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Abstract: Although the sporadic form of Alzheimer’s disease (AD) is the prevalent form, the cel-
lular events underlying the disease pathogenesis have not been fully characterized. Accumulating
evidence points to mitochondrial dysfunction as one of the events responsible for AD progression.
We investigated mitochondrial function in fibroblasts collected from patients diagnosed with the
sporadic form of AD (sAD), placing a particular focus on mitochondrial turnover. We measured
mitochondrial biogenesis and autophagic clearance, and evaluated the presence of bioenergetic stress
in sAD cells. The mitochondrial turnover was clearly lower in the fibroblasts from sAD patients than
in the fibroblasts from the control subjects, and the levels of many proteins regulating mitochon-
drial biogenesis, autophagy and mitophagy were decreased in patient cells. Additionally, the sAD
fibroblasts had slightly higher mitochondrial superoxide levels and impaired antioxidant defense.
Mitochondrial turnover undergoes feedback regulation through mitochondrial retrograde signaling,
which is responsible for the maintenance of optimal mitochondrial functioning, and mitochondria-
derived ROS participate as signaling molecules in this process. Our results showed that in sAD
patients cells, there is a shift in the balance of mitochondrial function, possibly in response to the
presence of cellular stress related to disease development.

Keywords: Alzheimer’s disease; mitochondria; reactive oxygen species; mitochondrial biogenesis;
mitophagy; mitochondrial retrograde signaling

1. Introduction

The characteristic hallmarks of Alzheimer’s Disease (AD) are amyloid β (Aβ) accu-
mulation, and tau protein hyperphosphorylation, which lead to the formation of amyloid
plaques and neurofibrillary tangles in the brain tissue. These pathologies have long been
considered the main mechanisms underlying disease development [1–3]. However, the
failure of therapies directed against Aβ accumulation [4–6], and more intensive investiga-
tion of cellular events underlying AD development, led to the formulation of alternative
hypotheses, considering mitochondrial dysfunction [7,8], the dysregulation of calcium
homeostasis [9], and auto and mitophagy impairment [10] as the triggers of disease de-
velopment. It was also proposed that some of those disturbances can form vicious cycles,
where different cellular dysfunctions reciprocally aggravate each other [11,12]. Therefore,
further intensive research needs to be conducted to better explain the cellular events leading
to AD development and the causal relationships between them.
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The sporadic form (sAD) is the most common form of AD. The causative genetic
defects for several familial forms of AD (fAD) have been identified; however, the etiology
of sporadic AD remains unknown. Although the pathogenesis of AD is not well understood,
accumulating evidence implicates mitochondrial dysfunction as an important event in the
disease progression.

Mitochondria are organelles with a multitude of functions, ranging from energy pro-
duction to participation in intracellular signaling, which regulates cellular metabolism,
energy homeostasis, stress response, and cell fate [13]. Under conditions of altered envi-
ronmental demands, the reprogrammed signaling in mitochondria plays a crucial role in
maintaining metabolic flexibility [12,14]. Mitochondria adapt to a wide range of cellular
requirements, adjusting fuel utilization, meeting ATP requirements, regulating reactive
oxygen species (ROS) output, and titrating the redox balance of the cell. The changes in
mitochondrial function are reflected in intracellular levels of ATP, ROS or Ca2+, which act
as carriers of information in mitochondria-to-nucleus communication, known as mitochon-
drial retrograde signaling [15]. In response, the expression of the nuclear genes responsible
for the feedback regulation of mitochondrial function is altered. This triggers cytosolic
changes regulating the mitochondrial network morphology, mitochondrial biogenesis,
mitophagy and other events adjusting mitochondrial function, hereby supporting cellular
adaptation or cell death [16,17]. Mitochondrial biogenesis and removal via mitophagy
define the mitochondrial turnover rate and are crucial for the maintenance of a properly
functioning mitochondrial pool. Thus, these processes are strongly affected in response to
mitochondrial stress and mitochondrial retrograde signals.

