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Abstract

Background: Mitochondrial dynamics—the balance between fission, fusion, and mitophagy—are essential for maintaining cellular
homeostasis and are increasingly implicated in the pathogenesis of Alzheimer’s disease (AD). Methods: Here, we investigated the effects
of targeted modulation of mitochondrial fission and fusion on mitochondrial morphology and metabolic status in primary hippocampal
cultures derived from 5xFAD transgenic mice. Mitochondrial dynamics were modulated using the fission inhibitor Mitochondrial Divi-
sion Inhibitor 1 (Mdivi-1), the fusion promoter mitochondrial fusion promoter M1 (MFP M1), and exogenous zinc as a fission activator.
We evaluated mitochondrial morphology, lipofuscin accumulation, beta-amyloid (A842) levels, and reactive oxygen species (ROS). The
general condition of the cultures was assessed morphologically using neuronal and astrocytic markers. Results: Modulating mitochon-
drial dynamics altered mitochondrial morphology, decreased A/342, lipofuscin, and ROS levels, and improved cellular organization.
Treatments with MFP and Mdivi-1 promoted mitochondrial hyperfusion without complete network integration and were associated with
reduced astrogliosis and increased neuronal density. In contrast, zinc induced dose-dependent mitochondrial fragmentation and astrocytic
clasmatodendrosis, with lower concentrations enhancing A3 clearance and higher concentrations inducing toxicity. Conclusions: Mito-
chondrial fusion and fission significantly influence lipofuscin and amyloid accumulation in 5XFAD cultures, underscoring their potential
as therapeutic targets in neurodegenerative diseases. We propose that mitochondrial morphology acts as a key regulator of both cellular
homeostasis and disease pathology.

Keywords: mitochondria; mitochondrial fusion; mitochondrial fission; mitochondrial dynamic; Alzheimer’s disease; lipofuscin; primary
cell culture

1. Introduction phate (ATP) production due to increased cristae surface
area, greater dimerization of ATP synthase, and more effi-
cient oxidative phosphorylation [12,13]. However, in most
studies, fused mitochondria refer to interconnected mito-
chondrial networks, rather than to hyperfused megamito-
chondria, which, although present in primary cultures, are
much less common. Notably, giant mitochondria are more
frequently described in other tissues [ 14,15]. Mitochondrial
fission, in contrast, is associated with cellular stress and de-
generation [16], and excessive fragmentation has been ob-
served in patients with Alzheimer’s disease and in various
model organisms [17-20].

Alzheimer’s disease (AD) has a complex etiology,
with mitochondrial dysfunction extensively studied as a po-
tential contributing factor [1]. Mitochondrial dysfunction,
particularly related to bioenergetics and its impact on neu-
ronal fate and degeneration, is recognized as one of the most
critical factors in the pathogenesis of AD [2].

Mitochondria undergo fusion in response to increased
energy demands or fission to isolate and eliminate damaged
mitochondria via mitophagy [3]. This sequence of pro-
cesses is referred to as mitochondrial dynamics, and main-
taining a proper balance among fusion, fission, and mi-
tophagy is essential for optimal cellular function [4,5]. Dis-
ruptions in mitochondrial dynamics and clearance can lead

A infiltrates mitochondria, leading to the release of
reactive oxygen species (ROS) and respiratory chain dys-

to chronic energy dysregulation, contributing to oxidative
stress, accumulation of neurotoxic proteins such as beta-
amyloid (Af3), and impaired cellular homeostasis [6,7].

Mitochondria exhibit remarkable variability in shape
and structural organization within cells [8]. Each distinct
mitochondrial morphology plays a critical role in different
cellular processes, reflecting cell-type—specific adaptations
in mitochondrial function [9—11]. Mitochondrial fusion is
traditionally associated with enhanced adenosine triphos-

function [21,22]. In the mitochondria of patients with AD,
A accumulation is closely associated with the formation
of lipofuscin (LF), a pigment linked to cellular aging that
is highly resistant to degradation [23]. Lipofuscin is be-
lieved to form due to incomplete lysosomal detoxification,
leaving behind insoluble inclusions—many containing im-
munoreactive AJ peptide [24,25]. Disruption of mitochon-
drial dynamics results in mitochondrial dysfunction and de-
creased ATP production [26-29], ultimately leading to an
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energy deficit in neurons [30,31]. Elevated AS levels fur-
ther contribute to oxidative stress and impaired intracellular
signaling, creating a vicious cycle of pathology [32]. Under
conditions of chronic stress, astrocytes fail to adequately
clear A3 and support neuronal survival, exacerbating neu-
roinflammation and disease progression [33-35]. Impaired
mitochondrial dynamics are increasingly recognized as ei-
ther a potential precursor to AS accumulation [36,37], or a
downstream consequence of AJ pathology [38]. These ob-
servations suggest that mitochondria may act as central reg-
ulators of early pathological events in AD. Targeting mito-
chondrial dynamics is now considered a promising strategy
in both cellular and medical research [39—41]. Manipulat-
ing these processes holds potential for improving mitochon-
drial function and restoring cellular metabolism in response
to stress or disease-related dysfunction [42—45].

This study investigates the regulation of mitochondrial
fusion and fission in primary astrocyte-neuron co-cultures
derived from the hippocampi of SxXFAD transgenic mice.
These mice serve as a genetic model of AD, mimicking
the accumulation of pathological AS in neurons. Notably,
mutation-specific changes in mitochondrial morphology,
function, and dynamics occur in these mice before the on-
set of neurological symptoms [46]. Progressive changes in
mitochondrial dynamics and function have been observed
in the hippocampus of 5XFAD mice as early as 2 months
of age [47]. These mice exhibit significant synaptosomal
mitochondrial dysfunction, characterized by an imbalance
in mitochondrial dynamics skewed towards fission. Exces-
sive fission negatively impacts energy production by com-
promising cristae integrity and the assembly of oxidative
phosphorylation complexes, while reduced fusion hinders
mitochondrial repair and increases the number of dysfunc-
tional organelles. This imbalance could ultimately lead to
synaptic dysfunction and neuronal death [6,48].

