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Mitochondrial dysfunction and Aβ accumulation are hallmarks of Alzheimer’s disease
(AD). Decades of research describe a relationship between mitochondrial function and Aβ
production. Amyloid precursor protein (APP), of which Aβ is generated from, is found
within mitochondria. Studies suggest Aβ can be generated in mitochondria and imported
into mitochondria. APP and Aβ alter mitochondrial function, while mitochondrial function
alters Aβ production from APP. The role these interactions contribute to AD pathology
and progression are unknown. Here, we discuss prior research, the rigor of those studies,
and the critical knowledge gaps of relationships between APP, Aβ, and mitochondria.

Introduction
Amyloid beta (Aβ) plaques are a hallmark pathology of Alzheimer’s disease (AD) and are a diagnostic
requirement for AD [1,2]. Aβ is generated from cleavage of amyloid precursor protein (APP) by secre-
tase enzymes [3]. Two APP processing pathways are currently known, the amyloidogenic and the non-
amyloidogenic pathways (Figure 1). The non-amyloidogenic pathway is initiated with APP cleavage by
α-secretase (ADAM10), generating soluble APPα (sAPPα) and C-terminal fragment 83 (C83) [4]. The
γ-secretase enzyme complex cleaves C83 into p3 and the APP intracellular domain (AICD) [5]. In the
amyloidogenic pathway, APP is first cleaved by β-secretase (BACE1), generating soluble APPβ
(sAPPβ) and C-terminal fragment 99 (C99) [6]. The γ-secretase complex cleaves C99 generating Aβ
and AICD. The γ-secretase complex is composed of presenilin 1 and or 2 (PS1, PS2-catalytic
domain), anterior pharynx defective 1 (APH-1), presenilin enhancer 2 (Pen2), and Nicastrin. Cleavage
by the γ-secretase complex occurs in a proof-reading manner, generating multiple Aβ species varying
from 38 amino acids in length up to 42 amino acids [5]. Aβ42 is considered the most aggregation
prone species.
Mutations in APP and PS1/PS2 cause familial forms of AD [7]. Duplication of the APP gene, or

chromosome 21 (in down syndrome) also lead to early onset AD [8]. Transgenic animals which
express APP or PS mutations have Aβ aggregation within the brain without neuronal loss [9,10]. In
many cases, cognitive changes occur in these transgenic models prior to Aβ aggregation/plaque forma-
tion which is the opposite of what occurs in human AD [11]. Overall, familial forms of AD account
for <5% of all cases and data from transgenic models of familial AD do not recapitulate human
disease. A major issue and critical knowledge gap is a lack of understanding of the function of APP
and its processing/metabolism.
Research from the last several decades have described relationships between mitochondria, APP,

Aβ, and γ-secretase. Numerous studies have established localization of APP, Aβ, and γ-secretase at or
within mitochondria [12–20]. Conversely, association of APP and Aβ with mitochondria affects mito-
chondrial function and APP processing flux [3]. Here we will review the relationships between mito-
chondria, APP, Aβ, and APP processing.
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Relationships between APP processing and mitochondria
Both in vitro and in vivo studies describe a strong relationship between mitochondrial function and APP pro-
cessing. The first studies examined the effects of sodium azide (cytochrome oxidase or COX inhibitor) and
uncoupling of mitochondrial membrane potential using FCCP [21]. Gabuzda et al. treated COS cells with both
sodium azide and FCCP and noted the accumulation of APP C99 and APP accumulation within the Golgi.
COX inhibition alone also reduced sAPPα levels, suggesting decreased non-amyloidogenic APP processing.
Bioenergetic stress through glucose deprivation and glycolysis inhibition decreased non-amyloidogenic APP
processing [22]. Separate studies verified these findings in PC12 cells and noted that glycolysis inhibition
decreased APP glycosylation, an effect that was mitigated through protein kinase c (PKC) [23]. Furthermore,
glycolysis inhibition was found to effect APP trafficking to ER and Golgi in HEK cells [24].
Glycolysis flux and COX affect APP processing in numerous cell types. Fibroblasts from AD subjects

reduced sAPPα production under conditions of glucose starvation [25]. These effects were enhanced with COX

Figure 1. APP processing pathways.

(A) Non-amyloidogenic APP processing. First, APP is cleaved by ADAM10 leading to the production of C83 and sAPPα. Next, C83

is cleaved γ-secretase leading to the production of AICD and p3. (B) Amyloidogenic processing. First, APP is cleaved by BACE1

leading to the production of C99 and sAPPβ. Next, C99 is cleaved by γ-secretase leading to the production of AICD and Aβ.

