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Abstract
Mitochondrial injury and dysfunction, a significant feature in metabolic syndrome, triggers

endothelial cell dysfunction and cell death. Increasing evidence suggests that mitophagy, a

process of autophagic turnover of damaged mitochondria, maintains mitochondrial integrity.

PINK1 (phosphatase and tensin homolog (PTEN)-induced putative kinase 1) and Parkin

signaling is a key pathway in mitophagy control. In this study, we examined whether this

pathway could protect mitochondria under metabolic stress. We found that palmitic acid

(PA) induced significant mitophagy and activated PINK1 and Parkin in endothelial cells.

Knocking down PINK1 or Parkin reduced mitophagy, leading to impaired clearance of dam-

aged mitochondria and intracellular accumulation of mitochondrial fragments. Furthermore,

PINK1 and Parkin prevented PA-induced mitochondrial dysfunction, ROS production and

apoptosis. Finally, we show that PINK1 and Parkin were up-regulated in vascular wall of

obese mice and diabetic mice. Our study demonstrates that PINK1-Parkin pathway is acti-

vated in response to metabolic stress. Through induction of mitophagy, this pathway pro-

tects mitochondrial integrity and prevents metabolic stress-induced endothelial injury.

Introduction
Mitochondria are important organelles with diverse functions [1,2], not only in ATP produc-
tion and calcium homeostasis [3], but also in reactive oxygen species (ROS) generation [4],
danger signaling [2], inflammation [5] and cell death control [6–8]. Mitochondrial damage
induced by metabolic stress [8] triggers endothelial dysfunction and injury, contributing to the
development of cardiovascular diseases [8–10]. Preserving healthy mitochondria is essential
for maintaining endothelial homeostasis and functions. However, the regulation of mitochon-
drial quality control in response to metabolic stress is not completely understood.
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Mitophagy, a specific process of autophagic turnover of mitochondria [11], is an important
mechanism of mitochondrial quality control. Mitophagy selectively removes dysfunctional or
damaged mitochondria and maintains healthy mitochondria population [11–14]. Deficiency in
mitophagy triggers ROS production, inflammation and cell death [5] and is linked to neurode-
generation [11] and cardiovascular [14,15] diseases.

PINK1 (phosphatase and tensin homolog-induced putative kinase 1) and Parkin pathway is
a critical pathway in controlling mitophagy [13]. In healthy mitochondria, PINK1 is imported
to the inner mitochondrial membrane, where it is cleaved and degraded. When mitochondria
are damaged, loss of membrane potential prevents PINK1 inner membrane translocation and
subsequent degradation, leading to its accumulation on the outer membrane surface where it
recruits cytosolic Parkin. Parkin, an E3 ligase, induces mitophagy by promoting mitochondrial
fission/mitofission to isolate the damaged mitochondrial fragments, and by ubiquitinating
mitochondrial proteins to facilitate their recognition and recruitment to the autophagosomal
surface [11,16,17]. Mutations in PINK1 and Parkin are associated with mitochondrial dysfunc-
tion and neurodegenerative diseases such as Parkinson’s disease [18,19].

Given the importance of PINK1-Parkin in mitophagy and mitochondrial quality control,
we asked whether this protective mechanism also exists to prevent metabolic stress-induced
mitochondrial dysfunction in endothelial cells. Our findings suggest that this pathway is acti-
vated in response to metabolic stress, and plays a critical role in mitochondrial protection
under this condition.

Materials and Methods

Animal models
Animal procedures, housing and diets were conducted in accordance with National Institutes
of Health guidelines of the use and care of experimental animals and approved by the Institute
Animal User and Ethical Committees at Shandong University. Male C57BL/6 mice were pur-
chased from Vital River Laboratory Animal Technology Co. Ltd, Beijing, China, and housed
under a 12:12 h light-dark cycle and given free access to food and water. For induction of obe-
sity, four week old male C57BL/6 mice were given either high-fat diet (HFD, n = 12) or chow
diet (CD, n = 6) as control for 12 weeks. For induction of type 1 diabetes, eight-week old male
C57BL/6J mice received daily intraperitoneal injections of either 50 mg/kg streptozotocin
(STZ, n = 8) or vehicle (n = 5) as control for five consecutive days. Aortas were collected 4
weeks later, Body weight and non-fasted blood glucose levels were measured before the injec-
tion and 10 days after the injection. Mice were considered diabetic if their blood glucose levels
were> 300–400 mg/dL. Mice were anesthetized with pentobarbital sodium (50 mg/kg body
weight, i.p.) and euthanized by exsanguination. Blood vessels were fixed with 10% formalin at
100 mmHg for 10 min and then washed with by 0.9% NaCl for 5 min. The Aortas were har-
vested and further fixed with 4% phosphate-buffered formaldehyde at 4°C for 24 h, and then
embedded in Frozen Section Compound (FSC 22 Clear, Leica Biosystems, Richmond, IL, USA)
for sectioning.

