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The LRRK2 inhibitor GSK2578215A induces
protective autophagy in SH-SY5Y cells: involvement
of Drp-1-mediated mitochondrial fission and
mitochondrial-derived ROS signaling

S Saez-Atienzar1,2,3, L Bonet-Ponce2, JR Blesa2, FJ Romero2, MP Murphy4, J Jordan1 and MF Galindo*,3

Mutations in the leucine-rich repeat kinase 2 (LRRK2) gene have been associated with Parkinson’s disease, and its inhibition
opens potential new therapeutic options. Among the drug inhibitors of both wild-type and mutant LRRK2 forms is the
2-arylmethyloxy-5-subtitutent-N-arylbenzamide GSK257815A. Using the well-established dopaminergic cell culture model
SH-SY5Y, we have investigated the effects of GSK2578215A on crucial neurodegenerative features such as mitochondrial
dynamics and autophagy. GSK2578215A induces mitochondrial fragmentation of an early step preceding autophagy. This
increase in autophagosome results from inhibition of fusion rather than increases in synthesis. The observed effects were
shared with LRRK2-IN-1, a well-described, structurally distinct kinase inhibitor compound or when knocking down LRRK2
expression using siRNA. Studies using the drug mitochondrial division inhibitor 1 indicated that translocation of the dynamin-
related protein-1 has a relevant role in this process. In addition, autophagic inhibitors revealed the participation of autophagy as
a cytoprotective response by removing damaged mitochondria. GSK2578215A induced oxidative stress as evidenced by the
accumulation of 4-hydroxy-2-nonenal in SH-SY5Y cells. The mitochondrial-targeted reactive oxygen species scavenger MitoQ
positioned these species as second messengers between mitochondrial morphologic alterations and autophagy. Altogether, our
results demonstrated the relevance of LRRK2 in mitochondrial-activated pathways mediating in autophagy and cell fate, crucial
features in neurodegenerative diseases.
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Nowadays, Parkinson’s disease (PD) constitutes the main
motor disorder and the second neurodegenerative disease
after Alzheimer’s disease. Etiology of PD remains unknown,
but both environmental and genetic factors have been
implicated. Among the genes associated with PD is the
leucine-rich repeat kinase 2 (LRRK2, PARK8, OMIM 607060)
encoding gene encoded by PARK8. Indeed, LRRK2 muta-
tions have been described in a substantial number of
idiopathic late-onset PD patients without a known family
history of the disease.1–3

The physiologic function remains unknown. It localizes in
the cytosol as well as in specific membrane subdomains,
including mitochondria, autophagosomes and autolyso-
somes,4 and interacts with a whole array of proteins, including
both a- and b-tubulin,5,6 tau,7 a-synuclein8 and F-actin.9

LRRK2 gene mutations, including the most common
G2019S,3 are associated with increases in toxic putative
kinase activity.1,10 LRRK2 overexpression is toxic to cultured
cells,11,12 and LRRK2 loss did not cause neurodegenerative
changes (for a review see Tong and Shen13). However,
LRRK2 transgenic mice lack obvious PD-like behavioral

phenotypes.14 LRRK2-associated PD patients show degen-
eration of dopaminergic neurons in the substantia nigra.15

Data from our own group and others have associated
mitochondrial apoptotical pathways with PD,16–18 and, in this
context, LRRK2 mutant-mediated toxicity could be due to
mitochondria-dependent apoptosis.19 There is considerable
evidence for impaired mitochondrial function and morphology
in both early-onset, autosomal recessive inherited PD and
late-onset sporadic PD.

Mitochondrial dynamics include several mechanisms, such
as fission, fusion and mitophagy.20,21 Altered fission/fusion
dynamics might be a common pathogenic pathway of
neurodegenerative diseases. It is well documented that
mitochondrial dynamics constitute a relevant issue in some
experimental neurodegenerative models.20,22–25 Mitochon-
drial dynamics is tightly regulated by cellular pathways
including those participated by the dynamin-related protein-
1 (Drp1). Drp1 mostly locates in the cytoplasm, but is
stimulated after fission stimuli to migrate to the mitochondria.
Once there, Drp1 forms ring-like structures, which wrap
around the scission site to constrict the mitochondrial
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Albacete, Spain. Tel: þ 34 967 597477; Fax: þ 34-967 597173; E-mail: mgalindoa@sescam.jccm.es

Received 18.12.13; revised 09.6.14; accepted 13.6.14; Edited by GM Fimia

Abbreviations: CHX, cycloheximide; Drp1, dynamin-related protein 1; GFP, green fluorescent protein; 4-HNE, hydroxyalkenal 4-hydroxy-2-nonenal; LC3, microtubule-
associated protein 1A/1B-light chain 3; LRRK2, leucine-rich repeat kinase 2; mdivi-1, mitochondrial division inhibitor-1; PD, Parkinson’s disease; RFP, red fluorescent
protein; ROS, reactive oxygen species

