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Alzheimer’s disease (AD), a progressive neurodegenerative disorder, is a leading global
health concern for individuals and society. However, the potential mechanisms underlying
the pathogenesis of AD have not yet been elucidated. Currently, the most widely acknowl-
edged hypothesis is amyloid cascade owing to the brain characteristics of AD patients,
including great quantities of extracellular β-amyloid (Aβ) plaques and intracellular neurofib-
rillary tangles (NFTs). Nevertheless, the amyloid cascade hypothesis cannot address certain
pathologies that precede Aβ deposition and NFTs formation in AD, such as aberrant calcium
homeostasis, abnormal lipid metabolism, mitochondrial dysfunction and autophagy. No-
tably, these earlier pathologies are closely associated with mitochondria-associated mem-
branes (MAMs), the physical structures connecting the endoplasmic reticulum (ER) and mi-
tochondria, which mediate the communication between these two organelles. It is plausible
that MAMs might be involved in a critical step in the cascade of earlier events, ultimately
inducing neurodegeneration in AD. In this review, we focus on the role of MAMs in the regu-
lation of AD pathologies and the potential molecular mechanisms related to MAM-mediated
pathological changes in AD. An enhanced recognition of the preclinical pathogenesis in AD
could provide new therapeutic strategies, shifting the modality from treatment to prevention.

Introduction
Alzheimer’s disease (AD) is recognized as a global public health priority by the World Health Organization
and is the major cause of dementia, accounting for 50–75% of 44 million people the world over suffering
from dementia in 2014 [1]. Advancing age is considered as the primary risk factor for AD. Therefore, it is
estimated that this number will be more than triple by 2050 due to the rapid growth of the population over
65, and that the annual expense of just dementia in the USA alone will exceed $600 billions [2]. Other AD
risk factor include diabetes, hypertension, traumatic brain injury and clinical depression, all of which are
believed to render neurons vulnerable to AD via accelerating neuronal energy deficits and enhancing the
oxidative stress, are also considered as risk factors for AD [3]. AD, characterized by progressive neuronal
loss in the cortex and hippocampus, is primarily manifested as the gradual and irreversible loss of memory
and impairment of cognitive function, even the more severe behavioral symptoms that affect the ability to
function in daily life [4,5]. AD can develop in both sporadic and familial forms, with the vast majority of
AD possessing an apparently sporadic basis. So far, autosomal dominant mutations related to familial AD
(FAD) have been identified in three genes: amyloid precursor protein (APP), presenilin 1 (PSEN1) and
presenilin 2 (PSEN2). These genes account only for a minute (<0.5%) proportion of FAD [1]. Generally,
the onset age of FAD in individuals who inherit a mutation in any of the three genes (APP, PSEN1 and/or
PSEN2) is earlier than sporadic AD (SAD) individuals, typically between their third to fifth decades of life
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Figure 1. The amyloid cascade hypothesis

(1) Non-amyloidogenic pathway: Full-length APP is first cleaved by α-secretase to release sAPPα from the cell membrane and retain

C83. C83 is subsequently processed by γ-secretase to produce P3 and AICD, which are shifted toward the nucleus to regulate

Ca2+-related gene expression. (2) Extracellular amyloidogenic pathway: APP can also be cleaved by BACE1 in amyloidogenic

processing to produce sAPPβ and C99. Subsequent cleavage of C99 by γ-secretase produces Aβ42/40. Mutations that occur

in PSEN1, PSEN2 and APP genes can increase the rate of proteolysis of APP by BACE1 and transform the cleavage position of

Aβ region by γ-secretase, leading to an increased ratio of Aβ42/40. (3) Intracellular amyloidogenic pathway:C99 can translocate

to endosomes and be cleaved by γ-secretase to generate intracellular Aβ, which promotes the NFTs formation via activating the

intracellular Ca2+(Cai
2+) and extracellular Aβ deposition. Both extracellular Aβ deposition and intracellular NFTs lead to neuronal

dysfunction and death; APP, amyloid precursor protein; BACE1, β-secretase; Aβ, β-amyloid; AICD, APP intracellular domain;

PSEN1, presenilin 1; PSEN2, presenilin 2; NFTs, neurofibrillary tangles; AD, Alzheimer’s disease.

[6,7]. Regrettably, despite the fact that substantial effort has been invested in understanding AD pathogenesis since
the first case was reported in 1907 [8], the exact mechanism underlying the pathophysiology and pathogenesis of AD
still remain a mystery and no curative treatment for this disease has yet been developed.

Amyloid cascade
The cardinal positive pathologies of AD are the extracellular accumulation of amyloid plaques mainly composed of
β-amyloid (Aβ) and intracellular neurofibrillary tangles (NFTs) containing numerous hyper-phosphorylated tau [9],
simultaneously accompanied by astrogliosis and microglial activations [10,11]. Based on the major pathological hall-
marks in AD patients’ brain, Hardy and Higgins first proposed the amyloid cascade hypothesis in 1992 [12], which
has become the most generally-accepted pathogenetic hypothesis of AD [13]. Aβ is a self-aggregating peptide con-
taining 40–42 amino acids that is generated by the proteolytic processing of APP, a ubiquitous glycoprotein generally
expressed in the whole brain. Full-length APP (700 amino acids) is composed of a large transmembrane N-terminal
ectodomain including the Aβ sequence and a short intracellular C-terminal domain [14]. APP proteolytic process-
ing occurs via three pathways (Figure 1): (1) The non-amyloidogenic pathway. APP is first cleaved by α-secretase
at residues adjacent to the transmembrane domain to produce a large N-terminal fragment (NTF), sAPPα and a
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short membrane-bound C-terminal fragment (CTF) containing 83 amino acids (C83). C83 is subsequently cleaved
at the lipid bilayer by γ-secretase complex to produce a non-amyloidogenic peptide denominated P3 and the APP
intracellular domain (AICD), which can be localized to the nucleus to regulate gene expression [15]. (2) The extra-
cellular amyloidogenic pathway. APP is first cleaved of by β-secretase (BACE1), leading to the secretion of sAPPβ
NTF and the membrane-tethered 99 amino acids (C99). C99 is then cleaved by γ-secretase to generate the extracel-
lular Aβ as well as AICD. (3) The intracellular amyloidogenic pathway. An alternative route for the C99 generated
as in the above amyloidogenic pathway, C99 can also be cleaved by γ-secretase in endosomes to form intracellular
Aβ, which accelerates NFTs formation via activating intracellular Ca2+(Cai