Because mitochondrial stress remodeling is a component of the pathophysiology of
diverse neurological diseases, and our knowledge of the pathogenesis and pathophysiol-
ogy of sAD is still insufficient, we investigated the effect of mitochondrial signaling and
adaptation to chronic stress in sAD. Our experimental model was fibroblasts collected
from patients diagnosed with sAD. We examined the levels of the following mediators
involved in the response to chronic stress: indicators of the mitochondrial biogenesis pro-
cess, autophagy and mitophagy. We also checked the intensity of mitochondrial turnover,
as changes in mitochondrial turnover are intimately linked to the maintenance of cell
homeostasis via the adaptation of vital functions. We observed slightly higher levels of mi-
tochondrial superoxide and simultaneously modified levels of enzymes of the antioxidative
system. In response to stress, there was also a change in the regulation of mitochondrial
biogenesis, autophagic removal and turnover, with a greater population of old mitochon-
dria present in sAD fibroblasts. Our measurements revealed alterations in mitochondrial
function accompanying sAD-related cellular stress.

The lack of effective means to prevent or treat AD, and the failure of recent clinical
trials, emphasize the need for a better understanding of sAD pathogenic mechanisms to
find novel targets for AD therapeutic interventions.

2. Materials and Methods
2.1. Chemicals and Antibodies

Ionomycin, antimycin A, carbonyl cyanide 3-chlorophenylhydrazone (CCCP), H2O2,
protease and phosphatase inhibitors, the antibiotics penicillin and streptomycin, ciprofloxacin,
tylosin and Tween 20 were purchased from Sigma-Aldrich (St. Louis, MO, USA). Odyssey
blocking buffer was obtained from Li-Cor Bioscience (Li-Cor Bioscience, Lincoln, NE, USA).
DMEM was obtained from PAN-Biotech GmbH (Aidenbach, Germany), and FBS was pur-
chased from Gibco (Grand Island, NY, USA). The MitoTimer vector was obtained from
Addgene, and the transfection reagent TransfeX was purchased from ATCC (Manassas, VA,
USA). Live imaging medium (LIM), fluorescent probes fluo-4-AM, CM-H2DCFDA, MitoSox
Red, MitoTracker Green FM and JC-1 were purchased from Thermo Fisher Scientific (Waltham,
MA, USA). All other chemicals were of analytical grade.

Primary antibodies against polymerase γ (POLG), catalase, parkin and rabbit anti-
β-actin were obtained from Abcam (Cambridge, UK); antibodies against mitochondrial
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transcription factor A (TFAM), superoxide dismutase 2 (SOD2), Beclin-1, LC3 and p62
were obtained from Cell Signaling Technology (Danvers, MA, USA); antibodies against
nuclear respiratory factors 1 and 2 (NRF1 and NRF2) were purchased from Proteintech
(Manchester, UK); antibodies against PTEN-induced kinase 1 (PINK1) were procured
from Novus Biologicals (Centennial, CO, USA); antibodies against superoxide dismutase 1
(SOD1) were purchased from Santa Cruz Biotechnology (Dallas, TX, USA); mouse anti-β-
actin was obtained from Sigma-Aldrich (St. Louis, MO, USA). The IRDye680 and IRDye800
secondary antibodies were purchased from Li-Cor Biosciences (Bad Homburg, Germany).
For Western blotting, secondary antibodies were diluted 1:10,000 and primary antibodies
were used at a dilution of 1:1000, except for anti-SOD1 and anti-SOD2 (1:2000), mouse
anti-β-actin (1:400,000), and rabbi anti-β-actin (1:400,000).

2.2. Patients and Control Individuals

The research was conducted using human primary fibroblasts derived from skin
biopsies from four patients diagnosed with sAD and four control donors (Table 1). The
fibroblasts from the sAD patients and those from the control donor C4 were derived from
the Department of Neurology, Otto von Guericke’s University of Magdeburg (Germany),
while controls C1–C3 were obtained from the cell repository of the Coriell Institute for
Medical Research (repository numbers ND34769, ND36320 and ND36091, respectively).
All patients were diagnosed at the Department of Neurology of University of Magdeburg,
based on their disease phenotype and scores according to the Folstein Mini-Mental State
(MMS) protocol. The maximal MMS score is 30, and the average score given to healthy
individuals aged older than 60 years is approximately 26–27, while the MMS score of the
sAD fibroblast donors included in the study ranged between 20 and 23, denoting mild
cognitive and affective impairments. This study was approved by the ethical committee
of the University of Magdeburg, and written informed consent was obtained from all of
the subjects.

Table 1. Primary fibroblasts used in the study—donors data.