This study explores the effects of a Mitochondrial Di-
vision Inhibitor 1 (Mdivi-1), a Mitochondrial Fusion Pro-
moter M1 (MFP M1), and a low-concentration zinc chlo-
ride solution (Zn) as a fission activator. Mdivi-1 is a
cell-permeable quinazolinone compound, recognized as a
mitochondrial fission inhibitor targeting the evolutionarily
conserved mitochondrial GTPase Dnm1/Drpl (dynamin-
related GTPase/dynamin-like protein 1), a key regulator
of mitochondrial fission, and has demonstrated neuropro-
tective effects in AD models [49-52]. However, its ef-
fects are not entirely straightforward: in addition to in-
hibiting Drp1, Mdivi-1 may increase ROS production, trig-
ger mitochondrial retrograde signaling, and inhibit mito-
chondrial complex I [53,54]. In contrast, MFP M1 is a
cell-permeable phenylhydrazone compound [55], that en-
hances MFN2 (mitofusin-2) expression, a key protein in-
volved in outer mitochondrial membrane fusion. MFP
M1 has been shown to reduce brain mitochondrial dys-
function [56], particularly in tauopathy models [57]. In
our study, zinc chloride was used to modulate mitochon-

drial fission. Exogenous zinc colocalizes with mitochon-
dria [58], and its accumulation triggers Drp1-dependent fis-
sion through the Zip1 transporter, which interacts with Drp1
[59—61]. Zinc-induced mitochondrial fission is toxic, of-
ten promoting ROS production and mitochondrial fragmen-
tation [62,63]. Fragmentation amplifies oxidative stress
by increasing electron leakage from the respiratory chain,
whereas enhanced fusion stabilizes the mitochondrial net-
work and reduces ROS levels.

We also evaluate how these mitochondrial modulators
affect ROS levels as part of the broader cellular stress re-
sponse. Identifying compounds that selectively promote
mitochondrial fission remains a challenge. While fission
can be physiologically beneficial, it is often observed in
pathological contexts—making therapeutic induction of fis-
sion a complex process. Moreover, mitochondria may
undergo fission in response to a wide range of stressors,
further complicating the search for effective, specific fis-
sion activators [64—67]. For example, respiratory chain
inhibitors and oxidative phosphorylation uncouplers can
cause mitochondrial fragmentation [68,69].

Our previous study showed that manipulating mito-
chondrial dynamics can induce pathological features even
in healthy cells [70]. Here, we evaluate the astrocyte-to-
neuron ratio in our cultures before and after treatment with
mitochondrial modulators. In addition, we examine lev-
els of AB1-42, a central marker of Alzheimer’s pathology
in 5XFAD models, and assess lipofuscin accumulation—
a hallmark of mitochondrial dysfunction and impaired
autophagy—as an indicator of metabolic stress [24,71,72].
We also measure ROS levels to assess oxidative damage.
We hypothesize that controlled modulation of mitochon-
drial dynamics will alter A3 accumulation, oxidative stress,
and metabolic imbalance in SXFAD primary hippocampal
cultures.

2. Materials and Methods
2.1 Animal Models

The animals used in this study were 5XxFAD mice, a
double transgenic model of Alzheimer’s disease. Neurons
of 5xFAD mice, both in vivo and in culture, accumulate
Ap from the beginning of life. Mice of the 5XFAD line
were bred on an SJL/C57B6 (Swiss James Lambert/C57
Black 6) congenic background to minimize concerns re-
lated to allelic segregation and the variability of the orig-
inal hybrid strain. The transgenic mouse line was obtained
from Charles River Laboratory (Wilmington, MA, USA).
All experiments were conducted on F1 progeny generated
by crossing transgene-positive animals with SJL/C57BL6
mice at the ICB RAS facility (Pushchino, Moscow re-
gion, Russia). 5xFAD transgenic mice express five fa-
miliar AD mutations: the APP (Amyloid Precursor Pro-
tein) (695) transgene carries the Swedish (K670N, M671L),
Florid (I716V), and London (V7171) mutations, while the
PSENI (Presenilin 1) transgene carries M146L and L286V
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mutations. Both transgenes are expressed under the murine
Thyl (Thymocyte Differentiation Antigen 1) promoter, en-
suring overexpression specifically in neurons. The trans-
genes are inserted at a single locus (Chr3:6297836), without
disrupting known genes. Non-transgenic littermates served
as controls. Genotyping was performed by PCR using DNA
from ear biopsy specimens, with the presence of a 377-bp-
long Tg cassette detected by primers 5'-AGG ACT GAC
CAC CAC TCG ACC AG-3' and 5'-CGG GGG TCT AGT
TCT TCT GCA T-3/, followed by electrophoretic visualiza-
tion.

To minimize animal suffering, invasive procedures
such as band surgery were avoided. Instead, natural deliv-
ery was used, followed by rapid guillotination of newborns
in vitro, enabling hippocampal extraction for primary cul-
tures. To reduce intra-litter variation, animals from differ-
ent litters were used across the experiment. The experimen-
tal protocol was approved by the Bioethics Commission of
ICB RAS (Approval ID: 1/032023, date: 2023-3-22).

2.2 Primary Hippocampal Culture

Mixed astro-neuronal cultures were established from
0—1-day-old mice to investigate cellular characteristics in
vitro. The hippocampi were mechanically dissociated
and treated with a Trypsin-EDTA solution (lot 25200056,
Gibco, Waltham, MA, USA). The resulting cell suspen-
sion was transferred to wells coated with Poly-D-Lysine
(A3890401, Gibco, USA) or to glass slides coated with
the same substrate, to ensure adequate adhesion. Af-
ter attachment, the cultures were maintained with Neu-
robasal Medium (21103049, Gibco, Waltham, MA, USA)
supplemented with 2% B-27 (17504044, Gibco, Waltham,
MA, USA) and 1% Penicillin-Streptomycin-Glutamine
(10378016, Gibco, Waltham, MA, USA). Cells were incu-
bated at 37 °C with 5% COs, and cultures were harvested
for experimentation after 14 days of maturation.

