-based therapies 
and outlines the critical research needed to move these treatments from the lab to the clinic.
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1. Introduction

Mitochondria, the powerhouses of the cell, are primarily responsible for generating adenosine 
triphosphate (ATP), the cell’s energy currency, through oxidative phosphorylation. Beyond energy 
production, mitochondria play vital roles in calcium signaling, regulation of programmed cell death 
(apoptosis), and the synthesis of lipids and heme. They are double membrane bound organelles whose 
dappled network of invaginations, or cristae, create a significantly large enough surface area to volume ratio, 
to enable the most efficient generation of the proton motive force, required for ATP generation [1]. The 
endoplasmic reticulum (ER) is a vast network of interconnected membranes forming sheets and tubules. The 
ER is essential for protein synthesis, folding, and quality control, ensuring only correctly folded proteins are 
transported. Additionally, the ER is a major site of lipid biosynthesis and plays a central role in calcium 
storage and signaling, which is crucial for numerous physiological cellular processes [2,3].

Mitochondrial-endoplasmic reticulum contact sites (MERCSs) are specialized zones where the outer 
mitochondrial and ER membranes come into close apposition (10‒30 nm), enabling direct communication 
between these vital organelles [4]. Structurally, MERCSs rely on a variety of tethering complexes that 
physically bridge the gap. One prominent example is the VDAC1-IP3R-GRP75 (Voltage-Dependent Anion 
Channel 1-Inositol Triphosphate Receptor-Glucose-Regulated Protein 75) complex, where VDAC1 resides on 
the mitochondria, IP3R on the ER, and GRP75 acts as the tethering protein between the two outer organellar 
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membranes. This complex regulates transport of calcium and other metabolites between the two organelles 
[5]. Further research on this tethering network has identified several other associated proteins including the 
Translocase of the Outer Mitochondrial Membrane 70 (TOMM70) [6], transglutaminase 2 [7], thymocyte-
expressed positive selection-associated protein 1 [8], Parkinson disease protein 7 (DJ-1), and pyruvate 
dehydrogenase kinase 4 (PDK4) [9]. Adding further regulatory complexity to the homeostatic signaling role 
of MERCSs [10].

Other protein complexes have been shown to act as bridges between the two organelles. For example, 
Mitofusins 1 and 2 (MFN1 and 2), also play a tethering role at MERCSs. Localization of MFNs on proximal 
sites of both mitochondrial and ER membranes and protein-protein interactions facilitate their tethering. 
Intriguingly, full length MFN2 present on the mitochondrial outer membrane, has been shown to interact with 
an MFN2 splice variant that encodes a shorter form of the protein, ERMIT2 (ER Mitofusin 2 tether), on the ER 
membrane, enabling interaction between the two organelles [11,12]. Presenilins (PSENs) are transmembrane 
proteases with established roles regulating lipid, including cholesterol/phospholipids/sphingolipids, and 
calcium homeostasis at the mitochondria and ER [13]. PSEN1 and 2 are both found enriched in MERCSs, 
and double knockout of both proteins in mice, and cell lines derived from these animals, display alterations to 
mitochondrial morphology, affiliated with impaired oxygen consumption and utilisation, usually used for ATP 
production, and hence spare respiratory capacity. Decreased expression of oxidative phosphorylation complex 
subunits and irregular mitochondrial cristae structure were also observed compared to wildtype. However, 
compensatory mechanisms, through an increase in glycolytic flux, identified no alterations to the ATP/ADP 
ratio or, crucially a key feature of mitochondria, their membrane potential [14]. PSEN2 was identified as the 
main facilitator of this mechanism, and interactions with MFN2 were also demonstrated, suggesting these 
membrane proteins are critical for MERCS function [15]. The mitochondria-associated ubiquitin ligase, 
MARCHF5 (Membrane Associated Ring-CH-Type Finger 5, also known as MITOL), and glycoprotein 78 
(GP78), also a ubiquitin ligase, work cyclically to regulate MFN2 stability, through which they are able to 
regulate MERCSs, and lipid and protein homeostasis [16–18].

The interaction between VAPB (Vesicle-Associated membrane protein-associated Protein B) and 
PTPIP51 (Protein Tyrosine Phosphatase-Interacting Protein 51) represents another important connection for 
MERCSs and plays a role in their regulation of calcium signaling [19,20]. Similarly, another central MERCS 
tethering complex is mediated by BAP31 (B cell Receptor Associated Protein 31), FIS1 (mitochondrial 
FISsion protein 1), and DRP1 (mitochondrial Dynamin-Related Protein 1), during the regulation of apoptosis, 
and mitochondrial fusion and fission [21,22]. The Mitochondrial Rho GTPase (MIRO) has also shown to act 
as a MERCSs conduit in coordination with VPS13D (Vacuolar Protein Sorting 13 homologue D) [23]. 
BAP31 also interacts with another protein identified in MERCSs, TOMM40, ensuring the proper function of 
complex I of the electron respiratory chain that initiates generation of the proton motive force that drives ATP 
production, as previously mentioned, the major energy currency of the cell [22].