2+) and extracellular Aβ deposition. The
specific cleavage site of γ-secretase plays an essential role in determining the aggregation and toxicity of the Aβ pep-
tide. Aβ42 (containing 42 amino acids) possesses the more toxicity and aggregation than Aβ40 (40 amino acids) and
prefers to deposit in vulnerable brain regions primarily related to learning, memory and emotional behaviors such as
the entorhinal cortex, hippocampus, inferior parietal cortex and basal forebrain due to its higher rate of fibrillization
and insolubility [16]. Additionally, Aβ40 appears to be mostly identified in non-neuronal cells such as cerebral vessels
[17]. By analyzing the total Aβ in 27 AD brains, Gravina et al. revealed that the quantity of Aβ42 in AD brains with
minimal congophilic angiopathy and minor Aβ40 were equivalent to brains with substantial congophilic angiopathy
and plentiful Aβ40, demonstrating that Aβ42 deposition in plaques is critically important for AD pathogenesis with
additional deposition of Aβ40 [18]. Their work indicated that the increased ratio of Aβ42/40, rather than the total
Aβ, is the exact cause for AD. The transmembrane proteins PSEN1/2 comprise the catalytic subunit of γ-secretase
[19]. Significant mutations in APP or/and PSEN1/2 might lead to the excessive generation of Aβ42 and the increased
ratio of Aβ42/40 [20]. The serial processes resulting in the Aβ deposition are named ‘amyloid cascade’. The Aβ depo-
sition leads to the progressive neuronal loss in the vulnerable brain regions due to its direct toxic effects on neurons
as well as its indirect effects of greatly increasing the vulnerability of neurons to oxidative stress and excitotoxicity,
ultimately causing a neurodegenerative disorder [21]. Notably, tau protein in normal brains has an important effect
on microtubule stabilization, axonal transport and neurogenesis [22]. However, the high level of phosphorylated tau
protein that assemble into paired helical filaments can disturb the physiological activity and aggravate neurotoxicity,
which finally leads to apoptosis via interacting with Aβ [23,24].

The amyloid cascade hypothesis consociates many different AD discoveries and explains why mutations in APP
and PSEN1/2 result in this disease, making it a persuasive argument. Nevertheless, FAD cases account for only a
small percent of all AD individuals and the amyloid cascade hypothesis does not explain the other various features
of AD including aberrant calcium homeostasis [16], altered cholesterol and phospholipid metabolism [25,26], mi-
tochondrial dysfunction [27] and autophagy, all of which emerge before the appearance of plaques and tangles but
are ostensibly unrelated to the formation of plaques and tangles. Therefore, there may be other cellular mechanisms
of mediating Aβ metabolism involved in the AD pathophysiology. Coincidentally, the earlier pathological events of
AD are functions concerning to the mitochondria-associated membranes (MAMs), indicating that there is a great
possibility that perturbed MAMs functions may be involved in the AD pathogenesis.

MAMs
The multiple biological procedures that are essential for maintaining homeostasis in eukaryotic cells are effectively
performed via the compartmentalization of specific biochemical reactions to the corresponding membrane-bound
organelles, which fulfills the requirements of transferring many necessary metabolites and signaling molecules be-
tween organelles [28]. While the role of the cell membrane in vesicle transport and transcriptional pathways has been
well studied, there has been an increase in research focusing on the physical interaction between the endoplasmic
reticulum (ER) and mitochondria, referred to as the MAMs. The concept that there is a relationship between the ER
and mitochondria was first proposed in the 1960s [29], although the initial morphological evidence for the physical
interaction between the ER and mitochondria via an electron microscope did not emerge until the early 1990s [30].
Structurally, MAMs can fluctuate dynamically as they are the highly fluid membranes composed of phospholipids
[31]. The distance between the ER and mitochondria contact sites has been measured to be between 10 and 30 nm
wide [32]. The closely apposed membranes are sufficient to demonstrate that MAMs are not fusions of membranes
but utilizations of proteinaceous tethers, which provide direct, fast, and reciprocal signaling molecules transport be-
tween the two compartments [33]. Zhang et al. were the first group to analyzed the MAMs’ proteome in the ‘heavy’
MAMs fraction isolated at lower centrifugal forces rather than the previously standard MAMs isolation measures and
identified 991 proteins in this ‘heavy’ MAMs fraction [34]. Afterwards, Poston et al. revealed that there are 1212 high
confidence proteins containing weak soluble proteins presenting in brain MAMs [35]. The close gap between the ER
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and the mitochondria contains numerous proteins and plays a critical role in many crucial metabolic processes, rang-
ing from efficient transfer of calcium [36], phospholipid exchange [37], sterol metabolism, mitochondrial dynamics,
autophagy for energy metabolism and even cell survival [38]. Although only a small area of approximately 12% of
the outer mitochondrial membrane (OMM) is assessed to interact with the ER [39], this tight ER-mitochondria in-
teraction is extremely stable even when cytoskeletons, including microtubules and intermediate filaments, that are
essential for shaping and supporting organelles are undermined [40].

