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Microfluidic compartmentalization reveals that
ferrostatin-1 restores directional mitochondrial
transport in Aβ-challenged neurons
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Mitochondrial dysfunction is a hallmark of neurodegenerative diseases, including Alzheimer's disease (AD).

While ferroptosis has been implicated in AD through iron accumulation and amyloid β (Aβ)-mediated

toxicity, its role in mitochondrial regulation remains unclear. Here, we examined whether mitochondrial

dysfunction in AD increases neuronal vulnerability to ferroptosis and whether ferroptosis inhibition can

preserve mitochondrial network integrity. Primary cortical neurons were cultured in a multi-compartment

microfluidic platform that facilitated high-resolution tracking of mitochondrial dynamics using time-lapse

microscopy. Prolonged exposure to the ferroptosis inducer erastin disrupted neuronal networks, whereas

acute exposure to erastin or Aβ significantly enhanced retrograde mitochondrial transport. These effects

were blocked by the ferroptosis inhibitor ferrostatin-1 (Fer-1). Using a novel mitochondrial calcium probe

(mt-Fura 2.3 AM), we further demonstrated that Aβ acutely increased mitochondrial calcium, which was

ameliorated by Fer-1 and by inhibition of the mitochondrial calcium uniporter with MCUi4. In contrast,

Aβ-induced hyperactivity recorded on a microelectrode array was prevented by MCUi4, but not Fer-1.

Together, these results show that ferroptotic stress profoundly impacts mitochondrial movement and

calcium regulation in neurons. Our multimodal microfluidic approach establishes a direct mechanistic link

between ferroptosis, mitochondrial dysfunction, and neuronal vulnerability in AD, offering new insights

into therapeutic targeting of ferroptosis in neurodegeneration.

Introduction

Alzheimer's disease (AD) is the most prevalent form of
dementia for which an effective treatment is missing.1

Important pathological hallmarks of AD include amyloid β

(Aβ), and tau hyper phosphorylation (p-tau) leading to
formation of neurofibrilary tangles (NFTs).2,3 These
extracellular and intracellular aggregates induce neurotoxicity
and cell death resulting in brain degeneration and cognitive
decline.4 Apart from Aβ and NFTs, mitochondrial dysfunction

is an early event in the pathophysiology of AD.5 Current
evidence supports mitochondrial dysfunction being linked to
mild cognitive impairment (MCI), which could precede AD
progression.6,7 AD-related mitochondrial damage has been
reported in the form of disrupted mitochondrial structure
and biogenesis, altered axonal mitochondrial transport,
altered mitochondrial calcium signaling, and decrease of
mitochondrial membrane potential.8–11

Ferroptosis, iron accumulation-related and lipid
peroxidation-driven type of programmed cell death, has been
suggested to play a role in neurodegeneration.12–16 In AD,
metals like iron interact with amyloid precursor protein
(APP) leading to increased Aβ production.17–19 Aβ oligomers
cluster at synapses, where they can interact with the
N-methyl-D-aspartase receptor (NMDAR) and the
metabotropic glutamate receptor 5 (mGluR5), which can lead
to an increase in intracellular calcium (Ca2+).20,21 Aβ can also
bind to the cell membrane directly and act as an ion channel,
that can exacerbate the cellular intake of calcium.22

Additionally, Ryanodine receptors (RyRs) are overactive in
AD, resulting in increased calcium release from the ER,
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which might contribute to ferroptosis.18,23,24 The
mitochondrial calcium uniporter (MCU) plays a crucial role
in buffering increased Ca2+ levels, but excessive calcium
uptake can lead to Ca2+ overload and mitochondrial
dysfunction.25 Mitochondrial health is maintained in part
through proper mitochondrial movement, which occurs in
both anterograde and retrograde directions.26 Notably,
increased retrograde transport has been linked to the
removal of aged or damaged organelles via mitophagy,27 a
process that is impaired in AD.28,29 This impaired mitophagy
may contribute to dysfunctional mitochondrial dynamics,
which could further exacerbate amyloid-β accumulation and
toxicity in AD pathology.30 Furthermore, Aβ stimulates
glutamate release into the synapses, as well as inhibiting the
reuptake.31 This leads to inhibition of the glutathione (GSH)
pathway, eventually leading to decreased glutathione
peroxidase 4 (GPx4) activity, which plays an important role in
ferroptosis being able to reduce Aβ aggregation.32,33 Finally,
significant reduction of GSH levels was observed in the brain
of patients with MCI compared to healthy control
subjects.7,34 Altogether these findings indicate that
mitochondrial dysfunction could be a common denominator
of mechanisms involved in the development of AD-related Aβ
toxicity and ferroptosis.

Here, we investigated the effects of ferroptosis modulation
on primary cortical neurons (PCNs) challenged by an
ferroptosis inducer, tracking mitochondrial movement and
calcium signaling, as well as, neuronal activity in the context
of Aβ treatment. We employed a two-compartment
microfluidic system, that enabled us to selectively treat
neuronal compartments and precisely track directional
mitochondrial transport, thereby providing a physiologically
relevant model to assess how Aβ and ferroptosis inducers
affect axonal integrity and neuronal network function. Our
results suggest that reducing ferroptosis vulnerability could
restore AD-related alterations in mitochondrial movement,
and mitochondrial calcium signaling.

Methods
Cell culture

We used mouse hippocampal-derived neuronal-like cell line
(HT-22)35,36 in Dulbecco's modified Eagle medium (DMEM;
#42430025; Gibco, Thermo Fisher Scientific, Netherlands)
supplemented with 10% fetal bovine serum (FBS;
#SV3016.03; Hyclone, USA), 100 U ml−1 penicillin, 100 μg
ml−1 streptomycin (#15070-063; Gibco, Thermo Fisher
Scientific, Netherlands), and 1% sodium pyruvate
(#11360-070; 100 mM; Gibco, Thermo Fisher Scientific,
Netherlands) at 37 °C and 5% CO2. Cells were mycoplasma
free and their passage number ranged between 270 and 350.