Briefly, as they are applicable to the associated pathologies discussed in the main text, the following 
proteins are also known to be MERCSs components/regulators: Synaptojanin 2 Binding Protein (SYNJ2BP) 
and Ribosome Binding Protein 1 (RRBP1) have been shown to be tethering partners [24]; Foetal and Adult 
Testis Expressed 1 (FATE1) plays a role in the coupling of the two organelles [25]; CDGSH Iron Sulphur 
Domain 2 (CISD2) is a MERCSs component that regulates both lipid transfer and metabolism, and calcium 
homeostasis [26,27]; ATPase family AAA Domain containing 3A (ATAD3A) plays a scaffolding role for 
mitochondrial structure but has also been associated with MERCSs [28]; FUN14 Domain-Containing protein 
1 (FUNDC1) is a mitochondrial membrane protein that plays key roles in mitophagy (the turnover of 
mitochondria) and is associated with hypoxia-related IP3R binding [29]; finally, Cytoskeleton-Associated 
Protein 4 (CKAP4) regulates mitochondrial and ER functions, including ER morphology, whilst also acting 
as a tethering partner with VDAC2 [30].

Through the tethering complexes above and a rapidly growing field of research into novel MERCSs 
constituents, it has been established that they act as hotspots for cellular calcium homeostasis, allowing for 
fine-tuning of mitochondrial metabolism and cell survival signaling [10]. They also facilitate the transfer and 
metabolism of lipids, such as phosphatidylcholine and cholesterol, the former of which is a precursor for 
many mitochondrial lipid-metabolising biosynthetic pathways, the latter a crucial, regulated constituent of 
subcellular organelle membranes. Thus, regulation of lipids by MERCSs is crucial for membrane biogenesis 
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and lipid-associated signaling pathways. MERCSs have an essential role influencing mitochondrial fission 
and fusion, processes that are critical for maintaining cellular health and function [31]; autophagic responses, 
where they can serve as platforms for its initiation, a process whereby the cell degrades and recycles damaged 
components [32]; and a key cellular role triggered through dysregulation of calcium signaling, and other 
stressors, during induction of apoptosis (Figure 1) [33]. An array of signaling pathways have been shown to 
regulate MERCS components and function, through posttranslational modifications, that could also be 
targeted therapeutically to remedy MERCSs-associated pathophysiology [34].

MERCSs are responsive to various cellular conditions, including calcium levels, energy demands, and 
cellular stress, including disrupted ribosomal or mitochondrial proteostatic dysfunction [35]. These factors 
trigger the recruitment and assembly of specific proteins and lipids to the contact sites, modulating MERCS 
function to meet the evolving needs of the cell (Figure 1) [36,37]. There are almost certainly more 
mitochondrial-ER tethering proteins yet to be discovered, and understanding their roles, and those of already 
established bridging centers, in the organisation of highly dynamic MERCS complexes, how they change 
during development, in different cell types with distinctive metabolic demands, and in pathophysiological 
processes, are research endeavours that are becoming profuse.

2. Disease Pathogenesis-associated with MERCSs

2.1. Neurodegenerative Diseases

Dysfunction of MERCSs plays a significant role in the development of Alzheimer’s disease (AD) [38]. 
MERCSs are crucial for regulating calcium transfer between the ER and mitochondria; their disruption in AD 
leads to mitochondrial calcium overload, promoting oxidative damage and neuronal cell death pathways [39, 
40]. Additionally, altered lipid metabolism at MERCSs compromises neuronal membrane integrity and may 
even influence the production of toxic amyloid-beta (Aβ) peptides [41]. MERCS dysfunction also contributes to 
ER stress and excessive mitochondrial fragmentation, further exacerbating neuronal dysfunction and energy 
deficits [42]. Recently, an alternative link between MERCSs and AD has been proposed, where the C99 
intermediary, from which the Aβ peptides are cleaved, is the pathogenic driver of disease. C99 regulates 
cholesterol transport and its intussusception with membranes of subcellular organelles, is localises to MERCSs. 
It has been postulated that it is in fact increased levels of C99 at MERCSs concomitant with increased 
cholesterol transport to the membranes of organelles that is the pathogenic mechanism of AD, marking it as a 
disorder of lipid transport, not protein aggregation [43]. Whichever hypothesis is correct, MERCS-related 
abnormalities, in particular PSENs, can contribute to the cognitive decline and neurodegeneration characteristic 
of AD, highlighting the potential of targeting MERCSs as a therapeutic strategy [44,45].