To increase heterogeneity, multiple hippocampi were
pooled and mechanically divided into 4-5 fragments, mini-
mizing variability linked to genetic and environmental fac-
tors within a single litter. The design aimed to reduce the
number of animals used while ensuring sufficient biological
replication. On average, each hippocampus yielded three
biological replicates.

2.3 Visualization of Mitochondria

Mitochondria were visualized by transduc-
tion/transfection of cultures with the CellLight BacMam
2.0 Red system (C10600, Thermo Fisher Scientific,
Waltham, MA, USA). This pre-constructed vector employs
BacMam 2.0 technology to introduce a fluorescent protein
fused to the El-alpha-pyruvate dehydrogenase leader
sequence. The reagent was applied according to the
manufacturer’s protocol and incubated with cells for 16
hours before use.
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Mitochondrial morphology was assessed in live, un-
fixed cell cultures using a Leica DM IL LED microscope
(Leica, Wetzlar, Germany) with a x 100 oil immersion ob-
jective. Fixation was avoided, and it caused significant arti-
facts in mitochondrial architecture (in Supplementary Fig.
1). All morphological data were obtained from live cells
to preserve mitochondrial integrity and function. Because
multicomponent primary cultures form multilayered net-
work structures, quantification of mitochondrial morphol-
ogy in neurons was challenging. In contrast, comparable
analysis was feasible in astrocytes, providing insights into
their mitochondrial characteristics. Mitochondrial area and
length were estimated manually using Image]J 1.54g soft-
ware (National Institutes of Health, Bethesda, MD, USA).
Images were calibrated with a known scale and mitochon-
drial length was measured using the straight tool. Areas
were determined through polygonal selections of each indi-
vidual mitochondrion. In cases of branching, all branches
were included in the total length calculation. For circular or
polygonal mitochondria, its maximum diagonal was used.

2.4 Effects on Mitochondrial Fusion and Fission Processes

Two compounds with different mechanisms were used
to modulate mitochondrial dynamics. The first, Mdivi-
1 (475856, Sigma-Aldrich, Saint Louis, MO, USA), is a
cell-permeable quinazolinone compound that reversibly in-
hibits dynamin-like protein 1 (Drpl), a key fission GT-
Pase. The second substance, MFP M1 (SML0629, Sigma-
Aldrich, Saint Louis, MO, USA), is a cell-permeable hy-
drazone that promotes mitochondrial fusion without affect-
ing endoplasmic reticulum (ER) and lysosomes morphol-
ogy. Substances were applied according to the manufac-
turer’s instructions. Cultures were analyzed at 1 day and
5 days post-treatment with Mdivi-1 (10 uM) and MFP M1
(5 uM). The 1-day point captured early responses (network
reorganization, ATP production, oxidative stress), while the
5-day point revealed sustained effects and adaptations.

Since no direct fission activators are commercially
available, zinc chloride (Z0152, Sigma Aldrich, Saint
Louis, MO, USA) was used in PBS at high (I uM) and
low (0.1 pM) concentrations. High concentrations caused
pronounced mitochondrial and cellular stress; therefore, ex-
periments were limited to 1 day. Low concentrations were
used to modulate morphology without acute toxicity, with
both 1-day and 5-day assessments performed.

2.5 Protein Concentration (UV Spectroscopy)

Protein concentrations were normalized using
Lowry’s method combined with UV spectroscopy [73].
The absorbance peak of tryptophan-containing proteins
at 286 nm was recorded with a spectrophotometer Perkin
Elmer MPF-44B (Perkin Elmer, Waltham, MA, USA).
Calibration curves were generated from known protein
standards, plotting concentration against absorbance.
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2.6 Lipofuscin Detection

Lipofuscin, an autofluorescent pigment, was quan-
tified spectrofluorimetrically as a marker for cellular
metabolic stress. Primary hippocampal cultures were
washed three times with PBS, then transferred to 5%
sodium dodecyl sulfate (SDS). Samples were agitated for
5 minutes on a cooled shaker, lysed, and frozen for later
use. Protein concentrations were normalized to 50 pg per
sample. Lipofuscin was detected by its emission peak
at ~450 nm upon excitation at 360 nm, measured with a
Perkin Elmer MPF-44B spectrofluorimeter (Perkin Elmer,
Waltham, MA, USA), gain x2, monochromator slits 5/5,
with multipass mirror micro cuvettes designed for measur-
ing the fluorescence of weakly absorbing solutions.

2.7 ELISA for AB-staining

AB1-42 levels in cell cultures were quantified using
the High Sensitive ELISA Kit for Amyloid Beta Peptide 1-
42 (HEA946Hu, USCN Life Inc., Wuhan, Hubei, China),
following the manufacturer’s instructions for all experimen-
tal procedures. Primary hippocampal cultures were washed
three times with PBS and lysed in PBS containing 1%
TRITON-X, protease inhibitors (Protease Inhibitor MixM,
P180239, Serva, Heidelberg, Germany), and phosphatase
inhibitors (Phosphatase Inhibitor Mix I, P170262, Serva,
Heidelberg, Germany). Protein concentrations were nor-
malized to 20 ug per sample. Optical density at 450 nm was
measured using a Multiskan FC microplate reader (Thermo
Fisher Scientific, Waltham, MA, USA), and the concentra-
tions of AB1-42 were calculated from standard curves.