MAMs may play an even more significant role in human neurons, as the distances between the end of axons and
the cell body can be up to approximately one meter. The biological procedures in neurons demanding rigorous reg-
ulation of both space and time, and have been shown to rely much more on MAMs structures as their particular
morphology requirements creates challenges for conventional vesicular transport and transcriptional pathways mor-
phology [41]. Furthermore, emerging evidence exhibits that MAMs are involved in various age-related neurodegen-
erative disorders, such as AD [42], frontotemporal dementia [43], Parkinson’s disease [44] and amyotrophic lateral
sclerosis [45,46]. Previous studies of postmortem AD brains have revealed the increased contact sites between the ER
and mitochondria and significant expression of MAMs-associated proteins in primary hippocampal neurons [47].
These findings have been validated in the neuronal cells of APPSwe/Lon mice [48]. In this study, the up-regulation of
MAMs-associated proteins could be detected in the 2-, 6- and 10-month-old APPSwe/Lon mice, suggesting that patho-
physiologic changes occurred within 2 month of age and significantly ahead of visible plaques and neurofibrillary
tangles. Given this early onset, in our examination we systematically highlight the role of MAMs in early AD and the
mechanisms underlying the relation between MAMs signaling and AD.

MAM-mediated intracellular Aβ deposit in AD
Initial evidence for intracellular Aβ was provided by Wertkin et al. via observing intracellular Aβ in a differentiated
neuronal cell line [49]. Previous studies have implicated that intracellular Aβ accumulation induces toxicity in AD
[50,51] and that extracellular Aβ deposits could be secondary to the intracellular Aβ accumulation [52–54], where
the mitochondria accumulation specifically has proven to play a significant role [55]. Mitochondrial Aβ deposition
has been observed in both postmortem AD brains and a transgenic AD mouse model, negatively affecting neuronal
functions and ultimately lead to cellular dysfunction [56,57]. Due to the incomplete mitochondrial translocation of
APP, it is believed that APP accumulated in the mitochondrial membrane could not be processed to produce Aβ

locally [58]. OMM is the connective site to the ER in MAMs. Previous studies have shown that Aβ can be imported
into the mitochondria through the translocase of the OMM and subsequently localized to the cristae membranes [59].
The γ-secretase enzyme has been reported to be localized not only at the plasma membrane but also at the different
subcellular compartments, predominantly at the MAMs. Both Aβ40 and Aβ42 have been shown to be generated at
the MAMs and in immediate proximity to mitochondria [60]. The above findings explain how Aβ accumulates in
mitochondria in AD: MAMs are involved in the generation of intracellular Aβ, with the OMM serving as the Aβ

transport machinery into mitochondria (Figure 2 (1)). An increase in MAMs may promote mitochondrial Aβ depo-
sition and their interaction with mitochondrial proteins (Figure 2 (1)). For example, Aβ can promote reactive oxygen
species (ROS) production via binding to the mitochondrial alcohol dehydrogenase (ABAD), ultimately leading to
neuronal apoptosis [57]. Additionally, Aβ impairs the ability of neurons to synthesize adenosine triphosphate (ATP),
likely through directly inhibiting the cytochrome c oxidase (COX). Neurons with COX deficiency manifest obvious
apoptosis, a feature significantly prevalent in AD [61].

MAM-mediated calcium homeostasis in AD
The calcium ion (Ca2+) acts as an intracellular messenger and is fundamental for the regulation of various physi-
ological activities in cells. Ca2+ mediates a variety signaling pathways and is particularly involved in those related
to the dynamic changes of neural circuits, regardless of their structure or function [3]. Ca2+ signaling pathways in
neurons also play a role in controlling membrane excitability, stimulating the release of neurotransmitters and modu-
lating neuronal biological functions from proliferation, differentiation and apoptosis to gene expression [16]. Factors
which all have a connection to how our brains handle received information and stockpile memories [62]. In addition
to the Ca2+ influx across the plasma membrane through distinct Ca2+-permeable channels including voltage-gate Ca2+

channel (VGCC), N-methyl-D-aspartic acid (NMDA) receptor,α-amino-3-hydroxy-5-methyl-4-isoxazolepropanoic
acid (AMPA) receptor and transient receptor potential (TRP) channel, intracellular Ca2+ liberated from ER stores via
inositol triphosphate receptor (IP3R) triggered by IP3 [63], and ryanodine receptor (RyR) sensitive to ryanodine [64],
also have the prominent effects on intracellular Ca2+ homeostasis (Figure 3(1)). Enhanced cytosolic Ca2+ can also ac-
tivate IP3R and RyR to trigger the Ca2+-induced Ca2+ release, enabling the interaction between these two pathways
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Figure 2. Mitochondrial alterations related to MAMs in AD

(1) The increased cleavage of C99 by γ-secretase localized at the MAMs promotes Aβ42/40 generation, which are subsequently

transferred to mitochondria to form mitochondrial Aβ deposition. Aβ oligomers can inhibit COX and ABAD functions, increasing

the production of ROS and ultimately leading to the apoptosis. (2) C99 generated at the MAMs can affect the lipid composition in

the MAMs and augment the mitochondrial ceramide concentration by activating the sphingolipid turnover and hydrolysis, which

disturbs the assembly and activity of respiratory supercomplexes, ultimately resulting in bioenergetic deficiencies. (3) The mito-

chondrial fission can be mediated by proteins DLP1 and FIS1. The OMM fusion is regulated by proteins MFN1 and MFN2 that

can form MFN1 and MFN2 homo-oligomeric or hetero-oligomeric complexes while IMM fusion respectively utilizes OPA1. In unaf-

fected mitochondria, the mitochondria with relatively equal morphology are uniformly distributed in the cytosol due to the dynamic

equilibrium between the mitochondrial fission and fusion processes. (4) In AD affected mitochondria, augmented mitochondrial

fission leads to more fragmented mitochondria that tend to form a ‘ring’ around the nucleus. MFN2 is also localized at the ER

and the ER MFN2 binds to mitochondrial MFN1 and MFN2 increasing the formation of the interconnection between the ER and

mitochondria. DLP1, dynamin-like protein 1; FIS1, fission 1; OMM, outer mitochondrial membrane; OPA1, optic atrophy protein

