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Abstract: Mitochondria provide energy to neurons through oxidative phosphorylation and eliminate
Reactive Oxygen Species (ROS) through Superoxide Dismutase 1 (SOD1). Dysfunctional mitochon-
dria, manifesting decreased activity of electron transport chain (ETC) complexes and high ROS levels,
are involved in Alzheimer’s disease (AD) pathogenesis. We hypothesized that neuronal mitochon-
drial dysfunction in AD is reflected in ETC and SOD1 levels and activity in plasma neuron-derived
extracellular vesicles (NDEVs). We immunoprecipitated NDEVs targeting neuronal marker L1CAM
from two cohorts: one including 22 individuals with early AD and 29 control subjects; and another
including 14 individuals with early AD and 14 control subjects. In the first cohort, we measured
levels of complexes I, III, IV, ATP synthase, and SOD1; in the second cohort, we measured levels and
catalytic activity of complexes IV and ATP synthase. AD individuals had lower levels of complexes I
(p < 0.0001), III (p < 0.0001), IV (p = 0.0061), and V (p < 0.0001), and SOD1 (p < 0.0001) compared to
controls. AD individuals also had lower levels of catalytic activity of complex IV (p = 0.0214) and ATP
synthase (p < 0.0001). NDEVs confirm quantitative and functional abnormalities in ECT complexes
and SOD1 previously observed in AD models and during autopsy, opening the way for using them
as biomarkers for mitochondrial dysfunction in AD.

Keywords: NADH; oxidative phosphorylation; Alzheimer’s disease; mitochondria; electron trans-
port chain; Superoxide Dismutase 1; SOD1

1. Introduction

A wide range of structural and functional mitochondrial abnormalities are found in
Alzheimer’s disease (AD) (for a comprehensive review, see [1]). The main function of
mitochondria is to generate energy, mainly through oxidative phosphorylation coupled
to electron transfer across the respiratory or electron transfer chain (ETC), which consists
of complexes I through IV, and ATP synthase. In addition to production of water by com-
plete reduction of oxygen—the final recipient of electrons in the ETC—partial reduction
of oxygen may occur, generating potentially cytotoxic reactive oxygen species (ROS). The
brain is especially susceptible to oxidative injury because of its high consumption of oxy-
gen and low levels of endogenous antioxidants. Oxidative injury of brain cells by lipid
peroxidation and nucleic acid oxidation is a prominent neurodegenerative mechanism [2].
Studies investigating the mechanisms of oxidative injury in the AD brain have largely
focused on abnormalities of superoxide dismutase (SOD), a mitochondrial enzyme that
eliminates ROS [3]. The number of SOD-positive neurons is decreased in the hippocampus
and frontotemporal cortex of AD patients [4]. Interestingly, brain areas with lower density
of neurofibrillary tangles (the hallmark abnormal tau deposits in AD) and milder neuronal
loss compared to more severely affected areas, also show normal total SOD activity, sug-
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gesting that SOD activity may be counteracting tau aggregation and neurodegenerative
processes [5].

AD, like other neurodegenerative diseases, is the product of a series of inter-related
pathogenic processes that develop over decades. To study these processes in living in-
dividuals, we and others have been developing biomarkers utilizing blood extracellular
vesicles (EVs), especially a selectively immunocaptured sub-population of neuronal origin
(NDEVs) [6,7], as a form of “liquid biopsy”. In addition to biomarkers reflecting amyloido-
sis, tauopathy, neurodegeneration, and insulin resistance [6,8–11], EVs and NDEVs contain
mitochondrial cargo, including mitochondrial RNAs [12], that may be used to investigate
mitochondrial abnormalities in AD. The study of abnormalities of mitochondrial oxidative
phosphorylation and ROS elimination in living humans has recently become possible
through assessing plasma NDEV levels of ETC proteins and SOD1, a pursuit initially
undertaken in relation to psychosis [13,14].

In this study, we investigated SOD1, mitochondrial ETC complex proteins, and ATP
synthase in individuals with AD as well as control subjects by leveraging NDEVs. The
dysfunctional pattern of neuron mitochondrial electron transfer proteins in AD may be
expected to result in increased production of ROS and decreased production of ATP [15].
Therefore, we hypothesized that NDEVs of individuals with AD compared to controls have
decreased levels and activity of ETC complexes, ATP synthase and SOD1, a pattern that
was demonstrated by this study.

2. Materials and Methods
2.1. Participants

We carried out our study in two cohorts. The first cohort consisted of 22 individuals
with high-probability early AD according to the NIA-AA and IWG-2 criteria [16] who had
been evaluated extensively in the Clinical Research Unit of the U.S. National Institute on
Aging (NIA; Baltimore, MD, USA); and 29 healthy, cognitively normal controls who had
donated blood at the University of California, San Francisco (UCSF)-affiliated Jewish Home
of San Francisco (JHSF) in the same time period as the patients. Demographics and clinical
data for the two cohorts are summarized in Table 1. Individuals with AD had abnormal CSF
levels of amyloid β-peptide (Aβ) 1–42 (Aβ42) < 192 pg/mL and of P-T181-tau > 23 pg/mL
that supported their diagnosis [17]. Due to limited plasma from controls in the first cohort,
we analyzed a second cohort including a subset of 14 individuals with high-probability
early AD from the previous cohort of patients and a new set of 14 age- and sex-matched
healthy, cognitively normal controls from NIA clinical studies (also Table 1). Performance
and procedures of all studies were approved by the NIH (Protocols 10AG0423, approved
through 27 October 2022; and 03-AG-0325, approved through 5 October 2022) or for the
JHSF by the UCSF Institutional Review Boards (Protocol 11-05562, approved through
25 July 2022) and all participants signed approved Consent Forms.

Table 1. Demographics and clinical data.