Symbol Sex 1 Age

sAD patients
sAD1 M 74
sAD2 F 74
sAD3 M 83
sAD4 F 71

Controls
C1 F 68
C2 F 71
C3 F 63
C4 F 67

1 F—female, M—male.

2.3. Primary Fibroblast Culture

Fibroblasts were cultured at 37 ◦C in a humidified atmosphere containing 5% carbon
dioxide in high-glucose DMEM supplemented with 10% heat-inactivated fetal bovine
serum (FBS) and the following antibiotics: 100 U/mL penicillin, 100 µg/mL streptomycin,
4 µg/mL ciprofloxacin and 10 µg/mL tylosin. All experiments were repeated at least three
times using cells between the 3rd and 10th passages.
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2.4. Live Cell Studies

Cells were seeded onto 24-well plates at a density of 15,000 cells per well and grown for
24 h. On the day of the experiment, the cells were loaded with the appropriate fluorescent
probes, as follows: 2 µM fluo-4-AM for determination of cytosolic Ca2+ levels, 5 µM H2DCF-
DA for cytosolic ROS measurements, 5 µM MitoSOX Red for mitochondrial superoxide
detection, 200 nM MitoTracker Green FM for mitochondrial mass determination, or 1.5 µM
JC-1 for measurements of mitochondrial membrane potential. Loadings with JC-1 and
MitoTracker Green were conducted in culture media, and all other probes were loaded in
PBS containing 0.9 mM CaCl2 and 0.49 mM MgCl2. After 30 min of incubation at 37 ◦C,
the probe was removed by 3 washes with PBS, fresh PBS with Ca2+ and Mg2+ was added
to the wells, and the cells were visualized with an iCys laser scanning cytometer (LSC)
(Thorlabs Inc., Newton, NJ, USA) using a 20× objective. Probes with green fluorescence
(fluo-4-AM, H2DCF-DA, MitoTracker Green FM and JC-1) were excited at 488 nm, and
the emission was collected using a 530/30 nm filter cube. Red fluorescence of JC-1 and
MitoSox Red were collected through a 580/30 nm filter cube, upon excitation with a
488 nm laser. The measurements were verified with the appropriate positive controls
included in the experiments, as follows: treatment with 1 µM ionomycin for cytosolic
Ca2+ determination, 1 mM H2O2 for cytosolic ROS measurements, 2 µg/mL antimycin
A for mitochondrial superoxide detection and 5 µM CCCP for mitochondrial membrane
potential determination. Data analysis was performed with iCys software version 2.5 using
the phantom contours approach, as follows: each microscopy image was divided into a
grid of smaller regions (phantom contours) in which the fluorescent signal was quantified.
Then, the fluorescence threshold was set, which separated the phantoms representing the
cells and the background, and based on that, the integrated fluorescence signal coming
from the analyzed cells was quantified for each well. In each experiment, three technical
replicates were performed for each of the cell lines. The results were normalized to the
average value obtained in the particular experiment for controls C1 and C2, which were
the reference controls, included in each of the analyzed 24-well plates.

2.5. Whole-Cell Extracts and Immunoblotting

Cells growing on 10 cm diameter dishes or in 75 cm2 culture flasks were harvested with
0.05% trypsin, washed with ice-cold PBS, sedimented by centrifugation and resuspended
in RIPA lysis buffer supplemented with protease (1:100) and phosphatase inhibitor (1:100)
cocktails. After 30 min of incubation on ice, the lysates were centrifuged at 16,000× g
and 4 ◦C for 20 min. The supernatants were collected, and the protein concentration was
determined according to the Bradford method. The samples were then mixed with loading
buffer (0.5 M Tris-HCl, pH 6.8, 2.3% SDS, 5% mercaptoethanol (v/v), 12.5% glycerol (v/v)
and 0.04% bromophenol blue) and heated for 5 min at 95 ◦C. The prepared lysates were
resolved by SDS-PAGE, transferred onto nitrocellulose membranes and blocked for 1 h
with Odyssey® blocking buffer diluted 1:1 in TBS (20 mM Tris, pH 7.6 and 150 mM sodium
chloride). Subsequently, the membranes were incubated in 1:1 Odyssey blocking buffer:TBS
buffer supplemented with Tween 20 (0.1%) with appropriate primary antibodies overnight
at 4 ◦C. After washing with TBS 0.1% Tween buffer (TBS-T), the membranes were incubated
with secondary antibodies (IRDye antibodies) for 1 h at room temperature. The blots were
rinsed with TBS-T and visualized using the Odyssey infrared imaging system (Li-Cor
Biosciences, Lincoln, NE, USA). Image Studio Lite was used for the densitometric analysis.
After correction for the loading control (β-actin band intensity), the results were normalized
to the average value obtained in the particular experiment for controls C1 and C2, which
were reference controls, included in each of the analyzed Western blot membranes.
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2.6. Visualization of Mitochondrial Age with MitoTimer Vector