Aberrant activity of MERCSs contributes significantly to the pathology of Parkinson’s disease (PD) 

Figure 1.　Schematic of the key functions of MERCSs physiology and pathophysiology. Subcellular diagram of 
MERCSs, list of their biological functions, and human disease conditions associated with their interrupted and/or 
dysfunctional states. For references see main text.
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[46]. In PD, MERCSs become disrupted, hindering the crucial regulation of calcium exchange between the 
ER and mitochondria [47]. This disruption leads to mitochondrial calcium excess, resulting in increased 
production of damaging reactive oxygen species (ROS), compromised energy production (ATP synthesis), 
and the activation of cell death pathways [48]. Additionally, overwhelmed by calcium dysregulation and other 
MERCS-related alterations, the ER experiences stress. This promotes the misfolding of proteins, including 
alpha-synuclein – a key protein that forms toxic aggregates in PD [49]. Furthermore, MERCSs dysfunction is 
linked to mutations in proteins such as PINK1 (PTEN-induced kinase 1) and Parkin, which usually interact 
with MERCSs to facilitate the removal of damaged mitochondria (mitophagy). Impaired mitophagy leads to 
the accumulation of dysfunctional mitochondria, further exacerbating cellular stress. MERCS dysfunction 
and the resulting cellular damage can also trigger inflammatory responses within the brain, contributing to a 
damaging cycle that worsens neurodegeneration [46].

In Huntington’s disease (HD), it has been shown that disrupted MERCSs impair calcium regulation, 
leading to mitochondrial dysfunction and ER stress [50,51]. The mutant huntingtin protein further 
exacerbates the problem by interacting with MERCSs, promoting excessive mitochondrial fragmentation. 
These combined effects contribute to the neuronal dysfunction and cell death characteristic of HD [50,52].

Improper function of MERCSs plays a significant role in the development of Amyotrophic Lateral 
Sclerosis (ALS) [53]. ALS is the most common form of motor neuron disease; it is a perturbing 
neurodegenerative condition that presently has no cure. Disrupted MERCSs in the central nervous system that 
usually regulate mitochondrial metabolism and act as gatekeepers to autophagy, lead to ALS progression. 
Impaired calcium regulation, resulting in mitochondrial dysfunction and ER stress also play a role in disease 
pathogenesis. These disruptions promote the misfolding and aggregation of proteins implicated in ALS, such 
as TDP-43 (tar DNA-binding protein 43) and SOD1 (superoxide dismutase 1). Additionally, mutations in 
genes associated with ALS can disrupt lipid metabolism at MERCSs, affecting membrane integrity and 
neuronal function [54]. In HD MERCS dysfunction may hinder the process of mitophagy, contributing to the 
accumulation of unhealthy mitochondria. The most significant MERCS constituents implicated in ALS are 
VAPB and VCP (Valosin Containing Protein). VCP is a ubiquitin-specific ER chaperone, and in coordination 
with the VAPB tethering complex, is responsible for maintaining mitochondrial metabolic output and 
preventing harmful metabolic ROS by-products. Mutations found in upstream regulators of these two 
complexes have been associated with ALS progression, for example, FUS and C9orf72 [55]. These combined 
effects of MERCS dysfunction severely compromise the health of motor neurons, ultimately leading to the 
degeneration and paralysis characteristics of ALS [56].

A CRISPR screening approach, for genes whose decrease in expression increased mitochondrial-ER 
proximity, recently identified two novel MERCSs components, Guided Entry of Tail-anchored proteins factor 
4 (GET4) and BCL2-associated Athanogene 6 (BAG6). Both proteins were shown to interact with IP3R and 
GRP75 and decreasing GET4 enhanced mitochondrial calcium uptake from the ER, and improved 
respiration. Remarkably, in a fly model of AD it was also shown that loss of GET4 improved motor ability, 
increased lifespan, and prevented neurodegeneration, indicating GET4 as a potential therapeutic target for 
neurovascular disease [57].

2.2. Cardiovascular and Metabolic Conditions

Inappropriate activity of MERCSs contributes to the development of Type 2 Diabetes (T2D) [58]. 
MERCSs play a role in regulating insulin signaling, and their disruption in T2D can lead to ER stress and 
altered lipid metabolism, both of which impair insulin action [59]. Additionally, MERCS dysfunction 
compromises mitochondrial function, particularly in insulin-producing pancreatic beta cells, hindering their 
ability to secrete sufficient insulin. The combined effects of ER stress, mitochondrial damage, and MERCS 
dysfunction also contribute to chronic inflammation, a key factor in insulin resistance [60,61]. These 
consequences ultimately lead to the insulin resistance, impaired insulin secretion, and overall metabolic 
imbalance characteristic of T2D [62].

