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ABSTRACT: Aging is a natural process leading to the slow and progressive deterioration of numerous 

physiological functions. It is the main risk factor for several neurodegenerative diseases. Mitochondria-

associated membranes (MAMs) or mitochondria-ER contacts (MERCs) are essential and dynamic sites of 

contact between mitochondria and the endoplasmic reticulum (ER) and are involved in numerous cellular 

processes, such as calcium (Ca2+) homeostasis, reactive oxygen species (ROS) production, autophagy, 

inflammation, mitochondrial dynamics, apoptosis, lipid biosynthesis, and trafficking. As a result, they play a 

significant role in maintaining cellular functionality regulating metabolism and ensuring proper stress 

responses. Recently, MAMs have been widely investigated to understand their critical role in cell physiology as 

well as in different pathological conditions. Increasing evidence indicates that alterations in ER-mitochondria 

communication contribute to aging and the development of age-related diseases. However, the cellular 

mechanisms underlying this link remain unclear. Understanding how these interactions change with age could 

provide further insights into the aging process and the mechanisms underlying age-related diseases, suggesting 

potential new therapeutic strategies. This review summarizes the current knowledge on MAM biology, focusing 

on their role in the pathogenesis of age-related brain disorders. Their therapeutic potential in limiting the 

progression of some neurodegenerative disorders such as Alzheimer’s disease, Parkinson’s disease and 

amyotrophic lateral sclerosis, and slowing the physiological aging process are also explored. 
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INTRODUCTION 

 

Aging is a slow and inevitable process leading to the 

gradual decline of numerous physiological functions, and 

it is the main risk factor for several pathological 

conditions, such as neurodegenerative diseases, metabolic 

disorders, cardiovascular diseases, and cancers [1]. 

An increasing amount of data has indicated that 

mitochondrial dysfunction and endoplasmic reticulum 

(ER) stress play a pivotal role in both aging and age-

related disorders [1]. Mitochondria, often referred to as 

the powerhouse of the cell, are responsible for producing 

adenosine triphosphate (ATP) through oxidative 

phosphorylation. They also play essential roles in Ca2+ 

homeostasis, phospholipid and heme synthesis, reactive 

oxygen species (ROS) regulation, apoptosis, and cellular 

death [2]. Mitochondrial dysfunction is characterized by 

decreased ATP production, oxidative stress, increased 

release of pro-apoptotic factors, and impaired Ca2+ 

homeostasis [2].  

The ER plays a critical role in protein synthesis, lipid 

metabolism, and Ca2+ storage. During aging, the ER 

experiences stress, activating the unfolded protein 

response (UPR) which can trigger apoptosis if it is not 

resolved [3]. 

The physical and functional interaction between 

mitochondria and the ER, known as mitochondria-

associated membranes (MAMs), facilitates bi-directional 

communication between these two organelles [4, 5]. This 

complex relationship plays a significant role in several 
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cellular processes, including lipid synthesis and 

trafficking [6-8], Ca2+ signaling [9, 10], mitochondrial 

dynamics [11, 12], ROS production [13], and the 

regulation of autophagy, inflammation, and apoptosis, 

[14-16]. 

Interestingly, all these mechanisms are dysregulated 

during aging and in age-related pathological conditions 

such as neurodegenerative diseases [4, 17-19], insulin 

resistance, and obesity [20, 21], suggesting a role for 

MAMs in the pathogenesis of these diseases [22-25] (Fig. 

1).  

 
Figure 1. Impact of MAM functions and dysfunctions in cellular homeostasis. The interaction between the 

ER and mitochondria regulates different cellular functions, including mitochondrial dynamics, phospholipids 

biosynthesis and trafficking, autophagy/mitophagy, Ca2+ signaling, inflammasome formation, ROS production 

and apoptosis. The disturbance of this interaction compromises these processes inducing mitochondrial 

dysfunction, Ca2+ dyshomeostasis, alterated phospholipids metabolism, autophagy defects, neuroinflammation, 

oxidative stress, which contribute to aging and various aging-related diseases. 
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Indeed, growing evidence supports the idea that a 

modulation of the quantity and quality of the contact sites 

between the ER and mitochondria could play a central role 

both in aging and in the onset and/or progression of 

neurodegenerative diseases [4, 5, 26, 27]. However, the 

cellular mechanisms underlying this link are still a matter 

of debate.  

It is important to underline that there is altered ER-

mitochondria communication in different age-related 

pathologies including cancer [28-30], type 2 diabetes 

(T2D) [31, 32], cardiovascular disease [33], and various 

neurological disorders [19, 23, 28, 34-36]. Aberrant 

interaction between these two organelles can lead to 

impaired Ca2+ signaling, contributing to synaptic 

dysfunction, neuronal apoptosis, and exacerbated 

pathology [37]. Understanding how this relationship 

changes with age could provide valuable insights into the 

mechanisms underlying age-related diseases and could 

offer new details about aging mechanisms. Moreover, 

improving knowledge of MAMs could open the way to 

new therapeutic strategies for age-associated pathological 

conditions. This review summarizes the structural and 

functional properties of MAMs, collects and provides 

updated information on their role in aging and age-related 

neurodegenerative disorders, such as Alzheimer’s disease 

(AD), Parkinson’s disease (PD), and amyotrophic lateral 

sclerosis (ALS), and explores potential therapeutic 

approaches. 

 

A first look at MAMs: a summary of their composition 

and function 

 

MAMs are dynamic regions that originate from close 

contact between the outer mitochondrial membrane 

(OMM) and the ER membrane. They were first observed 

in 1959 using electron microscopy [38] but were not 

isolated and functionally examined until the 1990s [39]. 

Changes in the cell's metabolic state can influence the 

length and thickness of these contact sites, highlighting 

their plasticity. Furthermore, the length of the contacts 

and the distance between the two organelles significantly 

influence the functionality and activity of MAMs. Thus, 

when Ca2+ exchange is required, the distance between 

OMM and the ER membrane is approximately 20 nm 

[40]. Instead, autophagosome formation requires about 50 

nm [41]. 

Furthermore, the formation and the biological 

functions of MAMs are influenced by specific protein 

composition and tethering components [42, 43]. To date, 

1,212 resident proteins have been identified in MAMs, 

although this number is likely to increase with the 

discovery of new components [44]. Changes in expression 

levels and the composition of these proteins play a direct 

tethering connection role influencing communication 

between mitochondria and the ER and their impact on 

cellular fate. Mass spectrometry analyses have shown that 

the proteins composing MAMs are widely expressed in 

different organs, especially in the brain and liver, and they 

are highly conserved among species [45]. 

Thus, the number, length, width, and composition of 

contact sites are important parameters for the formation 

and activity of MAMs and their involvement in the 

different cellular processes. To date, four different 

tethering protein complexes have been well established, 

identified, and studied in mammals: Mitofusins (MFN2-

MFN1/MFN2-MFN2), VAPB-PTPIP51, VDAC1-

GRP75-IP3R, and BAP31-FIS1 (Fig. 2). These 

complexes are reviewed below, with a focus on their role 

in aging and age-related neurodegenerative diseases.  

