
Mitochondrion 17 (2014) 106–115

Contents lists available at ScienceDirect

Mitochondrion

j ourna l homepage: www.e lsev ie r .com/ locate /mi to
Inhibition of stress induced premature senescence in presenilin-1
mutated cells with water soluble Coenzyme Q10
Dennis Ma a, Kyle Stokes a, Kevinjeet Mahngar a, Danijela Domazet-Damjanov a,
Marianna Sikorska b, Siyaram Pandey a,⁎
a Department of Chemistry and Biochemistry, University of Windsor, 401 Sunset Avenue, Windsor, ON N9B 3P4, Canada
b Institute For Biological Sciences, NRC, Ottawa, ON, Canada
Abbreviations:Aβ, amyloid-beta peptide; AD, Alzheime
sor protein; CoQ10, Coenzyme Q10; DCF, 2′,7′-dichlorofluor
ence contrast; H2DCFDA, 2′-7′-dichlorofluorescin diaceta
Solution; LC3,microtubule-associated protein 1 light chain
MMP, mitochondrial membrane potential; MnSOD, man
NHF, Apparently healthy non-fetal human skin fibroblasts;
PCNA, proliferating cell nuclear antigen; PS-1, presenilin-1
mutated AD familial type 3 fibroblasts; PTS, polyoxyetha
retinoblastoma; RFU, relative fluorescence units; ROS, rea
senescence-associated beta-galactosidase; SDS-PAG
polyacrylamide gel electrophoresis; SIPS, stress-induced
Tris-Buffered Saline Tween-20; TMRM, tetramethylrhod
vacuolar [H+] ATPase; WS-CoQ10, water soluble Coenzym
⁎ Corresponding author. Tel.: +1 519 253 3000x3701;

E-mail address: spandey@uwindsor.ca (S. Pandey).

http://dx.doi.org/10.1016/j.mito.2014.07.004
1567-7249/©2014TheAuthors. Elsevier B.V. andMitochondr
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 20 May 2014
received in revised form 28 June 2014
accepted 9 July 2014
Available online 15 July 2014

Keywords:
Coenzyme Q10

Alzheimer's disease
Senescence
Autophagy
Mitochondria
Reactive oxygen species
A water-soluble formulation of CoQ10 (WS-CoQ10) was shown to stabilize mitochondria and prevent oxidative
stress-induced neuronal death. Presenilin-1 (PS-1)-mutated Alzheimer's Disease (AD) fibroblasts (PSAF) were
used for studying the effects of PS-1 mutation. PS-1 mutation correlated to increased reactive oxygen species
(ROS) production and stress induced premature senescence (SIPS) in PSAF; WS-CoQ10 treatment decreased
ROS generation, increased population doublings, and postponed SIPS. Treated PSAF had higher PCNA expression,
and lower levels ofMnSOD, p21, p16Ink4A, andRb.WS-CoQ10 caused the resumption of autophagy in PSAF. Thus,
WS-CoQ10 as inhibitor of SIPS and ameliorator of autophagy could be an effective prophylactic/therapeutic agent
for AD.
© 2014 The Authors. Elsevier B.V. andMitochondria Research Society. This is an open access article under the CC

BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Alzheimer's disease (AD), the most common form of dementia, is
distinguished by the presence of neurofibrillary tangles and amyloid
plaques in the brain, and associated with synaptic loss and death of
neurons in the hippocampus and cerebral cortex (Alzheimer, 1907). It
is proposed that these brain lesions may appear before the onset of
symptoms associated with AD, implying that neuronal injury precedes
disease diagnosis (Savva et al., 2009). In fact, the earliest event in AD,
in vulnerable neurons, includes increased production of reactive oxygen
species (ROS) (Bonda et al., 2010; Zhu et al., 2013).
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Increased ROS production in AD has been attributed to perturbed
redox interactions of iron and copper, dysfunction of proteolysis, and
dysfunction of mitochondria (Brunk and Terman, 2002; Casadesus
et al., 2004; Castellani et al., 1999; Mezzetti et al., 1998; Nixon et al.,
2005; Smith et al., 1997; Zhu et al., 2007). This increased mitochondrial
dysfunction yields inefficient flow of electrons through the electron
transport chain leading to elevated ROS production. For cells with low
antioxidant capabilities and long life spans, such as neurons, this oxida-
tive stress may have adverse consequences (Moreira et al., 2010). This
oxidative stress can exacerbate the dysfunction of mitochondria creat-
ing a vicious cycle ofmitochondrial oxidative injury and ROSproduction
yielding damage to mitochondrial DNA, proteins and lipids. This dys-
function has been reported in cells of peripheral tissues of AD patients,
including skin fibroblasts, which make them a practical in vitro model
of AD (Cecchi et al., 2002). Prolonged exposure of sublethal doses of ox-
idative stress, can result in stress-induced premature senescence (SIPS),
yielding changes in cellular morphology, cell cycle arrest, and increase in
senescence-associated beta-galactosidase (SA-β-gal) activity (Toussaint
et al., 2000). As this phenomenon has been well characterized in fibro-
blasts models, and because fibroblasts from AD patients produce
increased endogenous ROS produced from defective mitochondria,
these fibroblasts are an ideal model for studying SIPS collectively with
mitochondrial dysfunction (Naderi et al., 2006a; Toussaint et al., 2000).

