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ARTICLE INFO ABSTRACT

Mitochondria have been in the focus of oxidative stress and aging research for decades due to their permanent
production of ROS during the oxidative phosphorylation. The hypothesis exists that mitochondria are involved
in the formation of lipofuscin, an autofluorescent protein aggregate that accumulates progressively over time in
lysosomes of post-mitotic and senescent cells. To investigate the influence and involvement of mitochondria in
lipofuscinogenesis, we analyzed lipofuscin amounts as well as the mitochondrial function in young and
senescent cells. In addition we used an aging model and Lon protease deficient HeLa cells to investigate the
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influence of mitochondrial degradation processes on lipofuscin formation.
We were able to show that mitophagy is impaired in senescent cells resulting in an increased mitochondrial
mass and superoxide formation. In addition, the inhibition of mitochondrial fission leads to increased lipofuscin

formation.

Moreover, we observed that Lon protease downregulation is linked to a higher lipofuscinogenesis whereas
the application of the mitochondrial-targeted antioxidant mitoTEMPO is able to prevent the accumulation of

this protein aggregate.

1. Introduction

The intracellular accumulation of protein aggregates is one im-
portant hallmark of the aging process [1]. Especially cells with a low
mitotic rate accumulate high amounts of protein aggregation products
during their lifetime [2—4]. In this context the formation of covalent
cross-linked protein aggregates, such as lipofuscin, is of special
importance because of its abundance in aged cells where it has
detrimental effects. For instance, it is clearly established that lipofuscin
is able to inhibit intracellular proteostasis mechanisms, especially
proteasomal activity and, therefore, the effective degradation of

oxidatively modified proteins [3, 5-8]. This in turn leads to an
increased formation of protein aggregation products further promoting
the formation of lipofuscin [9]. Additionally, it was shown that
lipofuscin generates reactive oxygen species (ROS) due to its ability
to incorporate redox-active metals such as iron, thus promoting the
Fenton reaction [10]. Moreover, the accumulation of lipofuscin is of
pathophysiological relevance. In this regard, it was shown that an
accelerated accumulation is linked to the development of neurological
diseases such as Alzheimer's disease [11] and Parkinson's disease [12]
as well as age-related macular degeneration, which seems to be the
most frequent reason for blindness in the Western world [13].
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The cellular consequences of lipofuscin accumulation are well
studied. However, no data are available on its protein sources from
different protein pools such as cytosolic or organelle proteins in the
formation of lipofuscin. Nevertheless, it can be hypothesized that the
composition of lipofuscin is strongly dependent on the intracellular site
of ROS attack and, therefore, different oxidatively modified proteins
and lipids might contribute to the formation of lipofuscin. However, it
is postulated that especially mitochondria are involved in the develop-
ment of lipofuscin. The hypothesis of Terman and Brunk, referred to as
the “mitochondrial-lysosomal axis theory of aging” assumes the
incomplete degradation of damaged mitochondria mediated by autop-
hagy as the cause for lipofuscin accumulation [14]. Although this
hypothesis has not clearly been experimentally proven, some results
found in the literature support this hypothesis.

This includes for example the finding of the mitochondrial ATP
synthase subunit ¢ as a major component in lipofuscin formed under
pathological conditions during the progression of neuronal ceroid
lipofuscinosis (NCL) [15]. Furthermore, it is generally accepted that
mitochondria are the primary site of ROS formation in normal
metabolism [16,17]. Moreover, it was shown that mitochondrial DNA
mutations which accumulate during aging lead to further mitochon-
drial malfunction [18,19], and that the mitochondrial protease Lon
which is able to degrade oxidatively modified mitochondrial proteins
declines during aging [20-22]. Also these findings strengthen the
hypothesis of a potential mitochondrial involvement in lipofuscin
formation.

The system to remove damaged mitochondria effectively is gen-
erally believed to be mitophagy [23,24]. Recently we were able to
demonstrate a reduction of macroautophagic processes in senescent
cells and murine brain tissue [25,26]. Before mitophagy occurs, the
mitochondrial network frequently undergoes fusion and fission pro-
cesses, as a part of the mitochondrial quality control and to ensure
mitochondrial integrity [27]. Interestingly, fission occurs mainly as the
initial step of mitochondria-selective autophagy and ensures, thereby,
the adequate degradation of damaged or dysfunctional mitochondria
by the lysosomal system [28].