First Cohort Second Cohort
Control AD Control AD

Age 73.4 ± 2.11 73.2 ± 1.65 73.1 ± 2.11 73.1 ± 2.36
Sex (F/M) 13/9 17/12 7/7 7/7

MMSE 28–30 23–26 - 18–30
ADAS-Cog

(21−23) 0–5 10–16 - 5–25

CDR 0.0 0.5–1.0 - 0.5–1.0

2.2. Isolation of Neuron-Derived EVs (NDEVs)

Aliquots of 0.25 mL plasma were incubated with 0.1 mL of thromboplastin D (Ther-
moFisher Scientific, Waltham, MA, USA) for 30 min at room temperature, followed by
addition of 0.15 mL of calcium- and magnesium-free Dulbecco’s balanced salt solution
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(DBS) with protease inhibitor cocktail (Roche, Indianapolis, IN, USA) and phosphatase
inhibitor cocktail (Thermo Fisher Scientific; DBS++) as described in [7,18]. After centrifu-
gation at 3000× g for 30 min at 4 ◦C, total particles were precipitated with 126 µL per
tube of ExoQuick (System Biosciences, Mountain View, CA, USA) and centrifugation at
1500× g for 30 min at 4 ◦C. To isolate the enriched subpopulation of NDEVs, total EVs were
resuspended in 0.35 mL of DBS and incubated for 60 min at room temperature with 2.0 µg
of mouse anti-human CD171 (L1CAM neural adhesion protein) biotinylated antibody
(clone 5G3; eBiosciences, San Diego, CA, USA) in 50 µL of 3% bovine serum albumin (BSA;
1:3.33 dilution of Blocker BSA 10% solution in DBS; ThermoFisher Scientific) per tube with
mixing for 60 min, followed by addition of 10 µL of streptavidin agarose Ultralink resin
(ThermoFisher Scientific, Waltham, MA, USA) in 40 µL of 3% BSA and incubation for
30 min at room temperature with mixing. After centrifugation at 800× g for 10 min at
4 ◦C and removal of the supernatant, each pellet was suspended in 100 µL of cold 0.05 M
glycine-HCl (pH 3.0) by gentle mixing for 10 s and centrifuged at 4000× g for 10 min, all at
4 ◦C. Supernatants then were transferred to clean tubes containing 25 µL of 10% BSA and
10 µL of 1 M Tris-HCl (pH 8.0) and mixed gently. An aliquot of 5 µL was removed from
each tube for EV counts before addition of 370 µL of mammalian protein extraction reagent
(M-PER; ThermoFisher Scientific, Waltham, MA, USA). Resultant 0.5 mL lysates of NDEVs
were stored at −80 ◦C.

2.3. NDEV Characterization

To determine size and number of NDEVs, each 5 µL suspension was diluted 1:50
in PBS and suspensions were determined by nanoparticle tracking analysis (NTA) using
the Nanosight NS500 system with a G532 nm laser module and NTA 3.1 nanoparticle
tracking software (Malvern Instruments, Malvern, UK). Camera settings were as follows:
gain 366; shutter 31.48; and frame rate 24.9825 frames/s. Brownian motion was captured
by performing 5 repeated 60 s video recordings.

The protein concentrations of lysed NDEVs were quantified with the Pierce Coomassie
reagent (ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s
manual. For Western Blotting, samples were resolved on NuPAGE 4–12% Bis-Tris gels
(ThermoFisher Scientific, Waltham, MA, USA). Proteins were transferred using iBlot 2
on PVDF membranes (ThermoFisher Scientific, Waltham, MA, USA). Membranes were
blocked with 5% non-fat milk in TBS-T for 1 hr at RT. Membranes were incubated with
Alix (1:1000; NBP1-90201; Novus Biologicals, Centennial, CO, USA), CD9 (1:500; #312102;
Biolegend, San Diego, CA, USA), GM130 (Abcam, Inc., Cambridge, MA, USA; ab52649:
1:1000), and ApoA1 (R&D Systems, Minneapolis, MN, USA; AF3664; 1:500) overnight at
4 ◦C. Anti-mouse, anti-Rabbit, and anti-Goat HRP conjugated secondary antibodies (Cell
Signaling, Danver, MA, USA; 1:3000) were used. Images were captured with Sapphire
Biomolecular Imager (Azure Biosystems, Dublin, CA USA) using Amersham ECL Prime
Western Blotting Detection Reagent (GE Healthcare, Silver Spring, MD, USA).

2.4. Quantification of NDEV Proteins

NDEV proteins were quantified by enzyme-linked immunosorbent assay (ELISA) kits
for human tetraspanin exosome marker CD81, SOD1 (superoxide dismutase 1)(Ray Biotech,
Norcross, GA, USA), subunit 1 of complex I (NADH-ubiquinone oxidoreductase)(DL-
Develop Corp. by American Research Products; Waltham, MA, USA), subunit 6 of complex
I (NADH-ubiquinone oxidoreductase)(Cusabio Technology by American Research Prod-
ucts, Waltham, MA, USA), subunit 10 of complex III (cytochrome b-c1 oxidase) (Abbkine,
Inc. by American Research Products; Waltham, MA, USA), subunit 1 of complex IV (cy-
tochrome C oxidase)(Cloud-Clone Corp by American Research Products Waltham, MA,
USA), and ATP synthase (Abcam, Inc., Cambridge, MA, USA). The mean value for CD81
in each group was set at 1.00, and relative values of CD81 for each sample were used to
normalize their recovery.
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2.5. Measurement of ATP Synthase and Complex IV Activity

To explore functional correlates of differences in concentration, we sought to investi-
gate the activity of complex IV and ATP synthase in NDEVs (prioritizing ATP synthase
activity given limited sample availability for the first cohort). For the first cohort, ATP
synthase activity in NDEVs was measured using a commercial assay kit (Abcam, Inc.,
Cambridge, MA, USA; ab109714), in which ATP synthase was immunocaptured and its
catalytic activity based on conversion of NADH to NAD+ was quantified. The mean values
for ATP synthase activity in the first cohort were normalized to values of CD81.

To ensure that results were robust to the method of normalization and determine
specific activity per amount of protein, in the second cohort, ATP synthase activity in
NDEVs was measured using a slightly different assay (Abcam, Inc., Cambridge, MA, USA;
ab109716). In this assay, immunocaptured ATP synthase was first measured for its NADH
to NAD+ conversion activity, then followed by ELISA to measure its quantity in the same
assay kit wells. The mean values for all determinations of ATP synthase activity were then
normalized to values of ATP synthase quantity.