Alzheimer's disease can be sporadic or familial. In the cases where
this disease is genetically linked, it is often associated but not limited to
mutations in the amyloid precursor protein (APP), presenilin-1 (PS-1),
ss article under theCCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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and presenilin-2 (PS-2). The transmembrane protein PS-1 in particular,
responsible for the development of AD familial type 3 when its gene is
mutated, is a component of the γ-secretase complex responsible for
APP processing to the amyloid-beta peptide (Aβ) (Citron et al., 1997;
De Strooper et al., 1998). Various mutations in PS-1 have yielded aber-
rant mitochondrial activity and increasedmitochondrial ROS production
(Schuessel et al., 2006; Strazielle et al., 2009). More recently, PS-1 was
shown to be vital for lysosomal proteolysis and autophagy (Lee et al.,
2010), a cellular stress response and degradative mechanism mediated
by lysosomes (de Duve, 1963; de Duve and Wattiaux, 1966; Lee et al.,
2012). Currently, there are no effective therapies for AD. However, as
this autophagic deficiency, a direct consequence of PS-1 malfunction,
represents a putative scaffold for AD pathogenesis (Lee et al., 2010), it
presents novel therapeutic opportunities.

Coenzyme Q10 (CoQ10) is a potent antioxidant in mitochondrial
membranes (Forsmark-Andrée et al., 1997; Noack et al., 1994) and an
electron transport chain intermediate (Beyer, 1992; Do et al., 1996;
Ernster and Dallner, 1995). More specifically, CoQ10 facilitates efficient
transport of electrons and defends mitochondria against oxidative inju-
ry. However, the levels of CoQ10 have been reported to declinewith age,
making mitochondria increasingly vulnerable and hazardous (Ernster
and Dallner, 1995); this malfunction may contribute to the develop-
ment of neurodegenerative diseases. As such, considerable interest has
been placed on the therapeutic use of CoQ10 in neurodegenerative
diseases (Matthews et al., 1998). Nevertheless, the preclinical and
clinical evaluation of CoQ10 has been hindered by its hydrophobicity, se-
verely limiting its use in vitro and in vivo. In efforts to overcome this
bottleneck, water soluble formulations of CoQ10 have been devised
(Bergamini et al., 2012). One formulation, water soluble Coenzyme
Q10 (WS-CoQ10), made as described in the US Patent No. 6,045,826
(Borowy-Borowski et al., 2000), provided robust antioxidant and
mitochondrial stabilizing effects in mammalian cells as well as neuro-
protection in various neurodegenerative models (McCarthy et al.,
2004; Naderi et al., 2006b; Sandhu et al., 2003; Somayajulu et al.,
2005; Somayajulu-Niţu et al., 2009). In light of these findings, we
evaluated the effects of WS-CoQ10 in a cellular model of AD.

In search of an in vitro model of AD, we cultured PS-1 mutated AD
familial type 3 fibroblasts (PSAF) and apparently healthy human skin
fibroblasts (NHF) from age matched healthy donors in parallel and
monitored for any signs of cellular morphological and changes in the
diseased fibroblasts. Indeed, after culturing these cells in parallel, PSAF
had higher levels of endogenous ROS, a residual growth rate, and
expressed various proteins involved in cell cycle arrest, demonstrating
characteristic features of SIPS. Thus, we used PSAF as a cellular model
to study the deficiency due to the PS-1 mutation in AD fibroblasts and
to study the potential therapeutic modulatorWS-CoQ10 in ameliorating
the effects of the PS-1 mutation. After culturing PSAF with 50 μg/mL
WS-CoQ10 in parallel to PSAF without supplementation, these supple-
mented fibroblasts demonstrated minimal features of SIPS, had lower
levels of ROS at both the whole cell and mitochondrial level and had a
modest increase autophagic activity. Provided that WS-CoQ10 is effec-
tive in amending or partially amending primary putative abnormalities
involved in AD etiology, includingmitochondrial dysfunction, increased
ROS generation, and defective autophagic execution, it presents a
potential novel prophylactic and therapeutic agent for AD.

2. Materials and methods

2.1. Water-soluble CoQ10 (WS-CoQ10)

Awater-soluble formulation of CoQ10was prepared by directly com-
bining CoQ10 (Kyowa Hakko, New York, NY, USA) and polyoxyethanyl
α-tocopheryl sebacate (PTS) in a molar ratio of 1:2 mol/mol (1:3 w/w)
and heating to a temperature higher than their respective melting points
to form a clearmelt. This water-solublemelt can be dilutedwith aqueous
solutions to a desired concentration. PTS was synthesized by conjugating
polyethylene glycol 600 to α-tocopherol via bi-functional sebacic acid
(Sigma-Aldrich, St. Louis, MO, USA) as previously described (Borowy-
Borowski et al., 2004).

2.2. Cell culture

Apparently healthy non-fetal human skinfibroblasts (NHF) andPS-1
mutated AD familial type 3 fibroblasts (PSAF) from a healthy female and
a female AD patient respectively (Coriell Institute for Medical Research,
Cat. No. AG09309 & AG04159, Camden, NJ, USA) were used extensively
in this study. Experiments were repeated with additional PS-1 mutated
fibroblasts from 2 male AD patients (Coriell Institute for Medical Re-
search, Cat. No. AG09035 & AG07671, Camden, NJ, USA). All fibroblasts
in this study were cultured in Eagle's Minimum Essential Medium
with Earle's Salts and Non-Essential Amino Acids supplemented
with 15% (v/v) fetal bovine serum (Thermo Scientific, Waltham, MA,
USA) and 10 mg/mL gentamicin (Gibco BRL, VWR, Mississauga, ON,
Canada). PSAF were grown in medium with or without supplementa-
tion with 50 μg/mL WS-CoQ10 or with the PTS carrier molecule both
provided by Zymes LLC, Hasbrouck Heights, NJ, USA. Both of these
untransformed fibroblasts were grown at 37 °C and 5% CO2.