Cell culture and transfection
Primary human aortic endothelial cells (HAECs) (Sciencell, Carlsbad, CA) were cultured in
endothelial culture medium (ECM) (Sciencell, Carlsbad, CA) containing 5% fetal bovine
serum, endothelial cell growth supplements and penicillin/streptomycin. Silencing PINK1 and
Parkin expression was achieved by using specific siRNAs (Genepharma, Shanghai, China).
Overexpressing PINK1 and Parkin was achieved by using plasmids pCMVTNT PINK1 C-myc
[20] and pMXs-IP HA-Parkin [21] (Addgene, Cambridge, MA). Transfection of HAECs was
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performed using LipofectAMINETM 2000 (Invitrogen, Grand Island, NY) according to the
manufacturer’s instruction.

Palmitic acid preparation and treatment
Saturated palmitic acid (PA) was used in this study. PA preparation and treatment were per-
formed as described previously [22].

Western blot analysis
Western blot analysis was performed as described before [22]. Primary antibodies used were
anti-PINK1 (Cell Signaling, Boston, MA), anti-Parkin (Cell Signaling, Boston, MA) and anti-
GAPDH (Santa Cruze, CA).

Immunostaining and confocal imaging
Immunostaining of treated cells or aortic sections was performed as described previously [23].
The stained cells were observed using a Nikon eclipse Ti and UltraVIEW VOX confocal micro-
scope (Nikon Instruments Inc. Melville, NY). The images were obtained under same exposure
condition. Images were analyzed by using software Volocity (PerkinElmer Inc. WalthamMA).
Primary antibodies used were anti-PINK1 (Abcam, Cambridge, MA), anti-Parkin (Abcam,
Cambridge, MA), anti-LC3 (Cell Signaling, Boston, MA), anti-Lamp1 (abcam, Cambridge,
MA).

Detection of mitochondria
Mitochondria were detected by using MitoTracker Deep Red staining kit (Life Technologies,
Carlsbad, CA). Treated cells were incubated with 50 nMMitoTracker Deep Red diluted in
serum free culture medium at 37°C for 30 min, followed either by immunostaining or by con-
tinue incubation in culture medium for live cell detection. The cells were observed immediately
by a Nikon eclipse Ti and UltraVIEW VOX confocal microscope (Nikon Instruments Inc. Mel-
ville, NY).

Detection of mitophagy
Mitophagy was determined the co-localization of mitochondria with autophagosome or with
lysosomome, following the standard guidelines [24]. The cells were stained with mitochondria
marker (Mito), autophagosome marker microtubule-associated protein 1 light chain 3 (LC3),
and lysosome marker lysosomal-associated membrane protein 1 (Lamp1). Images were cap-
tured at a high magnification (100×10) by an UltraVIEW VOX confocal microscope (Nikon
Instruments Inc. Melville, NY). At least 25–30 cells per condition were captured. The number
of mitochondria co-localized with LC3 or Lamp1 were quantified.

Transmission electronic microscope (TEM)
Treated cells were incubated with 5nM bafilomycin A1 for 6h prior to harvest. The cells were
then fixed with 3% glutaraldehyde at 4°C overnight and then treated with 1% osmium tetroxide
at room temperature for 2h. The cells were dehydrated, embedded in resin and sectioned to a
70-nm thickness. The cells were then stained with uranylacetate and lead citrate. The ultrathin
sectioned cells were observed using TEM (JEOL-1200EX) recording by MORADA-G2. The
number of mitophagosomes per cell were quantified. At least 10–15 cells per condition were
imaged.
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Detection of mitochondrial membrane potential
Mitochondrial membrane potential was detected by using tetramethylrhodamine methyl ester
(TMRM), a cell-permeant, positively-charged, red-orange fluorescent dye that is readily
sequestered by active mitochondria due to their relative negative charge. Depolarized or inac-
tive mitochondria have decreased membrane potential and fail to sequester TMRM. In brief,
cells were treated with PA or carbonylcyanide-3-chlorophenylhydrazone (CCCP, Sigma, St.
Louis, Missouri). The treated cells were incubated with 20 nM TMRM (Life Technologies,
Carlsbad, CA) and 50 nMMitoTracker deep red (Life Technologies, Carlsbad, CA) at 37°C for
20 min allowing dye equilibration across the plasma and inner mitochondrial membranes. The
cells were washed and then observed under confocal microscope. The ratio of the TMRM fluo-
rescence and MitoTracker was used as an indicator of mitochondrial membrane potential. All
the data were presented as the average of three independent experiments.