Cells were seeded in 24-well plates at a density of 10,000 cells per well and grown
under standard culture conditions. After 24 h, the cells were transfected with the MitoTimer
vector using the TransfeX kit in accordance with the manufacturer’s recommendations.
Twenty-four hours after transfection, the cells were imaged by confocal microscopy (Zeiss
spinning disc microscope) using an HC APO 63×/1.20 water objective. To ensure a constant
molecular brightness of the MitoTimer, the following same settings (resolution: 512 × 512
format with a pixel size of 132 nm) were used:

• Green fluorescence: excitation/emission—490/500–540 nm, EM gain—600, exposure
time—750 ms, laser power—4%;

• Red fluorescence: excitation/emission—550/580–640 nm, EM gain—700, exposure
time—150 ms, laser power—4%.

Pictures were taken from randomly selected fields with a Z-stack section of 0.6 µm.
Quantification of the MitoTimer fluorescence was performed with ImageJ software.

First, a mask was created covering all regions presenting green and/or red fluorescence,
corresponding to the mitochondrial network. Furthermore, the mask was applied to extract
mitochondria from the original image, the red and green fluorescence was quantified
within the masked region, and the green-to-red fluorescence ratio was calculated. For each
cell line at least 40 cells were analyzed.

2.7. Statistical Analysis

In the experiments using Western blot or laser scanning cytometry analysis, statistical
significance was assessed using Student’s t-test to compare the results obtained for the
control (n = 4) and sAD (n = 4) fibroblast cell lines. In the microscopic study, where single-
cell analysis was performed, Student’s t-test was applied to compare the results obtained
for the individual fibroblast cell lines. Only p values lower than 0.05 were considered to be
statistically significant.

3. Results
3.1. Fibroblasts from sAD Patients Show Signs of Increased Cellular Stress

An increasing number of reports have shown that mitochondrial dysfunction is an
early event in AD development [10,18,19] and that this dysfunction is not limited to
neurons, but may also be observed in the peripheral tissues of AD patients [20–24]. Alter-
ations in mitochondrial homeostasis affect multiple aspects of cellular function, including
calcium handling, redox homeostasis and metabolism. In the investigated control and
sAD fibroblasts, we analyzed the cytosolic levels of Ca2+ and ROS (Figure 1A,B). Both of
these parameters are reciprocally related to mitochondrial function, as they are affected
by changes in mitochondrial activity, and are, at the same time, carriers of information
on the mitochondrial functional state in mitochondria-to-nucleus communication (mito-
chondrial retrograde signaling) [25]. In the investigated sAD fibroblast lines, the cytosolic
Ca2+ was 23 ± 3.8% lower than that in the controls, while the cytosolic ROS appeared
unaltered. We also analyzed the following parameters that are directly related to mitochon-
drial function: mitochondrial membrane potential (∆Ψ) and mitochondrial superoxide
levels (Figure 1C,D), which both tightly reflect the mitochondrial functional state. The ∆Ψ
was comparable in all of the investigated cell lines, but we detected a slight increase in
mitochondrial superoxide in the sAD fibroblasts (on average 18 ± 4.8% higher than in
the controls). It was accompanied by clearly lower levels of SOD2 (50 ± 13.0% decrease),
which is responsible for the superoxide removal from the mitochondrial matrix. There
were no changes in the levels of catalase or SOD1, which is present in the cytosol and in
the mitochondrial intermembrane space (Figure 1E–H).
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Figure 1. Hallmarks of cellular stress in primary fibroblasts from sAD patients. (A) Cytosolic Ca2+ levels measured with
fluo-4-AM. (B) Cytosolic ROS levels measured with CM-H2DCFDA. (C) Superoxide levels in mitochondria determined
with MitoSOX Red. (D) Mitochondrial membrane potential measured with JC-1. (E) Representative results of Western blot
analysis of the antioxidant enzymes levels in the investigated fibroblasts. The results of quantification based on at least
three independent repetitions (three independent cell lysates for each cell line) are presented in the following panels: (F) for
SOD1, (G) for SOD2 and (H) for catalase. All of the results were normalized to the average levels measured for the reference
controls C1 and C2 in the particular experiment. The results for individual cell lines are presented as the means ± SDs from
3–7 independent experimental repetitions. Thick black lines show averaged values for the analyzed groups: the controls
and the sAD fibroblasts. Asterisks denote statistical significance: * p < 0.05, ** p < 0.01 in Student’s t-test comparing controls
(n = 4) vs. sAD (n = 4).