2.3. Measurement of total cell reactive oxygen species (ROS)

The production of ROS was measured by membrane permeable 2′-
7′-dichlorofluorescin diacetate (H2DCFDA) (Life Technologies Inc., Cat
No. D-399, Burlington, ON, Canada) which is oxidized to fluorescent
2′,7′-dichlorofluorescein (DCF) by ROS following cleavage of its acetate
groups by intracellular esterases. Cells were incubated with 10 μM
H2DCFDA dissolved in DMSO for 30 min at 37 °C and DCF fluorescence
was detected using fluorescence microscopy with a Leica DMIRB
inverted fluorescence microscope (Leica Microsystems, Wetzlar,
Germany), using a SpectraMaxGemini XSmulti-well plate fluorescence
reader (Molecular Devices, Sunnyvale, CA, USA) at Ex. 495 and Em. 529
with a black opaque 96-well microplate, and image-based cytometry
with a Tali® Image-Based Cytometer (Life Technologies Inc., Cat
No. T10796, Burlington, ON, Canada). Fluorescence readings were
expressed as relative fluorescence units (RFU).

2.4. Cell growth rate determination with cell counting

To determine the growth rate of PSAF and NHF, approximately
1.0 × 105 cells were seeded and grown for 48 and 96 h. Cells were
harvested and the number of live cells was quantified with a Trypan
Blue solution (Sigma-Aldrich Canada, Cat. No. T8154, Mississauga, ON,
Canada) and a hemocytometer.

2.5. Western blot analyses

Protein samples were subjected to sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto
a nitrocellulose membrane which was blocked with 5% w/v milk TBST
(Tris-Buffered Saline Tween-20) solution for 1 h. Membranes were
incubated with primary antibodies overnight at 4 °C: manganese
superoxide dismutase (MnSOD) (Cat. No. sc-30080, rabbit polyclonal
IgG, 1:1000), p21 (Cat. No. sc-817, mouse monoclonal IgG, 1:500),
proliferating cell nuclear antigen (PCNA) (Cat. No. sc-7907, rabbit poly-
clonal IgG, 1:500), p53 (Cat. No. sc-98, mouse monoclonal IgG, 1:1000),
β-Actin (Cat. No. sc-81178, mouse monoclonal IgG, 1:1000), Beclin 1
(Cat. No. sc-11427, rabbit polyclonal IgG, 1:500) (Santa Cruz Biotechnol-
ogy, Inc., Paso Robles, CA, USA), Rb (Cat. No. R6775, rabbit polyclonal IgG,
1:1000), p16Ink4A (Cat. No. P0968, mouse monoclonal IgG, 1:1000)
(Sigma-Aldrich Canada, Mississauga, ON, Canada), and microtubule-
associated protein 1 light chain 3 (LC3) (Cat. No. NB100-2220, rabbit
polyclonal IgG, 1:500) (Novus Biologicals, Littleton, CO, USA).Membranes
were washed with TBST, incubated with a rabbit anti-mouse (1:2000) or
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a donkey anti-rabbit (1:2000) horseradish peroxidase-conjugated
secondary antibody (1:2000) (Santa Cruz Biotechnology, Inc., Cat. No.
sc-358914 & sc-2313, Paso Robles, CA, USA) for 1 h at 25 °C, washed
with TBST, and imaged for bands with chemiluminescence reagent
(Sigma-Aldrich, Cat. No. CPS160,Mississauga, ON, Canada). Densitometry
analyses were performed using ImageJ software.

2.6. Senescence-associated beta-galactosidase (SA-β-gal) staining

SA-β-gal stain was used to identify senescent fibroblasts. Cells were
washed in PBS, fixed for 3 to 5 min at room temperature in 3% formalde-
hyde, washed with PBS, and incubated at 37 °C with no CO2 with fresh
senescence associated β-Gal (SA-β-Gal) staining solution (1 mg/mL
5-bromo-4-chloro-3-indolyl β-D-galactoside (X-Gal), 20 mg/mL
dimethylformamide, 40 mM citric acid, 40 mM sodium phosphate,
5 mM potassium ferrocyanide, 5 mM potassium ferricyanide, 150 mM
NaCl, 2 mM MgCl2, pH 6.0) for 12 to 16 h. To quantify the percentage
of SA-β-gal positive cells, the fibroblasts were lifted with trypsin and
the number of SA-β-gal positive and negative cells was quantified
with a hemocytometer.

2.7. WST-1 assay for cell proliferation

TheWST-1 based colorimetric assaywas performed according to the
manufacturer's protocol (Roche Applied Science, Cat. No. 11644807001,
Indianapolis, IN, USA) to quantify cell proliferation as a function of active
cell metabolism. 96-well clear bottom tissue culture plates were seeded
with approximately 2.0 × 103 cells/well. After the cells were grown for
96 h, the WST-1 reagent, which is converted to formazan by cellular
enzymes, was added to each well and incubated for 4 h at 37 °C.
Absorbance was measured at 450 nm on a Wallac Victor3™ 1420
Multilabel Counter (PerkinElmer, Woodbridge, ON, Canada) to detect
the formazan product.