 

MFN2-MFN1/2 

 

Mitofusins (MFN2 and MFN1) are multifunctional 

proteins belonging to GTPase family. They are mainly 

located in the outer mitochondrial membrane (OMM) 

where they regulate the mitochondrial fusion process. In 

addition, MFN2 regulates apoptosis in a cell type- and 

age- specific manner [46, 47] and has been associated 

with mitophagy [48]. MFN2 can also be present on the ER 

and form homodimeric or heterodimeric bonds with 

mitofusins located on the OMM. Through these 

interactions, MFN2 contributes to the formation of ER-

mitochondria contact sites in different tissues; however, 

its exact role remains controversial. Some studies report 

that MFN2 overexpression promotes ER-mitochondria 

contacts while the ablation of MFN2 reduces these contact 

sites [49-51]. Other authors suggest that MFN2 

destabilizes MAMs by acting as a negative regulator of 

the contacts between the two organelles, associating the 

overexpression of MFN2 with the reduction of MAM 

integrity [52, 53].  

These conflicting data may be due to differences in 

the types of samples analyzed, the experimental models 

used, or the methods employed to monitor communication 

between the two organelles. Further studies are needed to 

clarify the exact role of MFN2 on MAMs. 

It is interesting to note MFN2’s involvement in AD, 

in which it seems to play a significant role in disease 

pathogenesis [54, 55]. Several studies have reported a 

modulation of MFN2 levels in different models of 

pathology. In the human AD brain, a decrease in both 

MFN1 and MFN2 expression levels was found with an 

imbalance of mitochondrial dynamics [56]. Similarly, in 

a mouse neuroblastoma cell line (N2A) expressing the 

amyloid precursor protein (APP) familial Swedish 

mutation (APPswe), a reduction in MFN1 and MFN2 

levels was observed. MFN2 overexpression significantly 

reduced Aβ oligomer (Aβo)-mediated cell death [57], 
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whereas siRNA-mediated MFN2 knockdown altered γ-

secretase activity and amyloid beta (Aβ) generation by 

modulating ER-mitochondria contacts [58]. Accordingly, 

Presenilin 2 (PS2) seems to promote ER-mitochondria 

coupling only in the presence of MFN2. Furthermore, a 

PS2 mutant associated with the familial form of AD 

(FAD) exhibited a higher binding affinity to MFN2 in 

MAMs, resulting in a more effective ability to modulate 

ER-mitochondria contact [59]. 

 

 
Figure 2. Proteins implicated in MAM formation. MAMs arise from the close apposition 

between the ER and mitochondrial membranes through the interaction of different proteins 

involved in several functions. Mitofusins (MFNs) located on both the ER and mitochondria 

surfaces form a link between the two organelles. The ER protein vesicle-associated membrane 

protein B (VAPB) interacts with the mitochondrial protein tyrosine phosphatase-interacting 51 

(PTPIP51), regulating autophagy, phospholipids trafficking, and Ca2+ exchange between the ER 

and mitochondria. GRP75 links the IP3R and VDAC1, facilitating efficient Ca2+ transfer. The 

bridge between FIS1 and BAP31 drives the cell toward apoptosis. 

VAPB-PTPIP51 

 

The ER membrane protein vesicle-associated membrane 

protein associated protein B (VAPB) and the OMM 

protein tyrosine phosphatase-interacting protein-51 

(PTPIP51), interact to form the VAPB-PTPIP51 tethering 

complex [60, 61]. VAPB-PTPIP51 contact sites regulate 

phospholipids and Ca2+ transfer between the ER and 

mitochondria, synaptic activity, and autophagy [62, 63, 

15]. The overexpression of VAPB or PTPIP51 increases 

MAM stability and decreases autophagosome formation. 

While the depletion of both proteins reduces ER-

mitochondria contacts, activating the autophagic process 

[64]. Moreover, the interruption of VAPB-PTPIP51 

interaction disrupts MAMs and reduces the importation of 

mitochondrial Ca2+ and the synthesis of ATP [9, 65].  

VAPB-PTPIP51 interaction seems to be regulated by 

GSK-3 β, which is highly expressed in the CNS and 

whose activity increases with age. This age-related 

increase of GSK-3β activity could potentially lead to a 

destabilization of MAMs through the disruption of 

VAPB-PTPIP51 interaction, contributing to age-related 

neurodegenerative diseases. Indeed, when activated, 

GSK-3β reduces communication between the two 

proteins, inducing the autophagic process and altering 

Ca2+ homeostasis [65].  

Interestingly this tethering complex seems to be 

involved in neurodegenerative diseases such as AD, PD, 

and ALS. The hallmark of PD α-synuclein (α-syn), 

indeed, can localize in MAMs. Moreover, α-syn 

mutations have been associated with a reduction of 

VAPB-PTPIP51 interaction, an imbalance of ER-

mitochondria Ca2+ transfer, and ATP production [66]. 

Furthermore, the VAPB-PTPIP51 complex is 

disrupted in pyramidal neurons of the temporal cortex in 

the early phase of AD, and lower expression levels of 
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VAPB and PTPIP51 were found in the cortex of patients 

with advanced AD [67]. In addition, different studies have 

shown a reduction of VAPB-PTPIP51 interaction in both 

ALS cellular models and transgenic ALS mice. Stoica et 

al. reported that TDP-43, a protein involved in ALS and 

in frontotemporal dementia (FTD), disturbs VAPB-

PTPIP51 communication [68]. Recently a study 

conducted by Hartopp et al. showed a disruption of the 

VAPB-PTPIP51 tether in post-mortem human 

motoneurons in ALS patients [69]. 

VAPB-PTPIP51 tethers are also disrupted in neurons 

derived from induced pluripotent stem (iPS) cells from 

patients carrying ALS/FTD pathogenic C9orf72 

expansions and in affected neurons in mutant C9orf72 

transgenic mice. Intriguingly, the disruption of VAPB-

PTPIP51 contacts appears prior to disease onset, 

indicating their involvement in the pathogenesis of the 

disease [70]. 

 

IP3R-Grp75-VDAC1 

 

Mitochondria and the ER are the primary locations for 

intracellular Ca2+ storage, and the formation of contact 

sites between them is essential to maintaining Ca2+ 

homeostasis. Mitochondrial Ca2+ is required for ATP 

production. Low Ca2+ levels can impair ATP production, 

whereas excess Ca2+ levels can trigger apoptosis [71, 72] 

and the overproduction of ROS [73]. 

ER Ca2+ channel inositol 1,4,5-triphosphate receptors 

(IP3Rs), OMM voltage-dependent anion channel type 1 

(VDAC1), and cytoplasmic molecular chaperone glucose-

regulated protein 75 (GRP75) belonging to the heat shock 

protein 70 (HSP70) family, form a complex that regulates 

Ca2+ transfer between the ER and mitochondria through 

the mitochondrial calcium uniporter (MCU) [74, 75]. It 

has recently been reported that deglycase (DJ-1), a protein 

mutated in a rare form of early-onset PD [76], also 

participates in this complex [77]. Indeed, it has been 

observed that the knockout of GRP75 or DJ-1 reduces 

IP3R and VDAC1 interactions and decreases 

mitochondria Ca2+ uptake [78, 79].  

Conversely, DJ-1 overexpression enhances ER-

mitochondria Ca2+ exchange [80], while the 

overexpression of GRP75 increases the formation of 

MAMs, leading to Ca2+ overload and compromising the 

mitochondrial function of neurons [81]. 

Interestingly, in AD, a progressive increase of 

VDAC1 expression according to the stages of disease was 

reported in the cortex of post-mortem brains, in aged APP 

mice, and in neuroblastoma cells treated with Aβo [82]. 