3.2. Mitochondrial Turnover in sAD Fibroblasts Is Slower Than That in Control Cells

Increased levels of mitochondrial superoxide may result not only from changes in
mitochondrial function, but also from elevated mitochondrial content in the cell. Increased
mitochondrial biogenesis is often a response to bioenergetic stress, aiming to compensate
for the decreased efficiency of ATP production [26]. However, in the analyzed fibroblasts,
the mitochondrial mass did not differ between sAD and the controls (Figure 2A). Moreover,
in the sAD cells, we observed lower levels of the following proteins involved in mitochon-
drial biogenesis: mitochondrial DNA polymerase POLG and mitochondrial transcription
factor TFAM, activating the transcription of mitochondria-encoded genes (lower than in
the controls by 51 ± 5.5% and 35 ± 6.9%, respectively—Figure 2E,F). Additionally, nu-
clear transcription factors NRF1 and NRF2, coordinating mitochondrial biogenesis, were
slightly decreased in the sAD cells compared to the controls (by 30 ± 6.8% and 31 ± 6.0%,
respectively—Figure 2C,D).
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Figure 2. Markers of mitochondrial biogenesis in the investigated fibroblasts. (A) Mitochondrial mass determined with
MitoTracker Green fluorescent probe. (B) Representative result of Western blot analysis of the mitochondrial biogenesis
markers levels in the investigated fibroblasts. The results of quantification based on at least three independent repetitions
(three independent cell lysates for each cell line) are presented in the following panels: (C) for NRF1, (D) for NRF2, (E) for
TFAM and (F) for POLG. All of the results were normalized to the average levels measured for the reference controls C1
and C2 in each particular experiment. The results for individual cell lines are presented as the means ± SDs from 3–6
independent experimental repetitions. Thick black lines show the averaged values for the analyzed groups: the controls and
the sAD fibroblasts. Asterisks denote statistical significance: * p < 0.05, ** p < 0.01, *** p < 0.001 in Student’s t-test comparing
controls (n = 4) vs. sAD (n = 4).

The amount of mitochondria in the cell is the result of opposing processes of mito-
chondrial biogenesis and mitophagy [25]. Thus, we also checked the levels of proteins
involved in the process of autophagy, as well as those specific for mitophagy—the selective
autophagy of mitochondria (Figure 3). Many of them turned out to be decreased in sAD
fibroblasts when compared to the control cell lines; the levels of PINK1 were lowered by
51 ± 7.7%, of Beclin-1 by 31 ± 4.3%, and of LC3 by 23 ± 11%. These proteins act at different
stages of mitochondrial removal by mitophagy, as follows: PINK1 mediates the labeling
of dysfunctional mitochondria directed for removal, while Beclin-1 and LC3 coordinate
autophagosome formation [26,27].
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Figure 3. Levels of mitophagy effectors in the investigated fibroblasts. (A) Representative results of Western blot analysis of
the levels of proteins involved in autophagy and mitophagy in the investigated fibroblasts. The results of quantification
performed in at least three independent repetitions (with independent cell lysates) are presented in the following panels:
(B) for PINK1, (C) for Parkin, (D) for Beclin-1, (E) for p62, and (F) for LC3. (G) The ratio of LC3 II/I forms. All of the results
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significance: * p < 0.05, ** p < 0.01, *** p < 0.001 in Student’s t-test comparing controls (n = 4) vs. sAD (n = 4).