Defective MERCSs play a significant role in obesity and its associated health complications. The excess 
nutrient intake and increased metabolic demand associated with obesity can trigger ER stress, disrupting 
MERCS function [63]. This disruption impairs lipid storage within fat cells, alters lipid metabolism, and 
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compromises mitochondrial energy production. It has been demonstrated that in the adipocytes of obese mice 
mitochondria are severely disordered, by a process mediated by RalA (RAS Like Proto-Oncogene A) 
mechanistically causing inhibitory phosphorylation of Drp1. Conditional deletion of RalA in white adipocytes 
prevented mitochondrial fragmentation, and decreased weight gain when fed a high calorie diet by 
stimulating fatty acid oxidation, indicating that targeting the MERCSs fission protein Drp1 could represent a 
clinical option for individuals who are overweight [64]. Additionally, MERCS-related ER stress, mitochondrial 
dysfunction, and altered lipid handling contribute to chronic inflammation. These combined effects worsen 
metabolic dysfunction, promote further fat accumulation, and increase the risk of obesity-related complications 
such as T2D, cardiovascular disease, and Non-Alcoholic Fatty Liver Disease (NAFLD) [64–66].

Dysfunction of MERCSs displays a significant role in the development and progression of NAFLD 
[67]. MERCSs are crucial for regulating lipid metabolism, and their disruption in NAFLD leads to increased 
production and decreased removal of harmful fats within the liver. This, coupled with metabolic stress, 
triggers ER stress, which further impairs MERCS function. Additionally, MERCS dysfunction compromises 
mitochondrial energy production and promotes oxidative damage [68,69]. The resulting lipid accumulation, 
ER stress, mitochondrial dysfunction, and inflammation drive the liver damage, scarring, and progression 
from simple NAFLD to the more severe form, non-alcoholic steatohepatitis (NASH) [70–72].

Incorrect function of MERCSs can contribute to the development and progression of cardiovascular 
disease (CVD) [73,74]. MERCSs are involved in lipid metabolism, and their disruption can lead to the build-
up of harmful fats and promote inflammation within blood vessels, accelerating the formation of 
atherosclerotic plaques [75, 76]. Additionally, MERCS dysfunction impairs calcium signaling and energy 
production in both heart muscle cells and the cells lining blood vessels (endothelial cells). This impairment 
compromises heart function, weakens blood vessel health, and increases the risk of complications like heart 
attacks, strokes, and heart failure [77,78].

2.3. Tumourigenesis

Abnormal function of MERCSs plays a significant role in the growth and survival of cancer cells. 
MERCSs are often altered in cancer, leading to changes in calcium signaling that promote uncontrolled cell 
division and resistance to cell death [79]. Additionally, MERCS dysfunction contributes to the metabolic 
reprogramming of cancer cells, supporting the increased energy and lipid production necessary for rapid 
growth [80]. Further, MERCS alterations can help cancer cells evade programmed cell death (apoptosis) and 
enhance their ability to migrate and invade other tissues (metastasis) [81]. These effects make MERCSs a 
potential target for developing new cancer therapies aimed at disrupting tumour growth, increasing sensitivity 
to treatment, and preventing spread [82]. CISD2 has known roles in tumourigenesis and other age-related 
diseases identifying it as a promising clinical target [26,83,84]. CKAP4 has also been associated with cancer 
and could act as a biomarker for specific malignancies [85].

The promotion of metastasis by MERCSs, is enabled by their dysfunction, helping cancer to spread. 
MERCSs regulate calcium signaling, and alterations in cancer cells lead to changes in cell migration, 
invasion, and resistance to cell death during detachment (anoikis) [86]. Additionally, MERCS dysfunction 
can contribute to the breakdown of cell adhesion and changes associated with epithelial-mesenchymal 
transition (EMT), further enhancing a cancer cell’s metastatic potential. Targeting MERCSs might offer a 
new approach to hinder metastasis by disrupting the processes that allow cancer cells to invade, survive in 
circulation, and colonise distant sites [87].

It is important to note that the exact mechanisms linking MERCS dysfunction to disease are complex 
and vary between diseases. Research in this area of fundamental biology is rapidly evolving, the protein 
constituents of these tethers, how these change between cell types and developmental stages, has not been 
fully elucidated, but this will lead to a greater understanding of the potential therapeutic targets MERCSs 
represent for multiple pathologies [88].

3. Strategies for Targeting MERCSs

3.1. Modulating Protein-Protein Interactions at MERCSs

A promising strategy for targeting MERCSs involves the use of small molecules or other compounds 



6 of 15

IJDDP 2024, 3(2), 100008. https://doi.org/10.53941/ijddp.2024.100008

that can directly interfere with protein-protein interactions (PPIs) within these crucial contact sites [89]. 
Researchers have identified compounds that bind to specific MERCS tethering proteins, preventing them 
from interacting [41]. For instance, molecules that disrupt the interaction between VAPB, on the ER and, 
PTPIP51, on mitochondria, have shown promise in preclinical studies [90]. Peptide-based inhibitors, short 
peptide sequences mimicking the binding domains of MERCS proteins can compete with the native proteins, 
effectively disrupting the formation of the complex [91].