In addition, primary hippocampal neurons treated with Aβ 

showed augmented VDAC1 and IP3R expression, 

enhanced ER-mitochondria contact sites, and higher 

mitochondrial Ca2+ levels [23]. 

Moreover, the overexpression of PD’s hallmark α-syn 

inhibited mitochondrial Ca2+ trafficking between the ER 

and mitochondria through MAMs by altering GRP75-

IP3R interaction [83]. 

In this context, it is important to highlight the role of 

the Sigma-1 receptor (S1R). This chaperone, located in 

MAMs, regulates Ca2+ efflux into mitochondria by 

stabilizing the conformation of IP3R at MAMs and 

influencing the Grp75-VDAC1-IP3R tether [84]. 

 

FIS1-BAP31 

 

The ER chaperone B-cell receptor-associated protein 31 

(BAP31) forms a complex with the mitochondrial fission 

1 protein (Fis1) located in the OMM, taking part in MAM 

formation. This tethering complex promotes the 

recruitment and activation of procaspase 8, leading cells 

to the apoptosis process through its cleavage into the pro-

apoptotic p20 BAP31 fragment [85, 86]. 

Different investigations have indicated the 

involvement of FIS1 and BAP31 in AD physiopathology. 

Wang et al. have shown that the absence of BAP31 affects 

the formation of Aβ plaques contributing to AD [87]. 

Moreover, mouse knock-down of BAP31 has revealed 

defects in memory and cognition and the overexpression 

of pro-inflammatory proteins in the hippocampus [88]. In 

addition, higher levels of FIS1 and DRP1 proteins and 

their respective mRNAs were found in the frontal cortex 

of patients with different stages of AD compared to 

controls [56].  

 

The involvement of MAMs in the pathophysiological 

mechanisms of aging and age-related diseases 

 

A look at MAMs and aging 

 

Aging involves the physiological and progressive decline 

of biological functions, ultimately leading to age-related 

diseases such as cardiovascular diseases, musculoskeletal 

disorders, metabolic syndromes, neurodegenerative 

diseases, and cancers [1]. Currently, despite significantly 

increased life expectancy, there is no therapeutic strategy 

capable of inducing healthy aging, and most age-related 

neurodegenerative diseases still have no cure. Therefore, 

there is a need to strengthen research efforts in order to 

shed light on the still unclear mechanisms of these 

pathologies.  

The main hallmark of aging is the accumulation of 

senescent cells for which growth and cell proliferation is 

permanently arrested, and which display a senescence-

associated secretory phenotype (SASP) inducing the 

secretion of a large number of pro-inflammatory factors, 

chemokines, extracellular matrix proteases, and bioactive 

lipids. The consequences of this accumulation are a 
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reduction in tissue regenerative capacity and the induction 

of chronic inflammation, which trigger metabolic 

disorders, neurodegenerative diseases, and various age-

related pathologies [89]. Furthermore, aging is 

characterized by impaired proteostasis, oxidative stress, 

mitochondrial dysfunction, inefficient organelle turnover, 

lipid dysregulation, and the accumulation of nuclear and 

mitochondrial DNA damage [90, 91]. Therefore, it is not 

surprising that MAMs, by regulating most of the above-

mentioned cellular processes, can have a significant 

impact on these aging mechanisms.  

During brain aging and in many neurodegenerative 

diseases, excessive amounts of misfolded proteins are 

observed, often resulting in the formation of aggregates 

such as intracellular inclusion bodies or extracellular 

amyloid plaques [92]. Interestingly, accumulations of α-

syn and Aβ have been observed in MAMs, suggesting the 

potential involvement of ER-mitochondria contact sites in 

the regulation of proteostasis [92, 93]. This may be linked 

to reduced levels of several chaperones, including GRP78 

(BiP), Calnexin, and PDI, which have been observed in 

different aging models, and which may lead to ER stress 

and activate the UPR. The alteration of mitochondrial 

quality control is also severely impaired in aging and 

many neurodegenerative diseases. With aging, 

mitochondrial dynamics become imbalanced and, 

simultaneously, autophagy dysfunction leads to an 

accumulation of defective mitochondria that compromise 

both CNS health and that of the entire organism [93]. 

Recently, Ca2+ has emerged as a key factor inducing 

senescence. A study conducted by Calvo-Rodríguez et al. 

on an in vitro model of aging, consisting of primary 

cultures of rat hippocampal neurons maintained in culture 

for a prolonged time, showed an increase in MCU 

expression and ER-mitochondria Ca2+ transfer that could 

be responsible for aging-related cognitive decline and 

neuronal cell death [94]. Wiel et al. have proposed that, 

during senescence, exaggerated Ca2+ transfer to 

mitochondria occurs, mediated by type 2 IP3Rs (IP3R2). 

This, in turn, causes a reduction in mitochondrial 

membrane potential and increased ROS production. 

Intriguingly, the knockdown of MCU was able to prevent 

senescence [95]. 

Analogously, the work of Ziegler et al. suggests that 

Ca2+ accumulation plays a role in promoting senescence. 

The authors demonstrated that IP3R2 knockout mice, 

which have reduced ER-mitochondrial contacts, exhibited 

a loss of senescence and an increased lifespan and quality 

of life. Conversely, an increase in MAM contacts 

advanced the senescence process both in vitro and in vivo 

models [96].  

The work of Booth et al. correlates the Ca2+ flux 

between ER and mitochondria to the production of large 

amounts of ROS which in addition to being responsible 

for oxidative damage to DNA, proteins, lipids, and 

cellular structures, creates a highly oxidizing environment 

around the MAM, modifying the function of proteins 

involved in ER-mitochondria coupling [97]. Therefore, 

altering ER-mitochondrial Ca2+ flux could have anti-aging 

effects, suggesting a novel strategy for targeting senescent 

cells and ameliorating the aging process. 

Of particular interest is the presence in MAMs of the 

66 kilodalton (kDa) isoform of the growth factor adaptor 

protein Shc (p66Shc). p66Shc is one of the few genes 

identified for aging in mammals. It controls lifespan in 

mammals by modulating mitochondrial function and 

redox signaling [98]. Furthermore, in the animal models 

analyzed, the level of p66Shc in MAMs increased with 

age [98]. This suggests a role for this protein in 

mechanisms related to cell fate determination and the 

importance of MAMs in the induction of mitochondrial 

oxidative stress associated with the process of growing 

old and senescence.  

The CDGSH Iron Sulfur Domain 2 (CISD2) protein 

has also recently been found to be highly expressed in 

MAMs. CISD2 is implicated in Wolfram syndrome type 

2 (WS2), an autosomal recessive neurodegenerative 

disease [99]. Fibroblasts from WS2 patients show a 

marked increase in ER-mitochondrial contacts compared 

to healthy controls [100]. In MAMs, CISD2 actively 

participates in the regulation of mitochondrial function, 

Ca2+ buffering, autophagy, and ER integrity through the 

formation of a macro-complex with IP3R and Bcl-2 [101, 

102]. 

In 2009, Chen et al. demonstrated the role of CISD2 

in longevity. They observed that CISD2 levels decrease in 

an age-dependent manner in different tissues, linking 

CISD2 to a premature aging phenotype characterized by 

the accumulation of damaged mitochondria [103]. 