Primary cortical neurons (PCN) were prepared from
C57BL/6 embryonic (E13-14) mice (mixed sex) under sterile
conditions.37 All animal procedures were performed in
accordance with the Guidelines for Care and Use of
Laboratory Animals of the University of Groningen, the

Netherlands and approved by the Animal Experiments
Committee (DEC). The cortices from embryos were collected,
treated with 0.2 mg ml−1 trypsin and DNase at 37 °C for 15
min, and centrifuged to obtain the cell pellet. The pellet was
re-suspended in neurobasal medium (#2508186; Gibco,
Thermo Fisher Scientific, Netherlands) supplemented with
100 U ml−1 penicillin, 100 μg ml−1 streptomycin (#15070-063;
Gibco, Thermo Fisher Scientific, Netherlands), 2 mM
L-glutamine (#15070063; Gibco, Thermo Fisher Scientific,
Netherlands) and 2% B27 supplement (#17504/044; Gibco,
Thermo Fisher Scientific, Netherlands) and cells were seeded
on PEI-coated (polyethylenimine, #P3143) 8-well Ibidi plates
(60 000 cells per well) or microfluidic devices (100 000 cells
per plate, with one compartment seeded). Experiments were
performed on day in vitro (DIV) 7–10.

Chemical compounds

Cells were treated with erastin to induce ferroptosis (catalogue
number: 5449, Tocris) and ferrostatin-1 (Fer-1) to prevent it
(catalogue number: SML0583, Sigma Aldrich). The
mitochondrial calcium uniporter inhibitor (MCU-i4) was used
to inhibit calcium uptake to mitochondria via the
mitochondrial calcium uniporter (MCU) (Tocris; 7195). Human
recombinant amyloid β protein fragment 1–42 (Aβ1–42) was
purchased from rPeptide, USA (catalogue number: A-1002-1
and catalog ID: A-1004-1). Stock solutions were prepared and
dissolved following manufacturer's instructions. Corresponding
volumes of the stock solutions were diluted in culture medium
to reach the final concentrations listed, and the culture
medium including the solvent was used as a vehicle.

Organelle staining and live cell imaging

For labelling mitochondria after erastin treatment, they were
stained with VDAC (Product # PA1-954A, Thermo Fisher
Scientific) at a dilution of 1 : 200 and imaged using a
fluorescence Nikon Inverted Research Microscope ECLIPSE
Ti2-E/Ti2-E.B. For imaging of mitochondrial movement,
mitochondria were fluorescently labeled with 100 nM
MitoTracker deep red (Invitrogen, Waltham, MA, USA). The
cells were observed using a Zeiss Cell Discoverer 7 confocal
laser scanning microscope, equipped with an Airyscan unit
(Zeiss, Oberkochen, Germany), using a water immersion 50×
objective (numerical aperture 1.2, magnification changer 1×).
672 × 672 pixel confocal images of the cells were recorded
each 5 s for 7 min. The dye was excited with a 640 nm diode
laser (far red) and detected through a quadruple band pass
filter (425/30 + 514/30 + 592/25 + 709/100 nm). Temperature
and CO2 levels were kept constant during acquisition (37 °C,
5% CO2).

Axonal mitochondrial tracking

Axonal mitochondria were tracked using the Fiji/ImageJ
plugin TrackMate (version 7.12.1).38–40 From each image, a
region of interest was drawn to isolate one or a few
mitochondria along the axons. Organelle trajectories were
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automatically determined with the software and subsequently
manually inspected to remove spurious points.41

Motion analysis

To characterize the motion of the mitochondria, the time-
averaged mean square displacement was determined as
previously described.42 Briefly, for each trajectory, the
displacement was calculated between all pairs of time points
and subsequently averaged over all pairs of time points
separated by the same time. The time-averaged mean square
displacements of individual trajectories were subsequently
also averaged over all the collected trajectories. The length of
the collected trajectories differed as the axonal network is
densely interconnected and thereby hampers the
visualization of some of the mitochondria, some
mitochondria move out of the field of view, and/or some
mitochondria shift out of focus.

The motion was further characterized by determining the
proportion of mitochondria that moved a certain threshold
distance. To this end, the distance a mitochondrion moved
from its starting position was determined as a function of time.
A mitochondrion was considered to have moved if, at some
point along its trajectory, it moved beyond the threshold.

Microfluidic chip fabrication

The two-compartment microfluidic chip model was
previously established and we performed experiments using
this model with slight modifications.43 Briefly, the PFPE
molds were made out of the PDMS axon-guidance chip
master, fabricated using photo-and soft lithography.44 The
molds were filled with 1.5 g of the PDMS-prepolymer and
curing agent mixture (10 : 1 wt ratio; Sylgard 184, Mavon B.V.,
Alphen aan de Rijn, Netherlands) and thermally cured to
obtain the PDMS chips (dry oven, 1.5 h, at 70 °C). The PDMS
chips were removed from the molds with a spatula and cut
into squares using a scalpel. A dermal biopsy punch tool
(Kai, 8 mm, F.V.D. Vooren B.V., Deventer, Netherlands) was
used to open the reservoirs for media exchange. PDMS layer
was adhered to glass coverslips (24 × 60 mm, Menzel Gläser)
by oxygen plasma bonding at 310–320 mTorr for 20 s. The
empty reservoirs were immediately filled with ultra-pure (UP)
water, and the adherence of PDMS layer to the coverslip was
boosted by placing the chips for 1 min at 70 °C on a heating
plate, if necessary. The channels were sterilized by filling
them with 70% ethanol for 20 min, RT, and washed 3 times
with UP water. They were stored in sealed square plastic cell
culture dishes (10.3 × 10.3 × 1.75 cm, Greiner bio-one) in a
cold environment until further use. The evaporation of fluids
from the chip was prevented by placing two circular culture
dishes (10 × 35 mm, Greiner bio-one) filled with sterile UP
water at the corners of the square plastic dishes. The final
microfluidic axon-guidance device contained two parallel
culture chambers connected by an array of microchannels,
with four separate media reservoirs, each holding
approximately 100 mm3 of medium. Thanks to their position

at the beginning and end of each cell compartment the neurons
remained nourished. Finally, the neuron-on-a-chip model was
established by differentiating the PCN in the microfluidic device
for 6 days prior to exposure to various treatments.