To check whether lower levels of proteins involved in both mitochondrial biogenesis
and mitophagy translate to slower turnover of the mitochondrial pool, we checked the age
of the mitochondria in the investigated fibroblasts with the use of the MitoTimer vector
(Figure 4). It allows us to assess the age of individual mitochondria based on the extent of
the fluorescence shift from green to red, accompanying the maturation of mitochondria-
targeted fluorescence protein [28–30]. In line with the observed decreases in the levels of
mitochondrial biogenesis and removal effectors, the turnover of mitochondria was slower
in the sAD fibroblasts, as the age of the mitochondria in the sAD cells was clearly higher
than in the controls. The mitochondrial life cycle is also associated with the distribution
of active mitochondria in different regions of the cell and with transport of dysfunctional
organelles toward perinuclear areas, where they undergo mitophagy [31]. Therefore, we
compared the mitochondrial age in perinuclear regions with that in distal parts of the cells.
In the control fibroblasts, the mitochondria in the cell peripheries were significantly younger
than in the region surrounding the cell nucleus. In the sAD fibroblasts, such a gradient of
mitochondrial age was not observed, showing that the regulation of mitochondrial removal
in sAD patients’ cells is altered not only by decreased levels of the responsible proteins,
but also at the level of mitochondrial transport toward the places of their removal.
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comparison of the MitoTimer green/red fluorescence ratios in perinuclear areas (P) and in distal parts of the cells (D) in
the investigated cell lines. Asterisks denote statistical significance: *** p < 0.001 in Student’s t-test comparing MitoTimer
fluorescence ratio in perinuclear and distal regions of the cell in the particular fibroblast cell line. The inset presents the
localization of the cellular regions, between which MitoTimer fluorescence ratios were compared.

4. Discussion

The sporadic form of Alzheimer’s disease is much more prevalent, but also far less
studied than the familial form (fAD). Despite similar symptoms, the cellular events underly-
ing the development of the sporadic and familial forms of neurodegenerative diseases may
considerably differ [32–35]. The problem in investigating sAD is the limited availability of
study models, which is caused by the poorly described and multifactorial etiology of the
disease, in contrast to fAD, which is caused by known genetic mutations, for which several
animal models are described [32]. A valid animal model of sAD is lacking. Additionally,
therapies with promising results in preclinical tests in fAD animal models regularly fail in
clinical trials, underlining the necessity to further investigate the differences between fAD
and sAD [32,36].
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Currently, sAD-related mechanisms are studied in amyloid-treated cell cultures, post-
mortem brain specimens, AD patient fibroblasts, and fibroblast-derived induced pluripo-
tent stem (iPS) cells, which further differentiate to neurons [19,32,33]. In our study, we
used primary dermal fibroblasts from sAD patients. It was demonstrated that AD-related
pathological changes are not limited to neurons, but can also be observed in peripheral
cells, including fibroblasts [23,37]. In contrast to postmortem brain specimens, fibroblast
cultures allow us to investigate the earlier stages of disease development and to analyze vi-
tal cellular processes. They also complement iPS-based research, as iPS cells may lose some
of the AD-characteristic features and markers due to complex reprogramming processes.

Our results point to the presence of cellular stress in sAD fibroblasts, demonstrated
as alterations in Ca2+ homeostasis, increased mitochondrial ROS production and decreased
mitochondrial turnover, resulting in more aged mitochondria. The existence of chronic
stress in sAD fibroblasts has already been proposed upon analysis of the gene expression
profile [38].

We detected lower cytosolic Ca2+ levels in the sAD fibroblasts than in the controls,
revealing dysregulations within intracellular Ca2+ homeostasis. The literature data con-
cerning intracellular Ca2+ levels in AD are not consistent. In fAD models, elevated cytosolic
Ca2+ is often observed; however, a decrease was also reported, depending on the type
of fAD-causing mutation [9]. Data concerning intracellular Ca2+ handling in sAD are
scarce; however, a decrease in cytosolic Ca2+ [39] and blunted calcium fluxes in response to
various treatments [40] have already been reported for sAD fibroblasts. The discrepancies
between fAD and sAD models concerning calcium homeostasis underline the need for
valid experimental setups for sAD investigation, as extrapolation of the observations from
fAD models to sAD cannot always be done.

The sAD fibroblasts presented with elevated levels of mitochondrial superoxide.
Despite that, we did not observe an increase in cytosolic ROS, in contrast to what was
previously reported for fAD [41] and sAD fibroblasts [42]. On the other hand, the exper-
iments on iPSC-derived neurons from sAD patients demonstrated strong heterogeneity
with respect to cytosolic ROS levels in cell lines from different donors. In addition to sAD
cell lines, with clearly increased cytosolic ROS, there were also the lines with ROS levels
not differing from the controls [43].