2.8 ROS Detection

Mitochondrial superoxide was measured with
MitoSox-red (M36008, Invitrogen, Carlsbad, CA, USA),
according to the manufacturer’s protocol. After treatment
with test compounds, culture medium was changed, and
cultures were incubated with 2.5 uM MitoSox-red for 20
minutes, then washed and analyzed with a fluorimetric
plate reader (Agilent Technologies, Inc., Santa Clara, CA,
USA).

2.9 Immunocytochemistry

For of neurons and astrocytes markers, cell cultures
were fixed for 10 minutes in 4% paraformaldehyde. Mem-
brane permeability was increased with 0.2% Triton X-100,
and nonspecific binding to antigens was blocked in PBST
(PBS + 0.1% Tween 20) with 1% BSA, 10% normalized
donkey serum (ab7475, Abcam, Cambridge, UK), and 5%
normalized goat serum (31872, Invitrogen, Carlsbad, CA,
USA) for 1 hour at room temperature. Cultures were in-
cubated overnight at 4 °C with primary antibodies, fol-
lowed by fluorescent secondary antibodies for 2 hours at
room temperature. Cells were washed 3 times with PBS
(pH 7.4) for 5 minutes between steps. The following
primary and secondary antibodies were used to stain for

neurons—Anti-MAP2 (microtubule-associated protein 2)
antibody (ab32454, Abcam, Cambridge, UK, 1:200) and
corresponding Alexa 594 nm (ab150080, Abcam, Cam-
bridge, UK, 1:400); astrocytes—Anti-GFAP (glial fibril-
lary acidic protein) antibody (ab4674, Abcam, Cambridge,
UK, 1:800); Alexa 488 nm (ab150169, Abcam, Cambridge,
UK, 1:1000).

Imaging was acquired with a JuLI Stage fluorescence
microscope (NanoEntek, Seoul, South Korea). Background
correction was applied with the microscope’s software to
ensure uniform illumination and contrast. Images were an-
alyzed in ImageJ software. To quantify neuronal and astro-
cytic contributions, images were processed with Image] al-
gorithms and converted into binary black-and-white format.
The total image area was defined as 100%, and the fraction
occupied by immunopositive structures was expressed as a
percentage of this total.

2.10 Statistical Analysis

Image analysis was performed in ImageJ. Statistical
analyses were conducted in SigmaPlot 12.5 (Grafiti LLC,
Palo Alto, CA, USA) and OriginPro 10.1.0.178 (OriginLab
Corporation, Northampton, MA, USA). Data in the text are
presented as mean + SD. For datasets with a small num-
ber of observations, results are shown as bar plots (mean
=+ SD); for datasets with more than 50 observations, vio-
lin plots were used. Mitochondrial morphology is addition-
ally represented as histograms with distribution curves esti-
mated using the Kernel Smoothing nonparametric method.
Normality was tested with the Shapiro—Wilk test. One-way
ANOVA or Kruskal-Wallis test was used for group com-
parison, followed by Bonferroni’s or Dunn’s post hoc tests.

3. Results and Discussion
3.1 Modulated Mitochondrial Fusion and Fission.

Analysis of mitochondrial morphology revealed that
mitochondria in 5XxFAD (tg) cultures were, on average,
longer, had a larger area, and displayed greater hetero-
geneity compared to those in non-transgenic (ntg) cultures
(Fig. 1). In ntg cultures, mitochondrial lengths were tightly
distributed within 6.5 4= 3.3 pm (max 19 pm, min 0.12 um).
In contrast, transgenic cultures exhibited a pronounced tail
in the distribution, with mitochondrial lengths extending up
to 20-30 um (near 8 + 6.3 um, max 30 pm, min 0.5 um).
Similarly, tg mitochondria displayed a broader range of ar-
eas (0.1 to 3 um?), whereas ntg mitochondria were more
compact, generally not exceeding ~6 pm?. These findings
suggest that mitochondria in ntg cultures are more homoge-
neous in both shape and size, reflecting a baseline state of
mitochondrial homeostasis, while 5XFAD cultures demon-
strate disrupted mitochondrial dynamics, characterized by
the coexistence of abnormally large and small mitochon-
dria.

We next examined whether modulation of fusion and
fission could alter these pathological features. Treatment
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Fig. 1. Modulation of mitochondrial fusion and fission. Comparison of mitochondrial morphology in ntg and 5xFAD cultures and
its alteration after treatment with Mdivi-1, MFP M1 and zinc. Mitochondria staining was performed by transfection/transduction with
the CellLight BacMam 2.0 system. Mitochondrial morphology was examined on a Leica DM IL LED microscope using a x 100 oil-
immersion objective. (A) Mitochondrial network in healthy nontransgenic astrocytes. Scale bar =50 um. (A1) Mitochondria in healthy
neuron. Scale bar =25 um. (B) Mitochondrial network in SXFAD astrocytes. Scale bar = 50 pm. (B1) Mitochondria in 5XFAD neurons.
Scale bar =25 pm. (C) Action of Mdivi-1 breaks down the mitochondrial network in 5XFAD astrocytes. Scale bar=50 um. (C1) Action of
Mdivi-1 reduces the number of tiny mitochondria in 5XFAD neurons. Scale bar =50 pm. (D) MFP M1 action converts the mitochondrial
network in 5XFAD astrocytes to a pool of fused and hyperfused mitochondria, while the smallest mitochondria are retained. Scale bar =
50 um. (D1) MFP M1 action increases mitochondrial size in S5XFAD neurons. Scale bar =50 um. (E) Action of exogenous zinc breaks the
mitochondrial network in SXFAD astrocytes into unstructured fragments. Scale bar = 50 pm. (E1) Action of exogenous zinc in SXFAD
neurons leads to a decrease in mitochondrial size. Scale bar = 50 um. (F) Distribution histogram of mitochondrial lengths in astrocytes
across experimental groups, overlaid with a Kernel density estimation curve. (F1) Violin plot of mitochondria length distribution in
astrocytes. (G) Distribution histogram of mitochondrial areas in astrocytes across experimental groups, overlaid with a Kernel density
estimation curve. (G1) Violin plot of mitochondria area distribution in astrocytes. * p < 0.05, ANOVA, Dunn test, versus nontransgenic
group (blue), # p < 0.05, ANOVA, Dunn test, versus transgenic 5XFAD group (red). MFP M1, Mitochondrial Fusion Promoter M1; ntg,
cultures derived from nontransgenic animals; Mdivi-1, Mitochondrial Division Inhibitor 1.
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with MFP M1 led to defragmentation of the mitochon-
drial network, with an average mitochondrial length of 3
4+ 1.5 um (max 8 um, min 0.3 pm). This was accompa-
nied by an increase in the number of morphologically fused
mitochondria that did not integrate into a continuous net-
work, while a population of small mitochondria was re-
tained (area range 0.02—26 pm?). Although mitochondrial
fusion is usually associated with the formation of a highly
interconnected network, our observations indicate that fu-
sion at the organelle level does not necessarily translate into
increased network connectivity at the cellular level. After
MFP M1 treatment, fused structures emerged, but without
a corresponding increase in network organization. Instead,
mitochondria were more diffusely distributed, forming iso-
lated fused units alongside small individual mitochondria.
Thus, mitochondrial fusion is a molecular event; mitochon-
drial networking is a higher-order spatial outcome. While
often correlated, the two processes can become dissociated,
and the presence of hyperfused mitochondria without net-
work integration may suggest a cellular attempt to “repair”
individual mitochondria rather than assemble them into a
functional ensemble. Formation of megamitochondria is
considered an adaptive response [74], and, as we will show
in Section 3.3, this mechanism appears to support culture
viability in 5XFAD.