Mitochondria movement imaging and analysis in the
microfluidic chip

Mitochondria were labeled with 100 nM MitoTracker deep
red and imaged right after an acute challenge with different
treatments. For live cell imaging of motile mitochondria, the
chips were imaged right after the addition of the treatment
into the neuronal network compartment. We did not use the
area of the microchannels for imaging because of the
autofluorescence of the plastic microgrooves, which, after
fluorescent labeling of mitochondria, interferes with
visualizing the axons. Instead, we analyzed axonal fragments
in the neuronal network compartment, with a minimal
length of 12.2 μm, a maximal length of 403.7 μm, and an
average length of 84.6 μm. Kymographs were generated using
ImageJ (plugins-Kymograph-KymographBuilder), and we used
KymoButler to help define and annotate the mitochondria
movement, which were then manually checked and counted.
In total, 51 axons from 6 independent microfluidic chambers
were analyzed with the control-basal condition, 46 axons
from 7 chambers with the erastin challenge, and 40 axons
from 6 chambers with the ferrostatin-1 + erastin treatment.
Concerning the amyloid-beta challenge experiment, we
analysed 17 axons from 4 independent microfluidic
chambers with the control-basal condition, 32 axons from 6
chambers with the amyloid-beta condition, and 18 axons
from 5 chambers with the ferrostatin-1 + amyloid-beta
treatment. Individual axonal measurements for each
microfluidic chamber are reported in Fig. S1. Mitochondria
were considered to be stationary if they did not move to the
left or to the right throughout the acquired frames of the
7-minute time-lapse video. Motile mitochondria were those
that moved towards somal compartment (anterograde) or
neuronal network compartment (retrograde) during the
acquired frames of the 7-minute long time-lapse video.

Mitochondria calcium imaging

A synthetic fluorescent mitochondria-targeted sensor was
used for ratiometric imaging of mitochondrial calcium in live
cells.45 HT22 cells and PCNs were cultivated in 8-well ibidi
plates at a density of 20 000 and 60 000 cells respectively.
Loading mix was made by mixing 1 μL of 1 mM mt-Fura 2.3
AM and 1 μL of 20% Pluronic F-127 which was subsequently
added to 1 mL of HBSS. Cells were washed with HBSS before
applying 200 μL of loading mix to the wells and incubating
them at 37 °C and 5.0% CO2 for 15 minutes. The cells were
washed once more with HBSS before imaging.

The cells were imaged with a Nikon Fluorescent
microscope, using excitation wavelengths of 340 nm (fura340,
a green laser at 30%), which measures the calcium-bound
mt-Fura 2.3, and 380 nm (fura380, a blue laser at 7%), which
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measures free mt-Fura 2.3 AM. The ratio between the two
wavelengths was determined using the formula below. Thus,
an increased ratio represents an increase in mitochondrial
calcium, whereas a decreased ratio represents an increase in
mitochondrial calcium. Depending on the cell type, time
measurements of 5 or 15 minutes were made, imaging every
1 second and measuring the ratio of fura340/fura380. HT22
cells were imaged for 5 minutes, whereas PCN were imaged
for 15 minutes, of which the first 2 minutes were used to
determine the baseline. The imaging time for PCN was
prolonged compared to experiments performed in HT22 cells
to investigate long-term effects on mitochondrial calcium.
The results were analyzed by selecting 20 cells at random,
creating regions of interest (ROIs), using a bezier tool (Fig.
S2). The ratio of fura340/fura380 was measured while
correcting for the background fluorescence. The generated
values were used to create graphs corresponding to each
separate ROI.

Microelectrode array (MEA)

Primary cortical neurons (PCNs) were seeded on a 0.5% w/v
polyethyleneimine (PEI)-coated MEA plate (Axion Biosystems,
United Kingdom, M768-tMEA-48 W) at a density of 1.2 × 105

cells per well, in medium containing 10 μg mL−1 laminin. A 5
μL cell suspension was placed in the center of each well and
incubated for 1 hour, followed by the addition of neurobasal
medium. MEA recordings of PCNs were conducted using the
Maestro multi-well MEA system (Axion Biosystems, USA). The
MEA plate was inserted into the Maestro system (37 °C, 5%
CO2), and spike detection and neuronal electrical activity
were assessed on day 14 (DIV 14) with treatment with Aβ and
various compounds. Neuronal spikes were recorded using
Axion AxIS software for firing rate analysis.

Statistical analysis

Statistical significance was evaluated using an unpaired
Student's t-test or ANOVA followed by Tukey's post hoc test
for multiple comparisons. Data analysis was performed with
GraphPad Prism software (version 8.0, GraphPad Software
Inc., La Jolla, CA, USA). Measurements of the mitochondrial
movement in either antero- or retro-grade direction
(represented as percentage of total mitochondria/axon) were
performed in neuronal axons. All traceable axons were
examined in each microfluidic chamber. Minimum of 3
microfluidic devices were included in the analysis, containing
primary neurons derived from at least three independent
neuronal cultivations. For the results from mitochondrial
calcium imaging, the distribution of the generated values
was determined using a Shapiro–Wilk normality analysis.
Statistical significance between three time points-baseline,
after adding the treatment, and at the end of the
measurement-was determined using a repeated measures
one-way ANOVA with a Geisser–Greenhouse correction when
the values were normally distributed. When the values were
not normally distributed, a nonparametric Friedman test was

conducted. Statistical significance in the area under the
curve between two treatments was determined using a
Mann–Whitney test. Results were expressed as mean ± SD
for all experiments. Differences were considered significant
when the p value was lower than 0.05 (*p < 0.05, **p <

0.01, ***p < 0.001, ****p < 0.0001).

Results
The mitochondrial movement in neurons is heterogeneous

To investigate mitochondrial dynamics in neuronal cells and
quantify the proportion of static versus moving mitochondria,
we used PCNs and mitochondria fluorescently labelled with
MitoTracker deep red dye. Mitochondrial dynamics was
analyzed by confocal microscopy every 5 s for 7 min for a
total of 85 frames (Fig. 1A). The trajectories traced by the
mitochondria were next determined (Fig. 1B) for further
analysis. Qualitative inspection showed that the
mitochondria exhibited highly heterogeneous motion, both
considering a single mitochondrion over time, as well as
comparing different mitochondria (Fig. 1B). Some
mitochondria moved large distances rapidly
(Fig. 1B, trajectory 1), while other mitochondria remained
stationary for an extended period of time before moving
(Fig. 1B, trajectory 3), and others yet remained fairly stationary
throughout the observation time (Fig. 1B, trajectory 2). For a
more quantitative analysis, we acquired multiple fields of view
and tracked all mitochondria located in axons, resulting in 62
individual trajectories (Fig. 1C).