The increase in mitochondrial superoxide levels was accompanied by lower levels
of mitochondrial superoxide dismutase (SOD2), responsible for superoxide removal from
the mitochondrial matrix. SOD2 protein levels are regulated by several mechanisms,
at the transcriptional stage as well as post-transcriptionally [44,45]. In neurodegenera-
tive diseases, an increase rather than a decrease in SOD2 is often observed, which has
been interpreted as a compensatory mechanism aiming to counterbalance the increased
mitochondrial superoxide production [46]. However, in our model, the increase in mito-
chondrial superoxide was moderate and did not cause extensive mitochondrial damage.
The mitochondrial membrane potential remained unaltered, indicating well-maintained
mitochondrial function.

Mitochondrial ROS play a dual role in the cell. On the one hand, their excess can be
deleterious, leading to oxidative damage to mitochondrial proteins and DNA, and to oxidative
stress. On the other hand, when produced at moderate levels, mitochondrial ROS participate
in intracellular signaling, for example, in mitochondria-to-nucleus communication [47,48].
Such retrograde signaling passes information on the mitochondrial functional state to the
nucleus and triggers adaptive responses, adjusting mitochondrial function in response to
changing extracellular and intracellular conditions [48]. One of the responses regulated by
mitochondrial retrograde signaling is mitochondrial dynamics and turnover [16].

Mitochondria form a dynamic network shaped by fusion and fission events, mi-
tochondrial transport along the cytoskeleton, and mitochondrial turnover mediated by
mitochondrial biogenesis and mitophagy [49]. The role of these processes is the mainte-
nance of a properly functioning mitochondrial pool and the adjustment of mitochondrial
function to changing conditions.
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In sAD fibroblasts, mitochondrial turnover turned out to be much slower than in the
controls; the mitochondrial mass remained unaltered, but the age of the mitochondria was
clearly higher in the sAD cells. Our finding is in line with the work of Martin-Maestro
et al., which demonstrated a slower exchange of the mitochondrial pool in sAD fibroblasts
after CCCP treatment [37]. The velocity of mitochondrial pool renewal is the result of
mitochondrial biogenesis and mitochondrial clearance by mitophagy [25]. The levels of
proteins involved in both biogenesis and mitophagy were lower in the sAD fibroblasts
than in the controls, indicative of a lower activity of those processes. Similar findings were
reported for postmortem hippocampal samples from AD patients, in which decreased
levels of both mitochondrial biogenesis regulators [50,51] and some of the proteins involved
in mitophagy [52] were observed.

The main regulator of mitochondrial biogenesis is the transcription coactivator PGC-
1α, inducing the expression of the transcription factors NRF1 and NRF2, which in turn
stimulate the expression of nuclear-encoded mitochondrial proteins, such as respiratory
chain proteins and the mitochondrial transcription factor TFAM, responsible for mtDNA
gene expression, and POLG, mediating mtDNA replication [53]. NRF2 is also involved in
the oxidative stress response [54]. We observed slightly decreased levels of NRF1 and NRF2,
and a clear downregulation of TFAM and POLG, which indicates slower mitochondrial
biogenesis in the sAD fibroblasts than in the controls.

Mitophagy is selective autophagy, directed toward the removal of dysfunctional mi-
tochondria. The best described mitophagy mechanism is the PINK1–Parkin-dependent
pathway, directing defective mitochondria to autophagy based on their decreased mem-
brane potential [10]. In sAD fibroblasts, we detected decreased levels of proteins partic-
ipating in autophagy (Beclin-1, p62 and LC3), as well as of PINK1, which is involved in
the selective directing of mitochondria to autophagic removal. There is growing evidence
that mitophagy impairment plays an important role in the pathogenesis of AD, as well
as of some other neurodegenerative diseases [10]. Bidirectional dependencies have been
demonstrated between the efficiency of mitophagy and the accumulation of the Aβ or
tau hyperphosphorylation, which may lead to the formation of vicious cycles accelerating
disease progression [10]. Thus, mitophagy is considered a promising therapeutic target
for AD. In mouse models of fAD, the stimulation of mitophagy not only decreased the
number of damaged mitochondria in the brain, but also attenuated Aβ deposition and tau
hyperphosphorylation, and ameliorated cognitive impairment [52].