2.8. ATP determination assay

ATP produced by cells was quantifiedwith a luciferase-luciferin ATP
determination assay (Life Technologies Inc., Cat No. A22066, Burlington,
ON, Canada) as per manufacturer's protocol. Cells were harvested and
lysed with 0.1% NP40 lysis buffer (0.1% (v/v) NP40, 20 mM Tris HCl,
100mMNaCl, 5mMEDTA). Pellets were discarded after lysate centrifu-
gation at 600 ×g for 5min at 4 °C and 10 μL of lysatewas loaded into the
wells of a white clear bottom 96-well microplate with reaction solution
(1 mM DTT, 0.5 mM D-luciferin, 1.25 μg/mL firefly luciferase in 1× kit
reaction buffer) to a total volume of 100 μL/well and incubated at 28 °C
for 15 min in dark. Luminescence was measured with a SpectraMax
M5e (Molecular Devices, Sunnyvale, CA, USA) at 560 nm and the amount
of ATPwas determinedwith a standard curvemade from known concen-
trations of ATP dissolved in dH2O. The amount of ATP was expressed as
number of moles of ATP per μg of protein.

2.9. Mitochondrial isolation and Amplex® Red Assay

To assess H2O2 production in isolated mitochondria, the Amplex®
Red Assay was performed, monitoring the conversion of Amplex® Red
to highly fluorescent resorufin by H2O2 in the presence of horseradish
peroxidase. Cells were harvested and washed once in cold PBS,
suspended in hypotonic buffer (1 mM EDTA, 5 mM Tris–HCl, 210 mM
mannitol, 70 mM sucrose, 10 μM Leu-pep and Pep-A, 100 μM PMSF),
and manually homogenized with a glass dounce tissue grinder and
pestle. Homogenized cells were centrifuged at 600 ×g for 5 min at
4 °C and the supernatant was centrifuged at 15,000 ×g for 10 min at
4 °C. The mitochondrial pellet was resuspended in cold reaction buffer
(2.5 mM malate, 10 mM succinate, 10 μM Leu-pep and Pep-A, 100 μM
PMSF in PBS) and loaded into a black opaque 96-well microplate with
a total of 100 μg of protein/well. Isolated mitochondria were incubated
with or without 50 μg/mL WS-CoQ10 or PTS, 50 μM Amplex® Red re-
agent (Life Technologies Inc., Cat No. A12222, Burlington, ON, Canada),
and horseradish peroxidase (Sigma-Aldrich Canada, Cat. No. P6782,
Mississauga, ON, Canada) in a 6 U/200 μL ratio. Fluorescence readings
were acquired at Ex. 560 nm and Em. 590 nm on a spectrofluorometer
(SpectraMax Gemini XS, Molecular Devices, Sunnyvale, CA, USA).

2.10. Quantification of mitochondria-produced superoxide radicals

To detect the production of mitochondria-produced superoxide
radicals, MitoSOX™ RedMitochondrial Superoxide Indicator (Life Tech-
nologies Inc., Cat No. M36008, Burlington, ON, Canada) was employed.
A 5 mM stock of MitoSOX™ Red in DMSO was used to make a 5 μM
working stock in Hank's Balanced Salt Solution (HBSS)/Ca/Mg (Life
Technologies Inc., Cat. No. 14025-092, Burlington, ON, Canada). Cells
were washed in PBS and incubated with 5 μM MioSOX™ Red working
stock for 10 min at 37 °C in dark. Cells were washed with HBSS/Ca/Mg
and fluorescencewas detectedwith a LeicaDMI6000 fluorescentmicro-
scope (Leica Microsystems, Wetzlar, Germany) and a SpectraMax
Gemini XS spectrofluorometer (Molecular Devices, Sunnyvale, CA,
USA) at Ex. 510 Em. 580.

2.11. Tetramethylrhodamine methyl ester detection of mitochondrial
membrane potential

Tetramethylrhodamine methyl ester (TMRM) (Life Technologies
Inc., Cat No. T-668, Burlington, ON, Canada) was used for detecting
mitochondrial membrane potential (MMP). Cells were incubated with
200 nM of TMRM and 10 μM Hoechst 33342 dye (Molecular Probes,
Eugene, OR, USA) to visualize nuclei for 45 min at 37 °C with 5% CO2

protected from light. Cells were washed once with PBS and immersed
in fresh PBS. Fluorescent micrographs were taken with a Leica DM IRB
inverted fluorescence microscope (Leica Microsystems, Wetzlar,
Germany) at 400× magnification.

2.12. Monodansylcadaverine (MDC) labeling of autophagic vacuoles

MDC (Sigma-Aldrich Canada, Cat. No. 30432, Mississauga, ON,
Canada) was used to detect autophagic vacuoles. Cells were grown on
coverslips and incubated with 0.1 mM MDC dissolved in DMSO for
15 min. Cells were washed with phosphate buffered saline (PBS) and
micrographs were taken at 400× magnification using a Leica DM IRB
inverted fluorescence microscope (Wetzlar, Germany).

2.13. CytoID® Green Autophagy Detection Assay for autophagic vacuoles

To detect autophagic vacuoles, the CytoID®Green AutophagyDetec-
tion Kit (Enzo Life Sciences Inc., Cat. No, ENZ-51031-K200, Farmingdale,
NY, USA) was used. Cells were incubated in a 1:1 solution of culture
medium with 5% (v/v) fetal bovine serum and Cyto-ID® Green stain
solution (1:1000 dilution of CytoID® Green Detection Reagent in HBSS
with 5% (v/v) fetal bovine serum) for 30 min at 37 °C in dark. Cells
were washed and suspended in 1× kit assay buffer and fluorescence
was detected and quantified with image-based cytometry with a Tali®
Image-Based Cytometer (Life Technologies Inc., Cat No. T10796,
Burlington, ON, Canada). Fluorescence readings were expressed as
relative fluorescence units (RFU).

