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Abstract
Mitochondrial dysfunction is increasingly recognized as a key factor in Alzheimer’s disease (AD) pathogenesis, but the 
precise relationship between mitochondrial dynamics and proteinopathies in AD remains unclear. This study investigates the 
role of mitochondrial dynamics and function in the hippocampal tissue and peripheral blood mononuclear cells (PBMCs) 
of 5xFAD transgenic mice, as a model of AD. The levels of mitochondrial fusion proteins OPA1 and MFN2 and fission 
proteins DRP1 and phospho-DRP1 (S616) at 3, 6, and 9 months of age were assessed. Western blot analysis revealed 
significantly lower levels of OPA1 and MFN2 in the hippocampus of 6- and 9-month-old transgenic (TG) 5xFAD mice 
compared to controls (CTR), while DRP1 and pDRP1 levels were increased in 9-month-old TG mice. Additionally, MFN2 
were decreased in the PBMCs of 9-month-old TG mice, indicating systemic mitochondrial alterations. Ultrastructural 
analysis of hippocampal tissues showed substantial alterations in mitochondrial morphology, including abnormalities in 
size and shape, a preponderance of teardrop-shaped mitochondria, and alterations in the somatic mitochondria-ER complex. 
Notably, mitochondria-associated ER contact sites were more distant in TG mice, suggesting functional impairments. Flow 
cytometric measurements demonstrated decreased mitochondrial membrane potential and mass, along with increased super-
oxide production, in the PBMCs of TG mice, particularly at 9 months, highlighting compromised mitochondrial function. 
Levels of key mitochondrial proteins including VDAC, TOM2O, and mitophagy-related protein PINK1 levels altered in both 
central and peripheral tissue of TG mice. These findings suggest that mitochondrial dysfunction and altered dynamics are 
early events in AD development in 5xFAD mice, manifesting in both central and peripheral tissues, and support the notion 
that mitochondrial abnormalities are an integral component of AD pathology. These insights might lead to the development 
of targeted therapies that modulate mitochondrial dynamics and function to mitigate AD progression.
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Introduction

Alzheimer’s disease (AD) is a complex neurodegenerative 
disorder primarily characterized by the accumulation of 
amyloid beta (Aβ) plaques and tau neurofibrillary tangles 
(NFTs) in the brain. These pathological hallmarks contribute 
to synaptic dysfunction, neuroinflammation, and cognitive 
decline [1, 2]. Understanding the interplay between these 
protein aggregates is crucial for elucidating the mechanisms 
underlying AD progression [3].

Among the various factors contributing to AD neuropa-
thology, mitochondrial dysfunction has emerged as a critical 
player due to mitochondria’s central role in oxidative stress, 
regulation of intracellular Ca2+ levels, and signaling path-
ways that regulate glutamate-mediated synaptic processes 
[4–7]. The mitochondrial dysfunction-induced intracellular 
Ca2+ imbalance can lead to synaptotoxicity and memory 
loss [8]. Additionally, impairments in mitochondrial qual-
ity control mechanisms such as mitophagy play a pivotal 
role in AD pathogenesis and subsequent cognitive decline 
[9]. Mitochondrial dynamics, encompassing fission and 
fusion processes, have been shown to be dysregulated in 
neurodegenerative diseases like Alzheimer’s, Parkinson’s, 
and Huntington’s diseases, and this may indicate a poten-
tial link between mitochondrial dysfunction and disease 
progression [10, 11]. In AD,Aβ interaction with mitochon-
drial components and [12] morphological and ultrastructural 
alterations [13] suggest changes in mitochondrial dynamics 
[14], leading to oxidative damage, altered intracellular Ca2+ 
homeostasis,anddistruptions inAMP-activated proteinkinase 
mechanisms [8, 15] These processes contributeto neuronal 
and synaptic degeneration in AD brains [7, 10, 16–18]. Defi-
cits in mitochondrial dynamics, including fusion and fission, 
may lead to fragmented mitochondria that are less efficient 
in energy production and more prone to generating oxidative 
stress. This exacerbates neuronal damage, thereby driving 
the progression of AD [16]. Alterations in mitochondrial 
dynamics are reflected in the morphological properties of 
mitochondria, including variations in size and shape [13, 19].

Mitochondrial dynamics refer to the tightly regulated pro-
cesses of mitochondrial fusion and fission that ensure proper 
function, and distribution of mitochondria within a cell [20, 
21]. Key proteins govern these dynamics: optic atrophy 1 
(OPA1) is involved in the fusion of the inner mitochondrial 
membrane (IMM) while  mitofusion 2 (MFN2) mediates 
fusion in the outer mitochondrial membrane (OMM) [22]. Fis-
sion starts with contact with the ER at OMM, and OMM-asso-
ciated proteins such as mitochondrial fission 1 protein (FIS1) 
and mitochondrial fission factor (MFF) recruit dynamin-1-like 
protein (DRP1) to the constriction site [23]. Phosphorylation 
of Drp1 at serine 616, which is an active form of DRP-1, pro-
motes Drp1-mediated mitochondrial fission and translocation to 

mitochondria. Furthermore, as signaling at the interface between 
the mitochondria and the endoplasmic reticulum (ER) has been 
implicated in neurodegenerative diseases, including AD [20], the 
examination of mitochondrial-endoplasmic reticulum contact 
sites (MERCs) in AD progression offers valuable insights into 
mitochondrial dynamics [24–26]. In agreement with the struc-
tural changes, disturbances in mitochondrial dynamics markers, 
Aβ accumulation in synaptosomal mitochondria, and mitophagy 
have been observed in transgenic AD mouse models, includ-
ing 5xFAD, FAD, and APP [27–29]. In particular, the studies 
highlighting the dysregulation of key mitochondrial fission 
and fusion proteins, including OPA1, MFN2, and DRP1, have 
demonstrated significant disruptions in mitochondrial dynam-
ics that may contribute to disease progression [30]. However, 
the time-dependent progression of the changes in mitochon-
drial dynamics markers in transgenic AD models that display 
hallmark pathologies of AD, such asamyloid plaques and cel-
lular degeneration, has awaited further exploration. Moreover, 
while mitochondrial dysfunction is common in the brain tissue 
ofAD recent studies have revealed alterations in mitochondrial 
functions of peripheral mononuclear blood cells (PMBCs) [31]. 
As peripheral changes may constitute an early and easily accessi-
ble marker for the concurrent neuropathogenesis of AD, examin-
ing the correlative alterations in the blood and brain may reveal 
interventive insights [32–34].