Created using Biorender.
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inhibition. Human fetal astrocytes showed increased Aβ production with glycolysis inhibition through both
genetic knockdown of 6-phosphofructo-2-kinase/fructose-2,6-biphosphate (PFKB3) and pharmacological inhib-
ition [26]. It is important to note that glycolysis and mitochondrial respiration are inversely linked, where
decreased glycolysis can increase mitochondrial respiration. Furthermore, the downstream effects on reactive
oxygen species (ROS), mitochondrial membrane potential, and ATP production were not measured in these
studies. Overall, these initial studies depict a strong relationship between APP processing pathways and bioener-
getic flux/mitochondrial function.
In transgenic AD mouse models altering mitochondrial function through changes to ROS decreases Aβ

plaque burden. Reduced ROS production using two different methods led to a reduction in Aβ plaques with
alterations in expression of secretase enzymes and full-length APP. The first study used overexpression of a
mitochondrial targeted catalase in the Tg2576 AD mouse model, a method which targets H2O2 production
[27]. The second study used overexpression of manganese superoxide dismutase (MnSOD, SOD2) in the
Tg19959 AD mouse model, a method which targets superoxide production [28]. Overall, these studies suggest
that altering redox and ROS influences APP processing and Aβ production.
Further in vivo studies have found that altering mitochondrial function through COX can also decrease Aβ

production and plaque burden in AD transgenic mice. For example, reducing COX function through genetic
knockdown of COX10 in AD transgenic mice decreased Aβ plaque burden [29]. In human postmortem brain,
higher COX Vmax was associated with higher Aβ burden in non-demented subjects [30]. These findings are
interesting because COX Vmax and function are reduced in AD subjects both within the brain (postmortem
studies) and systemically (fibroblasts, platelets) [31–34]. Overall in vitro, in vivo, and postmortem studies depict
a strong relationship between COX function and Aβ production.
Alterations to complex I and III activity changes Aβ production both in vitro and in vivo. Human embryonic

kidney (HEK) and SH-SY5Y cells treated with complex I (rotenone) and complex III (antimycin A) inhibitors
increased both ROS and Aβ production [35]. In AD transgenic mice rotenone treatment or knockout of
Ndufs4, a component of complex I, also increased Aβ levels. Further studies have shown that mild reduction in
complex I activity reduces Aβ production and improves cognition in AD transgenic mice [36,37]. The mechan-
ism of benefit for mild complex I inhibition is thought to occur through activation of AMP-activated protein
kinase (AMPK) using a novel compound, CP2. CP2 also altered redox pairs, including NAD/NADH, AMP/
ATP, and ADP/ATP [37]. Similar effects have been observed with metformin, an anti-diabetic drug that inhi-
bits complex I and activates AMPK [38].
Mitochondrial DNA (mtDNA) influences APP processing and Aβ production. Mice which accumulate high

levels of mtDNA mutations, showed increased Aβ plaque burden [39]. A separate study created congenic trans-
genic AD mice with varying mtDNA sequences through breeding [40]. This study created C57Bl/6 mice with
mtDNA from other mouse strains including FVB/B, NOD/LtJ, and AKR/J. Altering the mtDNA sequences
changed Aβ plaque burden and plaque size, while also altering mitochondrial function. Additional work tar-
geted an endonuclease to the mitochondria, PstI in an AD transgenic mouse model. Expression of the mito-
chondrial targeted endonuclease reduced mtDNA copy number and reduced Aβ plaques and Aβ42 levels [41].
Understanding the role mtDNA may contribute to altered mitochondrial function and APP processing path-

ways requires a unique model. Cytoplasmic hybrids (cybrids) are cells which harbor a consistent nuclear DNA
background with mtDNA from donors. Cybrids are created using cells which lack mtDNA through fusion with
platelets from donors. Cybrids generated using platelets from AD subjects had increased ROS, decreased ATP,
and decreased COX activity [42–46]. AD cybrids also had increased Aβ deposits and Aβ40/Aβ42 ratios. Overall,
mtDNA could drive changes to mitochondrial function and alter APP processing pathways.
More recent studies have examined the role of specific mitochondrial changes and their relationship with