We initially expected Mdivi-1 treatment to promote
mitochondrial elongation and network formation. How-
ever, under our conditions, Mdivi-1 induced mitochon-
drial network defragmentation in astrocytes, with an aver-
age mitochondrial length of 1.6 + 1.2 pm (max 6.3 pm,
min 0.02 um) and an average area of 1.4 £ 1.0 um? (max
7 um?, min 0.03 pm?).

One possible explanation is that Mdivi-1 is not a
strictly selective inhibitor of Drpl GTPase but also sup-
presses respiratory chain complex I, an effect independent
of Drpl and not associated with mitochondrial elongation
[75]. Consistently, the same authors showed that Mdivi-
1 did not alter mitochondrial morphology in COS-7 cells
after 24 h and did not prevent staurosporine-induced frag-
mentation, supporting the view that its effects are not Drp1-
specific. Additionally, Mdivi-1 has been shown to reduce
mitochondrial membrane potential and ATP synthesis while
altering calcium homeostasis [54]. A decline in membrane
potential activates the mitochondrial metalloendopeptidase
OMAI (OMAL protease) [76], which cleaves OPAI mito-
chondrial dynamin like GTPase (OPA1) and disrupt inner
membrane fusion, potentially driving passive network dis-
persal despite Drpl inhibition.

Another possibility involves Drpl-independent fis-
sion during mitophagy. Although Drpl is central to mito-
chondrial fission, residual fragmentation persists even in its
absence, suggesting alternative pathways for mitochondrial
division [77,78]. A Drpl-independent fragmentation path-
way has also been described, during mitophagy, in coor-
dination with isolation membrane and autophagosome for-

mation [79]. Although mitophagy was not directly assessed
here, the fragmentation observed with Mdivi-1 may reflect
adaptive remodeling to facilitate turnover of dysfunctional
organelles rather than stress-induced damage. Importantly,
because Mdivi-1 does not block fusion, mitochondria can
rejoin the network, preserving some plasticity. In parallel,
chronic amyloid stress in 5XFAD may enhance actin- and
endoplasmic reticulum (ER)-dependent mitochondrial con-
striction, a pathway independent of Drpl, that involves re-
modeling of ER-mitochondria contacts and actin polymer-
ization, leading to constriction and fragmentation [80,81].

Finally, metabolic side effects of Mdivi-1 may in-
directly suppress fusion through MFN1/2 degradation,
OPA1 proteolysis, altered oxidative phosphorylation (OX-
PHOS) protein expression, and increased superoxide pro-
duction [82], collectively favoring fragmented mitochon-
drial forms. A transient response is also possible, with ini-
tial fission inhibition inducing hyperfusion, followed by a
compensatory rebound fission as the drug is metabolized
or inactivated. These mechanisms are not mutually exclu-
sive and likely interact to produce the complex phenotype
observed.

To further modulate fission, we applied exogenous
zinc chloride. At high concentrations, zinc acted primar-
ily as a toxicant, whereas lower concentrations produced
morphologically evident fission without immediate neurite
damage. Zinc exposure caused nearly complete mitochon-
drial network fragmentation into small elements that, un-
der our experimental conditions, could not always be re-
liably dissolved. The average mitochondrial length was
0.7 £ 0.3 pm (max 1.5 pum, min 0.02 pm), with an aver-
age area of 0.2 4 0.08 um? (max 0.5 pm?, min 0.04 pm?).
Unlike MFP M1 and Mdivi-1, which produced heteroge-
neous populations of elongated and fragmented mitochon-
dria, zinc induced a uniform pattern of small mitochon-
drial fragments. Mitochondria exposed to high-dose zinc
underwent a striking morphological transition into evenly
sized, punctate fragments, consistent with the activation
of a non-physiological, potentially stress-induced fission
mechanism. This uniform fragmentation sharply contrasts
with the more heterogeneous remodeling observed under
pharmacological modulation of fission or fusion, where mi-
tochondrial morphology remains diverse and adaptive.

3.2 Determination of Lipofuscin, Beta-amyloid and
ROS-level

Next, we assessed the levels of lipofuscin, ROS, and
A in all the samples tested (Fig. 2).