Detection of ROS
Intracellular ROS production was measured by using dichloro-dihydro-fluorescein diacetate
(DCFH-DA) reactive oxygen species assay kit (Beyotime, Nanjing, China). The treated cells
were incubated with 10 μMDCFH-DA in serum-free medium at 37°C for 30 min in the dark-
ness. The cells were washed and then observed under confocal microscope.

Mitochondrial ROS (MitoROS) production was measured by co-staining of DCFH-DA and
MitoTracker. The treated cells were incubated with 10 μMDCFH-DA and 50 nMMitoTracker
in serum free culture medium at 37°C for 30 min in the darkness. The cells were washed and
then observed under confocal microscope. The images were captured. Co-localization of
DCFH-DA signal with MitoTracker were analyzed and quantified by using software Volocity
(PerkinElmer Inc. WalthamMA, USA).

Detection of intracellular ATP
Intracellular ATP levels were determined using an ATP Bioluminescence Assay kit (Beyotime,
Nanjing, China) according to manufacturer’s protocol. ATP content was expressed as nmol/
mg protein, and the data were presented as the average of three independent experiments.

TUNEL
Apoptosis Assays Kit (Roche, Jinan, China) for TUNEL staining was used to determine cell
apoptosis.

Statistical analysis
All data were presented as means ± SD resulting from at least three independent experiments.
The difference between the groups were analyzed by Student’s t test or ANOVA, as appropri-
ate. P< 0.05 was considered statistically significant.

Results

Autophagy and mitophagy were increased in PA-treated cells
To determine the role of the PINK1-Parkin pathway in mitochondrial integrity under meta-
bolic stress condition, we first examined the effect of metabolic stress on mitophagy and
PINK1-Parkin activation. Human aortic endothelial cells (HAECs) were treated with palmitic
acid (PA)—a main type of free fatty acid that is elevated in obese subjects with metabolic syn-
drome. Immunofluorescent staining showed that PA increased the level of autophagosome
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marker LC3 (Fig 1A), indicating the activation of autophagy in general. PA also stimulated
the co-localization of mitochondria with autophagosome marker LC3 and lysosome marker
Lamp1 (Fig 1A), suggesting the formation of mitophagosomes and mitochondrial autolyso-
somes. Consistently, electron microscopy analysis of the PA treated cells showed many autop-
hagic vacuoles with engulfed mitochondria, confirming mitophagosome formation (Fig 1B).
Interestingly, PA exhibited dual effects on PINK1-Parkin activation in human aortic endothe-
lial cells. PA increased PINK1 and Parkin at lower dose of 0.3 mM (Fig 1C). However, PA
decreased PINK1 and Parkin at higher concentration of 0.5 mM, suggesting a biphasic effects
of PA on PINK1 and Parkin regulation. To focus on the effects of PINK1-Parkin on

Fig 1. Autophagy andmitophagy were increased in PA-treated cells. A. Primary human aortic endothelial cells (HAECs) were treated 0 or 0.3mM
palmitic acid (PA) for 24 hours. Treated cells were stained with mitochondria marker Mito, autophagy marker LC3, and lysosome marker Lamp1. The
numbers of mitochondria co-localized with LC3 or with Lamp1 per cell were quantified. Representative immunostaining images and quantification of 3
independent experiments demonstrated increased co-localization of mitochondria with LC3 and Lamp1 in PA treated cells. At least 25–30 cells per
experiment were analyzed. B. HAECs were treated with 0 or 0.3mM PA for 24h and 5nM bafilomycin A1 during the last 6h prior to fixation. Representative
electron microscopy photomicrographs showed the formation of autophagosomes containing heterogeneous cytoplasmic materials (black arrows) and
mitophagosomes containing mitochondria fragments (white arrows). Asterisk indicated normal mitochondria. At least 10–15 cells per condition were imaged.
Quantification showed the number of autophagosome and mitophagosome was increased by PA treatment. C. HAECs were treated with 0 to 0.5mM PA for
24h. Representative images of western blot and quantification from 3 independent experiments showed dual effects of PA on PINK1 and Parkin expression.
*/#P< 0.001 vs. PA (0mM). D. HAECs were treated with 0 or 0.3mM PA for 24h. Representative immunostaining images of 3 independent experiments
demonstrated co-localization of PINK1 and Parkin with mitochondria in perinuclear area in PA treated cells.

doi:10.1371/journal.pone.0132499.g001
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mitochondrial integrity, in this study, we used 0.3 mM PA to stimulate PINK1-Parkin expres-
sion. Immunostaining showed that PA not only increased PINK1 and Parkin levels, but also
promoted PINK1 and Parkin localization to mitochondria in peri-nuclear area (Fig 1D).