1; IMM, inner mitochondrial matrix; AD, Alzheimer’s disease; ER, endoplasmic reticulum; MFN1, Mitofusin-1; MFN2, Mitofusin-2;

COX, cytochrome c oxidase; Aβ, β-amyloid; MAM, Mitochondria-Associated Membrane; APP, amyloid precursor protein; BACE1,

β-secretase; ABAD, alcohol dehydrogenase; ATP, adenosine triphosphate.
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Figure 3. Ca2+ signal transduction and lipid metabolism at the MAMs in AD

(1) Both Ca2+ influx through the channels NMDAR, AMPAR and VGCC in the plasma membrane and intracellular Ca2+ liberation

from ER stores via IP3R and RyR enriched in the MAMs can lead to the toxic amounts of Ca2+ in the cytoplasm. (i) IP3R at the

MAMs is linked to VDAC1 at the OMM via grp75 in the cytosol and stabilizes itself by binding to Sig-1R at the ER lumen. (ii and iii)

The increased Ca2+ liberation from IP3R and RyR enhances the postsynaptic responses such as LTD and LTP as well as increases

the intracellular Aβ deposition and NFTs formation. (iv) Meanwhile, high Ca2+ levels at the MAMs can promote Ca2+ uptake into

the mitochondria via triggering the MCU on the IMM. Mitochondrial Ca2+ overload will alter the mitochondrial Ca2+ signaling caus-

ing excessive mtPTP opening, which triggers the cell death signaling cascade. (2) MAMs mediate the lipid transport, synthesis

and metabolism in AD. I PS is synthesized in the ER via MAM enzymes, while the conversion of PS to PE via PSD occurs in the

mitochondria. Ultimately, PEMT catalyzes methylation of PE to PC in the ER. The enzymes of lipid metabolism are highly com-

partmentalized at the MAMs, which fosters the synthesis and intermembrane transport of phospholipids. II-III Chol transport and

metabolism also utilize the interface between the ER and mitochondria. IV ApoE4 can increase the risk of AD through affecting the

MAM-mediated lipid metabolism disorders. MAM, Mitochondria-Associated Membrane; AD, Alzheimer’s disease; Aβ, β-amyloid;

NFTs, neurofibrillary tangles; NMDA, N-methyl-D-aspartic acid; AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropanoic acid;

VGCC, voltage-gate Ca2+ channel; IP3R, inositol triphosphate receptor; RyR, ryanodine receptor; VDAC1, voltage-dependent an-

ion channel 1; SERCA, sarco-ER calcium-ATPase; Sig-1R, sigma-1 receptor; LTD, long-term depression; LTP, long-term potentia-

tion; mtPTP, mitochondrial permeability transition pore; MCU, mitochondrial Ca2+ uniporter; IMM, inner mitochondrial matrix; ER,

endoplasmic reticulum; PSD, decarboxylation; PEMT, PE-N-methyltransferase; Chol, cholesterol.

[65]. Additionally, due to the powerful Ca2+ buffer function of the mitochondria via the Ca2+ uptake mechanisms, the
Ca2+ content in the mitochondrial matrix can achieve > 10 mM despite its regularly values maintaining as low as 0.1
mM [66]. This capacity for rapid Ca2+ influx plays a critical role in neuronal physiology by activating the metabolism
and increasing energy productions in the mitochondria [67]. Thereby, both the ER and mitochondria are crucial for
maintaining calcium homeostasis [68]. Inadequate intracellular Ca2+ can induce neuronal dysfunction, while exces-
sive Ca2+ can lead to cell death [69,70].

The calcium hypothesis in AD was initially proposed in 1982 [71], and a milestone consolidated version in 1994
[72]. The expression levels of proteins that are involved in intracellular Ca2+ signaling pathways such as IP3R and
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RyR have been shown to be significantly altered in brain tissues acquired from AD patients and AD animal models
[73,74]. Moreover, increasing evidence has exhibited that MAMs are highly affluent in IP3R [75] and RyR [76]. Even
the voltage-dependent anion channel 1 (VDAC1), sarco-ER calcium-ATPase (SERCA) [77] and sigma-1 receptor
(Sig-1R) appear to be linked to MAMs [78] (Figure 3(1)). These Ca2+-related proteins in the MAMs rapidly increase
the intracellular Ca2+ and augment Ca2+ uptake into the mitochondria lumen [48,79]. Additionally, mutant PSEN2
has also been shown to have significant impacts on the structural association between the ER and the mitochondria,
favoring Ca2+ transfer from the ER to mitochondria. Researchers observed that PSEN1mutations did not induce a
similar transformation, despite PSEN1 and PSEN2 being highly homologous [80]. However, this finding is also in-
consistent with the observation that PSEN2 mutations are less common than PSEN1 mutations in FAD with a severe
clinical course [81]. Additionally, previous researches have shown that PSEN1 mutations heighten the IP3R-mediated
calcium trafficking believed to be an MAM-mediated function [3,75]. It is speculated that these two highly homol-
ogous proteins induce FAD through the radically different mechanisms. Thus, the conclusion that PSEN2 but not
PSEN1 affects MAMs function remains a topic warranting further investigation. Both PSEN1 and PSEN2 mutations
have been shown to increase the Ca2+ leakage from the ER and decrease the ER Ca2+ stores, which would accelerate
the Ca2+ transfer from the ER to mitochondria and ultimately lead to the mitochondrial Ca2+ overload.