As expected, untreated SXFAD transgenic cultures ex-
hibited significantly higher lipofuscin accumulation (570.9
=+ 16 r.e.) compared to nontransgenic controls (345 + 14.3
r.e.). Fluorescence intensity in the MFP M1—1 day group
(289.6 £ 7 r.e.) was already lower than in both untreated
transgenic cultures and nontransgenic controls, while by
day 5 (MFP5: 153.5 4+ 5 r.e.), lipofuscin accumulation had
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Fig. 2. Accumulation of beta-amyloid, lipofuscin and ROS in 5xFAD transgenic cultures under the action of mitochondrial

dynamics modulators. A51-42 levels in cell cultures were evaluated using ELISA. Lipofuscin accumulation and ROS levels were

assessed fluorimetrically. Accumulation of lipofuscin levels also presented as fluorescence spectra (Ex. 360/Em. max 450). * p < 0.05,

Kruskal-Wallis test, Bonferroni method. ntg, cultures derived from nontransgenic animals; tg, cultures derived from 5xFAD transgenic

animals; 1d, 1 day of exposure to the tested compound; 5d, 5 days of exposure; tox, 1 day of exposure to a toxic concentration of the

compound. ROS, reactive oxygen species; LF, lipofuscin; A3, beta-amyloid.

dropped to levels markedly below those of untreated non-
transgenic cultures. A similar trend was observed follow-
ing inhibition of mitochondrial fission. Fluorescence inten-
sity in Mdivil—1 day treated cultures (284 £ 12 r.e.) was
comparable to the control group, while by day 5 (185 +
9 r.e.), lipofuscin accumulation was significantly reduced
relative to untreated transgenic cultures. The reduction ob-
served as early as day 1, with further decline by day 5, sug-
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gests that mitochondrial fusion promotes cellular clearance
mechanisms, possibly through enhanced mitophagy and au-
tophagy activation [83]. Conversely, toxic zinc overload
(702.7 £ 19 re.) led to a dramatic increase in lipofus-
cin fluorescence, exceeding levels in untreated transgenic
cultures. In contrast, low-dose zinc exposure produced a
biphasic effect: after one day (377.5 £ 7 r.e.), lipofus-
cin levels were slightly elevated compared to nontransgenic
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controls but remained significantly lower than in transgenic
cultures, while by day 5 (208.1 £ 11 r.e.), lipofuscin fluo-
rescence had further decreased.

In untreated 5xFAD transgenic cultures, AS42 ac-
cumulation reached 137.5 + 12.6 pg/mL. Treatment with
MFP M1 resulted in a progressive decline in A342 levels.
By day 1 (77 £ 13 pg/mL), AB42 was significantly reduced
compared to untreated transgenic cultures, and by day 5 the
effect was even more pronounced (15.5 &+ 7.6 pg/mL). In-
hibition of mitochondrial fission with Mdivi-1 also reduced
A (42 accumulation. After 1 day of treatment (93.5 4+ 8.2
pg/mL), A342 levels were already lower than in untreated
transgenic cultures, and by day 5 (38.3 & 9.7 pg/mL), they
had further declined. The observed reduction in AS lev-
els following MFP M1 and Mdivi-1 treatment is consis-
tent with previous reports linking mitochondrial function
to amyloid clearance. The progressive decline in AS over
five days suggests that improved mitochondrial function fa-
cilitates more efficient proteostasis, potentially through en-
hanced autophagy and lysosomal degradation. In contrast,
toxic zinc exposure (179.5 £ 11.1 pg/mL) significantly in-
creases AP42 levels, exacerbating AS pathology in line
with previous findings [84,85]. This suggests that exces-
sive zinc disrupts mechanisms involved in amyloid clear-
ance, potentially through mitochondrial dysfunction and
lysosomal impairment. Interestingly, low-dose zinc expo-
sure had a striking effect: after 1 day (12.8 + 4 pg/mL) and
5 days (8.3 4 3.8 pg/mL), A342 levels were nearly unde-
tectable by our methods, suggesting that mild zinc modula-
tion may enhance amyloid clearance. This finding warrants
further investigation into the dose-dependent effects of zinc
on amyloid metabolism [86,87].

The role of zinc in AD pathogenesis remains contro-
versial. While some studies suggest therapeutic potential
for zinc chelators [88,89], others report protective effects
of Zn-enriched diets [87,90]. A major mechanism of zinc
neurotoxicity is its ability to accelerate A3 aggregation and
promote the formation of highly toxic Zn-AS oligomers
[84,91-93]. Amyloid plaques contain abnormally high Zn
concentrations, long regarded as pathogenic, although al-
ternative views propose a protective role for such accumu-
lation [94]. Beyond its interaction with A, zinc is an es-
sential regulator of neurotransmission, neurotrophism, and
synaptic plasticity [95]. Sequestration of Zn into extracellu-
lar amyloid deposits depletes intracellular pools, destabiliz-
ing microtubules, promoting neurofibrillary tangle (NFT)
formation, and impairing cytoskeletal integrity [85,96]. Zn
deficiency also facilitates calcium influx through NMDA
receptors, exacerbating oxidative stress [97]. Conversely,
zinc can promote A3 clearance by directly modulating pro-
tease activity and indirectly enhancing protease expression
[98], indeed, many A(-degrading enzymes are Zn metal-
loproteases [99]. In addition, Zn exerts anti-inflammatory
and antioxidant effects by inducing metallothioneins [99],
cysteine-rich proteins with strong cytoprotective proper-

ties [100—-102]. One prevailing hypothesis is that seques-
tration of Zn within plaques creates a state of local func-
tional deficiency despite elevated total Zn levels, thereby
contributing to glutamatergic excitotoxicity and synaptic
dysfunction [95]. Data from cell models further indicate
that Zn’s actions depend on concentration and localiza-
tion: ionophores suppress «- and [-secretase-dependent
APP processing [103], whereas the chelator clioquinol, by
increasing intracellular Zn, activates matrix metallopro-
teinases and reduces AS burden. Together, these findings
highlight the context-dependent nature of zinc signaling,
where the same element can exert either toxic or protec-
tive effects depending on dose, compartmentalization, and
baseline cellular environment.