Subsequent studies have shown that CISD2 

overexpression extends lifespan by improving 

mitochondrial dysfunction and alleviating age-associated 

neuronal and muscle degeneration [104]. Moreover, 

studies conducted in APP/PS1 double transgenic mice 

have shown that CISD2 overexpression significantly 

attenuates the pathological aspects associated with AD by 

improving Aβ-induced mitochondrial damage, synaptic 

function, and reducing neuronal death [105].  

Therefore, the significant role of MAMs in 

integrating pro-senescence signals could be a key to a 

better understanding of aging and related pathologies in 

order to plan strategies for attenuating age-related 

deterioration. 

 

MAM dysfunction in Alzheimer's disease pathology  

 

AD is a multifactorial disease whose primary risk factor 

is aging. AD patients show a progressive decline in 
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memory and cognitive abilities. The hallmarks of the 

disease are the accumulation of extracellular plaques of 

Aβ and intracellular neurofibrillary tangles of 

hyperphosphorylated tau, particularly in the cortex and 

hippocampus, which lead to nerve cell damage [106].  

The etiopathological mechanisms of the disease are 

currently unknown, and no therapies have been found 

capable of counteracting the neuronal and synaptic loss 

typical of the disease. Recently, the alteration of contacts 

between the ER and mitochondria has experienced 

growing interest due to the impact of these organelles on 

the pathology.  

Over the years, several hypotheses have been made 

regarding AD pathogenesis. The most widely recognized 

is the amyloid cascade hypothesis proposed by Hardy and 

Higgins in 1992. This hypothesis identifies the triggering 

event of AD in the accumulation in brain tissue of the Aβ 

peptide produced by the proteolysis of the amyloid 

precursor protein (APP) by the enzymes BACE1 (β--site 

APP cleavage enzyme) and the γ-secretase complex 

[107]. This was subsequently followed by other 

hypotheses, such as that of hyperphosphorylated tau and 

of mitochondrial cascade [108-110]. 

These hypotheses, however, have some limitations. 

In fact, there are events that are dysregulated even before 

the presence of amyloid plaques and neurofibrillary 

tangles, such as oxidative stress [111], altered 

phospholipid metabolism [112, 113], mitochondrial 

dysfunction [114, 115], high levels of circulating 

cholesterol [116], increased ER stress [117], and Ca2+ 

dyshomeostasis [118]. 

Recently, changes in the proteasome of MAMs were 

observed in AD mice in the early stages of the disease, 

before the appearance of amyloid plaques and typical 

symptoms of the disease [119]. So, the hypothesis that 

MAMs are involved in the initial phase of AD is 

increasingly accepted, despite some contradictory data in 

the literature which leave its role still unclear. In any case, 

the many reports linking AD and MAM suggest their full 

involvement in the pathogenesis of AD. 

Increased ER-mitochondria contacts sites, 

accompanied by up-regulated MAM activity, have been 

observed in hippocampal neurons treated with oligomeric 

Aβ [120]. Comparable results were found in fibroblasts 

from patients with familial and sporadic AD and 

presenilin knockout cells [18]. Furthermore, an up-

regulation of the MAM proteins IP3R and VDAC1 and an 

increase of the number of ER–mitochondria contact 

points were found in brain samples of AD patients and in 

(APP) Swe/Lon mice [23]. In this study, the increase in 

ER–mitochondria connections was seen within 2 months 

of age, significantly before the appearance of plaques and 

neurofibrillary tangles, highlighting the role of MAMs in 

early AD [23]. 

Recently, in the post-mortem human familial AD 

brain, a downregulation of MFN2 has been found [114]. 

Furthermore, in a report by Leal et al., MFN2 siRNA 

treatment improved MAM activity. MFN2 lacking cells 

showed impaired γ-secretase complex function and lower 

concentrations of intra- and extracellular Aβ40 and Aβ42, 

suggesting that the modulation of ER-mitochondria 

contact affects γ-secretase activity and Aβ generation 

[58]. 

Conversely, in the N2A cell line overexpressing the 

human APP with the familial Swedish mutation 

(APPswe), Fernandes et al. found APP accumulation in 

MAMs and mitochondria, altered levels of proteins 

implicated in ER-mitochondria tethering, changes in Ca2+ 

signaling and mitochondrial dynamics, and a reduced 

number of ER-mitochondria contact points [122]. In 

support of these data, the increase in ER-mitochondria 

contacts induced by artificial linkers improved the clinical 

aspects of AD pathology, prolonging the survival of AD 

models [123]. Moreover, VAPB-PTPIP51 protein 

expression and tether was reduced in the cortex of post-

mortem patients in Braak stage III-IV AD (early/mid-

dementia) [67]. 

Interestingly, Calvo-Rodriguez et al. demonstrated 

how treatment with Aβo significantly increases the 

crosstalk between ER and mitochondria in young 

hippocampal neurons but reduces it in aging neurons 

[120]. The modulation of ER-mitochondria contacts 

related to age could, in some cases, explain the 

discrepancies observed in the different studies. 

Another important aspect concerns the involvement 

of MAMs in the production of Aβ, the core component of 

amyloid plaques [124]. In a recent study, Zellmer et al. 

have shown the effects of MAM thickness on Aβ 

production. They have shown that tightening MAM gap 

widths (∼6 nm gap width) significantly increased Aβ 

production and reduced mitochondrial axonal velocity 

compared to basal MAMs (∼25 nm) [125]. 

Area-Gomez et al. have shown that APP, γ-secretase, 

and β-secretase localize predominantly in MAMs [126]. 

In addition, presenilins (PS1 and PS2), the catalytic 

components of γ‐secretase, are found in MAMs, where 

they interact with IP3R [127] and MFN2 [59]. In this 

regard, Shilling et al. have intriguingly investigated the 

role of IP3R in cortical and hippocampal neurons of 

different mouse models of FAD. Their data show that 

mutated PS1 and PS2 perturbate intracellular Ca2+ 

homeostasis, opening IP3R channels and stimulating Aβ 

production. In addition, IP3R knockdown diminished 

aberrant Ca2+ signaling and reduced Aβ accumulation and 

tau hyperphosphorylation, improving memory deficits in 

3xTg mice [128]. Studies conducted on fibroblasts from 

FAD patients with PS1 and PS2 mutations showed 

increased communication between ER and mitochondria 



 Galizzi G., et al.                                                                       MAM in age-related brain diseases.   

Aging and Disease • Volume 18, Number 1, February 2027                                                                         8 

 

and an intensification in the lipid enzymatic function of 

MAMs associated with the interaction between the 

mutated form of PS2 and MNF2 [59]. 

Numerous studies have demonstrated that 

neuroinflammation contributes to the accumulation of Aβ 

plaques, tau hyperphosphorylation, and neuronal damage, 

thus playing an active role in the pathogenesis of AD 

[129-131]. 

MAMs participate in the inflammatory process and 

serve as platforms for the assembly and activation of the 

NLRP3 inflammasome, a key neuroinflammation 

mediator [132]. The activation of NLRP3 has been found 

in cerebral tissue from patients with AD as well as in 

transgenic mouse models of AD [133]. Levels of 

interleukin (IL)-1β, a major inducer of inflammation that 

is processed by the NLRP3 inflammasome, are also 

elevated in the brains of AD patients and have been 

associated with the evolution of the disease [134-136]. 

Some data have demonstrated that inhibiting the NLRP3 

inflammasome and reducing (IL)-1β levels influence the 

microglial phenotype and improve behavioral tests and 

hallmarks of AD pathology in mouse models of the 

disease [137, 138], strengthening the theory that places 

MAMs at the center of the pathogenic events of AD. 