Targeting MERCSs, in particular GRP75, following myocardial infarction, when calcium signaling is 
greatly perturbed and mitochondrial and ER stress pathways are activated, has been shown in rats as a 
potential therapy to reduce these detrimental side effects, without altering homeostatic hypoxic signaling, and 
preventing further damage to the heart [92]. It has also been demonstrated that FUNDC1 deficiency perturbs 
mitochondrial quality control mechanisms and exacerbates high caloric diet-induced obesity and concomitant 
metabolic syndrome, indicating another protein target, for tackling metabolism-related MERCSs 
disorders [93].

NASH is linked to metabolic dysfunction and can progress to liver cancer. GP78 appears to play a 
protective role in disease progression. Mice without Gp78 develop age-related obesity and NASH-like 
symptoms, including fatty liver, inflammation, scarring, and tumours. This decline is triggered by stress 
signaling within the cell and increased fat production. Importantly, in human liver cancer samples, lower 
GP78 levels correlate with more severe disease. This suggests GP78 could be a pivotal therapeutic target, and 
that it is crucial for maintaining liver health and may act as a tumour suppressor [94].

Urolithin A is produced by the gut microbiome and acts as a naturally occurring chemical that could be 
utilised in treatment regimens focused on anti-inflammatory, ROS reduction, longer healthspan, and 
prevention of muscle atrophy. Although its mechanism of action is not clear, it reduces autophagy and 
promotes mitochondrial biogenesis, demarcating urolithin A as a potential MERCS therapeutic strategy [95]. 
Another promising small molecule treatment for diseases associated with chronic low-grade inflammation, 
often associated with dysfunction of MERCSs, is l-sulforaphane. Cruciferous vegetables contain high levels 
of this antioxidant anti-inflammatory agent, suggesting moderate lifestyle/diet alterations could have longer 
term beneficial effects through their role in modifying MERCS biology [96].

The BH4 domain of the antiapoptotic protein BCL2 (B Cell Lymphoma 2) is what distinguishes it 
compared to other BCL2-family members, which actively drive programmed cell death. Interestingly, a TAT 
(cell penetrating peptide conjugate) -BH4 fusion peptide has been shown to inhibit apoptosis and improve 
survival in models of disease caused by enhanced apoptosis. Hence, the BH4 domain alone has antiapoptotic 
properties. It has been reported that the BH4 domain mediates interaction of Bcl2 with IP3R on the ER. 
Through binding the regulatory and tethering domains of IP3R the BH4 peptide is able to inhibit IP3R-
dependent calcium release from the mitochondria and thus, prevent activation of apoptosis. This targeted 
feature of the BH4 domain peptide makes it an attractive prospect for treatment of multiple MERCS-
associated conditions [97].

3.2. Stabilising MERCS

Small-molecule stabilisers offer a promising therapeutic approach for targeting MERCSs. These 
molecules are designed to bind at the precise point where key MERCS proteins interact. By acting like a 
support, they can strengthen the connection between these proteins, enhance their affinity for each other, and 
prevent them from disassociating [35]. This stabilisation is particularly beneficial in diseases where MERCS 
function is compromised, as it can help restore this crucial communication between mitochondria and the 
endoplasmic reticulum. The targeted nature of small-molecule stabilisers, along with the widespread 
importance of MERCs in cellular processes, suggests their potential therapeutic use for a diverse range of 
diseases [37,98].

Recently the role apelins have maintaining MERCS stability has been therapeutically investigated; 
apelin-13 has already shown promise treating ischaemia-associated disorders, diabetic complications, CVD, 
and neurodegenerative disease. Apelin-13 is an endogenous ligand for the G-protein coupled receptor 
angiotensin II protein J (AT2R), with downstream signaling effects on mitochondrial and ER functioning. In 
diabetic-associated hearing loss, treatment of cochlear hair cells following culture in high glucose media, 
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with apelin-13 elevated mitochondrial membrane potential and ATP production, whilst decreasing damaging 
oxidative by-products. The levels of ER-associated stress proteins were also decreased, but treatment with the 
ER stress agonist tunicamycin abrogated these effects. This revealed the protective role of apelin‑13 in 
restructuring mitochondrial functional impairment in cochlear hair cells by inhibiting ER stress following 
high glucose treatment [99,100].

Molecular glues represent an innovative strategy for stabilising weakened MERCS complexes. These 
specialised molecules have the unique ability to act as bridges, simultaneously binding to two distinct 
proteins and promoting their association. Unlike traditional drugs that often target a single protein, molecular 
glues can facilitate the formation or increase the stability of protein-protein complexes. In the context of 
MERCSs, a molecular glue could be designed to bind specific sites on both an ER-resident protein and its 
mitochondrial counterpart, strengthening their interaction and restoring the integrity of a compromised 
MERCS [101].