The aim of this study was to investigate the role of mitochondrial
proteins and mitochondrial protein oxidation on lipofuscinogenesis;
especially to reveal whether mitophagy or the Lon protease are effective
in the protecting of cells from lipofuscin formation.

2. Materials and methods
2.1. Materials

Chemicals were purchased from Sigma-Aldrich (Deisenhofen,
Germany) except Mdivi-1 (Enzo Life Science, Lorrach, Germany) as
well as doxycycline, blasticidin and zeocin (Invivogen, San Diego, CA,
USA). Cell culture materials and media were obtained from Biochrom
(Berlin, Germany). MitoTracker Green™ (MTG) and MitoSOX™ Red
superoxide indicator (MitoSOX) were purchased from Molecular
Probes (Eugene, USA).

The following primary antibodies were used: rabbit anti-DNP
(Sigma-Aldrich, Deisenhofen, Germany), rabbit anti-PINK1 (Cell
Signaling, Boston, MA, USA), mouse anti-fB-actin (Cell Signaling,
Boston, USA), rabbit anti-COX IV (Cell Signaling, Boston, MA, USA),
rabbit anti-Lon protease (Abcam, Cambridge, UK), mouse anti-GAPDH
(Abcam, Cambridge, UK), rabbit anti-Ki-67 (Abcam, Cambridge, UK),
mouse anti-CDKN2A/p16INK4a (Abcam, Cambridge, UK), rabbit anti-
p21 Wafl/Cipl (Cell Signaling, Boston, MA, USA), mouse anti-MT-
CO1 (Abcam, Cambridge, UK), mouse anti-SDHA (Abcam, Cambridge,
UK), mouse anti-VDAC (Abcam, Cambridge, UK) and rabbit anti-Fis1
(Cell Signaling, Boston, MA, USA). Secondary antibodies used for
immunoblotting were purchased from LI-COR Biosciences (Lincoln,
AL, USA). The FITC-labeled antibody for immunofluorescence was
purchased from Invitrogen (Carlsbad, CA, USA).

674

Redox Biology 11 (2017) 673-681

2.2. Cell culture

Experiments were performed by using primary human dermal
fibroblasts as well as Lon protease deficient HeLa cells. Human dermal
fibroblasts were divided in two categories: “young” and “senescent”.
Young fibroblasts were obtained from human skin tissue of a 1-year old
donor, kindly provided by Prof. Scharffetter-Kochanek (University of
Ulm, Germany). Senescent fibroblasts originated from human skin
tissue of a 81-year old donor and were kindly provided by Beiersdorf
AG (Hamburg, Germany) [29]. Fibroblasts were grown in high-glucose
(4.5 g/1) Dulbecco's Modified Eagle's Medium (DMEM) with 5%
glutamine and 10% fetal bovine serum (FBS) at 7% CO,, 95% humidity
and 37 °C.

Lon protease deficient HeLa cells were kindly provided by Dr.
Anne-Laure Bulteau (Institute of Functional Genomics of Lyon,
France). Experimental design and establishment of these cells was
described previously [30,31]. In brief, Lon protease deficient HeLa cells
were generated using HeLa T-Rex™ cells (Invitrogen Life Technology,
Carlsbad, CA, USA) which were stably transfected with the short
hairpin RNA (shRNA) expressing vector pENTR/H1/T0+(Invitrogen,
BLOCK-IT™). For the realization of Lon protease knockdown a Lon-
specific 68-base sequence complementary oligonucleotide was cloned
into the pENTR/H1/TO+ vector. Furthermore, the expression of the
Lon-specific shRNA underlies a doxycyline (Dox)-regulated promotor
(tet-on system). Therefore, the addition of Dox to the medium resulted
in the expression of shRNA against Lon protease leading subsequntly
to the downregulation of this enzyme. Clones of HeLa-tet-on-shLon
cells were selected in low-glucose (1 g/l) DMEM with 10% FBS, 5%
glutamine, 5 ug/ml blasticidin and 200 pg/ml zeocin. Cultivation was
carried out at 7% CO,, 95% humidity at 37 °C. Expression of Lon-
specific ShRNA was induced by the addition of 2 ng/ml doxycycline to
the medium for 10 days. During this period medium was replaced every
second day with fresh Dox. Efficacy of Lon protease knockdown was
verified by immunoblotting.