3. Results

3.1. PS-1 mutated Alzheimer's disease fibroblasts (PSAF) undergo stress
induced premature senescence and have elevated levels of endogenous
reactive oxygen species (ROS)

The PS-1 mutation has previously been established to increase en-
dogenous levels of ROS leading to stress induced premature senescence
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(Naderi et al., 2006a). Herewe compared the levels of ROSbetweenNHF
and PSAF after culturing them both for over 27 passages by monitoring
DCF fluorescence as described in Materials and methods section
(Fig. 1A). PSAF had significantly higher levels of ROS than NHF. Accom-
panying higher levels of ROS, PSAF also had a lower growth rate than
NHF (Fig. 1B). As PSAF had higher levels of ROS than NHF, wemeasured
the levels of MnSOD, a protein known to quench superoxide radicals
and produce hydrogen peroxide and promote senescence (Behrend
et al., 2005). We estimated the amount of MnSOD with western blot
analyses and the results shown in Fig. 1C indicated that PSAFhad elevat-
ed levels of MnSOD compared to NHF.

In response to cellular stress, such as ROS generation, p53, p21, and
p16Ink4A promote cell cycle cessation until the cell has adapted to the
stressors. Interestingly, PSAF expressed higher levels of the aforemen-
tioned proteins when compared to NHF (Fig. 1C). Furthermore, the
cell cycle regulatory protein retinoblastoma (Rb)was found to be highly
expressed in PSAF compared to NHF (Fig. 1C). As PSAF have demon-
strated clear features of stress induced premature senescence (SIPS) in-
cluding higher levels of ROS (Fig. 1A), minimal growth (Fig. 1B), and
corresponding increases in proteins discouraging cell cycle progression
(Fig. 1C), PSAFwere used as a cellular model to study the PS-1mutation
related cellular dysfunction.

3.2. WS-CoQ10 delays the onset of premature senescence in PS-1 mutated
Alzheimer's disease fibroblasts (PSAF)

Both as an electron transport chain intermediate and an antioxidant,
WS-CoQ10 has shown to quench ROS, stabilize mitochondria, and
Fig. 1. PS-1mutated Alzheimer's disease fibroblasts (PSAF) undergo stress induced premature s
generated in normal human fibroblasts (NHF) and PSAF at passage 27were detected using DCF fl
Values are expressed as mean ± SD of triplicates of one independent experiment. Images are
Scale bar= 25 μm. (B) 100,000 of NHF and PSAF cultured for 27 passageswere seeded and the
at the indicated time points. Values are expressed asmean±SDof triplicates of 3 independent e
and PSAF at passage 27 were quantified using western blot analyses. Images are representative
halt neurodegeneration in various models of parkinson's disease
(McCarthy et al., 2004; Naderi et al., 2006b; Sandhu et al., 2003;
Somayajulu et al., 2005; Somayajulu-Niţu et al., 2009). Herein,we inves-
tigated the potential of WS-CoQ10 to prevent SIPS in PSAF. PSAF were
cultured with or without 50 μg/mL WS-CoQ10 or with the PTS carrier
molecule until the cells exhibited a marked decrease in growth rate or
have undergone senescence in any or all of the experimental groups.
After culturing PSAF for over 27 passages, cellswith no supplementation
of PTS or WS-CoQ10 started to exhibit a wide cellular morphology, a
sudden decrease in growth (Fig. 2A), and a high percentage of cells
that were positive for blue SA-β-galactosidase (SA-β-gal) stain, a marker
of cellular senescence (Fig. 2B). Slightly fewer SA-β-gal positive cellswere
found in the PTS supplemented PSAF and PSAF cultured with WS-CoQ10

had the lowest percentage of SA-β-gal stained cells.
In conjunction to thesefindings, decreased levels ofMnSOD, p21, Rb,

and p16Ink4Awere found inWS-CoQ10 cultured PSAF compared to cells
without supplementation (Fig. 2C,D,E,F). No changes in p53 expression
were observed (Fig. 2G). Taken together, all these results indicated that
WS-CoQ10 treatment is able to delay the onset of SIPS in PSAF. Similar
results were observed in two additional PS-1mutated fibroblasts isolated
from 2 different AD patients (data not shown).

3.3. WS-CoQ10 maintains proliferation status in PS-1 mutated Alzheimer's
disease fibroblasts (PSAF)

The proliferation status of PSAF cultured for 27 passages with and
without 50 μg/mLWS-CoQ10 or with PTS was also evaluated to compli-
ment the senescence oriented results. Cells were seeded and grown for
enescence and have elevated levels of endogenous reactive oxygen species (ROS). (A) ROS
uorescencewith a fluorescentmicroscope and spectrofluorometer at Ex. 495 and Em. 529.
representative of 3 independent experiments with similar trends. *p b 0.05 versus NHF.
number of live cells was quantified using Trypan Blue exclusion dye and a hemocytometer
xperiments. *p b 0.05 versusNHF. (C) Levels ofMnSOD, p53, p21, Rb, and p16Ink4A inNHF
of 3 independent experiments with similar trends.