Due to limited sample availability, complex IV activity was measured only in the
second cohort using a commercial assay (Abcam, Inc., Cambridge, MA, USA; ab109910). In
this assay, the activity of immunocaptured complex IV was first measured for oxidation of
reduced cytochrome c, then followed by ELISA for its quantity in the same samples. The
mean values for all determinations of complex IV activity were then normalized to values
of complex IV quantity.

3. Results
3.1. NDEV Characterization

Mean ± S.E.M. concentration of NDEVs in immuno-selected suspensions were 137
± 5.16 × 109/mL for controls and 132 ± 4.78 × 109/mL for AD individuals. NDEVs of
controls and AD individuals were of similar diameters ranging from 70 to 118 nm. CD81
levels showed no differences between controls and AD individuals at 1250 ± 126 pg/mL
and 1532 ± 78.9 pg/mL, respectively. The neuronal marker neuron-specific enolase mea-
sured in NDEVs extracts confirmed a high degree of neuronal cargo enrichment, with a
mean ± S.E.M. of 5816 ± 142 pg/mL in controls and 6049 ± 153 pg/mL in AD individuals,
more than ten-fold higher than levels previously observed in astrocyte-derived exosome
extracts [19]. Representative NTA analysis profile of NDEVs shows a size distribution
typical of exosomes and microvesicles (Figure 1A). Immunoblotting analysis of NDEVs
shows the enrichment of EV markers Alix and CD9, confirming that isolated particles
are EVs (Figure 1B). Furthermore, the reduction in Apolipoprotein A1 shows that NDEV
isolation by immunoprecipitation against L1CAM reduced lipoprotein particles in EV
samples and Golgi marker GM130 (Figure 1B).
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3.2. NDEV Mitochondrial Proteins

CD81-normalized NDEV levels of SOD1 levels were lower in AD individuals than
controls (Figure 2A; p < 0.001). CD81-normalized NDEV levels of complexes I (subunits
1 and 6), III and IV, as well as ATP synthase (complex V) all were significantly lower in
AD than controls (Figure 2B–F; for complexes I, III, and V, p < 0.0001; for complex IV,
p = 0.0061).
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Figure 2. Levels of SOD1 and constituents of the mitochondrial oxidative phosphorylation system
in plasma NDEVs of control and AD. Each data point represents the value for one study partic-
ipant. The mean ± S.E.M. of control and AD groups, respectively, were 2252 ± 313 pg/mL and
769 ± 96 pg/mL, p < 0.001, for SOD1 (A); 1254 ± 135 pg/mL and 306 ± 40 pg/mL, p < 0.001,
for subunit 1 of complex I (B); 972 ± 116 pg/mL and 558 ± 85 pg/mL, p < 0.01, for subunit
6 of complex I (C); 1692 ± 153 pg/mL and 399 ± 24 pg/mL, p < 0.001, for subunit 10 of com-
plex III (D); 6209 ± 752 pg/mL and 3647 ± 513 pg/mL, p < 0.01, for subunit 1 of complex IV (E);
4863 ± 213 pg/mL and 2762 ± 221 pg/mL, p < 0.001, for ATP synthase (F). All values were normal-
ized for content of the exosome marker CD81. Statistical significance of differences in values between
control and AD groups were calculated by two sample t tests.

We next measured the activity of ATP synthase and complex IV. As shown in Figure 3A,B,
the activity of ATP synthase was consistently lower in AD than controls in both cohorts
(p < 0.05, p < 0.001, respectively). Moreover, this result held whether activity was normalized
by CD81 (i.e., activity per EV cargo) in the first cohort, or by quantity in the same assay kit
wells (i.e., activity per amount of ATP synthase). The activity of complex IV in the NDEVs
(which was evaluated in the second cohort and was normalized by quantity in the same assay
kit wells) was also significantly lower in AD than controls (Figure 3C; p < 0.05).



Biomedicines 2021, 9, 1587 6 of 10

Biomedicines 2021, 9, x FOR PEER REVIEW 6 of 11 
 

153 pg/mL and 399 ± 24 pg/mL, p < 0.001, for subunit 10 of complex III (D); 6209 ± 752 pg/mL and 
3647 ± 513 pg/mL, p < 0.01, for subunit 1 of complex IV (E); 4863 ± 213 pg/mL and 2762 ± 221 pg/mL, 
p < 0.001, for ATP synthase (F). All values were normalized for content of the exosome marker CD81. 
Statistical significance of differences in values between control and AD groups were calculated by 
two sample t tests. 

We next measured the activity of ATP synthase and complex IV. As shown in Figure 
3 (A, B), the activity of ATP synthase was consistently lower in AD than controls in both 
cohorts (p < 0.05, p < 0.001, respectively). Moreover, this result held whether activity was 
normalized by CD81 (i.e., activity per EV cargo) in the first cohort, or by quantity in the 
same assay kit wells (i.e., activity per amount of ATP synthase). The activity of complex 
IV in the NDEVs (which was evaluated in the second cohort and was normalized by quan-
tity in the same assay kit wells) was also significantly lower in AD than controls (Figure 
3C; p < 0.05). 

 
Figure 3. Activity of the mitochondrial oxidative phosphorylation proteins in plasma NDEVs of 
control and AD. Each data point represents the value for one study participant. (A), cohort 1; (B,C), 
cohort 2. The numbers of study participants are indicted on the graphs. The mean ± S.E.M. of control 
and AD groups, respectively, was 0.129 ± 0.015 and 0.088 ± 0.009, p < 0.05, for ATP synthase, cohort 
1 (A); 0.009 ± 0.001 and 0.003 ± 0.0002, p < 0.001, for ATP synthase, cohort 2 (B); 0.013 ± 0.004 and 
0.001 ± 0.0003, p < 0.05, for complex IV (C). Values in (A) were normalized for content of the EV 
marker CD81. Values in (B,C) were normalized for quantity of the respective protein that was de-
termined within the same assay (see Methods). Statistical significance of differences in values be-
tween control and AD groups were calculated by two sample t tests. 