Most of the observed mitochondria exhibited limited
displacement. Using a threshold of 2 μm, approximately ten
times the average mitochondrial diameter observed in this
study, the majority of mitochondria remained within this
range, indicating limited movement (Fig. 1D). Using other
threshold distances indicate that the smaller the threshold
is, the bigger the percentage of motile mitochondria (Fig. S3).

For a more detailed analysis of how far the mitochondria
move, we determined the mean square displacement of
individual mitochondria as a function of time. The mean was
calculated over time, meaning that instead of simply
measuring how far a mitochondrion moved in the first 5
seconds of recording, we averaged the distance covered
across all its 5-second intervals. Furthermore, the
displacement was squared, because the average displacement
is (typically) 0, as the object moves back and forth. The mean
square displacement as a function of time of 10 random
mitochondria show that most mitochondria do not move that
far for the first 5–10 s of the observation time, but at longer
timescales they start moving further (Fig. 1E). These results
also illustrated how heterogeneous the motion is, with
individual mitochondria exhibiting quite different mean
square displacements compared to others. To get a better
idea of the general behavior we subsequently averaged the
mean square displacement over all trajectories, resulting in a
smooth curve (Fig. 1F). This mean square displacement
increased roughly linearly (in log scale) as a function of time
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up to around 30–40 s, after which there was a slight change
of slope lasting until the end of the observation time.

Overall, this general characterization of how the
mitochondria move in neuronal protrusions showed that
mitochondria move in a highly heterogeneous fashion and
that most mitochondria do not move very far. Our results are
consistent with a previous finding showing that the majority
of mitochondria in axons move heterogeneously, with long
durations of stalling.46 While we can thus analyze how the
mitochondria move in a neuronal network, closer to their
native state, this approach nevertheless does not allow us to
discriminate the directionality of the motion, which is
affected in disease-related state.

Isolation of neuronal network and mitochondrial labelling
on a microfluidic chip

In order to track mitochondrial movement along axons and
discriminate the directionality of the motion, we established
a microfluidic chip model by seeding PCNs in the somal
compartment on the chip. The seeded cells included a co-
culture of astrocytes and neurons isolated from the mouse
cortex (Fig. 2A). After differentiating the PCNs for a week, a
mature neuronal network formed (Fig. 2B), which allowed
us to visualize mitochondria in the axons of live cells
(Fig. 2C). To see whether ferroptosis induction has an effect

on the neuronal network, we treated the somal
compartment of the microfluidic chip with the ferroptosis
inducer erastin (50 μM) (Fig. 2D).47 After 24 hours, no
mitochondria were able to be visualized because of the
disruption of neuronal network. This was prevented by Fer-1
pretreatment for 1 hour (1 μM) (Fig. 2E). Altogether, these
results suggest that initiation of ferroptosis with erastin
caused disruption of the neuronal network and that by
using a two-compartment microfluidic chip allows for
tracking anterograde and retrograde movement of
mitochondria in isolated axons of PCNs.

An acute challenge with Aβ increased retrograde and
decreased anterograde movement of mitochondria, which
can be prevented by Fer-1

Next, we investigated the effects of the acute challenge with
an ferroptosis inducer on mitochondrial dynamics in
neuronal cells. The precisely designed openings (15 μm on
the somal side and 3 μm on the axonal side) and the funnel
shape of the microchannels of the microfluidic device
allowed us to determine the motility and the direction of the
mitochondrial movement. Mitochondria going from the
somal to neuronal network compartment moved in the
anterograde direction and mitochondria going form the
neuronal network to somal compartment moved in the

Fig. 1 Mitochondrial motion analysis in primary neurons. (A and B) Collection of mitochondrial trajectories. Imaging of primary neurons was used
to track mitochondria within axons (A), and their corresponding trajectories (B) were analyzed. (Green rectangles) Axon segments. (White
rectangles) Three example of mitochondria whose trajectories are shown enlarged in panel B. (C) Mitochondrial trajectory length distribution as a
function of number of frames (lower x axis) and time (upper x axis). In total 62 trajectories were collected. (D) Proportion of mitochondria
considered as moving or stationary based on a 2 μm threshold. (E and F) Time-averaged mean square displacement of 10 randomly chosen
mitochondria trajectories (E) and further averaged over all collected trajectories (F). Error bars in E and F represent standard error of the mean. For
most of the data points, the error is very small, resulting in error bars that are smaller than the symbol size and therefore not visually discernible.
Note the log-scale on both axes.
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Fig. 2 Establishing the brain-on-a-chip model to track anterograde and retrograde mitochondrial movement. (A) Experimental design for PCNs
isolation and seeding. (B) Schematic diagram of the microfluidic device. Neuronal cell body compartment (somal compartment), and neuronal
network (axon) compartment. The compartments are connected via microchannels (450 μm long, 15 μm wide opening in soma and 3 μm wide
opening in the axon compartment), constructed in a funnel shape allowing only dendrites/axons to pass from somal to neuronal network
compartment, which is devoid of neuronal cell bodies as no DAPI can be detected. PCNs were seeded into the somal compartment of the
microfluidic device with a density of 100000 cells. On DIV 6–7, the neuronal network reached and extended into the adjacent compartment via
microchannels. (C) Representative brightfield photo of PCNs on DIV6 in microfluidic device (top), and fluorescent images of the neuronal network
compartment depicting PCNs labelled with MitoTracker deep red (middle and bottom with scale bars 25 μm and 10 μm respectively). (D)
Schematic diagram of the experimental design for ferroptosis induction to PCNs in the microfluidic device. PCNs were treated in the somal
compartment with erastin 30 μM for 24 h. (E) Representative images of neuronal network compartment of the microfluidic device after ferroptosis
induction with erastin and co-treatment with Fer-1 which resulted in protection against ferroptosis-induced loss of neuronal network (β 3 tubulin
staining the neuronal network in green on the left, VDAC staining mitochondria in red in the middle, and overlay images on the right). The A, B and
D parts of this figure were generated using BioRender.

Lab on a ChipPaper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
26

. D
ow

nl
oa

de
d 

on
 6

/1
1/

20
26

 1
1:

57
:1

4 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5lc00834d


Lab ChipThis journal is © The Royal Society of Chemistry 2026

retrograde direction. To illustrate how mitochondrial
directionality was analyzed and to visually appreciate the
underlying motility patterns, a representative time-lapse
recording of axonal mitochondria under the indicated
treatment conditions is included (Video S1). To determine
whether the disruption of mitochondrial movement, linked
to neurodegeneration and aging,48–50 can be mimicked by a
ferroptosis inducer, we evaluated the proportions of
stationary and motile mitochondria during an acute
challenge with erastin. Among the motile mitochondria, we
further assessed the percentages of anterograde versus
retrograde movement following various acute challenges
(Fig. 3). Adding media or solvent control media to the
neuronal network compartment had no effect on neither the
percentage of stationary vs. motile mitochondria nor on the
direction of mitochondrial movement (Fig. 3A and B).