PINK1 and Parkin were involved in mitophagy in PA-treated cells
We then determined the role of PINK1-Parkin in mitophagy induction. Silencing PINK1 or
Parkin (Fig 2A) reduced PA-induced increase in LC3 level (Fig 2B), suggesting the involvement
of PINK1 and Parkin in autophagy induction. Additionally, PINK1 and Parkin siRNAs
reduced PA-induced co-localization of mitochondria with LC3 (Fig 2B), while overexpression
of PINK1 or Parkin (Fig 2C) promoted mitochondria-LC3 co-localization (Fig 2D), suggesting
the involvement of this pathway in mitophagosome formation. Consistently, silencing PINK1
or Parkin markedly reduced PA induced co-localization of mitochondria with Lamp1, (Fig
2E), suggesting the involvement of this pathway in mitochondrial autolysosome formation.
Furthermore, electronic microscopy results showed that knocking down PINK1 or Parkin in
PA-treated cells reduced mitophagosomes with accumulation of intracellular mitochondrial
fragments (Fig 2F). Together these findings suggest that PINK1 and Parkin are critically
involved in mitophagy induction in response to PA challenges.

PINK1-Parkin protected mitochondrial integrity in PA-treated cells
We next examined the protective effect of PINK1 and Parkin on mitochondrial integrity and
membrane potential. Tetramethylrhodamine methyl ester (TMRM) and MitoTracker were
used to stain the active and total mitochondria, respectively. TMRM/Mito ratio was used as an
index of mitochondrial membrane potential. We observed that PA (Fig 3A) and carbonylcya-
nide-3-chlorophenylhydrazone (CCCP), (Fig 3B) significantly reduced TMRM/Mito ratio,
indicating a reduction in mitochondrial membrane potential and mitochondrial damage.
Silencing PINK1 or Parkin not only decreased the mitochondrial membrane potential in PA
untreated cells (Fig 3C, Left three rows), but also amplified PA induced reduction in mitochon-
drial membrane potential (Fig 3C, Right three rows). Overexpression of PINK1 or Parkin par-
tially prevented PA-induced reduction of mitochondrial membrane potential, although they
decreased membrane potential in unstressed cells (Fig 3D).

PINK1-Parkin prevented PA-induced mitochondrial dysfunction
We then examined the effects of PINK1 and Parkin on PA-induced accumulation of intracellu-
lar ROS and mitochondrial ROS (mitoROS). Silencing PINK1 or Parkin increased intracellular
ROS and mitoROS levels in unstressed cells (Fig 4A). PA significantly increased intracellular
ROS and mitoROS levels, which were increased even more when PINK1 or Parkin was
knocked down (Fig 4A). Although overexpressing PINK1 slightly increased intracellular ROS
level in cells without PA treatment, PINK1 and Parkin overexpression significantly reduced
PA-induced intracellular ROS production (Fig 4B).

We also monitored ATP level to indicate mitochondrial function. However, as an important
energy resource, PA at 0.3mM concentration increased ATP level even though it induced mito-
chondrial damage (data not shown). We therefore used CCCP, an uncoupling protein, to mito-
chondrial dysfunction and ATP reduction. Treating cells with CCCP for 6 h reduced ATP
levels. Silencing PINK1 or Parkin not only decreased ATP level in unstressed cells (Fig 4C), but
also magnified ATP reduction in CCCP treated cells, indicating an important role of PINK1
and Parkin in protecting mitochondrial function.
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Fig 2. PINK1 and Parkin were involved in mitophagy in PA-treated cells. A.HAECs were transfected with PINK1 or Parkin siRNA followed by treatment
with PA for 24 hours. Representative western blots and quantitative analysis of 3 independent experiments showed successful silencing of PINK1 and Parkin.
B.Representative immunostaining images and quantitative analysis of 3 independent experiments showed that PINK1 or Parkin siRNA reduced the number of
mitochondria co-localized with LC3 per cell. At least 25–30 cells per condition were analyzed. *P< 0.001 vs. PA (0mM).C.HAECs were transfected with PINK1
or Parkin or control plasmid followed by treatment with PA for 48 hours. Representative western blot of 3 independent experiments showed successful
overexpression of PINK1 and Parkin.D.Representative immunostaining and quantitative analysis of 3 independent experiments showed PA induced LC3
expression and the number of mitochondria co-localized with LC3 per cell which was markedly increased by overexpression of PINK1 or Parkin. At least 25–30
cells per experiment were analyzed. *P< 0.001 vs. PA (0mM). E.Representitive immunostaining and quantitative analysis of 3 independent experiments show
that silencing PINK1 or Parkin partially prevented PA induced mitochondria co-localized with Lamp1. At least 25–30 cells per experiment were analyzed. F.
Representative electronmicroscopy photomicrographs show decreasedmitophagy with increased mitochondria fragments in PINK1 or Parkin deficient cells.
Black arrows indicated autophagosomes, white arrows indicated mitophagosomes and arrowheads indicated mitochondria fragments.