4. Discussion 
Over the past year it has become clear that EVs contain mitochondrial components 

ranging from DNA and RNA to proteins [12,19–21]. We now recapitulate this conclusion 
in the context of NDEVs from the plasma of AD patients. Specifically, we demonstrate the 
presence of mitochondrial ETC proteins, ATP synthase, and SOD1 in plasma NDEVs and 
show that levels of these mitochondrial proteins in NDEVs are distinctly different be-
tween AD and control subjects. Furthermore, we assessed the activities of some of the 
electron transport chain proteins, complexes IV and ATP synthase, and demonstrate de-
creased catalytic activity of ATP synthase and complex IV in NDEVs of AD patients. We 
hope that our study opens a way for bridging the translational gap between mitochondrial 
biology, typically studied in vitro, ex vivo, and in animal models, and clinical studies in 
AD. 

Our findings are largely consistent with several recent studies showing mitochon-
drial proteins in EVs. In EVs isolated from neuronal cell line SH-SY5Y and human plasma, 
mitochondrial matrix protein citrate synthase and mitochondrial outer membrane protein 
VDAC are detectable [21]. Brain tissue derived EVs from Down syndrome human and 
mouse models are enriched for all ETC complexes [19]. Moreover, proteomic analysis of 

Figure 3. Activity of the mitochondrial oxidative phosphorylation proteins in plasma NDEVs of
control and AD. Each data point represents the value for one study participant. (A), cohort 1; (B,C),
cohort 2. The numbers of study participants are indicted on the graphs. The mean ± S.E.M. of
control and AD groups, respectively, was 0.129 ± 0.015 and 0.088 ± 0.009, p < 0.05, for ATP synthase,
cohort 1 (A); 0.009 ± 0.001 and 0.003 ± 0.0002, p < 0.001, for ATP synthase, cohort 2 (B); 0.013 ± 0.004
and 0.001 ± 0.0003, p < 0.05, for complex IV (C). Values in (A) were normalized for content of the
EV marker CD81. Values in (B,C) were normalized for quantity of the respective protein that was
determined within the same assay (see Methods). Statistical significance of differences in values
between control and AD groups were calculated by two sample t tests.

4. Discussion

Over the past year it has become clear that EVs contain mitochondrial components
ranging from DNA and RNA to proteins [12,19–21]. We now recapitulate this conclusion
in the context of NDEVs from the plasma of AD patients. Specifically, we demonstrate the
presence of mitochondrial ETC proteins, ATP synthase, and SOD1 in plasma NDEVs and
show that levels of these mitochondrial proteins in NDEVs are distinctly different between
AD and control subjects. Furthermore, we assessed the activities of some of the electron
transport chain proteins, complexes IV and ATP synthase, and demonstrate decreased
catalytic activity of ATP synthase and complex IV in NDEVs of AD patients. We hope that
our study opens a way for bridging the translational gap between mitochondrial biology,
typically studied in vitro, ex vivo, and in animal models, and clinical studies in AD.

Our findings are largely consistent with several recent studies showing mitochondrial
proteins in EVs. In EVs isolated from neuronal cell line SH-SY5Y and human plasma,
mitochondrial matrix protein citrate synthase and mitochondrial outer membrane protein
VDAC are detectable [21]. Brain tissue derived EVs from Down syndrome human and
mouse models are enriched for all ETC complexes [19]. Moreover, proteomic analysis of
EVs isolated from the media of cultured rodent hippocampal neurons show the presence
of multiple subunits of several ETC complexes [20]. The findings of this study agree with
a growing body of literature that implicates structural and functional mitochondrial ab-
normalities in AD [1]. The pattern of low levels of complexes I, III, IV, and ATP synthase
observed here has already been documented in a proteomic study of frozen brain tissues
of AD patients and controls, which revealed decreased levels of complexes I, III and ATP
synthase early in the course of AD, although decreased levels of IV were only seen at
later stages of AD [15]. Interestingly, we found complex IV level to be depressed, but not
as depressed as those of complex I and III, or ATP synthase; given that these findings
were derived from comparing control subjects with individuals with early AD, the relative
preservation of complex IV is consistent with these earlier findings [15]. A relative imbal-
ance between higher complex IV levels and more diminished complex V levels putatively
favors partial rather than complete O2 reduction and ROS generation. Intriguingly, an
early study showed that neurons demonstrating increased oxidative damage in AD have a
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striking and significant increase in cytochrome oxidase [22]. Moreover, the mitochondrial
level of complex IV has been linked functionally to low synaptic connectivity [23], which is
increasingly being identified as a core feature of AD pathogenesis [24]. miRNA-mediated
knockdown of complex IV in cultured rat primary neurons and in vivo in rats results in
lower levels of inhibitory and excitatory synaptic markers with concomitant decreases in
synaptic connectivity [23]. Moreover, the present study readily quantified catalytic activity
for various ETC complexes in NDEVs, whereas others have been unable to do so in total
plasma EVs [21]. Whether the NDEV immunoselection protocol followed here provided us
with higher levels of intact proteins compared to other methodologies should be clarified
by future research. Finally, the decrease in SOD1 levels seen in NDEVs is consistent with
results of analyses of SOD1 levels in brain tissues of animal models of AD [25,26].

Aggregating proteins involved in AD, Parkinson’s disease, and other neurodegener-
ative diseases are induced by and interact with ROS [27,28]. Specifically, neurotoxic Aβ

peptides decrease levels and activities of complexes I, II, and IV and enhance generation
of ROS, whereas, reciprocally, ROS stimulates production of Aβ [1,29,30]. Additionally,
Aβ colocalizes with the α-subunit of ATP synthase in the hippocampus and cortex of AD
mice models and this interaction has been also shown in the plasma membrane, which
results in reduced extracellular ATP levels leading to reduced long-term potentiation (LTP)
and increased long-term depression (LTD) at synapses [31]. Moreover, inhibiting oxidative
metabolism promotes amyloidogenic cleavage of amyloid precursor protein (APP) [1,32].
Aβ and ROS synergistically damage synapses, activate microglia and neuroinflammation,
and impair functions of the cerebral microvasculature and the blood brain barrier [1,30,33].
In human cultured neural cells, cytoplasmic SOD1 binds to intracellular Aβ forming
perinuclear complexes manifesting reduced SOD1 activity [34]. In AD mouse models,
SOD1 deficiency promotes Aβ oligomerization and cognitive/behavioral impairment,
whereas SOD1 supplementation decreases progression of AD pathology and improves
cognition [35,36].