Fig. 2.WS-CoQ10 delays the onset of premature senescence in PS-1 mutated Alzheimer's disease fibroblasts (PSAF). PSAF were cultured for 27 passages with and without 50 μg/mL
WS-CoQ10 orwith PTS. (A) Phasemicrographs of PSAF depicting theirmorphology and (B) PSAF subjected to SA-β-galactosidase (SA-β-gal) staining (blue), a marker of senescence. Scale
bar= 25 μm. Images are representative of 3 independent experimentswith similar trends. Using a hemocytometer, the number of SA-β-gal positive cells was quantified and expressed as
a percent of the total number of cells. Values are expressed asmean±SDof triplicates of 3 independent experiments. *p b 0.05 versus untreated control; #p b 0.05 versus PTS.Westernblot
analyses of (C) MnSOD, (D) p21, (E) Rb, (F) p16Ink4A, and (G) p53. Images are representative of 3 independent experiments with similar trends. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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48 and96hand counted; the growth rate of theWS-CoQ10 supplemented
PSAF was the greatest, followed by PTS supplemented and untreated
PSAF (Fig. 3A). In agreement with these findings, theWST-1 proliferation
assay showed that the proliferation ofWS-CoQ10 treated PSAFwas signif-
icantly greater than both the PTS and untreated cells (Fig. 3B). The prolif-
erating cell nuclear antigen (PCNA), a marker of proliferation, was also
found to be expressed in PSAF supplemented withWS-CoQ10 at dramat-
ically higher levels than the control groups (Fig. 3C); although there was
unequal loading of protein as seen by the β-Actin loading control, it is
quite evident that PSAF cultured withWS-CoQ10 had significantly higher
levels of PCNA protein expressed as indicated by the PCNA/β-Actin ratio
produced by densitometry analysis. Finally, ATP production, both an
indicator of proliferation and mitochondrial efficiency, was found to be
the highest in WS-CoQ10 treated PSAF (Fig. 3D). These experiments
repeated with two additional PS-1 mutated fibroblasts isolated from 2
different AD patients showed similar trends (data not shown).

Thus, these findings indicate that WS-CoQ10 is able to maintain the
proliferation status in PSAF.

3.4. WS-CoQ10 decreases levels of reactive oxygen species in PS-1 mutated
Alzheimer's disease fibroblasts (PSAF) and in isolated mitochondria from
these cells

As we have shown PSAF to have elevated levels of endogenous ROS
compared to NHF, we investigated the ability of WS-CoQ10 to decrease
ROS in these cells after culturing them for 27 passages. Indeed, PSAF
culturedwithWS-CoQ10 had lower levels of ROS compared to both con-
trol groups as indicated by minimal green DCF fluorescence produced
by these cells (Fig. 4A,B).

The levels of H2O2 were assessed in isolated mitochondria, the pri-
mary source of ROS in the cell, from PSAF by monitoring the conversion
of Amplex® Red to highly fluorescent resorufin by H2O2 (Fig. 4C).
Mitochondria from PSAF cultured with WS-CoQ10 had significantly
lower levels of H2O2 compared to both control groups. In addition,
isolated mitochondria, from PSAF cultured without WS-CoQ10 or PTS,
were found to have lower levels of H2O2 when treated directly with
WS-CoQ10 (Fig. 4D).

To specifically monitor the levels of mitochondria-produced super-
oxide radicals in PSAF, MitoSOX™ Red Mitochondrial Superoxide
Indicator was utilized (Fig. 4E,F). PSAF supplemented with WS-CoQ10

had significantly lower levels of mitochondria-produced superoxide
radicals than both control groups as seen by minimal MitoSOX™
Red fluorescence exhibited by these cells. Corresponding differential
interference contrast (DIC)micrographs illustrate yet again, wide se-
nescent cellular morphology in PSAF without supplementation and
healthy elongated fibroblast morphology in the PSAF supplemented
with WS-CoQ10 (Fig. 4E). Altogether, these results demonstrate the
ability of WS-CoQ10 to quench and lower the levels of ROS in PSAF.

To determine that the decrease in positive MitoSOX™ signal for
mitochondria-produced superoxide radicals was not due to a decrease



Fig. 3.WS-CoQ10maintains proliferation status in PS-1mutatedAlzheimer's diseasefibroblasts (PSAF). Alzheimer's diseasefibroblasts (PSAF)were cultured for 27passageswith andwith-
out 50 μg/mLWS-CoQ10 or with PTS. (A) Approximately 1.0 × 105 of these PSAF were seeded in tissue culture plates and grownwith and without 50 μg/mL ofWS-CoQ10 or PTS and the
number of live cells was quantified at 48 and 96 h using Trypan Blue exclusion dye and a hemocytometer. Values are expressed as mean ± SD from quadruplicates of 3 independent
experiments. (B) Proliferation of PSAF was evaluated with the WST-1 assay 96 h after seeding with and without 50 μg/mL WS-CoQ10 or with PTS. Values are expressed as mean ± SD
from quadruplicates of 3 independent experiments. *p b 0.05 versus untreated control; #p b 0.05 versus PTS. (C) Western blot analyses for proliferating cell nuclear antigen (PCNA).
Image is representative of 3 independent experiments with similar trends. (D) ATP quantification with an ATP luciferase determination assay. Values are expressed as mean ± SD
from quadruplicates of 1 independent experiment. Image is representative of 3 independent experiments with similar trends. *p b 0.05 versus untreated control; #p b 0.05 versus PTS.
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inmitochondrialmembrane potential (MMP), TMRM stainingwas used
to monitor MMP. Using both fluorescence microscopy (Fig. 5A) and
image-based cytometry (Fig. 5B), it was found that PSAF cultured with
and without WS-CoQ10 or PTS had comparable TMRM fluorescent
signals. Similar findings were found with two additional PS-1 mutated
fibroblasts isolated from 2 different AD patients (data not shown).
Thus, WS-CoQ10 or PTS does not affect MMP in PSAF and the decrease
in MitoSOX™ signal for mitochondria-produced superoxide radicals
caused by PTS and WS-CoQ10 (Fig. 4E,F) was not due to decreases in
MMP.