Another very important issue concerns the 

appearance of early lipid alterations in the brain tissues of 

AD patients [119, 139-141]. Indeed, high cholesterol and 

phospholipid levels have been found in human AD 

patients [18, 142, 143] and in animal and cellular models 

of the disease [144-146]. Furthermore, high cholesterol 

levels have been associated with increased Aβ levels and 

more rapid AD-related pathology in animal models [145-

147]. Furthermore, various epidemiological studies have 

revealed that hypercholesterolemia and obesity 

significantly correlate with amyloid accumulation and are 

a risk factor for dementia [148-150]. Since ER-

mitochondria contact sites are essential for the regulation 

of lipid homeostasis, the key role of MAMs in the 

pathogenesis of AD is further confirmed. The enhanced 

ER-mitochondria connections and increased MAM 

activity detected in several AD models may, indeed, 

justify the elevated amounts of cholesterol and 

phospholipids observed in AD patients [151].  

Interesting, in this regard, is the work of Harned et al. 

who found that the inhibition of acyl-CoA:cholesterol 

acyltransferase 1 (ACAT1), the cholesterol storage 

enzyme enriched in MAMs, increased ER-mitochondria 

connectivity [152]. This finding may be related to some 

previous work showing that blocking ACAT1/SOAT1 

activity by genetic ablation or pharmacological inhibition 

improved cognitive deficits in AD mouse models and 

reduced APP and Aβ levels [153-156].  

The discovery that the gene encoding the E4 variant 

of ApoE4 (APOE ɛ4 allele) represents the major genetic 

risk factor for late-onset AD added another piece of 

supporting evidence for the importance of MAMs in AD. 

Of all the plasma apolipoproteins, ApoE is the major 

cholesterol transporter protein in the brain [157]. In the 

work of Tambini et al., ApoE4 increased the production 

of phospholipids and cholesterol esters, and the authors 

associated these findings with a significant enhancement 

of ER-mitochondria communication [158]. Furthermore, 

in vivo and in vitro data have shown that the C-terminally 

truncated form of ApoE4 (Δ272–299) has a neurotoxic 

action and impairs mitochondrial respiratory function by 

inducing ER stress and increasing MAM formation [159]. 

Taken together, these observations assign a 

prominent role to ER-mitochondria communication in the 

history of AD pathogenesis, supporting the concept of the 

“MAM hypothesis,” introduced by Area-Gomez et al., 

which places defects in MAM contacts and activity prior 

to the appearance of amyloid plaques and the onset of 

symptoms [25]. 

Therefore, considering the above, MAMs represent a 

promising therapeutic target for AD disease. It is thus 

worth focusing future studies on the regulation of ER-

mitochondria contacts at the brain level.  

 

The role of MAMs in Parkinson’s Disease  

 

PD is the second largest neurodegenerative age-related 

disease after AD. The pathological characteristics of PD 

include the accumulation in the brain of intraneuronal 

Lewy bodies, principally composed by aggregates of α-

synuclein, the progressive death of dopaminergic neurons 

in the substantia nigra pars compacta, and a reduction of 

dopamine levels in the striatum [160]. 

Among the molecular mechanisms associated with 

the pathogenesis of PD are mitochondrial damage, 

dysfunctional autophagy, lipid dyshomeostasis, 

neuroinflammation, and apoptotic neuronal death [161]. 

Approximately 10% of PD cases involve the familial 

form, which can be associated with specific mutations in 

several genes encoding α-syn, DJ-1, PINK1, parkin, and 

LRRK2 [162]. α-syn, encoded by the SNCA gene, is a 

140-amino acid lipid-binding protein that plays a critical 

role in the pathogenesis of PD. α-syn is highly enriched in 

presynaptic terminals and is thought to affect the integrity 

and function of synapses [160]. Its localization in different 

cellular compartments, including mitochondria, the ER, 

and MAMs, is particularly interesting because it could 

influence ER–mitochondria communication and MAM 

functioning [163]. Indeed, Guardia-Laguarta et al. have 

shown that α-syn mutations cause a decline in MAM 

contact sites, with mitochondria dysfunction and lower 

ATP production [164]. Paillusson et al. have found that, 

in MAMs, α-syn can interact with VAPB, reducing its 

ability to bind PTPIP51 [165]. Furthermore, α-syn could 
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reduce the expression of VAPB and PTPP51 and inhibit 

the release of synaptic vesicles [34, 62]. Although the 

mechanism of action is not yet well understood, the 

influence of α-syn on VAPB-PTPP51 levels and binding 

in MAMs may underlies the pathogenesis of PD. In 

addition, α-syn could reduce ER–mitochondria contact 

point through the destruction of GRP75–IP3R-VDAC1 

interaction and block ER-mitochondria Ca2+ trafficking 

[82]. In both cases, the resulting Ca2+ signaling 

dyshomeostasis may affect neurotransmitter release, 

dendritic spine formation, and synaptic plasticity. 

Instead, Calì et al. reported a significant increase in 

ER–mitochondria contact sites in cells overexpressing the 

α-syn wild type, but not in cells overexpressing mutant α-

syn (1–97). The mutated protein induced a reduction in 

mitochondrial Ca2+ and a massive level of mitochondrial 

fragmentation [163].  

This discrepancy in conclusions may be due to the 

analytical methods and models used. Furthermore, since 

it has been observed that the effects of α-syn depend on 

its expression levels, the dose used for the different 

studies could also explain their different results [162]. 

However, the debate remains open, and further studies 

need to be done to clarify the relationship between α-syn 

and MAM in PD. 

Interestingly, other familial PD genes have also been 

associated with MAMs. DJ-1 is a multifunctional protein 

whose mutation is associated with early-onset, autosomal 

recessive PD. It is localized in the mitochondria, where it 

can regulate mitochondrial function and dynamics [166, 

167], and in the MAM, where it interacts with the IP3R-

GRP75-VDAC1 binding protein complex. Mutations in 

DJ-1 can disrupt the connection between the ER and 

mitochondria and compromise MAM function, resulting 

in impaired Ca2+ transfer between the two organelles [82], 

reduced ATP production, and mitochondrial dysfunction 

[77]. 

Similarly to α-syn and DJ-1, the mitochondrial 

quality control proteins parkin (an E3 ubiquitin ligase 

encoded by PARK2) and PINK (a mitochondria protein 

kinase encoded by PARK6) influence the integrity and 

function of MAMs, although their role is not yet fully 

understood [162].  

The overexpression of parkin significantly enhanced 

the tether between ER and mitochondria, Ca2+ exchange, 

and ATP production in both HeLa and neuroblastoma 

cells. Moreover, in the nigral neurons, parkin 

overexpression increased MAM generation [168]. In 

agreement with a previous study, Basso et al. have shown 

that deficient quantities of parkin caused a decline in ER-

mitochondria contact sites via MFN2. Furthermore, using 

a synthetic ER-mitochondria linker, they observed a 

recovery of locomotor deficits in a Drosophila model of 

PD [49].  