Ageing and heart failure are characterised by decreased mitochondrial stability and increased 
mitophagy, with excessive ketone body production also observed. Targeting this pathway has been shown to 
facilitate mitochondrial structural integrity and decrease mitochondrial turnover. The TAT-MP1(Gly) cell 
permeable peptide was able to promote MFN2 recruitment to impaired and mitochondria and increase 
mitochondrial fusion over fission [102]. Another TAT fusion peptide, that mimics the phosphorylated region 
of phospholamban, an endogenous inhibitor of a key ER calcium release channel. Through phosphomimectic 
mutations of the two phosphorylated residues in a nine amino acid sequence of phospholamban, its inhibitory 
phosphatase is prevented from dephosphorylating the endogenous protein thus preventing inappropriate 
calcium release from the ER, making it an appealing MERCSs target [103].

3.3. Targeting the Transfer of Lipids to Affect MERCSs Function

Regulating lipid transfer offers an indirect strategy for influencing MERCS function. Since lipids serve 
as structural components of MERCSs and play vital roles as signaling molecules, compounds that affect lipid 
synthesis or transport can have downstream effects on MERCS stability and activity [104]. For instance, 
altering the levels of specific phospholipids or cholesterol may impact the formation of MERCSs, while 
modulating lipid signaling pathways could influence MERCS-associated protein complexes. Additionally, 
preventing lipid overload and reducing ER stress can indirectly promote healthy MERCS function [105]. 
While careful consideration of specificity and potential side effects is needed, manipulating lipid metabolism 
presents a promising avenue for indirectly targeting MERCSs in the treatment of related diseases [106].

Iron accumulation is often observed in alcoholic liver disease (ALD), suggesting a potential role for 
ferroptosis, a type of programmed cell death dependent on iron and characterised by the accumulation of lipid 
peroxides, in its development. Quercetin, a natural compound, may have protective effects against ferroptosis 
in ALD. This protection may be linked to its influence on MERCSs and their regulation by an unfolded 
protein response mediator, the kinase PERK (PKR-like ER Kinase). Interestingly, PERK’s structural role, 
rather than its typical enzymatic activity, seems to be important for MERCS formation and ferroptosis in the 
context of alcohol exposure. These findings suggest that quercetin could be a potential therapeutic agent for 
mitigating alcohol-induced liver injury by targeting ferroptosis [107].

3.4. Modulation of Calcium Signaling

MERCSs serve as hubs for calcium signaling between mitochondria and the ER. A promising 
therapeutic approach involves modulating the calcium channels and transporters specifically located at these 
contact sites [108]. Strategies include the use of agonists and antagonists for IP3Rs (the ER’s calcium release 
channels), inhibitors for VDACs (mitochondrial outer membrane channels), as well as molecules targeting 
the MCU (Mitochondrial Calcium Uptake channel) [109,110]. Additionally, influencing mitochondrial 
calcium efflux mechanisms, such as activating the NCLX (mitochondrial sodium/calcium exchanger), 
provides an alternative avenue for intervention [111]. Importantly, the development of such therapeutics 
requires careful attention to specificity, aiming to precisely target MERCS-based calcium mechanisms, along 
with an understanding of the delicate balance necessary for healthy calcium signaling [112].

Activating Transcription Factor 6 (ATF6) has been shown to regulate mitochondrial and ER calcium 
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homeostasis. ATF6 is part of the signaling pathways that communicate the unfolded protein response from the 
ER to the nucleus, but also affects lifespan through MERCSs calcium homeostatic regulation, and changes to 
related apoptotic signaling pathways [113,114]. In worms atf-6 depletion increases lifespan through altering 
calcium release through itr-1 (orthologue of IP3R) and mitochondrial calcium disorders of uptake through the 
mcu-1. Indicating targeting ATF6 as a potential clinical goal for MERCSs-associated calcium homeostasis 
[115]. PSEN2 through its regulation of calcium signaling and mitochondrial function also represents another 
potential clinical target for modulating MERCSs biology, particularly in neurodegenerative diseases [116].

ALD involves the harmful build-up of calcium within liver cell mitochondria, but the exact trigger for 
this overload has been unclear. Alcohol exposure leads to an abnormal increase in PDK4 activity, which then 
promotes excessive calcium channelling from the ER into the mitochondria. This calcium overload disrupts 
mitochondrial function, contributing to liver damage. It has been shown in human patients with ALD that this 
is indeed the case, opening new doors to potential therapeutic strategies focused on regulating PDK4 activity 
or preventing the formation of calcium-channelling [117].

Tumour suppressor protein, p53, plays a role in cell death beyond its known actions in the nucleus. In 
the cytoplasm, p53 interacts with the ER and mitochondria, influencing calcium flow between these 
compartments. This calcium transfer is crucial for triggering apoptosis. When activated by stress, p53 
accumulates at these contact points and alters calcium balance in the ER, leading to increased calcium 
transfer to the mitochondria. This overload disrupts the mitochondria and ultimately leads to cell death. 
Indicating a new, non-nuclear function of p53 in regulating calcium-dependent cell death, and a potential 
target for clinical intervention in MERCSs pathophysiology [118].