To address these gaps, we investigated the role of mito-
chondrial dynamics in the progression of neuropathol-
ogy in the well-characterized 5xFAD model of AD [35]. 
Specificially, we examined key regulators of mitochondrial 
dynamics, including proteins involved in mitochondrial 
fusion and fission, as well as the ultrastructural correla-
tions of altered mitochondrial function in the hippocam-
pus. Additionally, we evaluated the mitochondrial function 
of PMBCs in the same animals. Our research revealed that 
the 5xFAD mouse model’s brain and peripheral tissue had 
considerable changes in mitochondrial dynamics.

Materials and Methods

Animals and Housing

The 5xFAD mouse line, harboring five familial mutations 
of FH-related genes, along with the genetic backgrounds 
of C57Bl/6 and SJL (strain: B6SJL-Tg), was obtained from 
Jackson Laboratory (MMRRC_034840-JAX and stock no. 
034848-JAX) in Bar Harbor, ME, USA. These mice have 
a mixed genetic background of C57Bl/6 and SJL (strain: 
B6SJL-Tg). The mice were bred and raised at the Acibadem 
Mehmet Ali Aydinlar University Laboratory Animal Appli-
cation and Research Center (DEHAM, Istanbul, Turkey).
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Genotyping

C57Bl/6 and SJL mouse strains were crossed, and genotyp-
ing was performed using polymerase chain reaction (PCR) 
on genomic DNA extracted from ear biopsies. The designed 
oligonucleotide primers are listed in Supplementary File 1. 
The PCR cycling conditions were as follows: 3 min at 94 
°C, followed by 35 cycles of 30 s at 94 °C, 60 s at 57.3 °C, 
and 60 s at 72 °C, with a final extension of 2 min at 72 °C. 
PCR products were resolved on a 1.5% agarose gel using 
Tris–acetate-EDTA running buffer and 1X Gel Loading Dye 
(NEB B7021-S), and bands were observed after a 45-min 
run at 100 V (Supplementary File 1).

Animal Housing Conditions

Mice were housed in individually ventilated cages with a 
12:12 light/dark cycle at a constant temperature of 22 ± 2 
°C. They had ad libitum access to food and water. To reduce 
environmental impoverishment, the mice were group-housed 
(4–5 mice per cage).

Breeding and Experimental Groups

The animals used in this study were generated by breeding 
5xFAD transgenic female (B6SJL-Tg) mice with hybrid 
male mice (e.g., C57BL/6 J x SJL or B6SJLF1). The 
resulting offspring were genotyped and classified as either 
transgenic (Tg +) or non-transgenic (Tg-). The experimen-
tal group (TG) consisted of 5xFAD transgenic newborn 
mice (Tg +), while the control group (CTR) comprised 
age-matched non-transgenic (Tg-) mice of both sexes. A 
total of 46 animals from all groups and both sexes were 
used in this study.

Disease Progression and Euthanasia

These mice exhibit Aβ plaque deposition and gliosis at 2 
months of age, synapse loss and cognitive impairment after 
3 months, and loss of layer 5 cortical neurons by 6 months 
of age [36]. All mice were euthanized at 3, 6, and 9 months 
of age for analysis.

Detection of Amyloid Beta Deposit by Congo Red 
Staining

Congo red staining was performed as previously described 
[37] with slight modifications. Brain sections were washed 
three times in phosphate-buffered saline (PBS). The sections 
were mounted onto slides. Before staining, the tissues were 
first fixed in PBS for 15 min and then in methanol until dry 
(15 min) at room temperature. Tissue sections were then 
incubated in NaCl solution for 5 min, followed by a 30-min 

incubation in Congo Red dye (Sigma-Aldrich, Taufkirchen, 
Germany). Stained sections were rinsed eight times each in 
95% ethanol, 100% ethanol, and 100% ethanol, followed by 
two times 5-min incubation in xylene and mounting with 
Entellan (Supplementary File 2).

Western Blotting

A total of 24 numbers of 3-, 6-, and 9-month-old male and 
female mice (n = 4 CTR, n = 4 TG) were used for Western 
blot analysis. All procedures related to animal husbandry 
and euthanasia were approved by the Acibadem Mehmet 
Ali Aydinlar University Animal Experiments Local Ethics 
Committee. Mice were anesthetized with isoflurane (1–2% 
oxygen) for the duration of the procedures. Following anes-
thesia, the hippocampal tissues were dissected and imme-
diately frozen in liquid nitrogen. These tissues were stored 
at − 80 °C until protein extraction.

The hippocampal tissues were homogenized in ice-cold 
RIPA lysis buffer (50 mM Tris–HCl, pH 7.4, 150 mM NaCl, 
1% NP-40, 0.25% sodium deoxycholate, 1 mM Ethylenedi-
aminetetraacetic Acid (EDTA), 1 mM phenylmethylsulfonyl 
fluoride (PMSF), 1 mM sodium orthovanadate, 1X protease 
inhibitor cocktail with 1 mM sodium fluoride) using a tis-
sue Dounce homogenizer. Homogenized samples were then 
sonicated with an Omni Ruptor 4.000 sonicator for approxi-
mately 1 s. PBMC cell lysates were prepared in RIPA lysis 
buffer. Lysates were centrifuged at 14,000 × g for 15 min 
at 4 °C to collect supernatants. The extracted protein con-
centration was measured using the Bradford protein assay 
(Bio-Rad, USA).

Twenty micrograms of protein from each sample was sep-
arated by 10% and 12% SDS–polyacrylamide gel electropho-
resis, then transferred to a nitrocellulose or PVDF membrane 
using a semi-dry transfer system (40 min, 25 V) (Bio-Rad, 
Transblot). Membranes were incubated with 5% bovine 
serum albumin for 1 h at RT. The membranes were then 
incubated with primary antibodies against DRP1 (1:1000, 
Santa Cruz Biotechnology, USA), MFN2 (1:1,000, Cell 
Signaling Technology, USA), OPA1 (1:1,000, BD Trans-
duction Laboratories, USA), phospho-DRP1 (pDRP1) S616 
(1:1000, ABclonal, USA), and β-actin (1,10,000, Thermo 
Fisher Scientific, USA) overnight at 4 °C. The membrane 
was rinsed three times with TBS-T for 10 min and then 
probed with appropriate secondary antibodies 1:2000 (rabbit 
for pDRP1 (S616), MFN2, VDAC and PINK1: and mouse 
for DRP1 and OPA1, TOM20) and 1:10,000 (mouse for 
actin) for 1 h at RT, followed by three washes with TBS-T 
for 10 min. Protein bands were visualized with an enhanced 
chemiluminescence reagent (SuperSignal™ West Femto 
Maximum Sensitivity Substrate, Thermo Scientific, USA). 
Finally, the relative intensities of the protein bands were 
analyzed with Image Lab software (Bio-Rad, USA) and the 
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ImageJ (RRID: SCR_003070) computer program (NIH, 
USA).