APP processing. Using SH-SY5Y cells it was found that mitochondrial membrane potential altered Aβ secretion
and APP localization to mitochondria [47]. Mitochondrial depolarization reduced Aβ secretion, but increased
intracellular Aβ and mitochondrial localized APP. Hyperpolarization of mitochondria increased Aβ secretion,
but decreased intracellular Aβ and mitochondrial localized APP. These results were verified using induced
pluripotent stem cell (iPSC) derived neurons.
Data spanning decades across in vitro, in vivo, and postmortem studies describe a strong relationship between

mitochondrial function and APP processing. Further research is needed to understand how this relationship may
drive AD pathology and cognitive dysfunction. Additional studies have described localization of APP, Aβ, and
γ-secretase at mitochondria. There is some equipoise regarding the localization of APP and γ-secretase at mito-
chondria and how this affects mitochondrial function. These studies and gaps in knowledge are discussed below.
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The effects of APP and APP processing on mitochondria
Full length APP
APP localizes to mitochondria and evidence of this has been documented across numerous studies and models
[12,15–17,47,48]. Localization of APP at mitochondria is noted in human cell culture, mouse models, and post-
mortem human brain samples. APP is associated with mitochondria and in mitochondrial associated mem-
branes (MAMs) [14,49]. MAMs are contact sites between the ER and mitochondria which regulate
mitochondrial function, calcium flux, and mitophagy.
APP is synthesized and glycosylated within the ER and its currently unknown if APP localization at mitochon-

dria is a result of direct translocation from the ER or translocation from other cell membrane components, like
the plasma membrane. Studies and evidence suggest that three positive amino acids in the N-terminus of APP do
impact its localization to mitochondria [12]. When those amino acids are mutated to neutral charged amino
acids this reduces APP mitochondrial localization. These findings are interesting and suggest APP localizes to
mitochondria based on charge-charge interactions, given the overall negative charge of the mitochondrial matrix.
More detailed studies are necessary to understand the mechanisms of APP translocation to the mitochondria.
APP localization at mitochondria alters mitochondrial function. In vitro experiments utilizing a wide variety

of transformed cell types (PC12, HCN1A, SH-SY5Y, N2a cells) have shown that wild-type (WT) APP expres-
sion reduced bioenergetic function of cells, including reduced ATP production, COX activity, and altered
calcium homeostasis [12,48,50,51]. Other studies have shown that loss of APP at mitochondria also reduces
mitochondrial function, with reduced ATP production, increased ROS, and changes to mitochondrial mem-
brane potential [52–54]. APP null mice further support that APP is important for mitochondrial function and
cognition. APP knockout (KO) mice have reduced motor performance with increased astrogliosis [55,56].
Astrocytes isolated from APP KO mice have altered calcium homeostasis with reduced mitochondrial calcium
and altered mitochondrial structure.
A highly cited study suggests APP interacts with TOM and TIM complexes [17]. The conclusion of the study

was that this interaction between APP/TOM/TIM blocks import of nuclear encoded mitochondrial proteins.
Using blue native gel electrophoresis high molecular weight complexes positive for APP, TOMM40, and TIMM23
were observed in mitochondrial fractions from postmortem human AD brain [17]. It should be noted that mito-
chondrial localized APP and these high molecular weight complexes were not observed in postmortem human
brain tissue from normal control subjects. This finding is inconsistent with other studies, which depict APP local-
ization at mitochondria in normal control human postmortem brain [57,58]. The AD postmortem brain mito-
chondria had reduced COX expression and reduced import of COX. This study did not directly show that APP
blocks import channels of mitochondria and did not directly show that APP mitochondrial localization blocks
import of nuclear encoded proteins into the mitochondria. This highlights a major knowledge gap in the field.

Soluble APP
The association of sAPP species, either sAPPα or sAPPβ with mitochondria have not been established.
However, through signaling mechanisms sAPPα indirectly modulates mitochondrial function. sAPPα exerts
neurotropic effects through phosphatidylinositol-3-kinase-Akt kinase (PI3K) and p42/p44 mitogen-activated
protein kinase (ERK1/ERK2) pathways [59]. In additional studies examining myotubes, PI3K mediated changes
to glucose uptake through altered APP processing, including sAPPα levels [60]. Furthermore, sAPPα is protect-
ive against complex I inhibition through rotenone toxicity in mice expressing WT APP. The protective mechan-
ism is likely mediated by PI3K signaling [61]. The overall neuroprotective effects of sAPPα have been reviewed
elsewhere [62]. There is a lack of research examining the direct effects of sAPP species on mitochondria and
vice versa. Fulfilling this knowledge gap is critical for the AD field.