In a screen for modulators of mitochondrial dysfunction, in the context of neurodegenerative, ageing, 
and metabolic dysfunction. Luteolin was identified as increasing mitochondrial activity in neurons, whilst not 
increasing mitochondrial size. Intriguingly, luteolin was found to increase the number of mitochondrial-ER 
contacts with a concomitant beneficial effect on calcium exchange, and mitochondrial pyruvate 
dehydrogenase, and respiratory chain complex I and II function. This indicates the potential of luteolin 
treatment for a wide range of MERCS-associated conditions [119,120].

3.5. Directly Targeting Processes that Regulate Mitochondrial Dynamics

Targeting mitochondrial dynamics, the balance between fission (facilitated by proteins like DRP1 and 
FIS1) and fusion (mediated by proteins like MFN1, MFN2, and Optic Atrophy 1 (OPA1)) is a potential 
therapeutic strategy with implications for MERCS function [121]. Drugs like mdivi-1 (a cell permeable 
quinazolinone) and dynasore (a noncompetitive inhibitor of the dynamin GTPase), inhibit fission, aiming to 
reduce excessive fragmentation, while fusion promoters like Mitochondrial Fusion Promoter M1, a 
hydrazone compound, enhance MFN2 activity [100,122]. While these drugs primarily target mitochondrial 
shape, they could indirectly influence MERCSs by altering the number of interaction sites.

Interestingly, MFN2 is also found in MERCSs, suggesting a potential direct link between mitochondrial 
dynamics and MERCS regulation. Research into this area holds promise for diseases where both 
mitochondrial dynamics and MERCSs are disrupted, but challenges remain in developing highly specific 
drugs (like P110-TAT) and fully understanding the complex interplay between these proteins and cellular 
processes [123].

ATAD3A mutations have been identified in individuals with neurological symptoms, often causing 
death at a young age. The vast majority of these mutations are loss of function or dominant negative genetic 
variants. ATAD3A’s pivotal role in MERCSs biology, in particular in regulation of mitochondrial dynamics, 
make it a key target for therapeutic interventions, in which stabilisation of mitochondrial fission or fusion 
processes are required [124]. Metformin, an established diabetic treatment, may also be beneficial for other 
MERCSs related disorders. For example, in patients with type II diabetes, metformin treatment was shown to 
decrease ROS, increase expression of mitochondrial respiratory chain subunits, reduce mitophagy and 
enhance activation of a key upstream regulator of mitochondrial physiology, AMPK (adenosine 
monophosphate-activated kinase) [125].

Inflammation and the presence of M1 macrophages play a key role in the development of 
atherosclerosis (plaque build-up within arteries). DRP1, may be a promising target for reducing this harmful 
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inflammation. Mdivi-1 DRP1 inhibition reduces plaque formation, decreases M1 macrophage presence, and 
lowers inflammation markers. Investigations showed that oxidised LDL (low density lipoprotein, or ‘bad’  
cholesterol) fuels M1 activation and mitochondrial damage, and compounds that protect mitochondria also 
decreased inflammation. Similarly, Mdivi-1 appears to work by reducing M1 macrophage formation. These 
findings suggest that targeting DRP1-dependent mitochondrial breakdown could offer a potential new 
treatment strategy for combating atherosclerosis [100].

Antioxidant treatment for conditions in which mitochondrial and/or ER ROS production is above 
physiological levels are a promising avenue for therapeutic interventions. For example, trolox, a water-
soluble analogue of vitamin E, has been shown to repair mitochondrial functioning, calcium signaling, and 
membrane potential in a model of human complex I deficiency [126]. Chemical modulators of dynein 
signaling have also shown promise in modulating these structural regulators of mitochondrial subcellular 
biology. Dynarrestin for example, is a reversible cytoplasmic dynein inhibitor that has shown potential as a 
therapeutic approach to tumourigenesis [127].

Mitochondria play a critical part in a cell’s capacity to adjust to ever changing microenvironments, and 
dysfunction of these responses has been shown to lead to cancer. Identifying novel biomarkers that arise 
when these processes are altered and the use of small molecule inhibitors to actively target their dysfunction 
is vital scientific discovery [128].

4. Challenges and Future Directions

4.1. Ensuring Specificity

Designing highly specific compounds that target only the desired MERCS proteins is crucial to 
minimise off-target effects in therapeutic development. MERCSs exist within complex cellular networks, and 
proteins associated with them often have roles beyond just MERCS regulation. Nonspecific targeting could 
disrupt these networks and vital cellular functions, leading to unintended side effects [129]. Strategies like 
detailed structural studies of MERCS proteins, targeted drug delivery mechanisms, and rational drug design 
can enhance specificity. However, challenges remain due to the limited structural information on some 
MERCS components and their dynamic nature. Ongoing research into MERCS structure and function, 
coupled with advancements in drug design, is essential to overcome these challenges and develop highly 
specific therapies that minimise off-target effects [130].