doi:10.1371/journal.pone.0132499.g002
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Fig 3. PINK1-Parkin protectedmitochondrial integrity.HEACs were treated with PA (A) for 24 hours or CCCP (positive control) (B) for 6 hours. Active and
total mitochondria were stained with TMRM and MitoTracker, respectively. Fluorescent intensity from 20 randomly selected 20 x microscopic fields per group
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was captured and analyzed. TMRM and Mito ratio was compared. Representative images and quantitative analysis of 3 independent experiments showed
that CCCP and PA reduced mitochondrial membrane potential. C. HAECs were transfected with PINK1 or Parkin siRNA followed by treatment with PA (0 and
0.3mM) for 24 hours. Fluorescent intensity from 20 randomly selected 20 x microscopic fields per group was captured and analyzed. TMRM and MitoTracker
ratio was compared. Representative images and quantitative analysis of 3 independent experiments showed that PINK1 or Parkin siRNA amplified PA-
induced reduction in mitochondrial membrane potential. *P< 0.001 vs. PA (0mM).D. HAECs were transfected with PINK1 or Parkin or control plasmid
followed by treatment with PA (0, 0.3 and 0.5mM) for 48 hours. Fluorescent intensity from 20 randomly selected 20 x microscopic fields per group was
captured and analyzed. TMRM and Mito ratio was compared. Representative images and quantitative analysis of 3 independent experiments showed that
PINK1 or Parkin overexpression protected PA-induced reduction in mitochondrial membrane potential.

doi:10.1371/journal.pone.0132499.g003

Fig 4. PINK1-Parkin prevented PA-induced ROS accumulation and ATP reduction.HAECs were transfected with PINK1 or Parkin siRNA followed by
treatment with PA for 24 hours.A. The treated cells were incubated with 50 nMMitoTracker (red) and 10 μMDCFH-DA (green) diluted in serum free culture
medium at 37°C for 30 min in the darkness. Intracellular ROS and mitoROS accumulation was compared between the groups. Representative images and
quantitative analysis of 3 independent experiments indicated that PA induced intracellular ROS and mitoROS accumulation was increased by PINK1 or
Parkin siRNA.B HAECs were transfected with PINK1 or Parkin or control plasmid followed by treatment with PA for 48 hours. The treated cells were
incubated with 10 μMDCFH-DA (green) diluted in serum free culture medium at 37°C for 30 min in the darkness. Intracellular ROS accumulation was
compared between the groups. Representative images and quantitative analysis of 3 independent experiments indicated that PA induced intracellular ROS
accumulation was decreased by PINK1 or Parkin overexpression.C. ATP levels were measured. Quantitative analysis of 3 independent experiments
indicated PINK1 or Parkin siRNA aggravated CCCP-induced ATP reduction.

doi:10.1371/journal.pone.0132499.g004
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PINK1-Parkin prevented PA-induced endothelial death
We further examined the effects of PINK1 and Parkin on PA-induced endothelial damage. We
observed that PINK1 or Parkin deficiency induced apoptotic cell death (Fig 5A), which was even
more significant in PA treated cells. Electronic microscopy analysis of the PA treated cells also
showed that PINK1 or Parkin deficiency increased apoptotic or necrotic bodies (Fig 5B). All these
findings supported a critical role of PINK1 and Parkin in preventing PA-induced endothelial injury.

PINK1-Parkin pathway was activated in blood vessels in obese mice
and diabetic mice
Finally, we examined the expression of PINK1-Parkin pathway in blood vessels from high fat
diet (HFD)-induced obese mice and in streptozotocin (STZ)-induced diabetic mice. As
expected, HFD increased body weight and elevated circulating free fatty acid (FFA) levels (Fig
6A), and STZ treatment caused sustained hyperglycemia (Fig 6C). Immunostaining showed
increased PINK1 and Parkin in all layers of the aortic wall including endothelial cells in HFD
fed mice (Fig 6B) and STZ treated mice (Fig 6D), indicating the upregulation of PINK1-Parkin
pathway in vascular wall of the obese mice and diabetic mice.