C-terminal fragments of APP
The role of APP versus APP fragments in mitigating effects on mitochondria is not clearly understood.
Transgenic AD mouse models, including the 5X FAD model, accumulate C99 within mitochondria [16,58].
Accumulation of C99 in mitochondria resulted in reduced complex II function, increased DNA damage, and
cytochrome c release from mitochondria. When BACE1 expression was reduced mitochondrial function was
improved in the 5X FAD mouse model. In mouse embryonic fibroblasts (MEF) with PS knockout, C99 accu-
mulates in MAMs and this leads to an overall increase in MAM content [20]. C99 has also been shown to
accumulate in MAMs, and this was associated with decreased mitochondrial respiration and altered lipid
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content. Overall, the effects of C83 on mitochondria have not been investigated directly but is found within
mitochondria [58].

AICD
AICD is a 57 to 59 amino acid fragment generated from APP CTF upon γ-secretase cleavage. Studies show
that AICD can translocate to the nucleus with its coactivator, Fe65 where they modulate gene transcription.
Recently AICD has been found within mitochondria [58]. Increased expression of AICD and Fe65 reduce mito-
chondrial membrane potential, ATP production, and superoxide production [63]. The mechanism was linked
to altered actin dynamics and downstream mitochondrial morphology/distribution changes. A separate study
suggests that AICD alters PINK1 control of mitophagy and mitochondrial dynamics through altered forkhead
box O3a (FOXO3a) activity [64]. Furthermore, AICD can inhibit the transcription of
coiled-coil-helix-coiled-coil-helix domain containing 6 (CHCHD6). CHCHD6 regulates mitochondrial contact
site and cristae organization [65]. When AICD is specifically targeted to mitochondria it induces apoptosis in a
hippocampal cell line, and this effect could be rescued with antioxidants and caspase inhibitors [66]. The
effects of AICD on mitochondria are likely due to its ability to change gene transcription in the nucleus and its
localization within mitochondria. Its currently not known how AICD affects mitochondrial function, and
whether it alters mitochondrial gene transcription.

Amyloid beta (Aβ)
Aβ is also found within mitochondria across multiple model types including cell cultures, mouse models, and
postmortem human brain. The origin of mitochondrial Aβ could be a consequence of local APP processing or
through import into the mitochondria. Several studies report a functional γ-secretase complex within mito-
chondria capable of generating Aβ [13,15,19,67]. Thus far limited studies have reported BACE1 co-localization
with mitochondria in vitro [68]. Other studies have shown that Aβ is directly imported into mitochondria [18].
The first study to show that Aβ was imported into mitochondria leveraged isolated rat brain mitochondria

with exogenous Aβ [18]. Mitochondrial localized Aβ was also shown in human brain tissue using immunogold
labeling with EM. The data from this study supports a role for TOM and TIM in the import of Aβ into mito-
chondria. Additional studies have shown Aβ import into mitochondria and subsequent degradation by the
mitochondrial presequence peptidase (PreP) [69]. The interaction between Aβ and PreP can inhibit mitochon-
drial presequence processing of other mitochondrial proteins, leading to a reduction in mitochondrial peptide
turnover in the matrix [70].
Aβ affects mitochondrial function in silico, in vitro, and in vivo. Incubation of isolated mitochondria with

Aβ42 and copper lead to a dose dependent reduction in COX activity, this was associated with increased high-
molecular weight Aβ42 species [71]. In AD transgenic J20 mice, Aβ is found within mitochondria and is asso-
ciated with mitochondrial dysfunction at complex III and COX [72]. Aβ was shown to interact with
Aβ-binding alcohol dehydrogenase (ABAD) in yeast two-hybrid screens, in transgenic AD mice ( J20), and
postmortem human brain. The interaction between ABAD and Aβ reduced nicotinamide adenine dinucleotide
(NAD) binding and altered cognition in transgenic AD mice [73]. Primary neurons cultured from transgenic
AD mice overexpressing ABAD had increased ROS production, reduced ATP, and reduced COX activity [74].
Using a separate AD transgenic mouse model with mutant APP and PS1, Aβ accumulation was associated with
early mitochondrial dysfunction with increased mitophagy and autophagy [75]. Tg2576 AD mice and neuro-
blastoma cells expressing mutations in APP have Aβ localized to mitochondria [76]. These models also had
increased H2O2 production which correlated with the levels of Aβ. It was further found that COX activity was
reduced [76]. Accumulation of H2O2 and decreased COX activity were noted before Aβ plaque deposition.
Further studies have shown that Aβ can disrupt mitochondrial fission and fusion dynamics in vitro especially
through direct interactions with Drp1 [77,78].
Aβ can be generated in MAMs and oligomers of Aβ increase MAM content and mitochondrial calcium