Previous research has shown that mitochondria may act as sinks and sites of degrada-
tion for aggregation-prone proteins [1]. Diminished levels and activities of mitochondrial
proteins in NDEVs may correspond to decreases in functional mitochondria in their orig-
inating neurons favoring pathogenic protein aggregation. On the other hand, Aβ and
tau pathologies affect mitochondrial dynamics. In a mouse model of AD, tau aggrega-
tion disrupts the distribution of mitochondria to neurites leading to axonal and synaptic
degeneration; this pattern is also observed in post-mortem brain samples from AD in-
dividuals [37]. Furthermore, hyperphosphorylated tau can disrupt the balance between
mitochondrial fission and fusion leading to synaptic degeneration [38].

In a previous study, we demonstrated the presence of all mitochondrial RNAs (tRNAs,
mRNAs, and rRNAs) in circulating total EVs and showed (by RNA sequencing confirmed
by RT-qPCR) that individuals with AD have higher levels of all mitochondrial RNAs
compared to controls [12]. Findings were further confirmed for NDEVs from cultured
cells challenged by Aβ [12], although the need for high RNA levels for reliable RNA
sequencing prevented us from examining mitochondrial RNAs in circulating NDEVs.
Since then, the presence of multiple mitochondrial RNAs in EVs has been confirmed by
others [21]. Intriguingly, the direction of difference observed for RNAs is the opposite
from the one observed for mitochondrial proteins in the present study. This raises the
possibility that different mitochondrial molecules may be sorted differently into EVs (or
even into different EV subclasses), representing true cargo and not contaminant [21]. It is
tempting to speculate that RNAs located in the mitochondrial matrix may be sorted out
differently into endosomes than ETC and SOD1 proteins and that these mechanisms may
be differentially affected by AD. In that regard, we recently demonstrated that neuronal
mitochondria produce single and double membrane-containing protrusions of various
morphologies, likely to result in the generation of vesicles [39]. These vesicles reach other
vesicular intracellular compartments likely including the lysosome and recycling and late
endosome [39], which is the site of biogenesis of exosomes. Although we do not readily



Biomedicines 2021, 9, 1587 8 of 10

ascribe to the use of the term “mitovesicles” to refer to a putative distinct sub-population of
double-membranous EVs [19], since the term may create confusion with vesicles generated
by mitochondria and that remaining intracellular [39], the presence of mitochondrial cargos
in EVs is beyond doubt [21].

The main limitations of this study are the facts that it involved two rather small
cohorts and only included patients with early AD (phenotypically, at the MCI and mild
dementia stages). Therefore, conclusions may not generalize to other stages of the disease
and findings should be replicated in larger cohorts spanning the entire AD pathogenic
spectrum. However, this study was based on high-quality cohorts, since it included patients
meeting criteria for high-probability AD based on CSF biomarkers, whereas controls (at
least in the second cohort) have been followed longitudinally and have maintained normal
cognitive status over time. Moreover, we view the fact that findings were consistent
across two cohorts with different ranges of MMSE and ADAS-cog as a strength, since it
suggests that abnormalities may occur across a wide range of clinical AD. Furthermore, the
current study was limited in the scope of mitochondrial abnormalities with relevance to AD
pathogenesis it examined. However, we hope that our work will serve as a primer for many
broad-scoped and in-depth studies in understanding mitochondrial abnormalities in AD
and Parkinson’s disease. For instance, future studies may wish to investigate the presence
of the nuclear factor erythroid 2-related factor (NRF2/Nrf2) in NDEVs, since this ‘master
regulator of cellular anti-oxidant response’ may be critical in mitigating AD pathogenic
cascades [40], whereas it shows nuclear localization associated with the development of
a-synuclein pathology in Parkinson’s disease [41].

It is already widely accepted that a conceptualization of AD as amyloidosis, tauopathy,
and neurodegeneration (ATN) is overly restrictive; the incorporation of mitochondrial
biomarkers into the canon of AD biomarkers may further improve its overall reliability
for diagnosis and monitoring of disease activity across different stages of AD. Ultimately,
in vivo detection and tracking of mitochondrial dysfunction with NDEVs may improve our
understanding of the role metabolic abnormalities play in the evolution of AD and may help
identify subgroups of AD patients for whom mitochondrial abnormalities are particularly
important. Such individuals may be selected for clinical trials of the evolving therapeutic
approaches that intend to rectify mitochondrial and other metabolic abnormalities in
AD [42], bringing us even closer to the development of precision medicine for the disease.

Author Contributions: Conceptualization, E.J.G. and D.K.; methodology, P.J.Y., E.E., E.J.G. and D.K;
investigation, E.J.G., P.J.Y. and E.E.; resources, E.J.G. and D.K.; data curation, P.J.Y., E.E., E.J.G. and
D.K; writing—original draft preparation, E.J.G., D.K. and P.J.Y.; writing—review and editing, P.J.Y.,
E.E., E.J.G. and D.K.; supervision, E.J.G. and D.K. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was supported by the Intramural Research Program of the National Institute
on Aging, National Institutes of Health.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Institutional Review Boards (or Ethics Committee) of
the NIH and (for JHSF samples) UCSF.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: Goetzl has pending patent applications covering the basic exosome methods
used in this publication. For the remaining authors, no competing financial interests exist.



Biomedicines 2021, 9, 1587 9 of 10

References
1. Swerdlow, R.H. Mitochondria and Mitochondrial Cascades in Alzheimer’s Disease. J. Alzheimers Dis. 2018, 62, 1403–1416.

[CrossRef] [PubMed]
2. Wang, X.; Wang, W.; Li, L.; Perry, G.; Lee, H.G.; Zhu, X. Oxidative stress and mitochondrial dysfunction in Alzheimer’s disease.

Biochim. Biophys. Acta 2014, 1842, 1240–1247. [CrossRef]
3. Massaad, C.A.; Pautler, R.G.; Klann, E. Mitochondrial superoxide: A key player in Alzheimer’s disease. Aging 2009, 1, 758–761.