Fig 5. PINK1-Parkin prevented PA-induced endothelial death. A. HAECs were transfected with PINK1 or Parkin siRNA followed by treatment with PA for
24 hours. Representative images and quantification of 3 independent TUNEL analysis showed that PINK1 or Parkin siRNA increased PA-induced apoptotic
cell death.B. Representative electron microscopy photomicrographs of PA-treated cells show that PINK1 or Parkin siRNA increased apoptotic or necrotic
bodies.

doi:10.1371/journal.pone.0132499.g005
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Discussion
In this study, we examined the role of PINK1 and Parkin in protecting mitochondrial structure
and functions under metabolic stress. We found that PINK1 and Parkin were upregulated in
the vascular wall of the obese mice and diabetic mice, and were activated by palmitic acid

Fig 6. PINK1 and Parkin were up-regulated in the vascular wall of the obese and diabetic mice. (A). Four week old wild-type male WTmice were either
fed with chow diet (CD, n = 6) or high fat diet (HFD, n = 12) for 12 weeks. Body weight levels and free fatty acid (FFA) were compared between the groups.
(B). Representative immunostaining showed increased PINK1 and Parkin in aortic wall and in endothelial cells (enlarged in the square box) in HFD fed mice.
L indicated lumen. Red dot line indicated internal elastic plate of aorta. Negative controls for the PINK1 and Parkin immunostaining were shown on the right.
(C). Eight week old wild-type male mice received daily IP injection of 50 mg/kg body weight streptozotocin (STZ, n = 8) or vehicle (n = 5) for five consecutive
days. Aortas were collected 4 weeks after the STZ injection. Blood glucose level was compared between the groups. (D) Representative immunostaining
showed increased PINK1 and Parkin in the aortic wall and in endothelial cells (enlarged in the square box) in STZ treated mice. L indicated lumen. Red dot
line indicated internal elastic plate of aorta. Negative controls for the PINK1 and Parkin immunostaining were the same of (B).

doi:10.1371/journal.pone.0132499.g006
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treatment in cultured endothelial cells. PINK1 and Parkin, by promoting mitophagy, protected
mitochondrial integrity, prevented ROS production and subsequent apoptosis.

Mitochondria are fundamental regulators of endothelial health and function. Different from
cells with higher energy demands, ATP supplies in endothelial cells are relatively independent
of mitochondrial oxidative pathways. However, mitochondria in endothelial cells play a critical
role in generating ROS, modulating intracellular signaling and controlling cell death [10,25]. In
metabolic syndrome, mitochondrial dysfunction and ROS overproduction are often observed
in endothelial cells [25]. Metabolic stress-induced mitochondrial injury has been shown to con-
tribute to endothelial dysfunction and cardiovascular abnormalities [9,26]. Consistent with
previous reports, we observed that PA induced mitochondrial dysfunction and ROS produc-
tion, which were associated with increased apoptosis in endothelial cells. Preserving mitochon-
drial function is therefore critically important.

Mitophagy is an important protective mechanism for eliminating damaged mitochondria
and preserving healthy mitochondrial population [14]. PINK1—Parkin is a critical pathway in
controlling mitophagy. Loss-of-function mutations in PINK1 or Parkin cause mitochondrial
dysfunction, and are directly linked to Parkinson’s disease [18,19]. In this study, we show that
the PINK1-Parkin pathway was upregulated in obese mice and diabetic mice. In cultured endo-
thelial cells, PA induced significant mitophagy, which was associated with activation of
PINK1- Parkin. Knocking down PINK1 or Parkin resulted in impaired mitophagy with intra-
cellular accumulation of damaged mitochondria, and subsequent mitochondrial dysfunction,
ROS production and apoptosis. Thus PINK1-Parkin pathway, by promoting mitophagy, plays
a critical role in maintaining mitochondrial integrity and protecting endothelial cells under
metabolic stress condition. Several other mechanisms such as mitochondrial biogenesis and
mitochondrial unfold protein response may also exist to maintain healthy mitochondrial struc-
ture. It will be interesting to investigate whether PINK1 and Parkin are also involved in the reg-
ulation of these mechanisms.

Interestingly, PA showed dual effects on this pathway in endothelial cells. While PA stimu-
lated PINK1 and Parkin at lower dose, it inhibited this pathway at higher dose. This finding
suggests that under certain degree of stress, PINK1- Parkin pathway may be activated in
response to mitochondrial injury to remove the damaged mitochondria. However, when the
stress is too severe, this protective mechanism may be shut down, leading to accumulation of
damaged mitochondria and subsequent cell death. Further studies are required to fully under-
stand how this pathway is regulated under low and high metabolic stress, and whether mito-
chondrial function can be protected by manipulating the upstream signaling that control the
activation of this pathway.

Conclusions
PINK1 and Parkin pathway are elevated in obese mice and diabetic mice. This pathway appears
to be essential for mitochondrial integrity under metabolic stress. PINK1—Parkin mediated
mitophagy protects endothelial cells from metabolic stress-induced mitochondrial damage and
cell death, hence may provide a novel target for the development of therapeutic strategies in
metabolic syndrome.

Acknowledgments
We thank Electron Microscopy Laboratory, Shandong Institute of Otolaryngology and Labora-
tory of electron microscopy, Jinan WEI-YA Biotech Company for providing technical support
of Transmission Electronic Microscope.