Conversely, a closer proximity between ER and 

mitochondria and enhanced Ca2+ transfer were observed 

in primary fibroblasts from PARK2 knockout mice as 

well as in PD patients with PARK2 mutations compared 

to controls [24]. This data was supported by additional 

study in Drosophila models of PD and in hypothalamic 

neurons differentiated from patient-induced pluripotent 

stem cells (iPSCs) [169]. In Celardo et al.’s report, both 

PINK1 and parkin mutants showed a significant increase 

in mitochondria–ER contact points that could be blocked 

by MFN2 knockdown [170]. An interesting hypothesis 

was provided by McLelland et al. who argue that PINK1 

and parkin damage the ER-mitochondria tether during the 

early step in the mitophagy pathway through the 

ubiquitination of MFN2 [171]. 

Leucine-rich repeat kinase 2 (LRRK2) is a kinase 

located in the OMM that plays a crucial role in remodeling 

of cytoskeleton and in mitochondrial dynamics and 

function. Mutations in LRRK2 is involved in familial PD 

and in several sporadic PD cases [169]. Recent studies 

have evidenced that the interaction of mutated LRRK2 

gene with parkin inhibits the activation of the E3 ubiquitin 

ligase activity in MAM, leading to the ubiquitination and 

degradation of MAM components with a consequent 

decrease of Ca2+exchange between the ER and 

mitochondria [172]. 

Despite recent discoveries, the exact pathological 

mechanism of PD is still largely unclear. It is worth 

focusing on studies to better understand the role played by 

MAMs and how interactions between the ER and 

mitochondria may represent a concrete target for the 

treatment of the disease. 

 

The role of MAMs in amyotrophic lateral sclerosis 

 

ALS is a fatal neurodegenerative disease characterized by 

progressive muscle paralysis. It affects upper motor 

neurons in the brain and lower motor neurons in the 

brainstem and spinal cord. ALS cases with unknown 

etiology are referred to as sporadic ALS and represent 85-

90% of cases [173]. The familial form, affecting 10-15% 

of cases, presents mutations in several genes primarily 

SOD1, which encodes Cu/Zn superoxide dismutase-1 

[174, 175], fused in sarcoma (FUS) [176], C9ORF72 

[177], TARDBP which encodes TAR DNA-binding 

protein 43 (TDP-43) [178, 179], SIGMAR1 which 

encodes the Sigma1 receptor (S1R) [180], and vesicle-

associated membrane protein (VAPB) [181]. Despite 

numerous studies on its pathology, the causes of disease 

progression are unknown, and there are still no effective 

treatments. Several studies have suggested a close 

connection between MAMs and ALS. The proteins 

involved, to varying degrees, in the pathology influence 

the link between the ER and mitochondria. It has recently 
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been demonstrated that spinal cord motor neurons from 

post-mortem human ALS subjects present an interruption 

of VAPB-PTPIP51 tethering [72]. Furthermore, the 

TARDBP [68], FUS [67], and C9orf72 [70] mutants 

linked to familial FTD/ALS have been shown to disrupt 

the VAPB-PTPIP51 interaction. 

Transactive response DNA-binding protein-43 (TDP-

43) is an RNA and DNA binding protein involved in RNA 

transcription, transport, and translation [182, 183]. In the 

motor neurons of ALS patients, TDP-43 is found within 

insoluble, ubiquitinated cytoplasmic inclusions [184]. It 

has recently been noted that TDP-43 can reduce MAM 

contacts and Ca2+ homeostasis by disrupting the binding 

between VAPB and PTPIP51 through the activation of 

GSK-3β [68, 71]. In a recent work, Markovinovic et al. 

underlined the importance of MAMs in the pathogenesis 

of ALS through the VAPB-PTPIP51 link. They showed 

how the overexpression of VAPB or PTPIP51 is able to 

correct the damage induced by mutant TDP-43 by 

improving Ca2+ transport between the ER and 

mitochondria and restoring synaptic function [185]. 

Similarly, it has been shown that the overexpression 

of FUS in some forms of ALS disrupts VAPB-PTPIP51 

binding and MAM functions through the activation of 

GSK-3β [65]. Both wild type and mutant FUS have been 

shown to disrupt the VAPB-PTPIP51 connection through 

the activation of GSK3β. Treatment with AR-A014418, a 

GSK3β inhibitor, restores ER-mitochondrial contacts by 

improving mitochondrial Ca2+ levels and ATP production 

[65]. ALS patients with FUS mutations present the first 

symptoms much earlier than other forms of the disease, so 

understanding the pathological mechanisms of this form 

of ALS could help identify therapeutic targets capable of 

blocking disease onset [186].  

Eleven percent of ALS cases are caused by mutations 

in the C9orf72 gene [187]. Studies on neurons derived 

from induced pluripotent stem (iPS) cells of patients 

carrying the C9orf72 mutation and on transgenic mice 

expressing the C9orf72 mutation, showed a reduction in 

VAPB-PTPIP51 and IP3R1-VDAC1 interactions with 

reduced Ca2+ exchange between the ER and mitochondria 

[70]. 

In support of the role of MAMs in ALS, mutations in 

the VAPB gene have been found in some cases of familial 

ALS (ALS8) [188, 189]. The mutated form of VAPB 

(VAPB56S) presents a higher affinity for PTPIP51, with 

a consequent strengthening of VAPB-PTPIP51 contacts 

and increased Ca2+ exchange between the ER and 

mitochondria [60]. In this perspective, the VAPB-

PTPIP51 link seems to have a significant role in several 

forms of ALS, and the role of GSK-3β as a regulator of 

ER-mitochondria contacts becomes particularly relevant 

in the search for effective ALS therapies. 

Sigma-1 receptor (S1R) is another MAM-associated 

protein whose mutation has been related to familial ALS. 

Homozygous mutations of the S1R gene have been 

associated with juvenile-onset (ALS16) and adult-onset 

forms of ALS co-occurring with frontotemporal lobar 

degeneration (FTLD-ALS) [180, 190, 191]. Moreover, 

S1R knockout mice showed the muscle weakness and loss 

of motor neurons characteristic of ALS [192]. The loss of 

S1R causes a decrease of ER-mitochondria contact points 

[193, 194] and, in a SOD1(G85R) mouse model of ALS, 

accelerated disease onset by disrupting the integrity of 

MAMs [195]. The use of S1R agonists such as Pre-084 or 

SA4503 has improved motor neuron degeneration and 

symptom development in the SOD1(G93A) ALS mouse 

and cellular model of ALS [196, 197]. 

Interestingly S1R polymorphisms have also been 

identified as a significant risk factor for AD [198], and a 

reduction in S1R was observed in the post-mortem 

hippocampus of patients with AD [199]. So, in light of the 

above, S1R appears as a promising therapeutic target for 

several neurodegenerative diseases that is worth studying 

in more depth. 

The accumulation of mutated SOD1 also causes 

MAM disruption and mitochondrial dysfunction [195]. 

Larrea et al. suggested that the disruption of ER-

mitochondria contacts could be the cause of bioenergetic 

deficits observed in ALS [200]. Some authors have 

reported that mutant SOD1(G93A) and SOD1(G85R), but 

not wild type SOD1, directly bind VDAC1 [201, 202]. 

This interaction could disturb VDAC1's function and 

compromise the stability and the activity of MAMs, 

affecting processes like Ca2+ signaling and lipid transport. 

From the data summarized in this section, a full 

involvement of MAMs in ALS clearly emerges. However, 

further studies are needed to clarify the role of 

dysfunctional contacts between the ER and mitochondria 

in disease pathogenesis and to what extent the 

physiological restoration of MAM functionality can 

effectively block the progression of ALS and be useful in 

the healing process. 