To mimic a pathological feature of neurodegeneration, we
challenged neurons with Aβ1–42. To model the initial phases
of neuronal degeneration and an early stage of
neurodegenerative pathology, we specifically treated the
axonal/network compartment, where axon terminals reside,
rather than the somal compartment, reflecting the principle
that neuronal network alterations occur before overt somatic
cell death in Alzheimer's disease.

We treated the neuronal network compartment of the
microfluidic device with acute challenges of slightly lower
concentration of erastin (30 μM) in order not to induce cell
death but to increased ferroptosis vulnerability in the cells,
or to mimic AD pathology with Aβ1–42 (5 μM). In order to
investigate whether ferroptosis pathway is involved in the
potential alteration of the mitochondrial motility as a
response to erastin or Aβ1–42 challenge, we used a lipid
peroxidation inhibitor, Fer-1 (1 μM).51 Fer-1 was incubated
either 1 hour before the additional ferroptotic challenge or as
a co-treatment (Fig. 3C).

We visualized the movement using analysis of
kymographs, that plot space (horizontal) over time (vertical)
and tracked the mitochondria movement using KymoButler
program (Fig. 3C). Ferroptosis induction had no effect on the
percentage of stationary versus motile mitochondria (Fig. 3E)
but significantly decreased the percentage of mitochondria
moving anterograde (from somal to the neuronal network
compartment) and increased those moving in the retrograde
direction (from axonal terminals back to the soma) (Fig. 3F).
Pretreatment with Fer-1 prevented against the effects on
mitochondrial directionality induced by erastin (Fig. 3F).
Similarly, addition of Aβ1–42 had no effect on the percentage
of stationary vs. motile mitochondria (Fig. 3G). Aβ-related
challenges resulted in significantly lower anterograde and
higher retrograde mitochondrial movement, which was also
prevented by pretreatment with Fer-1 (Fig. 3H). Altogether
these results indicate that Aβ alters directionality of
mitochondria movement in axons and dendrites, which can
be rescued by Fer-1 treatment.

To address the potential link between mitochondrial
movement and mitochondrial calcium in ferroptosis in

neuronal cells, we employed an optimized version of the
recently developed mitochondria-targeted mt-Fura 2 Ca2+

probe, mt-Fura-2.3 AM (45). Mt-Fura-2.3 AM contains a
positively charged triphenylphosphonium (TPP) group that
allows its accumulation in the negatively charged
mitochondrial matrix. The increase in the 340/380 nm
excitation ratio translates to increase in mitochondrial
calcium. We evaluated whether ferroptosis vulnerability and
Aβ-related effects on mitochondrial movement are associated
with disruption of mitochondrial calcium. To optimize the
measurements of mitochondrial calcium in neuronal cells,
we first tested whether mt-Fura-2.3 AM co-localizes with a
mitochondrial marker, MitoTracker red in a neuronal-like
cell line, HT22 cells, and in primary neurons (Fig. 4A).

Based on the co-localization results, we concluded that
mt-Fura-2.3 AM is able to accumulate in mitochondria of
HT22 cells. Measurements of mt-Fura-2.3 AM in un-treated
HT22 cells, revealed a slight increase in the 340/380 nm
excitation ratio, indicating a small rise in mitochondrial
calcium (Fig. S4A–C). After addition of HBSS media, the
slight increase in mitochondrial calcium was observed being
similarly to the baseline measurement (Fig. S4D–F). However,
upon addition of KCl (100 mM), a large increase in
mitochondrial calcium could be observed (p < 0.0001), which
also stayed elevated for the duration of the measurements (p
< 0.0001) (Fig. S4G–I).

We next tested whether mt-Fura-2.3 AM localises in the
mitochondria in PCNs by co-staining the cells with mt-Fura-
2.3 AM and MitoTracker red (Fig. 4B). Similarly, as shown in
HT22 cells, based on the observation that mt-Fura 2 AM co-
localises with MitoTracker deep red in cortical neurons as
well, we concluded that mt-Fura-2.3 AM will provide
information about mitochondrial calcium in PCNs.

We then visualized calcium-bound mt-Fura-2.3 AM by
excitation at 340 nm, as well as free mt-Fura-2.3 AM by
excitation at 380 nm, analyzing the 340/380 nm excitation
ratio as an indicator of mitochondrial calcium (Fig. 4C). No
significant differences in mitochondrial calcium were
detected following addition of the HBSS media or solvent
media (p > 0.9999) (Fig. 4D–F). This led us to conclude that
any effects observed in the following experiments were due to
the treatment, not due to the addition of medium or solvent.
Several calcium oscillations could be detected during the
measurements, which could be attributed to physiological
neuronal firing, indicating that neuronal firing activity can
influence mitochondrial calcium.52–55 Application of KCl (100
mM) to primary neurons led to an immediate response
followed by a strong increase in mitochondrial calcium (p <