[CrossRef] [PubMed]
4. Cao, K.; Dong, Y.T.; Xiang, J.; Xu, Y.; Hong, W.; Song, H.; Guan, Z.Z. Reduced expression of SIRT1 and SOD-1 and the correlation

between these levels in various regions of the brains of patients with Alzheimer’s disease. J. Clin. Pathol. 2018, 71, 1090–1099.
[CrossRef]

5. Youssef, P.; Chami, B.; Lim, J.; Middleton, T.; Sutherland, G.T.; Witting, P.K. Evidence supporting oxidative stress in a moderately
affected area of the brain in Alzheimer’s disease. Sci. Rep. 2018, 8, 11553. [CrossRef] [PubMed]

6. Fiandaca, M.S.; Kapogiannis, D.; Mapstone, M.; Boxer, A.; Eitan, E.; Schwartz, J.B.; Abner, E.L.; Petersen, R.C.; Federoff, H.J.;
Miller, B.L.; et al. Identification of preclinical Alzheimer’s disease by a profile of pathogenic proteins in neurally derived blood
exosomes: A case-control study. Alzheimers Dement. 2015, 11, 600–607.e1. [CrossRef]

7. Mustapic, M.; Eitan, E.; Werner, J.K., Jr.; Berkowitz, S.T.; Lazaropoulos, M.P.; Tran, J.; Goetzl, E.J.; Kapogiannis, D. Plasma
Extracellular Vesicles Enriched for Neuronal Origin: A Potential Window into Brain Pathologic Processes. Front. Neurosci. 2017,
11, 278. [CrossRef]

8. Eren, E.; Hunt, J.F.V.; Shardell, M.; Chawla, S.; Tran, J.; Gu, J.; Vogt, N.M.; Johnson, S.C.; Bendlin, B.B.; Kapogiannis, D. Extracellular
vesicle biomarkers of Alzheimer’s disease associated with sub-clinical cognitive decline in late middle age. Alzheimers Dement.
2020, 16, 1293–1304. [CrossRef] [PubMed]

9. Kapogiannis, D.; Boxer, A.; Schwartz, J.B.; Abner, E.L.; Biragyn, A.; Masharani, U.; Frassetto, L.; Petersen, R.C.; Miller, B.L.;
Goetzl, E.J. Dysfunctionally phosphorylated type 1 insulin receptor substrate in neural-derived blood exosomes of preclinical
Alzheimer’s disease. FASEB J. 2015, 29, 589–596. [CrossRef] [PubMed]

10. Kapogiannis, D.; Mustapic, M.; Shardell, M.D.; Berkowitz, S.T.; Diehl, T.C.; Spangler, R.D.; Tran, J.; Lazaropoulos, M.P.; Chawla,
S.; Gulyani, S.; et al. Association of Extracellular Vesicle Biomarkers With Alzheimer Disease in the Baltimore Longitudinal Study
of Aging. JAMA Neurol. 2019, 76, 1340–1351. [CrossRef]

11. Walker, K.A.; Chawla, S.; Nogueras-Ortiz, C.; Coresh, J.; Sharrett, A.R.; Wong, D.F.; Jack, C.R., Jr.; Spychalla, A.J.; Gottesman,
R.F.; Kapogiannis, D. Neuronal insulin signaling and brain structure in nondemented older adults: The Atherosclerosis Risk in
Communities Study. Neurobiol. Aging. 2021, 97, 65–72. [CrossRef]

12. Kim, K.M.; Meng, Q.; Perez de Acha, O.; Mustapic, M.; Cheng, A.; Eren, E.; Kundu, G.; Piao, Y.; Munk, R.; Wood, W.H., 3rd; et al.
Mitochondrial RNA in Alzheimer’s Disease Circulating Extracellular Vesicles. Front. Cell Dev. Biol. 2020, 8, 581882. [CrossRef]

13. Goetzl, E.J.; Srihari, V.H.; Guloksuz, S.; Ferrara, M.; Tek, C.; Heninger, G.R. Decreased mitochondrial electron transport proteins
and increased complement mediators in plasma neural-derived exosomes of early psychosis. Transl. Psychiatry 2020, 10, 361.
[CrossRef]

14. Goetzl, E.J.; Srihari, V.H.; Guloksuz, S.; Ferrara, M.; Tek, C.; Heninger, G.R. Neural cell-derived plasma exosome protein
abnormalities implicate mitochondrial impairment in first episodes of psychosis. FASEB J. 2021, 35, e21339. [CrossRef]

15. Adav, S.S.; Park, J.E.; Sze, S.K. Quantitative profiling brain proteomes revealed mitochondrial dysfunction in Alzheimer’s disease.
Mol. Brain. 2019, 12, 8. [CrossRef] [PubMed]

16. Sperling, R.A.; Aisen, P.S.; Beckett, L.A.; Bennett, D.A.; Craft, S.; Fagan, A.M.; Iwatsubo, T.; Jack, C.R., Jr.; Kaye, J.; Montine,
T.J.; et al. Toward defining the preclinical stages of Alzheimer’s disease: Recommendations from the National Institute on
Aging-Alzheimer’s Association workgroups on diagnostic guidelines for Alzheimer’s disease. Alzheimers Dement. 2011, 7,
280–292. [CrossRef] [PubMed]

17. Shaw, L.M.; Vanderstichele, H.; Knapik-Czajka, M.; Clark, C.M.; Aisen, P.S.; Petersen, R.C.; Blennow, K.; Soares, H.; Simon, A.;
Lewczuk, P.; et al. Cerebrospinal fluid biomarker signature in Alzheimer’s disease neuroimaging initiative subjects. Ann. Neurol.
2009, 65, 403–413. [CrossRef]

18. Goetzl, E.J.; Kapogiannis, D.; Schwartz, J.B.; Lobach, I.V.; Goetzl, L.; Abner, E.L.; Jicha, G.A.; Karydas, A.M.; Boxer, A.; Miller,
B.L. Decreased synaptic proteins in neuronal exosomes of frontotemporal dementia and Alzheimer’s disease. FASEB J. 2016, 30,
4141–4148. [CrossRef]

19. D’Acunzo, P.; Perez-Gonzalez, R.; Kim, Y.; Hargash, T.; Miller, C.; Alldred, M.J.; Erdjument-Bromage, H.; Penikalapati, S.C.;
Pawlik, M.; Saito, M.; et al. Mitovesicles are a novel population of extracellular vesicles of mitochondrial origin altered in Down
syndrome. Sci. Adv. 2021, 7, eabe5085. [CrossRef]