Protective Role of PINK1-Parkin under Metabolic Stress

PLOS ONE | DOI:10.1371/journal.pone.0132499 July 10, 2015 12 / 14



This work was supported by the Shandong University National Qianren Scholar Fund
(XLW) and the National 973 Program Grant (2014CB542401).

Author Contributions
Conceived and designed the experiments: XLW YHS. Performed the experiments: WWHX
ZW YM LYWL. Analyzed the data: WWHX XLW YHS. Contributed reagents/materials/anal-
ysis tools: ZC TC. Wrote the paper: WWHX XLW YHS.

References
1. Nunnari J, Suomalainen A (2012) Mitochondria: in sickness and in health. Cell 148: 1145–1159. doi:

10.1016/j.cell.2012.02.035 PMID: 22424226

2. Galluzzi L, Kepp O, Kroemer G (2012) Mitochondria: master regulators of danger signalling. Nat Rev
Mol Cell Biol 13: 780–788. doi: 10.1038/nrm3479 PMID: 23175281

3. Rizzuto R, De Stefani D, Raffaello A, Mammucari C (2012) Mitochondria as sensors and regulators of
calcium signalling. Nat Rev Mol Cell Biol 13: 566–578. doi: 10.1038/nrm3412 PMID: 22850819

4. Chen YR, Zweier JL (2014) Cardiac mitochondria and reactive oxygen species generation. Circ Res
114: 524–537. doi: 10.1161/CIRCRESAHA.114.300559 PMID: 24481843

5. Lupfer C, Thomas PG, Anand PK, Vogel P, Milasta S, et al. (2013) Receptor interacting protein kinase
2-mediated mitophagy regulates inflammasome activation during virus infection. Nat Immunol 14:
480–488. doi: 10.1038/ni.2563 PMID: 23525089

6. Tait SW, Green DR (2010) Mitochondria and cell death: outer membrane permeabilization and beyond.
Nat Rev Mol Cell Biol 11: 621–632. doi: 10.1038/nrm2952 PMID: 20683470

7. Green DR, Galluzzi L, Kroemer G (2011) Mitochondria and the autophagy-inflammation-cell death axis
in organismal aging. Science 333: 1109–1112. doi: 10.1126/science.1201940 PMID: 21868666

8. Green DR, Galluzzi L, Kroemer G (2014) Cell biology. Metabolic control of cell death. Science 345:
1250256. doi: 10.1126/science.1250256 PMID: 25237106

9. Madamanchi NR, Runge MS (2007) Mitochondrial dysfunction in atherosclerosis. Circ Res 100: 460–
473. PMID: 17332437

10. Kluge MA, Fetterman JL, Vita JA (2013) Mitochondria and endothelial function. Circ Res 112: 1171–
1188. doi: 10.1161/CIRCRESAHA.111.300233 PMID: 23580773

11. Youle RJ, Narendra DP (2011) Mechanisms of mitophagy. Nat Rev Mol Cell Biol 12: 9–14. doi: 10.
1038/nrm3028 PMID: 21179058

12. Wang K, Klionsky DJ (2011) Mitochondria removal by autophagy. Autophagy 7: 297–300. PMID:
21252623

13. Springer W, Kahle PJ (2011) Regulation of PINK1-Parkin-mediated mitophagy. Autophagy 7: 266–
278. PMID: 21187721

14. Kubli DA, Gustafsson AB (2012) Mitochondria and mitophagy: the yin and yang of cell death control.
Circ Res 111: 1208–1221. doi: 10.1161/CIRCRESAHA.112.265819 PMID: 23065344

15. Dorn GW, Kitsis RN (2014) The Mitochondrial Dynamism-Mitophagy-Cell Death Interactome: Multiple
Roles Performed by Members of a Mitochondrial Molecular Ensemble. Circ Res.

16. Geisler S, Holmstrom KM, Skujat D, Fiesel FC, Rothfuss OC, et al. (2010) PINK1/Parkin-mediatedmito-
phagy is dependent on VDAC1 and p62/SQSTM1. Nat Cell Biol 12: 119–131. doi: 10.1038/ncb2012
PMID: 20098416

17. Vives-Bauza C, Zhou C, Huang Y, Cui M, de Vries RL, et al. (2010) PINK1-dependent recruitment of
Parkin to mitochondria in mitophagy. Proc Natl Acad Sci U S A 107: 378–383. doi: 10.1073/pnas.
0911187107 PMID: 19966284

18. Kitada T, Asakawa S, Hattori N, Matsumine H, Yamamura Y, et al. (1998) Mutations in the parkin gene
cause autosomal recessive juvenile parkinsonism. Nature 392: 605–608. PMID: 9560156

19. Valente EM, Abou-Sleiman PM, Caputo V, Muqit MM, Harvey K, et al. (2004) Hereditary early-onset
Parkinson's disease caused by mutations in PINK1. Science 304: 1158–1160. PMID: 15087508