0.0001), which stayed elevated for the duration of the
measurement (p < 0.0001) (Fig. 4G–I). After addition of ATP
(100 μM), an immediate, short-term increase in
mitochondrial calcium was observed (p < 0.0001) (Fig. 4J–L).
This effect is in line with previous research, where a peak
was detected in response to ATP application.56–58 Our
findings indicate that mt-Fura-2.3 AM is a suitable dye to
observe alterations in mitochondrial calcium in primary
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Fig. 3 Erastin and Aβ1–42 decrease anterograde mitochondrial movement in PCNs. (A) Percentage of stationery and motile mitochondria.
Approximately 85% of mitochondria were stationery and 15% mitochondria were motile. After addition of media to the neuronal network compartment
the % of stationary and motile mitochondria did not change upon addition of media compared to the basal condition (recording before addition of
media). Between 11 and 17 axons were tracked per condition. (B) Percentage of anterograde and retrograde mitochondria. Approximately 20% of total
mitochondria were anterograde and 10% mitochondria were retrograde. After addition of media to the neuronal network (axonal) compartment the %
of both anterograde and retrograde mitochondria did not change upon addition of media compared to the basal condition (recording before addition
of media). Between 11 and 17 axons were tracked per condition. (C) Experimental design of treatment PCNs with ferroptosis and Aβ challenge to the
neuronal network on the microfluidic chip. (D) Examples of generated kymographs used for mitochondrial movement tracking in single axons (top)
treated with erastin 30 μM and Fer-1 1 μM and tracking mitochondria with kymobutler (bottom). Vertical lines represent stationary mitochondria (≅*
symbol depicts stationary mitochondria), and horizontal lines represent motile mitochondria (symbol depicts anterograde, $ depicts retrograde
movement). (E) Percentage of stationary and motile mitochondria was not affected by acute ferroptosis challenge with erastin or a combination of
erastin (30 μM) and Fer-1 (1 μM). Between 40 and 51 axons were tracked per condition. (F) Erastin induced significantly lower percentage of anterograde
and significantly higher retrograde (p < 0.0001) mitochondria which was prevented by Fer-1 co-treatment. Between 40–51 axons were tracked per
condition. (G and H) Similar effect showing no alteration of the percentage of motile vs. stationary mitochondria and decreased anterograde (p =
0.0189) and increased retrograde (p = 0.0086) of mitochondria was observed with acute challenge with Aβ1–42 (5 μM). Co-treatment with Fer-1 (1 μM)
prevented the Aβ-related changes on mitochondrial movement. Between 11 and 17 axons were tracked per condition. In graphs A, B, E, F, G, and H each
data-point represents the percentage of mitochondria moving in anterograde or retrograde direction in an individual axon. All traceable axons were
analyzed in each microfluidic chamber. The data contains values from at least three separate microfluidic devices, containing neurons derived from at
least three independent primary neuronal cultivations. Statistical significance was determined using one-way Anova. Part C of this figure was generated
using BioRender.
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Fig. 4 Mitochondrial calcium imaging using mt-Fura-2.3 AM in HT22 cells and cortical neurons. (A) HT22 were loaded with mt-Fura-2.3 AM and
incubated with MitoTracker red. Images were acquired at 60× magnification and imaged at 380 nm and merged image was created. (B) Primary
cortical neurons (PCNs) were loaded with mt-Fura-2.3 AM and incubated with MitoTracker red. Images were acquired at 60× magnification and
imaged at 380 nm and merge image was created. (C) PCN loaded with mt-Fura-2.3 AM and imaged at 340 nm (left), at 380 nm (center) and
calculated ratio of excitation 340/380 nm (right) is visualized at 20× magnification. (D–J) The ratio of 340/380 nm was analyzed following addition
of HBSS media, KCl (100 mM) and ATP (100 μM) in PCNs. (D, G and J) Representative capture images show the ratio images collected at the
baseline (depicted as 0 minutes), at the addition of various compounds (depicted as 2 minutes) and at the end of the experiment (depicted as 15
minutes). (E, H and K) Each graph represents 20 imaging traces that correspond to 20 neuronal cells, chosen at random. The average of these
calcium traces are shown as a thick red line. (F, I and L) The quantification of the mitochondrial calcium traces shows the effect of HBSS (n = 9),
KCl (100 mM, n = 7) and ATP (100 μM, n = 3) on PCNs. Statistical significance was determined by one-way Anova (****p < 0.0001).
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neurons, as mitochondrial calcium increased in response to
classical calcium inducers, ATP and KCl.

Inhibition of ferroptosis prevents increases in mitochondrial
calcium mediated by Aβ1–42

To evaluate whether the Aβ-related effects on mitochondrial
movement can be also linked to changes in mitochondrial
calcium, we treated PCNs with Aβ1–42 and measured changes
in mitochondrial calcium using mt-Fura-2.3 AM.
Interestingly, Aβ1–42 caused an initial increase in
mitochondrial calcium, followed by mitochondrial calcium
oscillations (p < 0.0001) (Fig. 5A). Pretreatment with Fer-1 (1
μM) for 1 hour before the addition of Aβ1–42 (5 μM) rescued
the Aβ-related mitochondrial calcium increase (p < 0.0001)
(Fig. 5B) compared to Aβ1–42 alone, also less mitochondrial
calcium oscillations were observed.

To test whether the effects of Aβ1–42 measured with mt-
Fura 2 AM are mediated via mitochondrial calcium uniporter
and related to mitochondrial calcium signaling, we pre-
treated the neurons with an inhibitor of MCU, MCU-i4,25,59,95

and then challenged the cells with Aβ1–42. The pre-treatment
with MCU-i4 (1 μM) reduced the mitochondrial calcium
increase caused by Aβ1–42 (p < 0.0001) (Fig. 5C). The analysis
of the number of peaks and the area under the curve (AUC)
in the last 10 minutes of the normalized results after
addition of Aβ1–42 to Fer-1 and MCU-i4-pretreated cells
revealed no change in the number of peaks (Fig. 5D).
However, both Fer-1 and negative modulation of the MCU
resulted in a significantly lower AUC compared to Aβ alone
(p = 0.0001 and p < 0.0001 respectively) (Fig. 5E). Altogether
our data suggest that Aβ-induced mitochondrial calcium
deregulation could be associated with ferroptosis pathway, as
it can be mitigated by pre-treatment with Fer-1 in cortical
neurons.

The Aβ-related effects on mitochondrial movement and
mitochondrial calcium are associated with increased
neuronal activity in cortical neurons

We recorded neuronal activity using MEA measurements, as
previously described.36 To assess the effect of Aβ1–42 on
action potential (AP) firing and its modulation by Fer-1
and MCU-i4, we measured spontaneous activity of PCNs
in 48-well MEA plates after treatment with Aβ1–42 (Fig. 6).
Aβ1–42 (5 μM) increased firing rates 45 min post-treatment
(0.44 ± 0.16 Hz) compared to its untreated control (0.38
± 0.13 Hz) as shown in the spiking map, confirming
Aβ1–42-induced hyperactivity (Fig. 6A and B).

Pre-treatment with Fer-1 (1 μM) for 1 h did not
prevent this Aβ1–42-triggered neuronal burst activity, while
pre-treatment with MCU-i4 (1 μM) for 1 h slightly
reduced firing rates (Fig. 6C and S5). These results
suggest that Aβ1–42-induced hyperactivity can be attenuated
by inhibiting mitochondrial calcium uniporter complex, but
not by lipid peroxidation inhibition with Fer-1.