2.3. Stress-induced premature senescence (SIPS)

For the induction of intracellular lipofuscin formation cells were
chronically treated with paraquat (PQ) for 10 days. This procedure is
known as stress-induced premature senescence (SIPS) and is described
elsewhere in detail [32]. To induce premature senescence in fibroblasts,
confluent cells were incubated daily with 40 uM PQ for a period of 10
days. In contrast to fibroblasts, HeLa Lon cells were treated in a
subconfluent state with 20 uM PQ for 10 days. SIPS of HeLa Lon cells
started after the ten-day Dox treatment for initial Lon protease
downregulation. However, Lon protease downregulation was also
continued during SIPS by adding Dox to the medium. Mdivi-1
(mitochondrial division inhibitor-1) as well as mitoTEMPO was applied
by co-incubation with PQ. Fibroblasts received 50 uM Mdivi-1 or
2.5 uM mitoTEMPO. HeLa Lon cells were treated with 5 uM Mdivi-1
or 10 uM mitoTEMPO.

2.4. Senescence-associated f-galactosidase staining

-Galactosidase activity was determined at pH 6 using “Senescence-
associated f-galactosidase staining Kit” from Cell Signaling (Boston,
USA) according to manufacturer's instructions.

2.5. Lipofuscin detection

Detection and quantification of lipofuscin was performed by
measurement of its autofluorescence [33] either by confocal micro-
scopy (Laser scanning microscope 700, Carl Zeiss, Jena, Germany) (Ex:
405 nm; Em: 498 nm) or by flow cytometry with the Cell Lab Quanta™
SC MPL (Beckman Coulter GmbH, Krefeld, Germany) or the
MACSQuant® Analyzer 10; (Miltenyi Biotec, Bergisch Gladbach,



J. Konig et al.

Germany).
2.6. Measurement of oxygen consumption rates (OCRs)

For the assessment of mitochondrial function of young and
senescent fibroblasts, oxygen consumption rates were analyzed after
manipulating specific targets of the electron transport chain (ETC)
using an XF-24-3 extracellular flux analyzer (Seahorse Bioscience,
North Billerica, USA). The analyzer detects changes in oxygen and
proton concentrations in the medium surrounding the cells, allowing
the simultaneous measurement of the cellular oxidation rate as well as
the glycolytic metabolism. Cells were seeded one day before the assay
onto XF-24 well culture plates (Seahorse Bioscience) in DMEM. On the
next day, one hour prior the assay, cells were incubated in a DMEM-
based medium with 1 mM pyruvate, 2 mM glutamine, and 10 mM
glucose in a CO,-free incubator. After basal OCRs were assessed, OCR
responses after the successive application of oligomycin (1 pM),
carbonyl cyanide 4-(trifluoromethoxy) phenylhydrazone (FCCP;
2 uM), and the mix of antimycin a (0.5 uM) and rotenone (0.5 uM)
(XF Cell Mito Stress Kit, Seahorse Bioscience) were determined. OCRs
were subsequently normalized to the protein concentration.

2.7. Detection of mitophagy

For the detection of mitophagy in young and senescent fibroblasts a
novel Mitophagy Detection Kit (Dojindo Molecular Technologies,
Rockville, USA) was used. Cells were treated according to the manufac-
turer's recommendations. In brief, cells were washed twice with DMEM
and afterwards incubated at 37 °C for 30 min with 100 nmol Mtphagy
Dye diluted in DMEM. After this incubation cells were again washed
twice with DMEM followed by the addition of complete DMEM. The
induction of mitophagy was then accomplished by the addition of
20 uM carbonyl cyanide 3-chlorophenylhydrazone (CCCP) for 24 h.
Subsequently, fibroblasts were trypsinized and fluorescence intensity of
Mtphagy Dye was measured by flow cytometry at 488 nm excitation
and 655-730 nm emission (MACSQuant® Analyzer 10; Miltenyi
Biotec, Bergisch Gladbach, Germany). Thus, an increase in Mtphagy
Dye specific fluorescence intensity indicated the occurrence of mito-
phagy.

2.8. Determination of mitochondrial mass and mitochondrial
superoxide

Fibroblasts were incubated with 500 nM MitoTracker Green™ or
2.5 uM MitoSOX™ Red superoxide indicator for 30 min in complete
medium for the analysis of mitochondrial mass and mitochondrial
superoxide, respectively. Afterwards cells were washed with PBS,
trypsinized and analyzed by flow cytometry either at Cell Lab
Quanta™ SC MPL (Beckman Coulter GmbH, Krefeld, Germany) or
MACSQuant® Analyzer 10; (Miltenyi Biotec, Bergisch Gladbach,
Germany).