Electron Microscopy

Tissue Fixation  For electron microscopy, a total of 6 mice 
(3 CTR, 3 TG) were used. The sex of the animals was not 
noted. All animal procedures were approved by the Aciba-
dem Mehmet Ali Aydinlar University Animal Experiments 
Local Ethics Committee. Mice were deeply anesthetized 
with an excess dose of ketamine (100 mg/kg) and xylazine 
(20 mg/kg) IP, and then, they were perfused transcardially 
with 100 ml of Tyrode’s solution (137 mM NaCl, 2 mM KCl, 
0.9 mM CaCl2, 1.2 mM MgCl2, 11.9 mM NaHCO3, 0.4 
mM NaH2PO4, 5.5 mM glucose, pH 7.4, osmotic strength 
281 mOsm), followed by 4% paraformaldehyde and 0.5–1% 
glutaraldehyde in 0.1 M phosphate buffer (PB; pH 7.4) as 
fixatives. All perfusates were kept at room temperature. The 
brains were then removed and post-fixed in 4% paraformal-
dehyde in 0.1 M PB (pH 7.4) overnight. The following day, 
each brain was dissected sagittally, with each hemisphere 
block placed in a vibratome and sectioned at 60 µm. The sec-
tions were immediately treated with 1% sodium borohydride, 
and the free-floating sections were kept at 4 °C in 0.01 M 
PBS containing 0.1% sodium azide.

Tissue Processing for Electron Microscopy  The sections 
were processed for electron microscopy (EM) at Acibadem 
University, following previously described protocols [38]. 
Briefly, the sections were treated with 1% osmium tetroxide 
in 0.1 M PB for 1 h. The sections were then rinsed in 0.1 
M PB three times for 3 min each and dehydrated using 50% 
ethanol (ETOH) for 3 min, 4% filtered uranyl acetate in 70% 
ETOH for overnight at 4C, 70% ETOH for 1 mi, then 90% 
ETOH for 5 min, and 100% ETOH twice for 5 min each 
at room temperature. The sections were further dehydrated 
in acetone three times for 2 min each, followed by resin 
infusion in a 1:1 mixture of acetone and Epon overnight. 
Then, the sections were placed in pure Epon overnight. The 
sections were then flat embedded between two Aclar sheets 
(EMS) and placed in a 60 °C oven overnight for polymeriza-
tion. After marking the area of interest (CA1 region) on the 
selected tissue section with the help of a light microscope, 
sections were excised from the flat embed, placed on the cap 
of the BEEM capsules, filled with Epon, and polymerized in 
a 60 °C oven overnight. Using a camera lucida outlines and 
landmarks of sections were drawn to further identify and 
specify the 1 × 2 mm area of interest, which was then cut 
into 60-nm sections using a Leica Ultramicrotome UTC7 
and collected on 400-mesh copper grids.

EM Imaging and Morphometry  The ultrathin sections of 
the hippocampus were viewed using a JEOL1010 electron 

microscope equipped with a 16-megapixel CCD camera 
(SIA). Images of the hippocampus neuropil were captured 
from three regions: (1) CA1 pyramidal cell bodies; (2) the 
proximal dendrites of CA1 pyramidal neurons; and (3) the 
distal dendrites of CA1 pyramidal neurons. The latter two 
regions corresponded to stratum radiatum and stratum lacu-
nosum, respectively. All images were captured at a magni-
fication of × 10,000, yielding images at 4096 × 4096 pixel 
resolution.

For morphometric analysis of mitochondria, the outlines 
of the dendrites and the mitochondria were traced using 
measurement tools of FIJI ImageJ (version 1.54j), and areas 
and diameters were computed using Area and MinFeret tools 
of the ImageJ Core and Microscope Measurement Tools 
plugins. For MERCs distance analysis, at least 10 straight 
lines were drawn between the mitochondria membrane and 
the nearby ER, connecting the closest points; distances are 
captured using the length measurement tool in Image J. Dis-
tances larger than 80 nm were excluded.

Visualization of the Results  Adobe Creative Cloud Photo-
shop was used for constructing graphs and Figs. EM images 
were adjusted for tiling or contrast as needed without chang-
ing content.

Flow Cytometry

A total of 16 mice (n = 8 CTR, n = 8 TG) were used for 
flow cytometry experiments. Blood samples of the 6- and 
9-month-old mice were used by cardiac puncture [39] under 
low-level anesthesia (1–2% oxygen) to ensure humane han-
dling of conscious animals. After blood collection, the same 
animals were then used for brain tissue extraction for West-
ern blot analysis. PBMCs were isolated from the collected 
blood samples via density-gradient centrifugation using 
Ficoll medium [40]. The harvested PBMCs were centrifuged 
at 500 × g for 5 min and washed with 1 × PBS. Cells were 
immediately used for flow cytometric measurement, and 
trypan blue staining was performed for live and dead cell 
counts. From each group, 2 × 105 cells were stained with 100 
nM MitoTracker Red CMXRos, 5 μM MitoSOX Red, and 50 
nM MitoTracker Green FM for 20 min at 37 °C to determine 
mitochondrial membrane potential (MMP), mitochondrial 
superoxide formation (MitoSOX), and mitochondrial mass 
(MM), respectively. After 20 min, the samples were washed 
with 1 × PBS, and pellets were dissolved in 400-μL PBS 
and transferred to flow tubes for flow cytometry (BD FAC-
SVerse). In this study, 10,000 events were acquired, properly 
gated, and analyzed using BD FACSuite. MMP and Mito-
SOX levels were measured in the presence of electron trans-
port chain (ETC) complex inhibitors, rotenone, antimycin, 
and carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone 
(FCCP). For this purpose, samples were incubated with 2.5 
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ug/ml rotenone, 2.5 ug/ml antimycin, and 10 uM FCCP as an 
uncoupler for 20 min at 37 °C, washed with PBS, and then 
stained with fluorescent dyes as mentioned above [41–43]. 
A total of 10,000 events were obtained, properly gated, and 
analyzed using FlowJo software.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 
version 10.2.0 software. The data acquired from Western 
blotting were statistically analyzed by Mann–Whitney U 
or unpaired t-test to compare the ratio between the two 
groups. Ordinary one-way ANOVA test or Kruskal–Wallis 
test was used for more than one group comparison related 
to parametric or non-parametric data. Data are presented as 
mean ± S.E.M. *p < 0.05 was considered significant.