Discussion

In this study, we revealed that acute challenge with Aβ1–42 is
linked to increased retrograde vs. anterograde movement of
axonal mitochondria, deregulation of mitochondrial calcium
and increased neuronal activity in PCNs. Based on previous
work in primary cortical neurons showing that erastin
increases ROS and that ferrostatin-1 suppresses lipid
peroxidation, we used ferrostatin-1 as a pharmacological tool
to probe the involvement of ferroptosis-related oxidative
stress.60–62 Pre-treatment with an inhibitor of lipid
peroxidation, Fer-1 protected against mitochondrial
movement and calcium homeostasis-related effects but did
not mitigate alterations in neuronal activity. These findings
suggest that targeting the oxidative stress component of the
ferroptosis pathway could help alleviate AD-related
disruptions in mitochondrial function and calcium signaling.

The mitochondrial movement analysis revealed that
primary cortical neurons show a very heterogeneous
dynamics in time, with most mitochondria displaying long
moment of stalling and a smaller proportion performing
unidirectional motion (for 2 μm or longer). This is in
accordance with previous literature about mitochondrial
movement, showing the complex nature of this process and
its importance for correct neuronal functioning.46,63–66 It has
been shown that retrograde signaling is essential for
maintaining neuronal health.26,27,67 We found that following
an acute challenge with erastin or Aβ1–42, neurons increase
their retrograde mitochondrial movement, which could be a
potential protective mechanism to boost neuronal health.27

Literature suggests that axonal transport disruption is a key
feature of neurodegeneration.68 Additionally, we provided a
link to ferroptosis since Fer-1 protected against the disrupted
mitochondrial movement induced by Aβ1–42. Compromised
anterograde mitochondrial transport in chronic glaucoma
optic nerve explants has been observed, when compared to
control explants.69 Similar to other neurodegenerative
diseases such as AD and Parkinson's disease (PD), glaucoma
involves mechanisms such as mitochondrial dysfunction,
oxidative stress ad impaired axonal transport. This aligns
with our observation of decreased anterograde transport
following an acute erastin or Aβ1–42 insult. Overexpression of
P301L tau in primary cortical neurons decreased anterograde
transport while sustaining retrograde movement, reducing
axonal mitochondrial density due to decreased kinesin
recruitment, as determined by immunoblotting.70

The mitochondrial calcium increase followed by increased
oscillations induced by Aβ1–42 was prevented by Fer-1
pretreatment. It is known that Aβ1–42 can cause an increase
in calcium in the cytosol by formation of pores22 and by
calcium release from the ER through the activation of the
RyRs, leading to fluctuations of calcium levels.18,23,24 Due to
the buffering role of mitochondria, it can be reasoned that
the increase in calcium, as well as the fluctuations, could
also be detected in the mitochondrial matrix.71 According to
Sakamuri et al., addition of Aβ1–42 has a negative effect on
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Fig. 5 Aβ1–42 increases mitochondrial calcium that can be prevented by ferrostain-1 (Fer-1) and mitochondrial calcium uniporter inhibitor
(MCU-i4) (A–C) The ratio of fura340/fura380 was measured in PCNs after addition of Aβ1–42. 3 captures are shown from left to right during
imaging at the baseline, directly after addition of treatment and at the end of imaging. Each graph represents 20 cells, chosen at random. The
median is shown as red line. Area under curves (AUC) were determined from the last 10 minutes of experiments, calculated from normalized
graphs. (A) Shows the addition of 5 μM Aβ1–42 which caused an initial increase in mitochondrial calcium, followed by mitochondrial calcium
oscillations (p < 0.0001) (n = 7). (B) Shows addition of 5 μM Aβ to PCN that were pretreated with 1 μM Fer-1 for 1 hour before the addition of
Aβ1–42 (5 μM) which rescued the Aβ-related mitochondrial calcium increase (p < 0.0001) (n = 5). (C) Shows addition of 5 μM Aβ1–42 to PCN that
were pretreated with 1 μM mitochondrial calcium uniporter inhibitor (MCU-i4) for 1 hour reduced the mitochondrial calcium increase caused by
Aβ1–42 (p < 0.0001) (n = 3). (D) Number of peaks and (E) AUC of Aβ treated, and Fer-1 and MCU-i4 pretreated cells from 1 representative
experiment (n = 3 independent experiments). While there was no change in number of peaks, both ferroptosis inhibition with Fer-1 and
negative modulation of the MCU resulted in a significantly lower AUC compared to Aβ1–42 alone (p < 0.0001) (n = 3 independent experiments).
The statistical significance was determined using one-way Anova (***p < 0, 001, ****p < 0.0001).
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OXPHOS and ATP production.72 On the other hand, other
studies have found hyper-metabolism, by increased OXPHOS,
as a result of Aβ1–42 treatment.73,74 Various sources affirm the
effect of Aβ1–42 on cytosolic calcium.18,22,75,76 Calvo-Rodriquez
et al. use Fura-2 AM as cytosolic calcium probe and found
that Aβ1–42 elicits an immediate increase in cytosolic calcium,
which was paralleled by the increase in the mitochondrial
calcium,77 as observed in the current study. Specific to
mitochondria, Shevtsova et al. revealed an increase in
mitochondrial calcium after addition of Aβ1–42, although it
was not as immediate as observed in our experiments.76

However, this could be attributed to a different
mitochondrial calcium probe, x-rhod-1AM, its potential
ability to affect mitochondrial structure, and to lower
concentration of Aβ1–42 used.

76,78 We recognize that the 5 μM
concentration of Aβ1–42 used in the current study exceeds
physiologic concentrations, which are thought to lie in the
low-nanomolar range, although accumulation of Aβ1–42 in
micro-molar ranges can occur. Therefore, the generalization
of our findings to strictly physiologic conditions should be
made with caution, and future work using nanomolar Aβ1–42
could determine the extent to which the same mitochondrial
calcium responses are generated. Finally, Sanz-Blasco et al.
find a similar increase in mitochondrial calcium, using
mitochondria-targeted aequorin as a calcium probe.79 Our
findings align with existing literature, highlighting the
sensitivity and specificity of mt-Fura-2.3 AM for
mitochondrial calcium measurement.