2.9. Cellular ROS levels

Intracellular ROS formation was measured via H,DCFDA-assay.
Cells were loaded with 5uM cell-permeable H,DCFDA for 1 h.
Intracellular oxidation of H,DCFDA by ROS leads to its conversion
into the highly fluorescent 2',7'-dichlorofluorescein (DCF). DCF fluor-
escence was estimated by flow cytometry using Cell Lab Quanta™ SC
MPL (Beckman Coulter GmbH, Krefeld, Germany) after excitation at
488 nm and emission at 525 nm.

2.10. Cell viability assay

Viability of cells was measured by propidium iodide (PI) staining
using PI at a final concentration of 1 pg/ml. PI was added to the cells
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directly before each sample measurement. Specific PI fluorescence was
measured by flow cytometry with a MACSQuant® Analyzer 10;
(Miltenyi Biotec, Bergisch Gladbach, Germany).

2.11. Immunoblot

Cells were washed with PBS and subsequently scraped in SDS lysis
buffer (10 mM Tris-HCl pH 7.5, 0.9% NP-40, 0.1% SDS, 1 mM
pefablock) containing freshly added protease inhibitor cocktail
(1:100) followed by a 30 min incubation time on ice. Afterwards, lysate
protein concentrations were determined by DC™ Protein Assay (Bio-
Rad GmbH, Munich, Germany) [34]. The amount of 15 pg protein was
added to a reducing loading buffer (0.25 M Tris (pH 6.8), 8% SDS, 40%
glycerol, 0.03% Orange G) followed by the denaturation of proteins at
95°C for 5min. For protein separation, 10 or 12% (w/v) SDS
polyacrylamide gels were used. After gelelectrophoresis proteins were
transferred onto nitrocellulose membrane (Whatman®, GE Healthcare,
Dassel, Germany) by semi-dry blotting. Subsequently, membranes
were blocked in Odyssey® blocking buffer (LI-COR Biosciences,
Lincoln, USA) diluted in PBS (1:5) for 1h at room temperature.
Primary antibodies were diluted in Odyssey® blocking buffer according
to supplier's suggestions and incubated over night at 4 °C.
Fluorescence-coupled secondary antibodies were used for the detection
of the proteins of interest. Blots were scanned and analyzed using an
Odyssey® Infrared Imaging System (LI-COR Biosciences, Lincoln, NE,
USA).

2.12. Detection of carbonylated proteins by immunoblot

Protein carbonyls are a common biomarker for oxidatively modified
proteins [35]. Their detection was carried out by immunoblotting after
derivatizing the carbonyl groups of the blotted proteins with 2,4-
dinitrophenylhydrazine (DNPH). This reaction leads to the formation
of a stable 2,4-dinitrophenylhydrazone (DNP) [36] which can be
detected by an anti-DNP antibody.

2.13. Determination of the mitochondrial network size and Ki-67
staining

To estimate the size of the mitochondrial network in young and
senescent fibroblasts, mitochondria were visualized by immunofluor-
escence staining followed by the quantification of the mitochondrial
pixel area with Adobe Photoshop CC2014 (Adobe Systems
Incorporated, San Jose, CA, USA). For immunostaining, cells were
seeded on glass bottom dishes (MatTek Corporation, Ashland, USA)
24 h before the staining procedure. Then cells were washed with PBS
and fixed with a mixture of ethanol: diethylether (1:1) for 5 min at
—-20 °C. Subsequently, cells were washed several times with PBS
containing 1% FBS followed by blocking for 1 h at room temperature
in the same buffer. Afterwards, fixed cells were incubated with an anti-
COX IV antibody for mitochondrial staining or an anti-Ki-67 antibody
over night at 4 °C. Antibodies were diluted in PBS containing 1% FBS
1:50 (anti-COX IV) and 1:250 (anti-Ki-67), respectively. This step was
followed by the incubation with a secondary FITC-labeled antibody
(diluted 1:500 in PBS/1% FBS) for 1h at room temperature. For
additional DNA staining cells were incubated with DAPI (1 pug/ml) for
10 min at room temperature. Microscopy was carried out using a laser
scanning microscope (Carl Zeiss, Jena, Germany).