Datasets obtained from EM images (area, caliber, MERCs 
distance, mitochondria string count) are statistically ana-
lyzed using GraphPad Prism version 10.2.3 software. Non-
parametric datasets (i.e., area, caliber) are analyzed by the 
Mann–Whitney U test, using p < 0.01 as significant. Datasets 
with repeated measurements (i.e., MERCs distance ratio in 
proximal/distal dendrites, mitochondria string count ratio) 
are analyzed by an unpaired t-test with Welch’s correction, 
which does not assume that two populations have the same 
standard deviation and p < 0.05 as a significance factor. To 
test for clustering of MERC distance groups, the R package 
(R Project for Statistical Computing; RRID: SCR_001905) 
Mclust is used to perform a clustering analysis based on 
the best-fitting Bayesian Information Criteria (BIC) among 
models with varied clusters.

Results

Evaluation of Mitochondrial Dynamic‑Related 
Protein Levels in 5xFAD Mice

Several studies pointed out that an altered expression pat-
tern of mitochondrial fission and fusion proteins exists in 
AD brains, including APP and Tau mouse models, lead-
ing to a disrupted balance that contributes to mitochon-
drial dysfunction and neurodegeneration [30, 44–46]. To 
understand how proteins related to mitochondrial dynam-
ics, including MFN2, OPA1, DRP1, and phospho-DRP1 
(S616), change during the lifespan of the 5xFAD model, 
we examined these protein expression levels in hippocam-
pal tissues of 3-, 6-, and 9-month-old control and trans-
genic animals by Western blot.

We evaluated mitochondrial fusion by measuring the 
MFN2 level and OPA1. MFN2 protein levels in the hip-
pocampus of 6- and 9-month-old TG 5xFAD mice were 
significantly decreased compared to CTR mice (p = 0.0078, 

0.0431, respectively) (Fig. 1D). The fold change in MFN2 
levels at 3-, 6- and 9-month-old was significantly dimin-
ished in TG mice compared to CTR mice (p = 0.0470, 
0.0098, and 0.0466, respectively) (Fig.  1D). OPA1 is 
required for the maintenance of mitochondrial inner mem-
brane integrity and cristae structure. The unprocessed, 
N-terminal transmembrane-bound, long-form, and the 
non-transmembrane-bound, proteolytically processed 
short form are termed L-OPA1 and S-OPA1, respectively 
[47]. These two forms of OPA1 protein levels in the hip-
pocampus of 6- and 9-month-old TG 5xFAD mice were 
significantly lower than in CTR mice (L-OPA1: p = 0.0002, 
0.0359; S-OPA1: p = 0.0002, 0.0448, respectively) 
(Fig. 1E, F). In addition, when we normalize the CTR 
group’s values to TG values (the fold change), L-OPA1 
and S-OPA1 levels were significantly lower in TG mice 
compared to 6- and 9-month-old CTR mice (L-OPA1: 
p = 0.0001, 0.0001; S-OPA1: p = 0.0001, 0.0003, respec-
tively) (Fig. 1E, F). This finding emphasizes that a lower 
OPA1 and MFN2 expression level may cause impairment 
in the cristae structure and mitochondrial fusion in 5xFAD 
mice after 6 months.

DRP1, a GTPase, is known as a critical player in the fis-
sion process. When we measured DRP1 protein levels in the 
hippocampus of 6-month-old TG 5xFAD mice, we observed 
that DRP1 levels were significantly lower than CTR mice 
(p = 0.0001) (Fig. 2C). However, in the 9-month-old animal, 
DRP1 levels were similar between CTR and TG at 5xFAD 
mice (Fig. 2D). In addition, in the 6-month-old, the fold 
change in DRP1 levels was significantly declined in TG mice 
compared to CTR and 9-month-old TG mice (p = 0.0143, 
0.0117, respectively) (Fig. 2E). Furthermore, serine phos-
phorylation (S616) plays a critical role in DRP1’s GTPase 
activity [48, 49]. To understand how pDRP1 (S616) lev-
els also change during the development of mice, we also 
evaluated this protein level. In 6 months, the ratio of pDRP1 
(S616) to total DRP1 significantly decreased compared to 
CTR mice (p = 0.0129 (Fig. 2C). However, at 9 months, 
pDRP1 (S616) levels were increased in TG mice compared 
to CTR mice (p = 0.0346) (Fig. 2D). The fold change in 
pDRP1 (S616) levels at 9 months was substantially ele-
vated in TG mice compared to CTR and 6-month TG mice 
(p = 0.0017, 0.0001, respectively) (Fig. 2E). In sum, our 
results indicate that the change in mitochondrial dynamics 
begins before the progression of the disease.

Ultrastructural Alterations of Mitochondria 
Structure

To reveal if alterations in mitochondria-associated proteins 
in 5xFAD brains reflect on structure, we examined a total 
of 968 (575 CTR and 393 TG) mitochondria from CA1 stri-
ata radiata and lacunosum of 3 CTR and 3 PM9 TG mice 
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using EM. In CTR brains, mitochondria appeared as round 
or elongated cross-sections, displaying tightly organized 
cristae, while in the 5xFAD brains, they seemed rounder 
and had wider cristae. The morphometric analysis of mito-
chondria in 5xFAD mice revealed significant alterations in 
mitochondrial size and distribution: mitochondria in 5xFAD 
mice exhibited larger areas (0.15 ± 0.1 μm2 vs. 0.27 ± 0.2 
μm2; mean ± SD; p < 0.001, MW-U) and diameters (0.29 
μm ± 0.1 vs. 0.39 ± 0.1 µm, mean ± SD; p < 0.001, MW-U) 
(Fig. 3C, D), suggesting potential alterations in mitochondrial 
function in the hippocampus of PM9. Although, the ratio of 
mitochondrial density (number of mitochondria per μm2 of 
dendrite area) between proximal and distal dendrites was not 
statistically different between CTR and TG brains (Fig. 3E; 
p = 0.6476, MW-U), a significantly lower number of mito-
chondria per unit area of was observed in distal dendrites of 
TG brains at PM9 (Fig. 3F, p = 0.0099, MW-U). The observed 
alterations in mitochondrial frequency may suggest that 
the PM9 hippocampus has fewer mitochondria, potentially 

reflecting a reduction in total mitochondrial mass and indicat-
ing compromised mitochondrial function.