 

MAMs and current therapeutic approaches targeting 

age-related neurodegenerative disorders. 

 

The discussion so far has assigned a prominent role to the 

link between the ER and mitochondria in the pathogenesis 

of AD, PD, and ALS. Numerous lines of evidence have 

shown alterations in the number of ER-mitochondria 

contacts and in the function of MAMs associated with 

age-dependent neurodegenerative diseases (Table 1). 

Therefore, it is plausible that the correction of ER-

mitochondria signaling could represent a promising 

therapeutic strategy. 

 

https://www.sciencedirect.com/science/article/pii/S1568163724001387?via%3Dihub#bib152
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Table 1. Schematic overview of tethering complexes in MAMs and their involvement in age-related 

neurodegenerative diseases. 

 
ER-

Mitochondria 

tether 

Functions Disease Effects References 

Mitofusin 2  GTPasi involved in OMM fusion, 

regulates apoptosis and 

mitophagy. 

AD In the human AD brain and in N2a cells 

expressing the APP familial Swedish 

mutation, a decrease in expression levels of 

MFN2 and an imbalance of mitochondrial 

dynamics was found. 

[56, 57] 

AD Knockdown of mitofusin-2 (MFN2) 

influences γ-secretase activity and Aβ 

generation by modulating ER-mitochondria 

contacts.  

[58, 59] 

VAPB-PTPIP51 Regulates phospholipids and Ca2+ 

transfer between the ER and 

mitochondria, synaptic activity, 

and autophagy. 

AD The VAPB-PTPIP51 complex is disrupted in 

pyramidal neurons of the temporal cortex in 

early phases of AD. 

[67] 

PD α–synuclein mutations, and α-synuclein 

siRNA silencing have been associated with 

the reduction of VAPB-PTPIP51 interactions, 

imbalance of Ca2+ homeostasis, and lower 

ATP production. 

[66] 

ALS Reduction of VAPB-PTPIP51 contacts was 

found in a cellular model, post-mortem 

human ALS motoneurons, and transgenic 

ALS mice.  

[68, 69, 70] 

IP3R-Grp75-

VDAC1 

Regulates Ca2+ transfer between 

the ER and mitochondria. 

AD A progressive increase of VDAC1 expression 

according to stages of disease was shown in 

the cortex of post-mortem brains, in aged APP 

mice, and in neuroblastoma cells treated with 

Aβo.  

[82] 

AD Primary hippocampal neurons treated with 

Aβ showed augmented VDAC1 and IP3R 

expression levels and enhanced ER-

mitochondria contact sites. 

[23] 

PD α–synuclein overexpression inhibited ER-

mitochondrial Ca2+ trafficking modifying 

GRP75-IP3R interaction in MAMs. 

[83] 

Fis1-Bap31 Promotes recruitment and 

activation of procaspase 8, 

leading the cell towards 

apoptosis. 

AD Knock-down of BAP31 affects the formation 

of Aβ plaques and reveals defects in memory 

and cognition, contributing to AD. 

[87, 88] 

AD High levels of FIS1 and DRP1 protein and 

mRNA were found in the frontal cortex of 

patients with different stages of AD. 

[56] 

 

ER=endoplasmic reticulum; OMM=outer mitochondrial membrane; AD=Alzheimer’s disease; APP=amyloid precursor protein; PD=Parkinson disease; 

ALS= amyotrophic lateral sclerosis; MFN2=mitofusin 2; Aβ=amyloid beta; VAPB=vesicle-associated membrane protein-associated protein B; 

PTPIP51=Protein tyrosine phosphatase interacting protein 51; IP3R=inositol trisphosphate receptor; Grp75=75-kDa glucose-regulated protein; 

VDAC1=Voltage-dependent anion-selective channel 1; Aβ=amyloid-β; Aβo=amyloid beta oligomers; BAP3=B-cell receptor-associated protein 31. 

To date, the use of ER-mitochondria contact sites as 

a pharmacological target has not yet been considered, but 

the number of compounds that directly or indirectly target 

proteins residing in MAMs is growing in parallel with the 

interest in this interface. 

However, some considerations need to be made. The 

study of MAMs in the pathogenesis of neurodegenerative 

diseases and as a pharmacological target is not a simple 

endeavor, as demonstrated by the quantity of discordant 

data produced. It is essential to consider that MAMs are 

highly dynamic interfaces which are able to adapt to the 

metabolic demands of cells or to shape themselves in 

response to various stimuli, and which can change with 

aging [94]. The structural characteristics to be considered 

are the length of the contact areas between the ER and 

mitochondria, the number of contact points, and the 

distance between the two organelles that translate into a 

specific functional response [40, 41]. Furthermore, the 

composition of MAMs is tissue-specific and varies 

depending on the organ from which it is extracted [42], 

and many of the molecules present in MAMs perform 

functions that also go beyond MAMs and act on other 
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mechanisms or in different compartments. Therefore, 

specific pharmacological treatments could have diverse 

effects on different organs, and this must be considered 

for possible adverse activities. 

While for AD and PD conflicting data do not yet 

allow us to identify a common mechanism for the effects 

of various disease-associated insults and alteration of 

MAMs, for ALS/FTD, the different insults seem to 

converge at the disruption of ER-mitochondria 

interactions [36]. Much attention has been given to the 

VAPB-PTPIP51 tether and its modulator, GSK3β. The 

correction of this anomalous binding has been studied by 

Markovinovic et al. [185] who demonstrated that the 

overexpression of VAPB or PTPIP51 corrects the damage 

induced by the TDP-43 mutation by improving Ca2+ 

transport to mitochondria as well as synaptic function. 

They also showed that treatment with a ursodeoxycholic 

acid (UDCA) drug used for FTD/ALS therapy acts by 

modulating VAPB-PTPIP51 interaction through GSK3β 

[185].  

Recently, several studies have demonstrated the 

neuroprotective effects of UDCA and its taurine 

conjugate, tauroursodeoxycholic acid (TUDCA), in 

several neurodegenerative disorders, and several clinical 

trials have been started, confirming the therapeutic 

potential of MAMs in the treatment of the main 

neurodegenerative diseases [203-208]. 

The modulation of GSK3β may offer interesting 

insights; in fact, it has been shown that the overexpression 

of GSK3β reduces interaction between VAPB and 

PTPIP51. On the contrary, treatment with GSK3β 

inhibitors improved VAPB-PTPIP51 binding [65]. 

Currently, several GSK3β inhibitors are being employed 

in different studies and clinical trials, with encouraging 

results for neurodegenerative diseases. These include 

tideglusib [209, 210], lithium and lithium carbonate [211-

214], with new formulations such as NanoLithium® 

NP03 and AL001 which improve their bioavailability. 

However, since GSK3β is implicated in the regulation of 

several pathways also outside the nervous system, a 

careful evaluation of any adverse symptoms is necessary. 

A molecule of potential interest is LDC-

3/Dynastoptin, an aminothiazole originally developed as 

a dynein antagonist. Recently, it has been observed that 

LDC-3 interacts directly with PTPIP51 [215, 216], 

increasing interaction between PTPIP51 and VAPB. 

Although it has not yet been tested in models of 

neurodegenerative diseases, its ability to modify VAPB-

PTPIP51 contacts makes it interesting for further future 

studies with possible implications for diseases 

characterized by a dysfunctional link between these two 

proteins, such as ALS [61]. 