4.2. Delivery of Therapeutics

Strategies to effectively deliver MERCS-targeting compounds intracellularly and specifically to MCSs 
are needed to maximise their therapeutic potential. Since MERCSs reside inside cells, delivery systems must 
facilitate drug entry across the cell membrane and ideally concentrate the drug at MERCS locations [131]. 
Approaches like nanoparticles, liposomes, cell-penetrating peptides (CPPs, for example TAT)), or linking 
drugs to molecules that recognise MERCS components can enhance targeted delivery. However, challenges 
remain in ensuring the stability and biocompatibility of delivery systems while achieving sufficient drug 
concentration specifically at MERCSs. Ongoing research into optimising these delivery strategies is crucial 
for the successful translation of MERCS-targeted therapies into clinical practice [132]. MitoQ is a god 
example of a targeted therapeutic approach whereby antioxidant therapy is directed towards mitochondria by 
virtue of a specialised localisation mechanism, that could alleviate dysfunctional ROS generating 
MERCSs [133].

4.3. Combination Therapies

Combining MERCS-targeting drugs with existing treatment modalities holds promise for enhancing 
therapeutic outcomes in various diseases. Since these diseases often involve complex mechanisms, targeting 
MERCSs alongside other disease pathways could provide a multi-pronged and potentially synergistic 
approach. For example, in neurodegenerative diseases, MERCS-targeting drugs might be combined with 
antioxidants or anti-inflammatory therapies, while in cancer, they could increase the effectiveness of 
chemotherapy or immunotherapy [134]. Strategic combinations might also improve metabolic outcomes in 
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conditions like diabetes or high cholesterol. However, careful research is needed to identify the most effective 
combinations, understand potential drug interactions, and manage the possible increased risk of side effects 
with combination therapy.

4.4. Translational Approaches

Translational research, including pre-clinical models and clinical trials, is crucial for validating the 
efficacy of MERCS-targeted therapies. Pre-clinical models allow for initial safety and efficacy testing, as 
well as in-depth analysis of how these therapies work. Clinical trials are essential to assess the drug’s 
performance in humans, confirm its effectiveness, and evaluate its risk-benefit profile [135]. Challenges 
include creating accurate pre-clinical models that mimic MERCSs in human disease and effectively 
translating animal study results into human outcomes. Optimising both pre-clinical models and clinical trial 
design is key for successfully moving MERCS-targeted therapies from the lab to the clinic to ultimately 
improve patient outcomes [136].

5. Conclusion

The intricate network of MERCSs in all cell types of the body offers a treasure trove of potential 
targets for the development of novel therapeutic strategies. The link between MERCSs disconnections and 
ageing, concomitant with age-related diseases, raises the possibilities of treating a broad range of human 
pathologies. While challenges remain in achieving specificity and optimising targeted drug delivery, the 
pace of recent discoveries highlights the immense promise of this field. See Table 1 for details regarding 
the range of different methods used with MERCS-targeting therapies. As our understanding of the 
molecular players and regulatory mechanisms at MERCSs grows, so too does our ability to design precise 
modulators of these crucial communication hubs. Further research and advancements in translational 
science hold the key to harnessing the therapeutic potential of MERCSs, paving the way for transformative 
treatments for a wide range of diseases, particularly those linked to ageing, in treating mitochondrial-ER 
tethering dysfunction.
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Table 1.　Therapeutic approaches to diseases associated with dysfunction of MERCS biology. Strategies currently 
being investigated for drug discovery and development of pathologies linked to decline in MERCSs function, 
particularly those linked to ageing.

Therapeutic Strategy

Modulating MERCSs 
protein-protein 

interactions

Modulating MERCSs 
stability

Targeting lipid 
homeostasis to affect 

MERCS function

Modulation of 
calcium signaling

Targeting processes 
that regulate 

mitochondrial 
dynamics

Biomolecular Pathway

VAPB, PTPIP51, GRP75, FUNDC1, 
GP78, IP3R, BCL2

MFN2, AT2R, phospholamban

cholesterol levels in subcellular organelle 
membranes, lipid biosynthetic pathways, 

phospho/sphingolipids

IP3Rs, VDACs, MCU, NCLX, ATF6, 
PSEN2, PDK4, p53,

DRP1, FIS1, MFN1, MFN2, OPA1, 
ATAD3A, AMPK

Potential Therapies

small molecule/peptide-based 
inhibitors, urolithin A, 

l-sulforaphane, TAT-BH4, diet

TAT-MP1(Gly), apelin-13, 
molecular glues, TAT-

phospholamban phosphomimetic

PERK modulators, quercetin, 
antioxidants, lipid-based 

treatments

agonists/antagonists of key 
pathways, luteolin

mdivi-1, dynasore, M1 
compound, P110-TAT, trolox, 

dynarrestin,

References

[89–97]

[35,37,
98–103]

[104–107]

[108–120]

[100,121–128]
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