2.14. Statistical analysis

Statistical analysis was performed using Prism 6 (GraphPad, La
Jolla, CA, USA) software. All results presented in the figures are mean
values + SD of at least 3 experiments. Differences between two groups
were assessed by Student's t-test. Multiple comparisons were assessed
either by one-way ANOVA followed by Tukey's post-hoc test or by two-
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Fig. 1. Quantification of lipofuscin, mitochondria and mitochondrial superoxide production in young and senescent fibroblasts. Panel A shows the intracellular lipofuscin
autofluorescence in young and senescent fibroblasts. For autofluorescence quantification cells were analyzed by flow cytometry (MACSQuant® Analyzer 10; Miltenyi Biotec) at an
excitation wavelength of 405 nm and an emission range from 425 to 475 nm. For microscopic images a confocal microscope (Ex: 405 nm, Em: 498 nm) was used. (B) Mitochondrial
mass in young and senescent fibroblasts was determined by using MitoTracker Green™ staining which accumulates regardless of the membrane potential in mitochondria [51].
Additionally, the abundance of different mitochondrial proteins in relation to the cell number was determined by immunoblotting. Mitochondrial superoxide was measured after
MitoSOX Red incubation of cells (C). Signal intensities of MitoTracker Green™ and MitoSOX were also measured by flow cytometry. “*’ indicates statistically significant differences to

young fibroblasts.

way ANOVA with Sidak's post-hoc test. Differences were considered as
statistically significant, if p < 0.05.

3. Results

3.1. Senescent fibroblasts are marked by an increase of mitochondria
and an accumulation of lipofuscin

According to our hypothesis that mitochondria contribute to the
formation of lipofuscin in senescent cells we measured the lipofuscin
and mitochondria content in senescent fibroblasts. An increase of
lipofuscin of up to 460% in senescent fibroblasts compared to young
cells was detected in our model (Fig. 1A). Interestingly, senescent
fibroblasts also showed a significant increase in mitochondrial mass,
measured with MitoTracker Green™, which stains mitochondria
independently of their membrane potential. These data are verified
by the additional determination of different mitochondrial proteins by
immunoblotting (Fig. 1B). However, the increase of mitochondrial
mass might not be accompanied by a stable mitochondrial function-
ality. Since the superoxide-/ROS-generating activity was postulated to
contribute to the aging process, we assessed the formation of mito-
chondrial superoxide, which was significantly increased in senescent
cells (Fig. 1C).

3.2. Mitochondrial function is impaired in senescent fibroblasts

Since we detected an increased mitochondrial mass and an
enhanced superoxide production — indicating mitochondrial malfunc-
tion — questions on the functionality of mitochondria in senescent cells
were raised. Measuring the oxygen consumption rates (OCRs) we
detected a reduced mitochondrial function in senescent cells
(Fig. 2A). As shown in Fig. 2B the basal OCR of senescent fibroblasts
was significantly decreased in comparison to young fibroblasts (1.61 +
0.85 vs. 3.15+0.92 nmol/min/mg protein). Oligomycin treatment
inhibited the ATP synthase (complex V) leading to a decreased oxygen
consumption of the cells (Fig. 2A). This OCR decline from basal levels
correlates with the mitochondrial ATP production which was signifi-
cantly reduced in senescent fibroblasts compared to young ones
(Fig. 2C). The measurement of maximum oxygen consumption after
FCCP treatment revealed a reduced maximum capacity of senescent
cells to consume oxygen (Fig. 2A, D). Therefore, the maximum
respiration (Fig. 2D) was decreased by 40% in senescent fibroblasts
compared to young fibroblasts (OCR: 3.15 + 0.92 vs. 5.11 + 0.53 nmol/
min/mg protein). Finally, cells were treated with rotenone and anti-
mycin A (Fig. 2A). Both substances shut down mitochondrial respira-
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Fig. 2. Mitochondrial function in young and senescent fibroblasts. Mitochondrial
function in young and senescent fibroblasts was assessed by the direct measurement of
cellular oxygen consumption rates (OCRs) after the activity modulation of different
electron transport chain complexes. Panel A shows the mitochondrial respiration of
young and senescent cells after the successive application of oligomycin (ATP synthase
inhibitor), FCCP (uncoupling agent), and a mixture of antimycin A (complex III
inhibitor) and rotenone (complex I inhibitor). Based on this data the basal respiration
(B), ATP production (C) as well as the maximum respiration (D) was calculated.
Statistically significant differences between young and senescent fibroblasts are illu-
strated by “*.

tion so that the remaining cellular oxygen consumption results from
enzymatic activities not related to the functional mitochondrial re-
spiratory chain.