ROS levels followed a pattern consistent with mito-
chondrial dysfunction in 5xFAD transgenic cultures, show-
ing a significant increase compared to nontransgenic con-
trols. In nontransgenic cultures (56.4 4+ 19 r.e.), ROS lev-
els remained low, whereas untreated S5XFAD transgenic cul-
tures (87.7 &+ 16 r.e.) exhibited a marked elevation, con-
sistent with the well-documented mitochondrial dysfunc-
tion and oxidative stress associated with Alzheimer’s dis-
ease pathology. Treatment with MFP M1 produced a pro-
gressive reduction in ROS. After 1 day (46 £+ 10.5 r.e.),
ROS levels dropped below those of transgenic cultures,
suggesting an early antioxidative effect. By day 5 (34
+ 9.9 re.), ROS levels were further reduced, indicating
that enhanced mitochondrial fusion supports redox balance,
possibly by optimizing mitochondrial function and ATP
production. Hyperfusion of mitochondria have been ob-
served to transiently lower intracellular ROS levels, accom-
panied by reduced oxygen consumption and ATP synthe-
sis, which typically recover to baseline after a period of
time [104,105]. Inhibition of mitochondrial fission with
Mdivi-1 produced more variable effects on ROS levels. Af-
ter 1 day, ROS levels were (72 £ 14 r.e.), and by day 5
(80 £+ 9 r.e.), they had returned to values similar to un-
treated transgenic cultures. We found no significant differ-
ences between both mdivi-ntg and mdivi-tg groups. Previ-
ous studies have reported that repeated daily Mdivi-1 treat-
ment lower ROS levels [106]. However, Mdivi-1 is also
known to increase ROS [75], triggering mitochondrial ret-
rograde signaling [53], which may have broader implica-
tions beyond its role in mitochondrial dynamic. Toxic zinc
overload (165 + 16 r.e.) caused a sharp increase in ROS
levels, reinforcing its role in exacerbating oxidative stress.
Low-dose zinc exposure showed that after 1 day, ROS lev-
els were 73.0 4+ 16.2 r.e., and by day 5, ROS levels were
81.0 & 8.2 r.e. We found no significant differences between
Zn-ntg and Zn-tg groups.

3.3 Neuronal and Astrocytic Morphology and the Impact
of Mitochondrial Dynamics on Cellular Organization

As shown in Fig. 3, transgenic 5xFAD and nontrans-
genic cultures exhibit distinct morphological characteris-
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tics despite being prepared under identical culture condi-
tions. SXFAD cultures are characterized by pronounced as-
trogliosis (54.2 £ 5% in nontransgenic cultures vs. 70 +
7.3% in 5XxFAD cultures), accompanied by a reduction in
neuronal area (49.2 £+ 5.7% in nontransgenic cultures vs.
36.6 + 4.5% in 5XxFAD cultures) [107]. In addition, trans-
genic cultures tend to display a more mosaic-like organiza-
tion, whereas nontransgenic cultures predominantly form
clustered structures.

Treatment with the mitochondrial fission inhibitor
Mdivi-1 led to a significant increase in neuronal density af-
ter one day (44.0 = 7%), which remained stable by day 5
(46.9 + 6%). A notable reduction in astrocytic area was
observed by day 5, approaching levels seen in nontrans-
genic controls (70.2 £+ 6.8% at day 1 vs. 52.7 £ 7.5%
at day 5). These findings suggest that Mdivi-1 promotes
neuronal survival while simultaneously reducing reactive
astrogliosis [108,109]. Since excessive mitochondrial fis-
sion is typically associated with cellular stress and apop-
tosis, the stabilization of neuronal density under Mdivi-1
treatment implies a shift toward a more balanced mitochon-
drial state. Interestingly, despite the increased mitochon-
drial fragmentation observed in treated cultures, ROS levels
did not rise significantly. This apparent paradox may indi-
cate that Mdivi-1-induced fragmentation reflects adaptive
remodeling that supports mitochondrial turnover and redis-
tribution rather than pathological degradation. The concur-
rent reduction in astrocytic density supports the idea that
Mdivi-1 mitigates neuroinflammation by suppressing ex-
cessive glial activation.

Exposure to high concentrations of exogenous zinc, a
known mitochondrial fission activator, resulted in marked
neurotoxicity. Neuritic degeneration was evident (neuronal
density 25.2 £ 4.1%), along with a moderate reduction in
astrocytic density (60.3 + 6.2%). This neurotoxicity is
likely due to excessive mitochondrial fragmentation, lead-
ing to energy deficits and increased oxidative stress. As-
trocytic damage was particularly pronounced and consis-
tent with clasmatodendrosis—a pathological fragmentation
and retraction of astrocytic processes [110], typically as-
sociated with calcium dysregulation, calpain hyperactiva-
tion, and mitochondrial dysfunction [111]. Referring to our
previous work on nontransgenic (ntg) cultures [70], we ob-
served that high-dose zinc exposure did not induce the for-
mation of clasmatodendrotic astrocytes. Since the primary
distinction between these models lies in the accumulation
of AS, we propose that the presence of A3 may be a crit-
ical factor underlying this differential astrocytic response.
Given the central role of astrocytes in neuronal support and
A clearance, zinc-induced astrocytic damage likely con-
tributes to neurodegeneration by disrupting these homeo-
static functions.