An interesting feature of mitochondrial structure encountered 
in TG brains was teardrop shape: a thin-diameter extension of 
the mitochondria gave a paisley or tear-drop appearance to the 
mitochondria (Fig. 4). These long, string-like extensions are also 
encountered as connecting two or three mitochondrial cross-sec-
tions. Such formations are described as mitochondria-on-a-string 
(MOAS) and are considered a product of the incomplete fissure 
process [50]. While teardrop mitochondria were also encoun-
tered in CTR brains, their prevalence was significantly higher 
in PM9 TG brains (8.9 ± 2.1% in CTR vs. 30.7 ± 5.2% in TG 
(mean ± SEM); n = 3 for each condition, p = 0.04; unpaired t-test 
with Welch’s correction; Fig. 6E). In addition, there was a non-
significant trend for teardrop mitochondria to be more prevalent 
in the distal dendrites both in the CTR and TG brains, and no 
teardrop mitochondria were encountered in the somata in either 
condition, consistent with a deficit in the retrograde transport 
mechanism of TG mitochondria.

Fig. 1   MFN2 and OPA1 expression levels in hippocampal tissues of 
5xFAD mice. Western blotting of MFN2 proteins in hippocampal tis-
sues of 5xFAD mice. A, D Three-month-old; B, D 6-month-old; and 
C, D 9-month-old CTR and TG. OPA1 proteins in hippocampal tis-
sues of 5xFAD mice. B, E, F Six-month-old and C, E, F 9-month-
old CTR and TG. D, E, F) Fold change of MFN2, L-OPA1, and 
S-OPA1 protein level, respectively. TG group values were divided 

by the CTR mean, and normalization was defined as “fold change.” 
Actin was used for internal loading control. The data represent the 
mean ± S.E.M. of 3 different animals in three independent experi-
ments. For all comparisons, differences between datasets were 
assessed by unpaired t-test and one-way ANOVA with *p < 0.05, 
**p < 0.005, and ***p < 0.0005
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To determine the impact of amyloid overexpression in 
transgenic animals had an impact on the mitochondria-
endoplasmic reticulum function, we measured MERCs 
distances in CA1 neurons from 3 CTR and 3 TG brains. 
A MERCs is identified as the appearance of mitochon-
dria in close proximity to an ER, with the membranes of 
each structure running somewhat parallel at their cross-
sections. A total of 268 MERCs (120 from CTR and 148 
from TG brains encountered in CA1 pyramidal somata) 
were examined. Statistical analysis revealed that the dis-
tances of MERCs in TG animals were significantly greater 
than in CTR animals (29.5 ± 17.8 nm vs. 36.5 ± 18.9 nm 
(mean ± SD), p < 0.001, MW-U). In both CTR and TG 
brains, MERCs distance distributions revealed multiple 
subpopulations that may correspond to functional com-
partments (Fig. 5D, E). A BIC and clustering analysis 
using Mclust (Rstudio) revealed three subpopulations with 
cutoff points around 30 nm and 50 nm. As these cutoff 
points were consistent with previously published MERCs 
distances for four different functional compartments [21], 
we applied those criteria to our MERCs dataset to identify 
the percent distribution of four MERCs compartments in 
our CTR and TG datasets. This analysis revealed 0–10 nm 
MERCs represented 7% in CTR vs. 2% in TG, 10–30 nm 
MERCs represented 56% in CTR vs. 41% in TG, 30–50 
nm MERCs represented 23% in CTR vs. 32% in TG, and 
50–80 nm MERCs represented 14% in CTR vs. 25% in 
TG brains. These results may suggest that MERC with 
distances shorter than 30 nm may have been preferentially 
compromised in TG brains.

Mitochondrial Functions in PBMCs

Mitochondrial dysfunction in PBMCs has been reported in 
several neurodegenerative diseases, including AD and Par-
kinson’s disease [34, 51]. Therefore, we aimed to investigate 
6- and 9-month-old mice of 5xFAD for the first time. We first 
isolated PBMCs and then stained cells with mitochondria-
specific dyes to monitor MMP (Mitotracker Red CMXRos), 
mitochondrial SOX (MitoSOX Red), and mitochondrial 
mass (MitoTracker Green FM) by flow cytometry [39]. The 
lymphocyte population was analyzed by gating. Although 
the MMP level was similar between TG and CTR animals 
in 6-month-old mice, MitoSOX production was increased in 
TG mice compared to CTR (p = 0.0123, 0.0180) (Fig. 6C), 
and mitochondrial mass was significantly lower in the TG 
group compared to the CTR group (p = 0.0157) (Fig. 6D).

On the other hand, MMP was significantly decreased 
in the TG group compared to the CTR group in 9-month-
old mice (p = 0.0001, 0.0098, respectively) (Fig. 7B). In 
addition, MitoSOX production was increased in TG mice 
compared to CTR (p = 0.0156 and 0.0140, respectively) 
(Fig. 7C). Similar to 6-month-old mice, mitochondrial mass 
was significantly diminished in the TG group compared to 
the CTR group (p = 0.0128) (Fig. 7D).

Mitochondria have a crucial role in the production of reac-
tive oxygen species (ROS) in the cytoplasm. During oxidative 
phosphorylation, there is also an electron leak and a proton 
leak, and this leakage plays an important role in cellular physi-
ology and pathology [52]. Therefore, to reveal how this process 
is regulated in AD models, we also used ETC inhibitors and 

Fig. 2   pDRP1 and DRP1 expression levels in the hippocampal tissues 
of 5xFAD mice. Western blotting of pDRP1S616 and DRP1 proteins 
in hippocampal tissues of 5xFAD mice. A, C Six-month-old and B, 
D 9-month-old CTR and TG groups. E Fold change of pDrp1 S616 
and DRP1 protein level. Actin was used for internal loading control. 