3.3. PINKI mediated mitophagy is reduced during aging

As we were able to show, mitochondrial function of senescent
fibroblasts was reduced compared to young fibroblasts (Fig. 2) and,
simultaneously, senescent fibroblasts exhibit an increased mitochon-
drial mass in combination with a higher mitochondrial superoxide
formation (Fig. 1). Thus, we assumed a compromised mitochondrial
clearance in senescent cells. The degradation of dysfunctional or
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Fig. 3. Induction of mitophagy in young and senescent fibroblasts by CCCP. Twenty-four hours after treatment with the chemical uncoupling agent CCCP, PINK1 levels in young and
senescent fibroblasts were assessed by immunoblotting (A). PINK1 levels in untreated controls (Con) were set to 100% (dark grey bars). PINK1 amount after CCCP treatment is shown in
relation to the untreated control. DMSO serves as solvent control for CCCP. The insert shows the PINK1 levels in untreated young and senescent controls. Panel B demonstrates the
uptake of mitochondria by lysosomes (mitophagy flux) after CCCP treatment in young and senescent cells. Statistical significance differences are indicated by *’.

damaged mitochondria is mediated by their selective targeting through
PINK1 and parkin followed by the removal via the mitophagy-
lysosomal system. We measured the content of PINK1 in young and
senescent mitochondria, which was not different (Fig. 3A, insert).
However, this is not surprising since the steady state level of PINK1 is
very low, due to its rapid degradation under normal conditions when
no mitophagy takes place. In order to analyze the mitochondrial
clearance capacity we treated young and senescent cells with CCCP
which to a loss of the mitochondrial membrane potential inducing the
elimination of mitochondria by mitophagy [37]. Under CCCP stimula-
tion we were able to detect a considerable increase in cellular PINK1
content (Fig. 3A). Importantly, the PINK1 response in senescent
fibroblasts was about 40% reduced compared to young fibroblasts. To
evaluate, if the delivery of damaged mitochondria into lysosomes is
impaired in senescent cells compared to young cells, the mitophagy flux
was additionally measured by flow cytometry using a mitophagy
specific dye (Mtphagy Dye) (Fig. 3B). This dye stains mitochondria,
is then immobilized and changes its fluorescence intensity depending
on the surrounding pH conditions. After fusion of mitochondria with
lysosomes, Mtphagy Dye exhibits higher fluorescence intensity which
indicates mitophagy. A significant decline of mitophagy in senescent
cells after mitophagy induction with CCCP was shown.

Whereas in young cells the fluorescence intensity of Mtphagy Dye
was increased to 161 +12.5% after CCCP treatment, senescent cells
only showed a fluorescence intensity increase of 134 + 17.7%. Under
starvation conditions, also known to induce mitophagy, this result was
confirmed. Cultivation of young and senescent fibroblasts in the
absence of FCS for 24 h similarly shows a significant change of
Mtphagy Dye fluorescence intensity (data not shown).

3.4. Inhibition of mitochondrial division during PQ-induced SIPS
leads to increased lipofuscin formation

Since it is known that lipofuscin accumulates in a time-dependent
manner during aging [1,14,38,39] and mitophagy seems to be reduced
in senescent cells (Fig. 3), it is questionable whether mitophagy
contributes directly to lipofuscin formation. To investigate a possible
link between these two cellular mechanisms we used an established
senescence-inducing model, the PQ-mediated stress induced prema-
ture senescence (SIPS). To verify senescence induction, different
markers of senescence were assessed (Fig. 4). Thus, SIPS fibroblasts
are characterized by a high proportion of senescence-associated (-
galactosidase positive cells (Fig. 4A). Furthermore, PQ-treated cells are
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marked by decreased Ki-67 protein (Fig. 4B) and an increase in p16 as
well as p21 levels (Fig. 4C). These data clearly demonstrate that PQ-
treated SIPS cells have reached the senescent state. This model allows
us to modulate mitochondrial turnover in an experimental senescence
set-up. As demonstrated in Fig. 5A-C most of the phenotype features of
senescent cells are also true for SIPS cells, however one exception is the
mitochondrial mass. Incubation with Mdivi-1, an inhibitor of mito-
phagy, leads to an increase in mitochondrial mass. More interestingly,
this increase in mitochondrial mass is accompanied by an enhanced
lipofuscin formation and mitochondrial superoxide formation (Fig. 5A,
C), especially when premature senescence was induced. To confirm
these results we performed additional measurements of cellular ROS
production and protein oxidation under these conditions (Fig. 5D, 5E).
As described earlier, a malfunction of macroautophagy can lead to a
slightly decreased cellular viability [40]. However, we detected no
changes in the cellular viability (Fig. 5F).