content [79]. An active γ-secretase localizes to MAMs and reducing γ-secretase expression/activity alters MAM
number [80]. MAM numbers and function are increased in AD, which is hypothesized to increase Aβ produc-
tion and alter mitochondrial function [49]. MAMs resemble lipid rafts which would facilitate APP processing
pathways by secretase enzymes. Aβ can increase MAM number and alter calcium uptake into mitochondria
[49,81]. Post-translational modifications of APP, such as lipidation by palmitoleic acid, can alter its localization
to MAMs. Reductions in MAM content and activity was shown to reduce APP processing into Aβ, particularly
palmitoylated APP within synapses [14].
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The relationship between Aβ and mitochondrial function/MAMs has been a large focus of research within
the AD field. Despite this, most studies have focused on models which overexpress or expose cells animal
models to large amounts of exogenous Aβ. These types of models are difficult to draw firm conclusions from
regarding the endogenous function of Aβ within mitochondria. Furthermore, additional studies are required to
understand the role of mitochondrial function in Aβ production.

Concluding remarks
This review focused on studies which examined the relationship between APP, APP processing, and mitochon-
dria. The data supported by current models is outlined in Figure 2. Caution should be taken when drawing
conclusions from these current studies as discussed below and highlighted in Figure 2.

Figure 2. APP, APP fragments, and mitochondria.

Current knowledge and knowledge gaps. (A) Full-length APP and mitochondria. It is unknown if APP translocates into the

mitochondria from the ER through MAMs. It is also unknown if APP modulates MAM function. Studies suggest APP inhibits

COX (complex IV) and ATP production. Some studies suggest APP associates with TOM and TIM. These findings have not

been directly confirmed. Its also unclear the role of full-length APP versus APP fragments. (B) CTF of APP (C99) and

mitochondria. It is unknown if C99 translocates into the mitochondria or is generated within mitochondria. Studies suggest C99

inhibits complex II, lipid metabolism, damages mtDNA, and induces cytochrome c release. The role of C99 has not been

confirmed as independent from Aβ. (C) AICD and mitochondria. It is unknown if AICD translocates into the mitochondria or is

generated within mitochondria. Studies suggest AICD induces ROS and apoptosis when it is localized to mitochondria. Its

unknown how it affects mtDNA or transcription of mitochondrial genes. (D) Aβ and mitochondria. It is unknown if Aβ

translocates into the mitochondria, is generated within mitochondria, or both. Studies suggest Aβ inhibits COX, ATP

production, PreP, ABAD, Drp1, induces ROS, and increases MAM content. Created using Biorender.
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Despite decades of research there is still no consensus on the function of APP, why APP is processed to frag-
ments including Aβ, and what causes higher rates of Aβ production in AD. Mitochondrial dysfunction is
highly prevalent across AD studies and models. Mitochondrial dysfunction has been shown to alter APP pro-
cessing and Aβ production. Conversely, the production of Aβ (and other APP fragments) directly alter mito-
chondrial function. However, the role of full-length APP versus APP proteolytic fragments in altering
mitochondrial function is unknown.
A functional γ-secretase is localized within mitochondria and full-length APP and its fragments are also

found within mitochondria. Localization of APP, APP fragments, and γ-secretase to mitochondria is observed
in both normal control and AD postmortem human tissue. However, one highly cited study depicted localiza-
tion of APP within mitochondria only in AD human postmortem tissue. This study further suggested that
APP blocks the import channels of mitochondria. Many conclusions have been made based on this single
study which did not directly show that APP blocks mitochondrial protein import. It has been widely assumed
that APP localization at mitochondria is ‘bad’, but this is based on studies with APP overexpression models.
Therefore, studies with endogenous APP protein expression are required to understand the role of APP and its
fragments at mitochondria.

Perspectives
• APP processing to Aβ and mitochondrial dysfunction are observed in AD subjects and experi-

mental models. There are clear relationships between mitochondrial function, APP processing,
and Aβ.

• Currently the field has focused on Aβ causing mitochondrial dysfunction, with studies sug-
gesting APP inhibits protein import into mitochondria. Further evidence supports the process-
ing of APP to Aβ within mitochondria.

• Future research should focus on directly assessing the function of APP and Aβ at mitochon-
dria. The field should leverage models which do not overexpress or expose model systems to
high levels of exogenous proteins.
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