In contrast, low-dose zinc exposure produced a
markedly different effect. After one day, a modest decrease
in astrocytic density was observed (66.7 &= 6%), while neu-
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ronal density remained stable (41.7 & 5%). By day 5, neu-
ronal density had slightly increased (42.1 + 6.7%). Un-
like the high-dose group, low-dose zinc did not cause overt
toxicity. Instead, it appeared to induce mild astrocytic re-
modeling without negatively affecting neurons. These find-
ings suggest that moderate levels of mitochondrial fission,
triggered by subtoxic zinc concentrations, may contribute
to cellular adaptation and homeostasis rather than injury
[112,113]. The differential responses to zinc underscore
the importance of mitochondrial balance, where excessive
fragmentation is detrimental, but controlled fission may be
beneficial.

Although the connection between mitochondrial dy-
namics and culture architecture appears intuitive, direct ev-
idence has been limited. While theoretical models pro-
pose that mitochondrial behavior shapes culture morphol-
ogy, empirical validation has been lacking. Our findings
demonstrate that mitochondrial remodeling influences not
only intracellular metabolism [114], but also the structural
organization of neuron-astrocyte cultures. The changes in
cellular arrangement following manipulation of fusion and
fission suggest that mitochondrial dynamics affect intercel-
lular interactions and coordinated behavior within the cul-
ture.

Variations and specificity in mitochondrial dynamics
may be closely linked to particular cellular functions and re-
quirements, differing across cell types [115]. For instance,
studies have shown that mitochondrial dynamics regulate
cell morphology in the developing cochlea [116]. More-
over, mitochondrial dysfunction has been associated with
impaired brain development, depletion of the adult neural
stem cell pool, and disruptions in both embryonic and adult
neurogenesis [117]. In addition, mitochondrial dynamics
are essential for regulating stem cell identity, self-renewal,
and fate decisions [118]. Inactivation of the fusion protein
OPAL1, for example, has been shown to impair both tissue
regeneration and stem cell pluripotency [119]. Further stud-
ies are needed to determine whether the observed metabolic
changes are a direct consequence of mitochondrial remod-
eling or part of a broader cellular stress response aimed at
maintaining homeostasis.

4. Conclusions

Even if one does not fully embrace the mitochondrial
theory of Alzheimer’s disease as the central paradigm, mi-
tochondria undeniably remain among the most critical reg-
ulators of cellular health. Their ability to alter phenotype
through fission and fusion directly affects cell morphol-
ogy and structural organization in complex cell commu-
nities such as primary cultures of hippocampal cells. In
our study, modulation of mitochondrial dynamics signif-
icantly influenced the accumulation of lipofuscin, a well-
established marker of intracellular stress and aging, as well
as Af3, a key pathogenic hallmark of AD, underscoring their
potential as therapeutic targets in neurodegenerative dis-
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eases. While controlled fusion or limited fission inhibi-
tion may support clearance pathways and cellular integrity,
excessive or dysregulated fragmentation—such as that in-
duced by zinc toxicity—can exacerbate oxidative stress
and aggregate burden. Our findings provide empirical ev-
idence that mitochondrial dynamics not only regulate in-
tracellular metabolism but also shape structural organiza-
tion and intercellular interactions within neuron-astrocyte
cultures. Further research is needed to determine whether
these metabolic and morphological changes arise directly
from mitochondrial remodeling or as part of broader cellu-
lar stress responses aimed at preserving homeostasis.

We propose that mitochondrial morphology acts as
a key regulator of both cellular homeostasis and disease
pathology. Mitochondrial dynamics thus emerge as promis-
ing therapeutic targets in neurodegenerative disease mod-
els. Future research should focus on clarifying the inter-
play between mitochondrial remodeling and protein degra-
dation systems (including autophagy and mitophagy), and
how these interactions influence cell survival, neuroinflam-
mation, and disease progression in vivo. A more compre-
hensive understanding of these mechanisms could facilitate
the development of mitochondria-targeted strategies to re-
store cellular balance and delay the onset or progression of
neurodegenerative disorders.

5. Limitation

Although Mdivi-1, MFP M1, and Zn were used to se-
lectively modulate mitochondrial fusion and fission, these
compounds may exert broader effects on cellular homeosta-
sis. Mdivi-1, as an inhibitor of Drp1, affects not only mi-
tochondrial fission but also peroxisomal dynamics, apop-
totic signaling, and calcium homeostasis. Similarly, MFP
M1, by enhancing mitochondrial fusion, may alter ER-
mitochondria communication, mitophagy efficiency, and
oxidative stress levels. Prolonged mitochondrial fusion
could impair the clearance of dysfunctional organelles, po-
tentially leading to secondary metabolic disturbances. Zinc,
used here as a fission activator, also has well-documented
effects on cellular signaling, calcium regulation, and ox-
idative stress. While low concentration may promote
physiological fission and adaptive mitochondrial responses,
excessive Zn exposure can disrupt proteostasis, enhance
lipid peroxidation, and induce cytotoxicity. Future studies
should therefore carefully evaluate the broader metabolic
consequences of these interventions, as well as their poten-
tial off-target effects on neuronal and astrocytic functions.

Some aspects of our findings would also benefit from
a complementary assessment of autophagic and mitophagic
activity. The observed changes in mitochondrial morphol-
ogy, ROS levels, and aggregate accumulation suggest po-
tential alterations in mitochondrial turnover and proteo-
static mechanisms; however, direct evaluation of autophagy
and mitophagy markers was not included in the current
study and should be addressed in future investigations.
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Finally, while our in vitro findings provide valuable
insights into the mitochondrial dynamics, their direct trans-
lation to in vivo conditions remains uncertain. In the brain,
mitochondrial homeostasis is influenced by systemic fac-
tors, including neuroinflammation, vascular supply, and in-
tercellular metabolic interactions, which cannot be fully
replicated in primary cultures. In addition, in vivo phar-
macokinetics may alter the efficacy and distribution of mi-
tochondrial modulators. Future studies using whole-animal
models will be necessary to assess the systemic impact of
mitochondrial dynamics in Alzheimer’s disease.
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