These results point to an interesting fact: the blockage of mitochon-
drial fission leads to enhanced oxidation events which in turn result in
a number of oxidative reactions and in the formation of lipofuscin. As
our group has previously shown, the rate of lipofuscin formation is
independent of macroautophagy [40], although formed lipofuscin is
mostly located in the autophagosomal/lysosomal compartment [32].
Thus we can assume that the described general impairment of
macroautophagy [25] is also true for mitophagy. Whether a fission
defect is the reason for reduced mitophagy in senescent cells should be
further clarified. If mitochondrial fission is involved, we would expect a
larger mitochondrial network and a reduction of Fisl as an important
fission protein in senescent cells. Fig. 6 (Panels A and B) shows that
these hallmarks can be observed in senescent fibroblasts.

3.5. Downregulation of Lon protease during PQ-induced SIPS is
accompanied by elevated lipofuscinogenesis

Mitochondria are unique organelles possessing own proteolytic
systems. It was shown that the Lon protease is able to degrade
oxidatively modified proteins within mitochondria [20,22,30].
Therefore, it is interesting to investigate whether the Lon protease is
altered in senescent fibroblasts. As demonstrated in Fig. 6C the protein
level of Lon protease is clearly reduced in senescent fibroblasts,
indicating an impaired turnover of damaged proteins inside mitochon-
dria.

In order to examine whether the Lon protease is effectively involved
in the degradation of damaged mitochondrial proteins in a senescence-
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regulators p16 and p21. Statistical significant differences to untreated control cells are indicated by “*’.

related set-up, we used a cell line where Lon protease was down-
regulated to test the effect of repeated, chronic stress on lipofuscin
formation during SIPS. As shown in Fig. 7 the downregulation of Lon
(Fig. 7A) resulted in an enhanced lipofuscin formation in SIPS treated
cells (Fig. 7B), confirming a protective role of Lon in the prevention of
lipofuscin accumulation. A combined inhibition of intra-mitochondrial
Lon activity and mitophagy lead to a dramatically enhanced formation
of lipofuscin (Fig. 7C).

This leads to the conclusion that both systems, intra-mitochondrial
protein removal as well as the removal of damaged mitochondria as a

whole are important for the maintenance of cellular mitochondrial
homeostasis.

3.6. The mitochondrial-targeted antioxidant mitoTEMPO is able to
prevent SIPS-induced lipofuscin formation

Data presented here show a general role of mitochondrial proteins
in cellular lipofuscin formation. However, from numerous previous
studies [10,32,41—-43] it seems to be clear that oxidative damage to
proteins is the initial step in lipofuscin formation. Therefore, the
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Fig. 5. Effects of reduced mitophagy on lipofuscin formation during SIPS. To investigate the influence of mitophagy inhibition on lipofuscin formation, young fibroblasts were co-treated
with the mitochondrial division inhibitor 1 (Mdivi-1) during PQ-induced SIPS. Panel A shows the accumulation of lipofuscin after SIPS with or without inhibition of mitochondrial
division. Lipofuscin-specific autofluorescence intensity was measured at Cell Lab Quanta™ SC MPL flow cytometer (Beckman Coulter, Krefeld, Germany) after excitation with a UV lamp
(360 nm) and an emission of 525 nm. Panel B illustrates changes of the mitochondrial mass during SIPS. Mitochondrial superoxide radical formation was estimated using MitoSOX (C).
In Panel D, the amounts of protein carbonyls are shown. Protein carbonyls were determined by Oxyblot. The formation of free radicals was determined by DCF fluorescence
measurement (E). Panel F shows the cellular viability after SIPS treatment, assessed by propidium iodide staining. Statistically significant differences to the control are indicated by “*’,