Mitochondrial turnover strongly depends on other components of mitochondrial
dynamics, such as mitochondrial transport, fusion and fission. Mitochondrial fission
allows for the separation of defective parts of the mitochondrial network, which are
then directed for autophagic removal. In turn, mitochondrial network hyperfusion can
protect mitochondria from excessive mitophagy, for example, during starvation stress [49].
Mitochondrial transport plays an important role in regulating mitochondrial turnover, as
the main sites of mitochondrial clearance are located in perinuclear areas [27]. Thus, before
being removed, damaged mitochondria need to be transported from the cell periphery
toward the perinuclear regions. In the control fibroblasts, there was a clear difference in the
age of the mitochondria in the perinuclear area and in the distant parts of the cell, which is in
line with aged mitochondria being transported toward the cell nucleus. In sAD fibroblasts,
the age of the mitochondria did not differ between the perinuclear and distal parts of the
cell, which shows that not only the mitophagic clearance of old mitochondria, but also
the mechanisms of mitochondrial transport within the cell are defective. Indeed, in our
previous work we detected decreased mitochondrial transport velocity, a lower frequency
of fusion–fission events and a more fused mitochondrial network in sAD fibroblasts [55].
All of these events can contribute to impairments in mitochondrial turnover.

Decreased efficiency of mitochondrial fusion, fission, transport and turnover presents
an image of generally slower mitochondrial dynamics in the fibroblasts of sAD patients.
This may be a hallmark of a decrease in the cellular metabolic rate accompanying the
disease process. Despite that, we did not observe any symptoms of increased cell death
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in the sAD fibroblasts, their cell morphology was maintained, and only their slower
proliferation rates could be a hallmark of the decreased metabolic activity of sAD cells [55].
However, it should be noted that fibroblasts adapt to bioenergetic deficits much more
readily than neurons, for which such a degree of mitochondrial disturbances can lead to
more severe cellular dysfunction. The literature data confirm that mitochondrial dynamics
are also impaired in sAD brains; for example, in postmortem brain samples of sAD patients,
decreased expression of genes related to mitochondrial turnover, fusion and fission was
demonstrated [37]. This confirms that many pathological processes occurring in sAD
patient brains are also reflected in fibroblasts.

5. Conclusions

The data collected with our model show an overall decrease in mitochondrial dynam-
ics in sAD fibroblasts. Both mitochondrial biogenesis and mitophagy were reduced in
the sAD cells, resulting in slower mitochondrial turnover and increased mitochondrial
age. Additionally, the mitochondrial superoxide levels in the sAD cells were increased,
accompanied by lower levels of SOD2. What remains unclear is what the causal relation-
ships between the different aspects of cellular homeostasis disruption observed in the sAD
fibroblasts are, and what the primary trigger of those changes is. Increased mitochondrial
age could be the cause of the elevated mitochondrial superoxide production, as older
mitochondria tend to produce more ROS [56,57]. Higher mitochondrial ROS are a hallmark
of less efficient mitochondrial functioning, which, however, did not lead to extensive mito-
chondrial damage; the mitochondrial membrane potential remained unaltered, reflecting
efficient compensation for the increased mitochondrial age in the fibroblasts. Slower mito-
chondrial biogenesis is counterbalanced by a decreased mitophagy efficiency, which allows
for the maintenance of an unchanged mitochondrial mass, even at the cost of a higher age
of the mitochondria and a slight impairment of their function. It is possible that chronic
cellular stress, present in fibroblasts, leads to the remodeling of mitochondrial retrograde
signaling to keep the cell alive in the best condition possible. Such an adaptive scenario is
sufficient in the case of fibroblasts, where feedback adjustment of mitochondrial function to
the occurring bioenergetic deficiencies leads to setting a new balance, enabling cell survival
despite stress conditions. In postmitotic tissues, with a higher dependence on oxidative
phosphorylation, such as neural tissue, such alterations in mitochondrial function may
be deleterious. Currently, the evidence is accumulating supporting the hypothesis that
impaired mitochondrial turnover, particularly defective mitophagy, plays a crucial role in
the pathogenesis of several neurodegenerative diseases, including AD [58]. Mitophagy is
thus one of the focus points in searching for efficient AD treatments [10,53].
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