How might the perturbed intercellular Ca2+ concentration mediated by MAMs bring about neurodegeneration and
cognitive deficiency in AD? Based on our examination of the relevant studies we postulate this three mechanism: First,
the increased release of Ca2+ from the ER stores in presynaptic terminals can undermine synaptic plasticity through
consuming the neurotransmitters or enhancing multiple postsynaptic responses such as long-term depression (LTD)
and long-term potentiation (LTP) (Figure 3ii) [82], likely leading to a negative impact on the neuronal networks and
memory function [83]. Second, the sustained high levels of intracellular Ca2+ in neurons can indirectly contribute to
neuronal degeneration in AD by promoting the Aβ deposition and NFTs formation (Figure 3iii). Thirdly, massive
mitochondrial Ca2+ uptake will alter the mitochondrial Ca2+ signaling [84], opening the mitochondrial permeability
transition pore (mtPTP) (Figure 3iv). Excessive mtPTP openings allow Ca2+ efflux with high conductance from the
inner mitochondrial matrix (IMM) lumen, triggering the cell death signaling cascade [85] and ultimately compro-
mising neuronal function and health. Evidence from postmortem analysis of AD brain tissues has revealed increased
Ca2+ contents in tangle-bearing neurons compared with healthier neurons [86]. This phenom has also been verified in
cultured neurons [87,88]. Aberrant Ca2+ release from the ER can be inhibited by RyR blockage, finally protecting neu-
rons from the impairment of Aβ [89]. Meanwhile, Aβ can also directly induce oxidative stress in neurons, disrupting
Ca2+ homeostasis and further exacerbating the amyloidogenic procedures of APP [90]. These events ultimately foster
a viscous neurodegenerative cycle. The above discoveries indicate that the increased MAMs in AD individuals could
explain the altered intracellular Ca2+ trafficking through IP3Rs and RyRs [80,91], ultimately resulting in the synaptic
dysfunction and neuronal degeneration in AD patients and mice models. However, many questions still remain. How
does the PSEN mutations influence the physical and functional contact sites? How would the interaction between the
ER and mitochondria contribute to the aberrant intracellular Ca2+ in AD. Are other Ca2+-related proteins involved in
Ca2+ transport from ER to mitochondria in addition to IP3R and RyR? Does Ca2+ transport unidirectionally? Further
studies related to MAMs in AD cellular and animal models will be necessary to identify the role of MAMs-mediated
Ca2+ signaling in AD pathogenesis.

MAM-mediated lipid metabolism in AD
Extensive studies have demonstrated that phospholipid synthesis can develop both in the cytoplasm via the Kennedy
pathway and in the MAMs through salvaging and recycling [92]. In particular, the latter pathway of phospholipid
synthesis has recently garnered significant interest. Mitochondria, as partially autonomous organelles, necessarily
rely on the import of specific proteins and lipids to guarantee the cell’s structure and survival. The ER, the main ‘lipid
factory’ within the cell, is the source of the majority lipids for being imported into mitochondria. The transport of
these lipids necessitates interactions between the two organelles such as specific carrier proteins, membrane con-
tact sites and tethering complexes. MAMs were first conformed to be involved in lipid synthesis by Vance et al. in
1990 [93]. The pathway of phospholipids synthesis mediated by MAMs is a typical communication between the ER
and mitochondria (Figure 3I). Phosphatidylserine (PS) is synthesized in the MAMs and subsequently translocated
from the ER to mitochondria that is considered to be the rate-determining step in phosphatidylethanolamine (PE)
synthesis [94]. Under the action of PS decarboxylase (PSD), the mitochondrially localized enzyme in the IMM, PS
transferred to mitochondria is converted into PE. PE is then transmitted back to the ER and ultimately converted into
phosphatidylcholine (PC) through the enzyme PE-N-methyltransferase (PEMT) [95]. Remarkably, the levels of both
PS and PE, synthesis and transport are significantly elevated in PS-mutant cells, demonstrating that there is increased
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ER-mitochondrial communication in the cells [47]. These observations may help explain the abnormal phospholipids
metabolism revealed in AD patients.

In addition to phospholipids synthesis, MAMs are also involved in another key function related to the cholesterol
metabolism. Newly synthesized cholesterol in the ER also requires transport into the mitochondria for conversion
into pregnenolone (Figure 3II), the precursor for steroids, and MAMs play a key role in this rate-limiting step [96].
Furthermore, MAMs have been shown to possess an abundance of cholesterol acyltransferase 1 (ACAT1), which
is involved in the conversion of free cholesterol into cholesteryl esters (CEs) (Figure 3III), generally deposited in
lipid droplets [97]. Thus, ACAT1 can be used to indirectly measure MAMs activity. Interestingly, significantly higher
ACAT1 activity and more lipid droplets containing CEs have been found in PS-mutant fibroblasts compared with con-
trol cells [47]. Remarkably, increased MAMs and altered MAMs-mediated lipid homeostasis have also been observed
in fibroblasts from FAD patients with an APP mutation and even in fibroblasts from SAD patients [47]. Activated
ACAT1 can directly modulate Aβ formation by regulating the balance between membrane free cholesterol and CEs
levels [97,98]. Intriguingly, MAM-mediated lipid synthesis, transport and metabolism can influence the fluidity of
the mitochondria membrane and subsequently alter biophysical properties of the membrane environment. The bal-
anced concentration of phospholipids, sterols and sphingolipids seemingly plays an important role in mitochondrial
membrane fusion or fission. Thus, two new questions arise: Are MAMs involved in the regulation of lipid transport
between the ER and mitochondria? Additionally, can MAM-mediated lipid metabolism in AD affect mitochondrial
dynamics and if so, how?