compared to respective SIPS by a ‘#’.
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question remains whether the oxidation of mitochondrial proteins is a
crucial step in lipofuscin formation. In our models the reduction of
mitochondrial removal via mitophagy leads to oxidative stress.
Conclusively, in case this is a key step in lipofuscin formation, a
protection of mitochondrial protein oxidation under conditions of
reduced mitophagy should reduce lipofuscin formation. Therefore we
monitored the artificial, mitochondria-targeted antioxidant
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mitoTEMPO (mTEMPO) during PQ-induced SIPS (Fig. 8).
Importantly, in both cellular models a significant reduction in lipofus-
cin formation due to this treatment was detected, indicating not only
the key role of mitochondrial proteins in lipofuscin formation, but also
the importance of mitochondrial protein oxidation (Fig. 8 A,B).
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4. Discussion

By using a set of different cell models, we were able to demonstrate
that the failure of mitochondria removal and the consecutive oxidation
of mitochondrial protein are important contributors to age-related
lipofuscin formation.

One reason for the functional decay during aging is the accumula-
tion of non-degradable highly oxidized proteins forming large cellular
protein aggregates. Most of these protein aggregates such as lipofuscin
are located in lysosomes [40,44] suggesting a malfunction of these
organelles. Cellular organelles, including mitochondria are mainly
degraded by lysosomes. The lysosomal degradation of mitochondria
depends on the successful separation and uncoupling of dysfunctional
or damaged organelles from the mitochondrial network [37,45]. This
sequestration requires fission proteins such as the mitochondrial
fission 1 protein (Fis1) and the dynamin-related protein 1 (Drpl).
However, this separation of damaged mitochondria from the network
seems to be impaired during aging, as we detected a reduced Fisl
amount in senescent cells. The next step in the mitophagy process is
then mediated by PINK1 and parkin [46]. In healthy mitochondria
PINK1 is transported into the inner mitochondrial membrane where it
is cleaved by the rhomboid protease presenilin-associated rhomboid-
like protein (PARL) [47]. Malfunctioned mitochondria are marked by
the stabilization of PINK1 on the outer mitochondrial membrane; this
accumulation of PINK1 was reduced in senescent cells. PINK1 recruits
the cytosolic protein parkin, which acts as E3-ubiquitin ligase and
triggers the ubiquitination of several mitochondrial outer membrane
proteins. Ubiquitination is succeeded by the recruitment of p62 and
further proteins which finally result in the engulfment of impaired
mitochondria by the autophagosome. Fusion of the mitochondria-filled
autophagosome with a lysosome may provide degrading enzymes such
as cathepsins for the actual degradation. However, it is hypothesized
that the failure of this degradation in the lysosome is causative for
lipofuscinogenesis. To prove this theory we investigated the influence
of mitophagy inhibition on lipofuscin formation by using Mdivi-1
during PQ-induced SIPS. Mdivi-1 is a selective chemical inhibitor of
Drpl resulting in an inhibition of the mitochondrial fission [48]
thereby blocking mitophagy [49] resulting in an increased cellular
mitochondrial mass. Interestingly, in senescent cells as well as the SIPS
models used in this study, an increased mitochondrial mass is
accompanied by an enhanced lipofuscin formation, indicating an
association. Since the increase of mitochondrial mass in senescent
cells was accompanied by a decline in mitochondrial function, we can
state that the accumulation of dysfunctional mitochondria occurs
during aging. Furthermore, it was shown that the accumulation of
dysfunctional mitochondria results in elevated ROS formation [23,50]
and is therefore an explanation for the observation of higher lipofuscin
amounts in our cellular models.

Additionally, we previously demonstrated that lipofuscin formation
might take place outside the lysosomal compartment and is indeed
independent of the macroautophagic process [40]. Because mitophagy
and also autophagy in general decrease during aging, but the formation
of lipofuscin increases simultaneously, autophagic processes alone
cannot be responsible for lipofuscinogenesis. Nevertheless, our data
demonstrate a clear contribution of mitochondrial protein degradation
mechanisms to lipofuscin formation.

In the present study we were able to experimentally demonstrate
for the first time the crucial involvement of oxidized mitochondrial
proteins in the formation of lipofuscin. Thus we postulate that the
initial steps of cross-linking and lipofuscin formation from mitochon-
drial proteins may also take place outside the lysosomal compartment.
These findings are in agreement with our previous work.
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