20. Vilcaes, A.A.; Chanaday, N.L.; Kavalali, E.T. Interneuronal exchange and functional integration of synaptobrevin via extracellular
vesicles. Neuron 2021, 109, 971–983.e5. [CrossRef] [PubMed]

21. Wang, X.; Weidling, I.; Koppel, S.; Menta, B.; Perez Ortiz, J.; Kalani, A.; Wilkins, H.M.; Swerdlow, R.H. Detection of mitochondria-
pertinent components in exosomes. Mitochondrion 2020, 55, 100–110. [CrossRef] [PubMed]

22. Hirai, K.; Aliev, G.; Nunomura, A.; Fujioka, H.; Russell, R.L.; Atwood, C.S.; Johnson, A.B.; Kress, Y.; Vinters, H.V.; Tabaton, M.;
et al. Mitochondrial abnormalities in Alzheimer’s disease. J. Neurosci. 2001, 21, 3017–3023. [CrossRef]

http://doi.org/10.3233/JAD-170585
http://www.ncbi.nlm.nih.gov/pubmed/29036828
http://doi.org/10.1016/j.bbadis.2013.10.015
http://doi.org/10.18632/aging.100088
http://www.ncbi.nlm.nih.gov/pubmed/20157564
http://doi.org/10.1136/jclinpath-2018-205320
http://doi.org/10.1038/s41598-018-29770-3
http://www.ncbi.nlm.nih.gov/pubmed/30068908
http://doi.org/10.1016/j.jalz.2014.06.008
http://doi.org/10.3389/fnins.2017.00278
http://doi.org/10.1002/alz.12130
http://www.ncbi.nlm.nih.gov/pubmed/32588967
http://doi.org/10.1096/fj.14-262048
http://www.ncbi.nlm.nih.gov/pubmed/25342129
http://doi.org/10.1001/jamaneurol.2019.2462
http://doi.org/10.1016/j.neurobiolaging.2020.09.022
http://doi.org/10.3389/fcell.2020.581882
http://doi.org/10.1038/s41398-020-01046-3
http://doi.org/10.1096/fj.202002519R
http://doi.org/10.1186/s13041-019-0430-y
http://www.ncbi.nlm.nih.gov/pubmed/30691479
http://doi.org/10.1016/j.jalz.2011.03.003
http://www.ncbi.nlm.nih.gov/pubmed/21514248
http://doi.org/10.1002/ana.21610
http://doi.org/10.1096/fj.201600816R
http://doi.org/10.1126/sciadv.abe5085
http://doi.org/10.1016/j.neuron.2021.01.007
http://www.ncbi.nlm.nih.gov/pubmed/33513363
http://doi.org/10.1016/j.mito.2020.09.006
http://www.ncbi.nlm.nih.gov/pubmed/32980480
http://doi.org/10.1523/JNEUROSCI.21-09-03017.2001


Biomedicines 2021, 9, 1587 10 of 10

23. Kriebel, M.; Ebel, J.; Battke, F.; Griesbach, S.; Volkmer, H. Interference With Complex IV as a Model of Age-Related Decline in
Synaptic Connectivity. Front. Mol. Neurosci. 2020, 13, 43. [CrossRef] [PubMed]

24. Prokopenko, D.; Morgan, S.L.; Mullin, K.; Hofmann, O.; Chapman, B.; Kirchner, R.; Alzheimer’s Disease Neuroimaging, I.;
Amberkar, S.; Wohlers, I.; Lange, C.; et al. Whole-genome sequencing reveals new Alzheimer’s disease-associated rare variants in
loci related to synaptic function and neuronal development. Alzheimers Dement. 2021, 17, 1509–1527. [CrossRef] [PubMed]

25. Mota, S.I.; Costa, R.O.; Ferreira, I.L.; Santana, I.; Caldeira, G.L.; Padovano, C.; Fonseca, A.C.; Baldeiras, I.; Cunha, C.; Letra, L.;
et al. Oxidative stress involving changes in Nrf2 and ER stress in early stages of Alzheimer’s disease. Biochim. Biophys. Acta 2015,
1852, 1428–1441. [CrossRef]

26. Omar, R.A.; Chyan, Y.J.; Andorn, A.C.; Poeggeler, B.; Robakis, N.K.; Pappolla, M.A. Increased Expression but Reduced Activity of
Antioxidant Enzymes in Alzheimer’s Disease. J. Alzheimers Dis. 1999, 1, 139–145. [CrossRef]

27. Butterfield, D.A. Perspectives on Oxidative Stress in Alzheimer’s Disease and Predictions of Future Research Emphases. J.
Alzheimers Dis. 2018, 64, S469–S479. [CrossRef] [PubMed]

28. Trist, B.G.; Hare, D.J.; Double, K.L. Oxidative stress in the aging substantia nigra and the etiology of Parkinson’s disease. Aging.
Cell 2019, 18, e13031. [CrossRef]

29. Leuner, K.; Schutt, T.; Kurz, C.; Eckert, S.H.; Schiller, C.; Occhipinti, A.; Mai, S.; Jendrach, M.; Eckert, G.P.; Kruse, S.E.; et al.
Mitochondrion-derived reactive oxygen species lead to enhanced amyloid beta formation. Antioxid. Redox Signal. 2012, 16,
1421–1433. [CrossRef]

30. Llanos-Gonzalez, E.; Henares-Chavarino, A.A.; Pedrero-Prieto, C.M.; Garcia-Carpintero, S.; Frontinan-Rubio, J.; Sancho-Bielsa,
F.J.; Alcain, F.J.; Peinado, J.R.; Rabanal-Ruiz, Y.; Duran-Prado, M. Interplay Between Mitochondrial Oxidative Disorders and
Proteostasis in Alzheimer’s Disease. Front. Neurosci. 2019, 13, 1444. [CrossRef]

31. Yamazaki, Y.; Fujii, S. Extracellular ATP modulates synaptic plasticity induced by activation of metabotropic glutamate receptors
in the hippocampus. Biomed. Res. 2015, 36, 1–9. [CrossRef]