The hypothesis that perturbed MAMs may be involved in the various events of the lipid metabolism in AD pa-
tients has been recently strengthened due to the discovery of the effects of apolipoprotein E (APOE) on MAMs [99].
APOE gene encodes a component of the lipoproteins named APOE that has the ability to ferry cholesterol and lipids
throughout the circulation. The APOE gene possesses three variants: ε2, ε3 and ε4. Previous studies have revealed
that individuals harboring the ε4 allele are at significantly higher risk for developing SAD than those harboring the
common ε3 allele. Compared with non-ε4 carriers, ε4 heterozygotes shows an odds ratio (OR) for AD of ∼3, even
rising to ∼12 in homozygotes [1]. There is a possibility that ApoE4 plays a key role in mediating MAMs behavior
(Figure 3IV). In the brain, APOE is normally not generated in neurons but produced in astrocytes. MAMs activity
has been shown to be significantly upregulated in human neuronal-like SH-SY5Y cells and fibroblasts treated with
astrocyte-conditioned media (ACM) from human ApoE4 knock-in mice [99]. Moreover, increased CEs and lipid
droplets are observed in ApoE4-ACM-treated cells, implying enhanced cholesterol metabolism at the MAMs [99].
Remarkably, the increase in CEs and phospholipid synthesis were not as statistically significant as in the PS-mutant
cells [47], which is compatible with the view that ApoE4 is not a determinative factor, only a risk factor, for develop-
ing AD. Mitofusin-2 (MFN2) localized at the MAMs participates in mitochondrial fusion and its ablation has been
shown to decrease the connections between the ER and mitochondria [100,101]. To further verify that increased
phospholipid production is indeed intermediated by MAMs, mouse embryonic fibroblasts obtained from MFN2
knocked-out mice were treated with ApoE4-ACM. The results demonstrated that the abolition of MFN2 in mouse
embryonic fibroblasts led to the down-regulation of the MAMs activity and abrogates the ApoE4-mediated increases
in phospholipid synthesis, CEs and cellular lipid droplets [99]. These observations strongly support the view that the
ApoE4-mediated effects on phospholipid synthesis and cholesterol metabolism are indeed the results of increased
MAMs function. Based on these studies, we propose that altered MAMs behavior can induce the early events in the
pathogenesis of AD by participating in lipid transport, synthesis and metabolism.

MAM-mediated mitochondria dysfunction in AD
Over the last few decades, increasing numbers of researchers have focused on the functional impairment of mitochon-
dria in AD. Abundant biochemical evidences has demonstrated that mitochondrial bioenergetic function is clearly
attenuated in AD individuals and animal models, characterized by decreased respiratory chain activity and reduced
ATP production [102,103]. Moreover, significantly decreased levels of enzymes in the mitochondrial tricarboxylic
acid cycle, key to the respiratory chain, have also been observed in AD patients [104]. Impairment of bioenergetic
functions in mitochondria leads to the mitochondria generating high levels of ROS and free radicals. As discussed
above, the serial processes that predate the appearance of plaques and tangles are responsible for the extensive toxic
damage to neuron cells. Therefore, the mitochondrial cascade hypothesis has gained favor as the mechanism for the
essential pathogenesis of AD, wherein mitochondrial alterations trigger the cascade of pathologic features [105,106].

Previous studies have revealed that there might be an intriguing connection between the altered mitochondrial
function and APP processing [107]. APP processing is reported to occur in lipid raft domains, the membrane regions
with abundant cholesterol and sphingolipids [108], such as MAMs. Additionally, Aβ has proven to be formatted in the

116 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).



Clinical Science (2021) 135 109–126
https://doi.org/10.1042/CS20200844

MAMs [109]. Thus, it is reasonable to speculate that C99 the substrate for the MAM-localized γ-secretase might ap-
pear in the MAMs. Consistent with this conjecture, researchers have reported that the increased C99 content emerges
not only in endosomes but also at MAMs in AD patients and animal models [110]. The increased C99 localized at the
MAMs has been revealed to provoke alterations in mitochondrial lipid composition, membrane potential and per-
meability [111]. Furthermore, the activation of sphingolipid turnover and hydrolysis would subsequently augment
the ceramide concentration, which is a special characteristic in AD individuals [112], particularly in their mitochon-
drial membranes [113]. The high levels of ceramide are thought to change the properties of the lipid raft domains at
the MAMs [114]. Additionally, increased ceramide in mitochondrial membranes disturbs the proper assembly and
activity of mitochondrial respiratory supercomplexes (Figure 2 (2)), which are essential for optimal respiratory chain
function [115]. Importantly, these alterations of γ-secretase activity and increased C99 content at the MAMs have
been observed not only in PS-mutant cells and FAD patients but also in SAD patients [116]. One conclusion from the
above findings is that the bioenergetic defects in AD are significantly caused by an increased ceramide concentration
in the mitochondria, subsequently hindering the assembly and activity of respiratory supercomplexes, and that this
effect is initially stimulated by the unprocessed MAM-localized C99. If true, the critical role of C99 in mitochondrial
dysfunction at the early stages of AD pathogenesis is not an instigating factor but a consequence of MAMs dysfunc-
tion. Previous studies have also suggested that deficient mitochondrial bioenergy is caused by increased C99 content,
rather than elevated Aβ production since it can develop in the absence of Aβ, which differs from the observations that
mitochondrial respiration is reduced after the incubation with unphysiologically high concentrations of Aβ [117]. It
is conceivable that abnormal mitochondrial respiration is caused by an elevated ratio of C99:Aβ rather than an in-
creased ratio of Aβ42: Aβ40. However, the further research is necessary to fully elucidating this speculation.