20. Beilina A, Van Der Brug M, Ahmad R, Kesavapany S, Miller DW, et al. (2005) Mutations in PTEN-
induced putative kinase 1 associated with recessive parkinsonism have differential effects on protein
stability. Proc Natl Acad Sci U S A 102: 5703–5708. PMID: 15824318

Protective Role of PINK1-Parkin under Metabolic Stress

PLOS ONE | DOI:10.1371/journal.pone.0132499 July 10, 2015 13 / 14

http://dx.doi.org/10.1016/j.cell.2012.02.035
http://www.ncbi.nlm.nih.gov/pubmed/22424226
http://dx.doi.org/10.1038/nrm3479
http://www.ncbi.nlm.nih.gov/pubmed/23175281
http://dx.doi.org/10.1038/nrm3412
http://www.ncbi.nlm.nih.gov/pubmed/22850819
http://dx.doi.org/10.1161/CIRCRESAHA.114.300559
http://www.ncbi.nlm.nih.gov/pubmed/24481843
http://dx.doi.org/10.1038/ni.2563
http://www.ncbi.nlm.nih.gov/pubmed/23525089
http://dx.doi.org/10.1038/nrm2952
http://www.ncbi.nlm.nih.gov/pubmed/20683470
http://dx.doi.org/10.1126/science.1201940
http://www.ncbi.nlm.nih.gov/pubmed/21868666
http://dx.doi.org/10.1126/science.1250256
http://www.ncbi.nlm.nih.gov/pubmed/25237106
http://www.ncbi.nlm.nih.gov/pubmed/17332437
http://dx.doi.org/10.1161/CIRCRESAHA.111.300233
http://www.ncbi.nlm.nih.gov/pubmed/23580773
http://dx.doi.org/10.1038/nrm3028
http://dx.doi.org/10.1038/nrm3028
http://www.ncbi.nlm.nih.gov/pubmed/21179058
http://www.ncbi.nlm.nih.gov/pubmed/21252623
http://www.ncbi.nlm.nih.gov/pubmed/21187721
http://dx.doi.org/10.1161/CIRCRESAHA.112.265819
http://www.ncbi.nlm.nih.gov/pubmed/23065344
http://dx.doi.org/10.1038/ncb2012
http://www.ncbi.nlm.nih.gov/pubmed/20098416
http://dx.doi.org/10.1073/pnas.0911187107
http://dx.doi.org/10.1073/pnas.0911187107
http://www.ncbi.nlm.nih.gov/pubmed/19966284
http://www.ncbi.nlm.nih.gov/pubmed/9560156
http://www.ncbi.nlm.nih.gov/pubmed/15087508
http://www.ncbi.nlm.nih.gov/pubmed/15824318


21. Yoshii SR, Kishi C, Ishihara N, Mizushima N (2011) Parkin mediates proteasome-dependent protein
degradation and rupture of the outer mitochondrial membrane. J Biol Chem 286: 19630–19640. doi:
10.1074/jbc.M110.209338 PMID: 21454557

22. Li XN, Song J, Zhang L, Lemaire SA, Hou X, et al. (2009) Activation of the AMPK-FOXO3 Pathway
Reduces Fatty Acid-induced Increase in Intracellular Reactive Oxygen Species by Upregulating Thiore-
doxin. Diabetes.

23. Shen YH, Zhang L, Ren P, Nguyen MT, Zou S, et al. (2013) AKT2 confers protection against aortic
aneurysms and dissections. Circ Res 112: 618–632. doi: 10.1161/CIRCRESAHA.112.300735 PMID:
23250987

24. Zhu J, Dagda RK, Chu CT (2011) Monitoring mitophagy in neuronal cell cultures. Methods Mol Biol
793: 325–339. doi: 10.1007/978-1-61779-328-8_21 PMID: 21913110

25. Davidson SM, Duchen MR (2007) Endothelial mitochondria: contributing to vascular function and dis-
ease. Circ Res 100: 1128–1141. PMID: 17463328

26. Haywood LJ (1988) Activity and risk of coronary heart disease. Jama 259: 1328.

Protective Role of PINK1-Parkin under Metabolic Stress

PLOS ONE | DOI:10.1371/journal.pone.0132499 July 10, 2015 14 / 14

http://dx.doi.org/10.1074/jbc.M110.209338
http://www.ncbi.nlm.nih.gov/pubmed/21454557
http://dx.doi.org/10.1161/CIRCRESAHA.112.300735
http://www.ncbi.nlm.nih.gov/pubmed/23250987
http://dx.doi.org/10.1007/978-1-61779-328-8_21
http://www.ncbi.nlm.nih.gov/pubmed/21913110
http://www.ncbi.nlm.nih.gov/pubmed/17463328