3.5. WS-CoQ10 produces a mild resumption of autophagy in PS-1 mutated
Alzheimer's disease fibroblasts (PSAF)

Deficits in active autophagic induction have been reported in AD and
thus, restoration of this stress response needed for the degradation and
recycling of potentially dangerous intracellular components may serve
as a potential therapeutic strategy for AD. Interestingly, WS-CoQ10 was
able to modestly restore autophagic activity in PSAF after culturing
them for 27 passages. Fibroblasts cultured with WS-CoQ10 had an in-
crease in the percentage of cells stained positive for autophagic vacuoles
as seen with both blue MDC and CytoID Green fluorescent labeling
(Fig. 6A,B). Very minimal labeling of both aforementioned autophagic
indicators was observed in PSAF with no supplementation or supple-
mentation with PTS. The conversion of LC3-I to LC3-II and the levels of
Beclin 1, bothmarkers of autophagy (Wang et al., 2012),were alsomon-
itored via western blot analyses and revealed autophagic activity to be
most prominent, although modestly, in WS-CoQ10 supplemented PSAF
(Fig. 6C). NHF at the same passage number demonstrated greater con-
version of LC3-I to LC3-II and higher levels of Beclin 1 than supplement
free PSAF (Fig. 6D). However, densitometric quantitation reveals the
supplementation of WS-CoQ10 to bring the ratio of LC3-II/LC3-I and
the levels of Beclin 1 in PSAF to more comparable levels to that of NHF
(Fig. 6C,D). Similarfindingswere foundwith two additional PS-1mutat-
ed fibroblasts isolated from 2 different AD patients (data not shown).
WS-CoQ10 treatment therefore leads to amild resumption of autophagy
in PSAF, bringing the activity of this cellular stress response moderately
closer to levels found in NHF.
4. Discussion

In this report, we present a potential novel strategy in ADprevention
and treatment by ameliorating or partially ameliorating the reputed
primary cellular events leading to AD development with WS-CoQ10

including mitochondrial and autophagic dysfunction and increases in
endogenous ROS generation. In particular, WS-CoQ10 was able to allevi-
ate the harmful effects produced by PS-1 mutations. PSAF culturedwith
WS-CoQ10 had lower levels of ROS (Fig. 4A,B) and correspondingly
had less H2O2 produced by their mitochondria (Fig. 4C). Moreover,
WS-CoQ10 was able to reduce the level of H2O2 production when
added directly to isolated mitochondria of PSAF (Fig. 4D). WS-CoQ10

was also able to inhibit the production of superoxide radicals produced
specifically by PSAF mitochondria (Fig. 4E,F). ATP generation, which
predominantly occurs in cell mitochondria, was increased with WS-
CoQ10 treatment (Fig. 3D), indicating increasedmitochondrial efficiency
and possible amendment or partial amendment of mitochondrial
dysfunction byWS-CoQ10. Togetherwith these findings and our prelim-
inary results demonstrating the considerable uptake of WS-CoQ10 by
mitochondria (data not shown) suggests that WS-CoQ10 exerts its
effects by acting on the mitochondria by preventing the production of
mitochondrial radicals, improving mitochondrial efficiency and/or sta-
bility, or by some unknownmechanism. Complimenting these findings,
we have previously shown that this formulation, but not the PTS carrier
molecule alone, stabilizes mitochondria against Bax-inducedmitochon-
drial membrane potential collapse (Naderi et al., 2006b).



Fig. 4.WS-CoQ10 decreases levels of reactive oxygen species in PS-1mutatedAlzheimer's disease fibroblasts (PSAF) and in PS-1mutatedAlzheimer's disease fibroblastmitochondria. PSAF
were cultured for 27 passages with and without 50 μg/mLWS-CoQ10 or with PTS. (A) DCF fluorescence was used to monitor ROS generation in PSAF using fluorescence microscopy and
(B) image-based cytometry. Images are representative of 3 independent experiments with similar trends. (C) H2O2 quantification in isolated PSAF mitochondria and (D) in isolated
mitochondria, of untreated PSAF, treated directly with 50 μg/mL WS-CoQ10 or PTS by monitoring Amplex® Red conversion to resorufin with a spectrofluorometer at Ex. 560 Em. 590.
Values are expressed as mean ± SD from quadruplicates of 1 independent experiment. Images are representative of 3 independent experiments with similar trends. Mitochondria-
generated superoxide radicals in PSAF were monitored with MitoSOX™ Red with (E) fluorescence microscopy and (F) a spectrofluorometer at Ex. 510 Em. 580. Values are expressed
as mean ± SD from quadruplicates of 1 independent experiment. Images are representative of 3 independent experiments with similar trends. *p b 0.05 versus untreated control;
#p b 0.05 versus PTS. Scale bar = 25 μm.
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In agreement with our previous findings with different fibroblasts
from both healthy individuals and those with AD and the PS-1mutation
(Naderi et al., 2006a), PSAF were found to undergo SIPS when cultured
in parallel with NHF; these cells had more endogenous ROS, a minimal
growth rate, and had a small increase in the expression of p53 as well
as drastic increases of p21, p16Ink4A, and Rb (Fig. 1A–C). In order to
decrease the amount of superoxide radicals produced by partial reduc-
tion of molecular oxygen in the mitochondria, there is an increased ex-
pression of MnSOD which converts superoxide radicals to hydrogen
peroxide (Fig. 1C). Correspondingly, we have observed an increase in
hydrogen peroxide in PSAF compared to NHF (Fig. 1A). Interestingly,
MnSOD has shown to be linked in senescence induction (Behrend
et al., 2005), which agrees with our data in Fig. 1. Moreover, deficits in
autophagy produced by the PS-1 mutation (Lee et al., 2010) were ob-
served in PSAF when compared to NHF (Fig. 6D). Because these fibro-
blasts from AD patients are readily available, have the same mutations
found in AD neurons and demonstrate similar cellular malfunctions
produced by these mutations, they serve as practical models for the
PS-1 mutations in AD. Fibroblasts however, have greater antioxidant
capabilities than neurons (Moreira et al., 2010), and can compensate
by expressing increased levels of the superoxide radical quenching
protein MnSOD for example, which may contribute to the senescence
phenotype (Behrend et al., 2005) in contrast to ROS-induced apoptosis
in neurons. As there is a differential response to ROS in PS-1 mutated
fibroblasts and neurons, it can be extrapolated that the prevention of
SIPS in PS-1 mutated fibroblasts can be translated to the prevention of
apoptosis of PS-1 mutated neurons.