Previous studies have revealed that the mitochondrial dynamics in AD cells are changed significantly [27]. Mito-
chondrial dynamics are the collective processes of the relative physiological balance between fission and fusion. The
major dynamin-related GTPases with opposing effects are involved in mediating this physiological balance [118]. In
mammals, mitochondrial fission requires dynamin-like protein 1 (DLP1) and fission 1 (FIS1), while mitochondrial
fusion is regulated by mitochondrial outer membrane protein MFN1/2 and intermembrane protein optic atrophy pro-
tein 1 (OPA1) [119]. The imbalance of mitochondrial fission and fusion ultimately leads to mitochondrial dysfunction
via abnormal mitochondrial morphology and distribution [120], which has been reported in AD fibroblasts [121].
Immunoblot analysis of hippocampal tissues from AD patients exhibits significantly decreased expression of DLP1,
OPA1, MFN1/2 and increased FIS1 [122], suggesting that the balance of mitochondrial fission and fusion is prone
to fission in AD (Figure 2(4)) [123]. MFN1 and MFN2 localized to the OMM can form homo- or hetero-oligomeric
complexes via the interactions of their coiled-coil domains to tether adjacent mitochondria together (Figure 2(3))
[124]. While though to be exclusively located in the OMM, MFN2 has also been revealed in the ER membrane [125].
Thus, in addition to its role in mitochondrial fusion, MFN2 may also have an important role in tethering the mito-
chondria and ER together, eventually forming MAMs [126]. These findings explain why augmented mitochondrial
fission in AD is inclined to occur around the MAMs [127] and why the abundant MAMs increases in AD. Addi-
tionally, OPA1, MFN1, MFN2 and FIS1, the mitochondrial membrane proteins, are re-distributed to the soma in AD
neurons [123]. It has been reported that mitochondria are uniformly distributed in the neuronal cytosol of unaffected
individuals (Figure 2(3)) while they form a ‘ring’ around the neuron nucleus in AD patients (Figure 2(4)). Perinu-
clear localization of the majority of the ER and the increased MAMs in AD patients contribute to the mitochondrial
accumulation around the perinuclear in AD. The perinuclear phenotype of mitochondria has also been reproduced
in mouse models of AD [128,129]. Interestingly, the previous studies have demonstrated that the compatible ablation
of both fusion and fission exhibits a wild-type mitochondrial morphology but also shows significantly massive mito-
chondrial DNA (mtDNA) loss, suggesting that the mitochondrial fusion and fission play essential roles in maintaining
the mitochondrial genome [130]. Genetically, high levels of mtDNA deletions that can result in COX deficiency, a
phenotype significantly present in AD patients’ cells and tissues [131]. Future research will be essential to investigate
if mtDNA deletions can be induced by MAM-mediated mitochondrial fusion and fission and by what mechanism,
ultimately developing the pathogenesis of AD.

Other mechanisms mediated by MAMs in AD pathogenesis
Autophagy can effectively clear the damaged/dead cells and long-lived protein aggregates, in normal neurons
[132]. Autophagic regulation is comprised of two complicated signaling transduction pathways including the
mTOR-dependent and mTOR-independent mechanisms, both of which are involved in the AD pathology [133,134].
Researchers have hypothesized that impaired autophagy significantly reduces the clearance of Aβ and tau deposition
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in the brain of AD patients and animal models [135]. In return, both enhanced Aβ deposit and NFTs can promote de-
fective autophagy in AD [136]. Moreover, previous reports have demonstrated that ACAT1 blockage via the ACAT1
inhibitor K604 or ACAT1 gene knockout can promote the autophagosome formation and lysosomal proteolysis in
an mTOR signaling-independent manner, ultimately facilitating the degradation of Aβ42 in AD neurons [137,138].
However, ACAT1 blockage has no effect on the total cell cholesterol content, indicating that ACAT1 blockage in-
duces autophagy through a different mechanism [139]. Because MAMs are enriched in ACAT1 protein and choles-
terol/sphingolipid, some researchers speculate that ACAT1 blockage might elevate the local cholesterol levels in the
MAMs and that this alteration may mediate the enhanced autophagic function [140]. These findings suggest MAMs
play an important role in the biogenesis of autophagosome.

Moreover, mitochondria and the ER are two the main intracellular locations for ROS generation and these ROS can
exchange at the MAMs. As such, multiple oxidative regulators are located at the MAMs, the most common of which
is p66Shc. The concentration of p66Shc, a cytosolic adaptor protein, increases at the MAMs, an observation consis-
tent with mitochondrial ROS production in age-related diseases [141]. Previous studies have revealed that p66Shc
activation renders central neuron system cells more vulnerable to Aβ toxicity via the promotion of mitochondrial
ROS production, ultimately leading to the extensive neuronal death in AD [142]. Additionally, the RNA-dependent
protein kinase (PKR)-like ER kinase (PERK) is a major ER stress sensor in the unfolded protein response, which is
enriched in the MAMs and critical for maintaining their integrity. Furthermore, PERK has the ability to facilitate ROS
exchanges between the ER and mitochondria. PERK deficiency can disturb the ER morphology and reduce ROS ex-
changes between the ER and mitochondria [143], which has been shown to attenuate neurodegeneration and memory
deficits in AD mouse models [144]. Taken together, these findings imply that MAMs play a key role in ROS-based
ER stress and the subsequent ROS-mediated mitochondrial apoptosis in AD. However, experiments are necessary for
verifying the above findings.