Further studies support the idea that inhibiting
ferroptosis can protect against mitochondrial damage. Ye
et al. demonstrated that liproxstatin-1 protects mitochondria
from damage induced by glycoxylate in HK-2 cells.80 In our
study, Fer-1 pretreatment in PCNs inhibited the
mitochondrial calcium increase and subsequent calcium

oscillations caused by Aβ1–42, indicating that ferroptosis plays
a role in mitochondrial dysfunction. Aβ1–42 stimulates
glutamate release and inhibits its recycling, leading to
increased glutamate levels.81,82 This may impair the GSH-
pathway and reduce GPx4 activity, which normally helps to
inhibit ferroptosis by reducing oxidized PUFAs.83 Fer-1
inhibits formation of these oxidized PUFAs, thereby
preventing ROS formation and ferroptosis. This mechanism
could explain how ferroptosis inhibition by Fer-1 might
mitigate Aβ toxicity. Supporting this, Chen et al. found that
overexpressing GPx4 in 5xFAD mice reduces Aβ1–42 levels,
further highlighting the role of ferroptosis in Aβ1–42 toxicity.

32

Pretreatment of the PCNs with MCU-inhibitor MCU-i4
rescued both the initial increase and the calcium oscillations
following addition of Aβ1–42. This confirms that the measured
mitochondrial calcium is related to mitochondrial calcium,
not cytosolic calcium as MCU-i4 inhibits calcium influx to
the mitochondrial matrix. It also suggests that although
calcium influx to the cytosol is increased due to Aβ1–42 pore
formation at the plasma membranes, the main calcium
influx to the mitochondria occurs through the MCU,
not similar pores. This is in line with the findings of
Calvo-Rodriguez et al., showing that blockage of the
MCU using ruthenium 360 (Ru360) inhibits the increase in
mitochondrial calcium resulting from Aβ1–42 addition.

84

The neuronal activity was increased by Aβ1–42, which could
be prevented by MCU-i4 but not Fer-1 pre-treatment. The rise
in neuronal firing following Aβ1–42 treatment might be due to
an increase in active synapses and neurotransmitter release.
This could be a result of modulating calcium channels and
enhancing calcium uptake, which may promote synaptic
vesicle release and neuronal excitability.85,86 This aligns with
our findings of increased mitochondrial calcium following
Aβ1–42 treatment. However, Aβ could also induce membrane

Fig. 6 Aβ1–42 increases neuronal activity in cortical neurons. (A and B) Spontaneous activity of neurons in the medium with and without
extracellular Aβ1–42. Amyloid induces increased neuronal activity. (C) Normalized mean firing rates were measured in the presence and absence of
Aβ1–42, with Fer-1 and MCU treatments. The spiking rate increased significantly in the presence of Aβ1–42. MCU-i4 significantly reduced the Aβ1–42-
induced firing rate, whereas Fer-1 had no effect. Data are presented as mean ± SD, and statistical difference was calculated with an unpaired
t-test. Independent experiments were repeated 3 times.
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disruption by creating pores and altering ion homeostasis,
making cells more likely to depolarize.87,88 Additionally, Aβ
can induce an imbalance of sodium and potassium channels,
increasing their activity, leading to increased neuronal
excitability.89 This effect was observed in primary mouse
astrocytes, suggesting it could also occur in other brain cells
like neurons and oligodendrocytes.90 However, this
imbalance was induced by Aβ25–35 and Aβ1–40 but not by
Aβ1–42, the latter being the form used in our study. Aβ1–42
could also act on NMDA and AMPA receptors, further
enhancing glutamate release and inhibiting glutamate
reuptake, which could also cause increased neuronal firing.91

To eliminate this having an influence on the results after
Aβ1–42 treatment, HT22 cells could be used since they lack
these receptors. However, HT22 cells do not develop a mature
neuronal network, which would prevent the analysis of
axonal mitochondrial transport as performed in our model.
Fer-1 did not protect against the Aβ1–42-induced neuronal
firing, which aligns with its mode of action, as Fer-1 acts
intracellularly rather than at the cell membrane level.
Additionally, our results showing that MCU inhibition can
reduce Aβ1–42-induced neuronal firing are consistent with
recent studies reporting that MCU potentiates the excitability
of pyramidal neurons,92 and that MCU deficiency can protect
against hyperexcitability by modulating the ROS balance,93

further supporting our data.
Using a two-compartment microfluidic device which

represents a sophisticated model for isolating the neuronal
network from the somal compartment, enables precise
tracking of mitochondrial movement in cortical neurons.
This model offers significant advantages, including the
ability to determine whether mitochondria are traveling
from the soma to the axonal terminal or vice versa.
Another key advantage is the capacity to selectively treat
distinct neuronal compartments. In our study, treating
only the somal compartment with a high concentration of
a ferroptosis inducer resulted in axonal degeneration and
disruption of the neuronal network. Similarly, treating the
neuronal network compartment either with a ferroptosis
inducer or Aβ1–42 to mimic Aβ1–42 toxicity in the cortex,
led to noticeable changes in mitochondrial movement.
This selective treatment approach differs from traditional
methods where all somas and neuronal networks in a
dish are treated simultaneously, thus offering greater
control over the experimental conditions and directionality
of cellular responses. Another major strength of this study
is the use of the novel mitochondria-specific calcium
probe, mt-Fura-2.3AM for imaging mitochondrial calcium
in PCN. The use of a ratiometric probe benefits the study,
as this ratio compensates for the shape of the
mitochondria and can be used to make an accurate
comparison between several treatments. Additionally, this
study allows precise measurements of mitochondrial
calcium and supports its involvement in ferroptosis in the
context of AD-related Aβ1–42 toxicity. Another strength is
the method of using live cell imaging, which will lay a

good foundation for studies with organ-on-a-chip methods,
in particular brain-on-a-chip.

The fact that mitochondria, under increased vulnerability
to ferroptosis and Aβ1–42 toxicity, return to the soma could be
explained by potential increased mitophagy in AD.27–29

Alternatively, it is possible that mitochondria do not return
to the soma solely for mitophagy. Instead, they may be
involved in housekeeping mechanisms that help retract the
axon, save energy, and maintain vital metabolic processes,
allowing the cell to survive without undergoing cell death.94

In conclusion, our findings highlight the critical role of
ferroptosis in AD, demonstrating its impact on
mitochondrial movement, calcium regulation, and neuronal
activity. We suggest that ferroptosis inhibition may provide
a therapeutic strategy to mitigate Aβ-mediated dysfunctions
in AD pathology.
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