32. Gabuzda, D.; Busciglio, J.; Chen, L.B.; Matsudaira, P.; Yankner, B.A. Inhibition of energy metabolism alters the processing of
amyloid precursor protein and induces a potentially amyloidogenic derivative. J. Biol. Chem. 1994, 269, 13623–13628. [CrossRef]

33. Sweeney, M.D.; Sagare, A.P.; Zlokovic, B.V. Blood-brain barrier breakdown in Alzheimer disease and other neurodegenerative
disorders. Nat. Rev. Neurol. 2018, 14, 133–150. [CrossRef]

34. Yoon, E.J.; Park, H.J.; Kim, G.Y.; Cho, H.M.; Choi, J.H.; Park, H.Y.; Jang, J.Y.; Rhim, H.S.; Kang, S.M. Intracellular amyloid beta
interacts with SOD1 and impairs the enzymatic activity of SOD1: Implications for the pathogenesis of amyotrophic lateral
sclerosis. Exp. Mol. Med. 2009, 41, 611–617. [CrossRef]

35. Cavallaro, R.A.; Nicolia, V.; Fiorenza, M.T.; Scarpa, S.; Fuso, A. S-Adenosylmethionine and Superoxide Dismutase 1 Synergistically
Counteract Alzheimer’s Disease Features Progression in TgCRND8 Mice. Antioxidants 2017, 6, 76. [CrossRef] [PubMed]

36. Murakami, K.; Murata, N.; Noda, Y.; Tahara, S.; Kaneko, T.; Kinoshita, N.; Hatsuta, H.; Murayama, S.; Barnham, K.J.; Irie, K.; et al.
SOD1 (copper/zinc superoxide dismutase) deficiency drives amyloid beta protein oligomerization and memory loss in mouse
model of Alzheimer disease. J. Biol. Chem. 2011, 286, 44557–44568. [CrossRef] [PubMed]

37. Kopeikina, K.J.; Carlson, G.A.; Pitstick, R.; Ludvigson, A.E.; Peters, A.; Luebke, J.I.; Koffie, R.M.; Frosch, M.P.; Hyman, B.T.;
Spires-Jones, T.L. Tau accumulation causes mitochondrial distribution deficits in neurons in a mouse model of tauopathy and in
human Alzheimer’s disease brain. Am. J. Pathol. 2011, 179, 2071–2082. [CrossRef]

38. Manczak, M.; Reddy, P.H. Abnormal interaction between the mitochondrial fission protein Drp1 and hyperphosphorylated tau
in Alzheimer’s disease neurons: Implications for mitochondrial dysfunction and neuronal damage. Hum. Mol. Genet. 2012, 21,
2538–2547. [CrossRef]

39. Yao, P.J.; Eren, E.; Petralia, R.S.; Gu, J.W.; Wang, Y.X.; Kapogiannis, D. Mitochondrial Protrusions in Neuronal Cells. iScience 2020,
23, 101514. [CrossRef] [PubMed]

40. Qu, Z.; Sun, J.; Zhang, W.; Yu, J.; Zhuang, C. Transcription factor NRF2 as a promising therapeutic target for Alzheimer’s disease.
Free. Radic. Biol. Med. 2020, 159, 87–102. [CrossRef]

41. Delaidelli, A.; Richner, M.; Jiang, L.; van der Laan, A.; Bergholdt Jul Christiansen, I.; Ferreira, N.; Nyengaard, J.R.; Vaegter, C.B.;
Jensen, P.H.; Mackenzie, I.R.; et al. alpha-Synuclein pathology in Parkinson disease activates homeostatic NRF2 anti-oxidant
response. Acta Neuropathol. Commun. 2021, 9, 105. [CrossRef] [PubMed]

42. Cunnane, S.C.; Trushina, E.; Morland, C.; Prigione, A.; Casadesus, G.; Andrews, Z.B.; Beal, M.F.; Bergersen, L.H.; Brinton, R.D.;
de la Monte, S.; et al. Brain energy rescue: An emerging therapeutic concept for neurodegenerative disorders of ageing. Nat. Rev.
Drug Discov. 2020, 19, 609–633. [CrossRef] [PubMed]

http://doi.org/10.3389/fnmol.2020.00043
http://www.ncbi.nlm.nih.gov/pubmed/32265651
http://doi.org/10.1002/alz.12319
http://www.ncbi.nlm.nih.gov/pubmed/33797837
http://doi.org/10.1016/j.bbadis.2015.03.015
http://doi.org/10.3233/JAD-1999-1301
http://doi.org/10.3233/JAD-179912
http://www.ncbi.nlm.nih.gov/pubmed/29504538
http://doi.org/10.1111/acel.13031
http://doi.org/10.1089/ars.2011.4173
http://doi.org/10.3389/fnins.2019.01444
http://doi.org/10.2220/biomedres.36.1
http://doi.org/10.1016/S0021-9258(17)36875-8
http://doi.org/10.1038/nrneurol.2017.188
http://doi.org/10.3858/emm.2009.41.9.067
http://doi.org/10.3390/antiox6040076
http://www.ncbi.nlm.nih.gov/pubmed/28973985
http://doi.org/10.1074/jbc.M111.279208
http://www.ncbi.nlm.nih.gov/pubmed/22072713
http://doi.org/10.1016/j.ajpath.2011.07.004
http://doi.org/10.1093/hmg/dds072
http://doi.org/10.1016/j.isci.2020.101514
http://www.ncbi.nlm.nih.gov/pubmed/32942173
http://doi.org/10.1016/j.freeradbiomed.2020.06.028
http://doi.org/10.1186/s40478-021-01209-3
http://www.ncbi.nlm.nih.gov/pubmed/34092244
http://doi.org/10.1038/s41573-020-0072-x
http://www.ncbi.nlm.nih.gov/pubmed/32709961

	Introduction 
	Materials and Methods 
	Participants 
	Isolation of Neuron-Derived EVs (NDEVs) 
	NDEV Characterization 
	Quantification of NDEV Proteins 
	Measurement of ATP Synthase and Complex IV Activity 

	Results 
	NDEV Characterization 
	NDEV Mitochondrial Proteins 

	Discussion 
	References