Conclusion
In conclusion, we believe that the evidence supports the MAMs hypothesis as the fundamental for the biochemical
and morphological phenotypes in AD as MAMs dysfunction provides an accurate explanation for early phenotypes
discovered in both FAD and SAD, including aberrant calcium regulation, elevated lipid levels, mitochondrial dys-
function, autophagy and oxidative stress, all of which precede the appearance of plaques and tangles [145]. Moreover,
alterations at the MAMs can be observed in not only neuronal cells but also non-neuronal tissues such as fibroblasts
from AD patients [146], further supporting that MAMs play an important role in the pathogenesis of AD. The MAMs
hypothesis emphasizes that plaques and tangles are not causes, but indeed, the final consequences of AD pathogene-
sis. Rather than repudiate the involvement of plaques and tangles in AD pathogenesis due to the fact that the amyloid
cascade hypothesis could not explain various events seemingly irrelevant to plaques and tangles, MAMs hypothesis
provides such explanations. In practice, perturbed MAMs function can also trigger the amyloid cascade, ultimately
contributing to the downstream accumulation of plaques and tangles. Although MAMs regulate the pathogenesis
of AD via various mechanisms, there are close interactions among these disperate mechanisms (Figure 4). Elevated
intracellular Ca2+ mediated by MAMs can lead to mitochondrial dysfunction by increasing the mPTP opening in
the mitochondria, while MAM-mediated mitochondrial dysfunction promotes the intracellular aberrant calcium in-
flux and increased MAMs activity disturbes lipid homeostasis [147]. Additionally, mitochondrial dysfunction can
increase the MAMs-mediated ROS generation, which subsequently contributes ER stress. ER stress can decrease the
formation of autophagosomes, which significantly reduces the clearance of Aβ and tau deposition in AD. In addition
to ER stress, disturbed cholesterol in MAMs via ACTA1 can also impair the autophagy. Ultimately, all of the serial
cellular damage events mediated by aberrant MAMs function can directly or indirectly lead to Aβ deposition and
NFTs formation, resulting in the neuronal dysfunction and apoptosis [148].

AD is recognized as the one of the major burden for patients, family and health-care systems in modern medicine.
Although extensive efforts have been made into the AD therapeutic research for effective drugs, namely anti-Aβ

therapies and anti-tau approaches, initial trials have produced discouraging results and the therapeutic studies are
still at an impasse. Alternative targets must be sought. The MAMs hypothesis might provide just such a therapeutic
target for the diagnosis and treatment of AD. For instance, the expression levels of ACAT1 can be used to measure the
upregulated MAMs activity in AD patients. It may be possible to take advantage of these alterations to diagnose AD far
earlier than current methodologies allow. Similarly, increased phospholipid and CEs synthesis mediated by increased
MAMs in relatively accessible cells could be used as markers for the diagnosis of AD. Furthermore, methods aimed at
recovering normal MAMs function may be more effective therapeutics than trying to eliminate the accumulation of
plaques and tangles, since they are secondary to the aberrant MAM function. The availability of reliable biomarkers

118 © 2021 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution
License 4.0 (CC BY-NC-ND).



Clinical Science (2021) 135 109–126
https://doi.org/10.1042/CS20200844

Figure 4. Schematic depiction of MAMs in AD

Altered MAMs function can directly affect the indicated pathways, including intracellular aberrant calcium, lipid homeostasis, mi-

tochondrial dysfunction, oxidative stress and autophagy. Each of which can have one or more effects that ultimately lead to the

pathologic changes in AD. Although the relative one-to-one connection between MAMs functions and AD pathologies has been

outlined, there are close interactions among those various MAMs functions. The serial events mediated by aberrant MAMs function

can ultimately result in neuronal dysfunction and apoptosis. see text for details. MAM, Mitochondria-Associated Membrane; AD,

Alzheimer’s disease; mtPTP, mitochondrial permeability transition pore; Aβ, β-amyloid; ER, endoplasmic reticulum; ROS, reactive

oxygen species; ACAT1, cholesterol acyltransferase 1.

that track MAMs functions and are associated with the clinical cognitive decline significantly enhances the likelihood
of developing the disease-improving drugs.

However, there are still questions that urgently need answers. First, although findings have demonstrated that the
functional changes in AD are primarily due to the increased ER-mitochondria communication and up-regulated
MAM function, the biochemical upstream causes of ER-mitochondrial hyper-connectivity and perturbed MAM
functions still remain a mystery. At time of writing, only a small fraction of the total molecules at the MAMs have been
identified. Therefore, further clarification and identification of the unknown molecules at the MAMs will greatly fa-
cilitate comprehension of the underlying mechanisms involved in the ER-mitochondria communication and MAMs
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functions. Conversely, the plethora of as yet unidentified targets reinforces the feasibility that targets for the main-
tenance and modulation of MAMs function will be identified and be viable as the novel potential drug targets for
future AD therapy. Second, in addition to the contacts to the ER, the mitochondria also naturally interact with other
organelles, which leads to a high risk of unnecessary organelle cross-contamination when isolating highly purified
plasma associated membrane (PAM) and MAMs fractions. Given the difficulty in researching the MAMs’ proteins
and lipid compositions, it is essential to combine microscopy visualization techniques with high-throughput pro-
teomics for further elucidation of the molecular compositions of the contacts between the mitochondria and other
organelles. Doing so will ultimately enhance the knowledgebase of MAMs and PAM functions in AD. Third, it has
been revealed that mitochondria can be linked to both smooth ER (10 nm width) and rough ER (25 nm width,
due to the steric impediment of ribosomes) [130]. Intriguingly, although previous studies have showed that up to
80% of the mitochondria are associated with rough ER [149], comparisons of protein profiles between MAMs and
smooth or rough ER membranes demonstrate that the proteins at the MAMs are more analogous to the smooth ER
than rough ER [93]. Extensive researches related to the MAMs have regularly regarded the MAMs as identical with
the diverse ER-mitochondria contact sites. However, there is no strong evidence that purified MAMs consist of all
ER-mitochondria contact sites such as rough and smooth ER. Moreover, there is yet no relevant research so far to
prove whether mitochondria-smooth ER, mitochondria-rough ER, or both play important roles in AD pathological
changes. Therefore, although the MAM hypothesis provides new ways to think about the AD diagnosis and treatment,
further studies must be developed to determine the most relevant mechanisms mediated by MAMs.
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