The data represent the mean ± S.E.M. of 3 different animals in three 
independent experiments. For all comparisons, differences between 
datasets were assessed by unpaired t-test and one-way ANOVA with 
*p < 0.05, **p < 0.005, and ***p < 0.0005
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FCCP, which disrupt ATP synthesis by uncoupling the pro-
ton gradient generated by the MMP [53]. To measure impair-
ment at Complex I and Complex III, we used rotenone and 
antimycin, respectively. We compared the MitoSOX level in 
the presence and absence of these inhibitors. As expected, in 
9-month-old mice, MitoSOX levels increased upon rotenone 

and antimycin treatment in the lymphocyte population of con-
trol animals (p = 0.0116, 0,0110, respectively) (Fig. 8A, B). 
However, these inhibitors did not elevate MitoSOX levels in 
transgenic animals, indicating an impairment at the ETC level 
and reverse electron transport process through Complex I [54, 
55]. In 9-month-old mice, when baseline MMP values were 

Fig. 3   Ultrastructural morphology of mitochondria. Electron micro-
graphs of pyramidal dendrites (green in CTR, purple in TG) in the 
CA1 region of the hippocampus, displaying structural differences in 
mitochondrial (yellow) structure in CTR (A) and 5xFAD (B) mice. 
Scale bar: 500 nm. Abbreviations: m: mitochondria; rER: rough 
endoplasmic reticulum; nuc: nucleus; mt: microtubule; ax: myeli-
nated axon; d: dendrite; t: terminal; *: synapse. C The mitochondrial 
areas in the TGmice brains are significantly larger than in CTR mice 

at PM9 (Mann–Whitney U-test p < 0.001). D Mitochondria diameter 
in TG animals is significantly higher in TG animals (Mann–Whit-
ney U-test, p < 0.001). E The mitochondrial density ratio (number of 
mitochondria per μm.2 of dendrite area in proximal dendrites com-
pared to distal dendrites) between CTR and TG brains (p = 0.6476). 
F A comparison of the number of mitochondria in the distal dendrites 
of control (CTR) and transgenic (TG) mice (p = 0.0099)
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subtracted from FCCP or rotenone-treated MMP values, there 
was a decrease in the CTR but not in TG animals (p = 0.0361; 
p = 0.0262, respectively), suggesting mitochondrial dysfuntion 
in TG mice (Fig. 8C, D)

Mitochondrial Protein Levels in Hippocampus 
and PMBCs

To correlate changes in mitochondrial mass in PBMCs 
and decrease mitochondrial number in distal dendrites 
of hippocampus, we measured voltage-dependent anion 

channel proteins (VDAC) and translocase of outer mem-
brane (TOM)20 levels, which are ubiquitously located in 
the outer membrane of mitochondrial in PBMCs and hip-
pocampus tissue of 9-month-old mice. Western blot analysis 
demonstrated that VDAC protein levels in the hippocampus 
of 9-month-old TG 5xFAD mice were similar to CTR mice 
(Fig. 9A, B). However, TOM20 levels were significantly 
lower in TG mice compared to CTR mice (p = 0.0010) 
(Fig. 9A, B). When we evaluated the same protein levels in 
PBMCs of 9-month-old mice, VDAC protein levels in the 
PBMCs of 9-month-old TG 5xFAD mice were significantly 

Fig. 4   Mitochondria-on-a-string structure. Mitochondria-on-a-string 
structures are found in TG animals. A Three mitochondria are con-
nected with string-like mitochondrial extensions (blue arrows). Struc-
tures of synapses (red asterisk) and terminals can also be observed. 
B–D Teardrop-shaped mitochondria are encountered either extended 
as long strings or connecting other mitochondria in the cross-sections. 

The strings usually maintain a uniform diameter at each instance and 
display cristae oriented parallel to their axes. Abbreviations: m: mito-
chondria; d: dendrite; s: synapse; t: synaptic terminal; *: synapse. 
Scale bar: 500 nm. E The prevalence (among all mitochondria obser-
vations) of stringed mitochondria in TG animals compared to CTR 
animals (unpaired t test with Welch’s correction (n = 3, p = 0.04)
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Fig. 5   Mitochondria-ER complex. Examples of Mitochondria-Endo-
plasmic Reticulum Contact Sites (MERCs) in CA1 pyramidal neu-
ron somata from CTR (A) and 5xFAD (B) mice. The mitochondria 
(yellow) and nucleus (pink) are pseudocolored. Scale bar: 500 nm. 
C The inset illustrates the methodology for measuring MERC dis-
tances (blue lines). Distances longer than 100 nm (brown lines) were 
excluded from the analysis. Scale bar: 100 nm. Abbreviations: m, 
mitochondria; rER, rough endoplasmic reticulum; nuc, nucleus; mt, 
microtubule; d, dendrite; t, terminal; *, synapse. Frequency distribu-

tion histograms of MERCs in CTR (D) and TG (E) brains revealed 
multiple distinct subpopulations. The cutoff values (vertical dashed 
lines) for the subpopulations of the current dataset are obtained from 
the MClust BIC analysis. F Cumulative frequency distributions illus-
trate the differences between CTR and TG animals (Mann–Whitney 
U-test, p < 0.001). The percentage contributions of MERCs at 10 nm, 
30 nm, 50 nm, and 80 nm intervals within the overall dataset in CTR 
(G) and 5xFAD TG (H) mice
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Fig. 6   Analysis of mitochondrial membrane potential, mitochon-
drial superoxide production, and mitochondrial mass in PBMCs of 6 
months CTR and TG animals. The lymphocyte population of PBMC 
for CTR and TG groups (A) was gated according to their light scat-
tering properties in SSC and FSC modes and 10,000 events were col-
lected per sample. (B) Histogram graph showing representative of 
Mean Fluorescence Intensity (MFI) of MitoTracker Red CMXRos, 
MitoSOX, and MitoTracker Green fluorescent probes for the meas-
urement of mitochondrial membrane potential (MMP) (B), mito-

chondrial SOX production (C), and mitochondrial mass (D), respec-
tively. B–D Bar graphs show the MFI values of these fluorescent 
probes. In addition, to normalize MMP and MitoSOX, the red/green 
and sox/green ratios were calculated, respectively. The data repre-
sent the mean ± S.E.M. of 4 different animals. For all comparisons, 
differences between datasets were assessed by unpaired t-test with 
*p < 0.05, **p < 0.005, and ***p < 0.0005. Statistical analysis was 
performed using GraphPad Prism version 10.2.0 software