Another interesting therapeutic strategy is using 

molecules capable of modulating the levels of the Sigma-

1 receptor which regulates MAM stability. Several studies 

have shown the positive effects of some Sigma-1 receptor 

agonists on different models of neurodegenerative 

diseases [217]. In Wolfram syndrome, a rare 

neurodegenerative disease clearly associated with MAM 

dysfunction [118], the treatment of different preclinical 

models of the disease with PRE-084 improved MAM-

related dysfunctional parameters and alleviated disease 

symptoms [119].  

Similarly, treatments with Pre-084, Pridopidine, 

EST79232 or SA4503 improved the symptoms associated 

with cellular and murine models of ALS [196, 197, 220], 

while Anavex2-73 is currently being evaluated in clinical 

trials [220]. 

These data provide an important perspective on the 

treatment of neurodegenerative pathologies related to 

defective communication between ER and mitochondria 

and encourage further studies aimed at modulating the 

Sigma-1 receptor and MAMs for the treatment of diseases 

associated with their dysfunction. 

The tethering protein MFN2 is a potentially useful 

target for improving mitochondrial defects through the 

modulation of MAMs. Biochanin A preserved cognitive 

deterioration, diminished Aβ deposition, and corrected 

mitochondrial dynamics and mitophagy by increasing 

MFN2 expression in APP/PS1 mice [222, 223]. Similarly, 

Ligustilide [224, 225], Myricetin [226-228], Albiflorin 

[229], Leptin [230], Selenomethionine [231], and Trans-

ferulic acid [232] were also able to normalize MFN2, 

reestablish mitochondrial respiration and ATP 

production, and ameliorate mitochondrial dysfunction. 

Several studies have shown the positive effects of 

curcumin in different models of neurodegeneration, 

although its poor bioavailability has limited clinical 

efficacy studies. They have been summarized in the recent 

review by Nunes et al. [233]. In a 2015 study, Cox et al. 

demonstrated that supplementation with Longvida®, a 

solid lipid formulation of curcumin, ameliorated cognitive 

functions and quality of life in a healthy older population 

[234]. In agreement with previous work, treatment with 

the highly bioavailable CurQfen-curcumin has shown 

improvement in locomotive and cognitive functions and a 

significant slowing of the progression of AD [235]. 

Treatment with 4μ8c, an IRE1α inhibitor, improved 

ATP content and mitochondrial health by reducing the 

expression of and interactions between IP3R, Grp75, and 

VDAC1 and restoring MAM functions [236]. 

Furthermore, PERK inhibition can reduce MFN 

contacts at the ER-mitochondria interface, and a recent 

work has shown that treatment with GSK2606414, a 

PERK inhibitor, ameliorated ER stress and mitochondrial 

dysfunction in a model of early-onset PD (PARK20) 

[237]. 
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Another noteworthy molecule is resveratrol, a non-

flavonoid polyphenol with antioxidant properties, capable 

of modulating the expression of proteins involved in the 

connection between the ER and mitochondria in various 

cellular systems [238]. Treatments of Parkin-mutant 

fibroblasts with resveratrol showed a restoration of the 

expression of MAM contact proteins and improved 

autophagic flux [239]. It should be noted that, in addition 

to modifying the expression of MAM-resident proteins, 

resveratrol could also modulate various transcription 

factors, such as AP-1, CREB, Egr-1, Elk-1, and Nrf2 

[240], which may cause unwanted side effects. 

Recently, the gut metabolite urolithin A has shown 

the capacity to control ER-mitochondria interactions, Ca2+ 

homeostasis, the expression of APP, BACE1, the 

production of Aβ, and Tau phosphorylation in diabetes-

associated AD pathogenesis [241]. Two clinical trials will 

start soon to test the impact of urolithin A on cognitive 

function (ClinicalTrials.gov: NCT07060898) and on 

aging biomarkers in middle-aged and older adults 

(ClinicalTrials.gov: NCT06990256). 

 

Conclusions 

 

MAMs constitute communication platforms between the 

ER and mitochondria and influence Ca2+ signaling, redox 

regulation, lipid exchange, and mitochondrial quality 

control. These mechanisms appear to be altered during 

aging and in the early stages of various diseases, such as 

AD, PD, and ALS, suggesting a pathogenetic association 

between MAM dysregulation, senescence, and age-

related neurodegenerative diseases. 

Although there is still no consensus among the 

findings linking MAMs to AD and PD, the idea that 

dyshomeostasis of ER-mitochondria contacts may 

contribute to various stages of these diseases is 

increasingly recognized. The role of ER-mitochondrial 

contact dysregulation in ALS appears clearer. Current 

studies also show a strong impact of MAMs on the aging 

process. The identification of molecules capable of 

modulating the distance and binding between the ER and 

mitochondria has improved our understanding of the role 

of MAMs, but much remains to be done. 

The data generated to date show that promoting ER-

mitochondria contacts can have different outcomes 

depending on the cellular context, the disease, and its 

stage. The use of artificial ER-mitochondria 

linkers/uncouplers has indeed produced markedly 

different results. Using a synthetic linker in Drosophila 

melanogaster, Basso et al. have observed a recovery of 

locomotor deficits in a Drosophila model of PD [49]. 

Similarly, Garrido-Maraver et al. achieved life extension 

and improved cognitive function associated with the 

enhancement of MAMs [123]. In contrast, Hewitt et al. 

reported that increased MAMs disturbed mitochondrial 

transport and synapse formation, accelerating age-related 

decline in locomotion and reducing lifespan [242].  

Of great interest is the use of microRNAs (miRNAs), 

small non-coding RNAs that act on specific target 

mRNAs which post-transcriptionally regulate gene 

expression. miR-484 targets FIS1 which, through its 

binding to BAP31, influences the stability and function of 

MAMs [243]. It could be hypothesized that the reduction 

in mitochondrial fission and apoptosis observed following 

the reduction in FIS1 expression under hypoxic 

conditions are linked to the lack of tethering with BAP31 

and the consequent destabilization of MAMs.  

Furthermore, the presence of specific miRNAs in 

MAMs, such as miR-146a, miR-142-3p, miR-142-5p, and 

miR-223 in rat and human brain samples is an emerging 

area of research that may lead to the discovery of new 

potential biomarkers or therapeutic targets for various 

diseases [244]. 

The results of Wang et al. showed that these miRNAs 

produce an inflammatory response which contributes to 

aging and neurodegenerative diseases [244]. Moreover, 

miR-223, when enriched in MAMs, coordinates 

cholesterol homeostasis targeting methylsterol 

monooxygenase 1 (MSMO1), 3-hydroxy-3-methyl-

glutaryl-coenzyme A reductase (HMGCR), and a 

scavenger receptor, class B type 1 (SR-B1), suggesting a 

potential role in AD [245]. But further in-depth studies are 

needed to better understand the functional role of MAM-

associated miRNAs in normal and pathological brain 

conditions. 

We have seen that the development of 

neurodegenerative diseases is almost never traceable to a 

single molecular process, but rather to the disruption of 

the balance between multiple cellular mechanisms. 

MAMs regulate many of the pathogenetic aspects found 

in aging and related diseases. Therefore, although much 

work remains to be done to achieve concrete results, 

MAMs seem to offer new perspectives and promising 

opportunities for research into neurodegenerative diseases 

and anti-aging strategies. 
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