Interestingly, WS-CoQ10 was able to delay or prevent the onset of
SIPS in PSAF yielding healthy cellular morphology (Fig. 2A), minimal
SA-β-gal activity (Fig. 2B), improved mitochondrial efficiency (Fig. 3D),
sustained proliferation status (Fig. 3B,C), and higher growth rate in
PSAF with WS-CoQ10 supplementation (Fig. 3A). The prevention of SIPS
in PSAF by WS-CoQ10 was also evident as WS-CoQ10 supplementation
resulted in decreases in MnSOD, p21, Rb, and p16Ink4A expression
(Fig. 2C–F). WS-CoQ10 has been shown to hinder neurodegeneration in
various models (McCarthy et al., 2004; Naderi et al., 2006b; Sandhu
et al., 2003; Somayajulu et al., 2005; Somayajulu-Niţu et al., 2009). Like-
wise, we predict that the prevention of SIPS in PSAF may translate to
the promotion of survival of neurons in AD. The prevention of SIPS by
this formulation may be attributed to the ability of WS-CoQ10 to quench
ROS in PSAF, preventingmitochondrial dysfunction and further ROS gen-
eration and decreased expression of the senescence oriented protein



Fig. 5.WS-CoQ10 and PTS do not affect MMP in PS-1 mutated Alzheimer's disease fibroblasts (PSAF). PSAF were cultured for 27 passages with and without 50 μg/mL WS-CoQ10 or with
PTS. MMP was monitored with TMRM via (A) fluorescence microscopy and (B) image-based cytometry. Images are representative of 3 independent experiments with similar trends.
Scale bar = 20 μm.
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MnSOD (Behrend et al., 2005). Nevertheless, recent studies have shown
the impairment of autophagy to induce premature senescence in primary
human fibroblasts (Kang et al., 2011). Thus,modest autophagic induction
by WS-CoQ10 may assist in circumventing this senescence activating
pathway.

Autophagy is a cellular stress response required for the sequestra-
tion and breakdown of harmful protein aggregates, dysfunctional
mitochondria, and oxidized proteins (Lee et al., 2012). Once activated,
this cellular response sequesters cytoplasmic material with double-
membraned vesicles referred as autophagosomes. These vesicles fuse
with lysosomes, resulting in structures called autolysosomes that de-
grade the engulfed cytoplasmic contents with lysosomal cathepsins
and other acid hydrolases (Levine, 2007). Lysosomes contain vacuolar
[H+] ATPase (v-ATPase) (Yamamoto et al., 1998), a proton pump re-
quired for the acidification of newly formed autolysosomes. This acidifi-
cation is vital for activating cathepsins and proteolysis of autolysosomal
contents. PS-1 was found to play a crucial role in targeting v-ATPase to
lysosomes and thus, mutations in PS-1 yield defective lysosomal acidifi-
cation and proteolysis (Lee et al., 2010). Autophagy is essential for the
maintenance and survival of long-lived cells including neurons in the
brain. These autophagic defects produced by mutations in PS-1
lead the intracellular accumulation of hazardous material, laying the
foundation to AD development. WS-CoQ10 however, was able to
modestly restore autophagic activity in PSAF (Fig. 6C,D). The conversion
of LC3-I to LC3-II seemed to be insignificant, indicating that autophagic
induction is independent of this phenomenon. Although the autophagic
induction is not as evident as the inhibition of SIPS by WS-CoQ10,
this modest effect could prove to be beneficial; with restoration of
autophagy, these cells are more capable to clear harmful intracellular
contents, such as defective mitochondria, an important process in
long-lived cells like neurons. With WS-CoQ10 treatment, we observed
a decrease in ROS (Fig. 4) and an increased mitochondrial efficiency
(Fig. 3), leading to the downregulation of p21, p16Ink4A, and MnSOD
(Fig. 2C). We hypothesize that once these cell cycle blocks are absent,
cells will have the capacity to activate or partially activate autophagy.
Nevertheless, the involvement of these proteins in the mild induction
of autophagy by WS-CoQ10 warrants further investigation.

WS-CoQ10 is effective in amelioratingmitochondrial dysfunction, in-
creased ROS generation, and defective autophagic execution, all of
which are reputed principal abnormalities linked to AD etiology. There-
fore, WS-CoQ10 is a novel potential prophylactic and therapeutic agent
for AD and may have implications for other mitochondrial and autoph-
agy linked pathologies.
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