Fig. 7   Mitochondrial membrane potential, mitochondrial superox-
ide, and mass analysis in 9-month CTR and TG animals. Lympho-
cyte population of PBMC for the CTR and TG groups (A). Histogram 
plot representing the MFI of the fluorescent probe as described in 
Fig. 8, MMP (B), mitochondrial SOX production (C), and mitochon-
drial mass (D). Bar graphs show the MFI values of these fluores-
cent probes. In addition, to normalize MMP and MitoSOX, the red/

green and sox/green ratios were calculated, respectively (B, C). MFI 
value of MitoTracker Green fluorescent probes (D). The data repre-
sent the mean ± S.E.M. of 4 different animals. For all comparisons, 
differences between datasets were assessed by unpaired t-test with 
*p < 0.05, **p < 0.005, and ***p < 0.0005. Statistical analysis was 
performed using GraphPad Prism version 10.2.0 software
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Fig. 8   Mitochondrial membrane potential, mitochondrial superox-
ide, and mass analysis using mitochondrial electron transport com-
plex inhibitors in 9-month-old CTR and TG animals. Histogram 
plot representing the MFI of the fluorescent probe as described in 
the figure. Mitochondrial SOX production (A, B), MMP (C, D). Bar 
graphs show the MFI values of these fluorescent probes in the pres-
ence of an inhibitor and the MFI value read in the presence of an 

inhibitor subtracted from the value read in the absence of an inhibi-
tor; rotenone (A, C), antimycin (B), and FCCP (D). The data repre-
sent the mean ± S.E.M. of 4 different animals. For all comparisons, 
differences between datasets were assessed by unpaired t-test with 
*p < 0.05, **p < 0.005, and ***p < 0.0005. Statistical analysis was 
performed using GraphPad Prism version 10.2.0 software

Fig. 9   PINK1, VDAC, and TOM20 expression in hippocampal tis-
sues of 9-month-old 5XFAD mice. Western blotting of PINK1, 
VDAC, and TOM20 proteins in hippocampal tissues of 5XFAD mice. 
A WB figure; B barplot; C fold change. Actin was used for internal 

loading control. The data represent the mean ± S.E.M. of 3 different 
animals of three independent experiments. For all comparisons, dif-
ferences between datasets were assessed by un-paired t-test and one-
way ANOVA with *p < 0.05, **p < 0.005, ***p < 0.0005
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higher than in CTR mice (p = 0.0286) (Fig. 10A, B). In addi-
tion, although TOM20 levels were lower in TG mice com-
pared to 9-month-old CTR mice, this was not statitistaclly 
significant (p = 0.1143) (Fig. 10A, B).

Moreover, we also assessed the PTEN-induced kinase 1 
(PINK1) level in these samples. PINK is known as a serine 
serine/threonine kinase which is involved in the mitophagy 
process to remove unhealthy mitochondria [21, 56]. Similar 
to TOM20 levels, PINK1 levels decreased in both samples of 
TG mice (p = 0.0001, 0.0257) (Figs. 9 and 10A, B). Further-
more, MFN2 level was also examined in the PBMC samples. 
Similar to hippocampus tissue, MFN2 declined in TG mice 
compared to CTR (p = 0.0295) (Fig. 10A, B).

Discussion

Mitochondrial dysfunction and altered bioenergetics are 
indicators of AD. However, it remains unclear whether 
these changes are causes or consequences of proteinopa-
thies in AD [57, 58]. While microglia and astrocytes in the 

central nervous system (CNS) were previously considered 
the primary contributors to AD pathologies, recent studies 
have underscored the involvement of peripheral immunity in 
both direct and indirect ways in the progression and patho-
genesis of AD. Other studies have also demonstrated that 
chemokines or cytokines in the systemic milieu shown to 
impair adult neurogenesis and cognitive function in an age 
dependent manner in mice [56, 59–62]. According to the 
“mitochondrial cascade hypothesis,” early changes in AD 
progression are mitochondrial dysfunction. In addition, this 
hypothesis proposes that alteration in mitochondrial function 
is not only implicated in the brain but also the periphery [56, 
63, 64]. It is crucial to understand the crosstalk between the 
brain and the peripheral systems to maintain energy homeo-
stasis [34].

Unlike previous studies focusing on changes in mitochon-
drial dynamics in AD, our research examined the levels of 
proteins associated with mitochondrial dynamics at different 
ages (3, 6, and 9 months old) in the brain and peripery of 
5xFAD transgenic mice as a familiar type of AD. In particular, 
our findings demonstrated that mitochondrial fusion-related 

Fig. 10   MFN2, PINK1, VDAC, and TOM20 expression in PBMCs 
of 9-month-old 5XFAD mice. Western blotting of PINK1, VDAC, 
and TOM20 proteins in PBMCs of 5XFAD mice. A WB figure; B 
barplot. Actin was used for internal loading control. The data rep-

resent the mean ± S.E.M. of 4 different animals of three independ-
ent experiments. For all comparisons, differences between datasets 
were assessed by unpaired t-test with *p < 0.05, **p < 0.005, and 
***p < 0.0005
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protein OPA1 and MFN2 levels in the TG group were sig-
nificantly lower than the CTR group in 6- and 9-month-old 
mice. However, the mitochondrial fission protein, DRP1, and 
pDRP1 were higher in 9-month-old compared to 6-month-old 
mice of TG animals. Wang et al. showed that DRP1, OPA1, 
and MFN2 levels were significantly lower in post-mortem 
brains of AD patients [65]. We also found low levels of 
OPA-1 and MFN2 in the late stages of AD. Recent studies 
highlighted that DRP1 interactions with Aβ and hyperphos-
phorylated Tau in AD cause mitochondrial dysfunction [65, 
66]. DRP1 is a member of the dynamin GTPase family, and 
post-translational modification, including phosphorylation, is 
known as a critical step for its activity. Phosphorylation of the 
serine 616 residues of DRP1 promotes mitochondrial fission. 
We also investigated the pDRP1 (S616) level in this 5xFAD 
animal model. The level of pDRP1 at S616 enhanced in 9 
months, which was consistent with neuronal cell lines [67]. 
Furthermore, a few studies demonstrated that inhibition of 
DRP1 activity rescues mitochondrial fragmentation in cell 
lines and animal models of AD, suggesting a regulatory role 
of DRP1 activity in AD [68, 69].

Furthermore, impaired mitochondrial fission due to dys-
regulation of the fission machinery may lead to changes in 
mitochondrial shape [70]. To visualize the mitochondrial 
morphology of hippocampal tissues from 5xFAD animals, 
we performed TEM analysis. Our data pointed to major 
alterations to mitochondrial structure and function in 5xFAD 
brains, including abnormalities in mitochondrial size and 
shape and the predominance of teardrop mitochondria. More-
over, changes in MERCs distances may have an influence on 
mitochondria-ER function in transgenic brains. MERCs with 
a 10-nm cleft distance could be used for lipid transfer, and 
MERCs with a 10 to 30-nm cleft width are thought to be used 
for calcium transfer [24]. Our results revealed the difference 
between CTR and TG groups for the MERCs distance, espe-
cially for 10–30 nm and 30–50 nm. A few studies indicated 
that presenilin 2 mutations can cause an increase in the ER-
mitochondria binding and the Ca2+ flux at the cellular level 
[71, 72]. Given 30–50 nm is responsible for the Ca2+ flux, 
our data provide further insight at the organism level. Moreo-
ver, OPA1 and MFN2 are also involved in cristae structure 
and ER-mitochondrial juxtaposition, respectively, together 
with the ultrastructural changes and reduction of OPA1 and 
MFN2 levels found in our study give an additional clue for 
the modulation of mitochondrial dynamics.

Given neurons demand metabolic adaptations, mitochon-
drial transport within neurons plays a crucial role in main-
taining neuronal health. There are two main axonal transport 
directions: one is called axonal transport from the cell body 
to the axon terminal (anterograde transport) and, in contrast, 
back toward the cell body (retrograde transport). Mitochon-
drial transport to synapses is dependent on microtubules in 
both axons and dendrites. However, mixed polarity is seen in 

the proximal dendrites. There are a few studies illustrating the 
impairment of mitochondrial transport in AD [2, 73]. In our 
study, we measured the number of mitochondria in proximal 
and distal dendrites. This suggests that the accumulation of 
the teardrop-shaped mitochondria in the distal dendrites may 
be an outcome of a disrupted retrograde transport mechanism.

Although the control group animals had a higher number 
of mitochondria at distal dendrites, the ratio in the proximal 
and distal regions was similar. On the other hand, our analy-
sis of the localization and the prevalence of teardrop shape 
revealed that such morphologically distorted mitochondria 
were more plentiful in the distal dendrites of aged control 
animals, and their ratio in the distal dendrites was substan-
tially increased in transgenic animals. Previous studies indi-
cated that mitochondrial fission arrest results in elongated 
linked organelles, a phenotype called “mitochondria-on-a-
string” (MOAS). The MOAS phenotype likely reflects defi-
cits in the selective elimination of damaged mitochondria, 
aggravating metabolic deficits, and ROS production [50]. To 
date, only a few studies have documented MOAS morphol-
ogy in different AD models or post-mortem human brains 
[69, 70, 74]. Our data confirms these morphological changes 
in 5xFAD mice as well. However, the changes in MERCs 
distance remain elusive in animal models or post-mortem 
human brains. Our results revealed the difference between 
CTR and TG groups for the MERCs distance, especially 
for 10–30 nm and 30–50 nm. Since MERCs are involved in 
different biological functions, including lipid and Ca2 + ion 
exchange and autophagosome formation, a decrease in dis-
tance MERCs might be related to altering these functions 
in AD. Moreover, it has been reported that more than 20 
proteins, including VDAC1, OPA1, and MFN2, are involved 
in the controlling of MERCs tethering; the long distance in 
MERCs may be implicated in the reduction in OPA1 and 
MFN2 levels in 5xFAD [63, 75].

Our study emphasizes that mitochondrial dysfunction 
starts in the early stages of 5xFAD mice and not only in the 
brain tissue of animals but also in the periphery. Although 
abnormalities in mitochondrial dynamics and oxidative 
stress are associated with AD’s pathogenesis, mitochon-
drial dysfunction in the peripheral tissues of AD patients 
and the AD mouse model is not well established. There are 
contradictory studies based on the respiratory chain complex 
activity, mitochondrial respiration, platelets, and lympho-
cytes of AD patients [76–79]. In addition to the hippocam-
pal tissue of the 5xFAD mouse model, we also measured 
the mitochondrial function of peripheral blood mononu-
clear cells. Our results revealed that MMP and mitochon-
drial mass decreased and MitoSOX increased in PBMCs of 
the late stage of 5xFAD animals, indicating impairment in 
mitochondrial respiration. Apart from the others, we also 
evaluated reverse electron transport activity using a com-
plex I inhibitor (Rotenone) [54]. We found an impairment of 
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complex I and complex III activity during the development 
of 5xFAD animals. Our results now provide further evidence 
that blood lymphocytes are an early peripheral sign for the 
diagnosis of AD and that they are detected in the blood of as 
early as 6-month-old mice in the 5xFAD model.

To correlate changes in mitochondrial mass in PBMC 
and hippocampus, we studied VDAC, TOM20 protein 
levels. Our results revealed that the VDAC level did not 
change in the hippocampal tissue; however, it increased in 
the PBMCs of TG mice. Since several studies indicate that 
VDAC interacts with amyloid beta and this protein accumu-
lates on mitochondria upon amyloid treatment or in the brain 
of AD patients, we also checked the TOM20 protein level 
[80–82]. Interestingly, in contrast to VDAC, TOM20 showed 
a significant reduction in both samples. The reduction in 
TOM20 levels, as determined by Western blot analysis, cor-
relates with alterations in mitochondrial mass in PBMCs, as 
assessed by flow cytometry. Moreover, the decline in MFN2 
levels in hippocampal tissue can be associated with the sub-
sequent reduction in mitochondrial mass [2, 65]. Given the 
observed reduction in mitochondrial number in TG, the 
unaltered VDAC levels may be attributed to an increase in its 
expression, as observed in other studies. In addition, the low 
level of PINK1 can be associated with defective mitophagy, 
which was previously reported in several studies [21, 56].

Some limitations of our study should be described. Incor-
porating 12-month-old mice would yield more detailed data 
regarding mitochondrial dynamics in AD. Due to difficulties 
in breeding transgenic mice, we could not separate gender 
differences. We were unable to take into account the impact 
of sex differences due to difficulties in breeding transgenic 
mice. In addition, our control animals were transgenic lit-
termates (BLSJL-Tg strain), not wild-type. Although our 
results revealed an alteration of mitochondrial dynamics 
between non-transgenic and transgenic animals, comparing 
transgenic mice with wild-type mice would have increased 
the consistency of our results and minimized genetic vari-
ability. Moreover, the small size of the mice hindered our 
ability to perform certain experiments and repeat tests, fur-
ther limiting the scope of our analyses. Despite these chal-
lenges, we believe our findings still offer valuable insights 
into mitochondrial alterations associated with AD.

In conclusion, our findings highlighted for the first time 
comprehensive mitochondrial changes in both central and 
peripheral tissues of 5xFAD and proposed that periph-
eral markers of mitochondrial dysfunction may serve as 
significant biomarkers for AD. Given that understanding 
the intricate relationship between mitochondria and AD 
pathology is crucial, our results may contribute to tar-
geting new therapeutic strategies, including modulating 
OPA1, MFN2, and DRP1 activity or electron transport 
complex activity, that may help alleviate the impact of this 
devastating neurodegenerative disorder.
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