Citation: Cell Death and Disease (2014) 5, e1368; doi:10.1038/cddis.2014.320
& 2014 Macmillan Publishers Limited All rights reserved 2041-4889/14

www.nature.com/cddis

http://dx.doi.org/10.1038/cddis.2014.320
mailto:mgalindoa@sescam.jccm.es
http://www.nature.com/cddis


membrane resulting in mitochondrial fission.26,27 Interest-
ingly, a functional interaction between PD-associated LRRK2
and members of the dynamin GTPase superfamily has been
described.28

Macroautophagy (hereafter referred to as autophagy) is an
active cellular response, which functions in the intracellular
degradation system of cellular debris such as damaged
organelles. Whether autophagy promotes cell death or
enhances survival is still controversial.29,30 It requires the
formation of autophagosomes where cellular content is to be
degraded by the action of lysosomal enzymatic content.
Autophagosome formation is regulated by an orderly action of
430 autophagy-related (Atg) proteins. Among them is the
microtubule-associated protein 1A/1B-light chain 3 (LC3), a
homolog of Apg8p, which is essential for autophagy in yeast
and is associated with autophagosome membranes.31 Inter-
estingly, these vesicles are mostly highly mobile in the
cytoplasm.32 Wild-type and mutant LRRK2 expression has
been related to autophagy.4,33–36 Reactive oxygen species
(ROS) function as relevant second messengers after several
stimuli, including mitochondrial disruption. Exacerbated ROS
increases might result in overactivation of antioxidant systems
and yield harmful oxidative stress. Among oxidative stress
hallmarks is the accumulation of a,b-unsaturated hydroxyalk-
enal 4-hydroxy-2-nonenal (4-HNE), whose accumulation
has been reported in PD post-mortem patient brains,37,38

thus giving a significant relevance to ROS in the pathogenesis
of PD.

All these results indicate LRRK2 as a promising pharma-
cologic target in PD treatment.39 Several LRRK2 inhibitor
drugs have been synthetized, such as the potent and highly
selective 2-arylmethyloxy-5-substitutent-N-arylbenzamide
(GSK2578215A). GSK2578215A exhibits biochemical IC50s
of 10.9 nM against wild-type LRRK2, and possesses a high
ratio of brain to plasma distribution.40 This study provides key
insights into the mechanisms downstream of LRRK2 inhibi-
tion, and spreads light onto an underexplored, yet potentially
tractable therapeutic target for treating LRRK2-associated
PD. We demonstrate how inhibition of this kinase results in
the activation of cellular death pathways such as the
mitochondrial fission machinery, and how cells reply by
activating a protective autophagic response. Our results show
the presence of oxidative stress hallmarks, thus pointing to a
key function for ROS, placed downstream of mitochondrial
fission.

Results

We used GSK2578215A at a concentration of 1 nM to study the
effects of LRRK2 inhibition on SH-SY5Y after 12 h of treatment.
In the first set of experiments, we studied if administration of
GSK2578215A at this concentration results in the inhibition of
LRRK2 kinase activity. We assayed the effects on F-actin
distribution.41,42 To this end, we transiently overexpressed
LifeAct-TagGFP2 to localize intracellular F-actin distribution in
SH-SY5Y cells. F-actin presents a homogeneous distribution in
non-treated cells (Supplementary Figure 1a), whereas in 1 nM
GSK2578215A-challenged cell cultures, the F-actin distribution
was altered from a rather homogeneous to a more peripheral
distribution (Supplementary Figure 1b). Next, we determined

the levels of LRRK2 phosphorylation on residue S935 and total
LRRK2 protein levels. Addition of GSK2578215A led to a
decrease of S935 LRRK2 phosphorylation but not of total
LRRK2 protein levels (Supplementary Figure 1b). Taken
together, these results show that 1 nM GSK2578215A-induced
LRRK2 inhibition results in the disruption of downstream
pathways described for LRRK2.41,42

GSK2578215A induces autophagy. We ascertained the
participation of autophagy by transiently transfecting SH-
SY5Y cell cultures with the GFP-LC3 plasmid, which allows
monitoring of the formation of autophagosomes. Briefly, SH-
SY5Y cells seeded on IDIBI-coated dishes were transfected
with GFP-LC3 plasmid. One day after transfection, cells were
treated with GSK2578215A (1 nM) and 12 h later imaged in a
confocal microscopy (Figure 1a). In untreated control cell
cultures, independently of the time point assayed, we
detected about 10% of autophagic cells (Figure 1b).
GSK2578215A treatments required 9 h to start inducing
significant increases in autophagic cell percentage
(Figure 1b). Next, we assayed the levels of endogenous
LC3 and p62 in cell cultures challenged with GSK2578215A.
Figure 1c shows representative immunoblots, demonstrating
that the levels of both proteins increased in a time-dependent
manner upon the addition of 1 nM GSK2578215A. Interest-
ingly, the increase of p62 levels was abrogated by adding
cycloheximide (CHX), an experimental tool to block protein
synthesis (Supplementary Figure 1C).

To verify if the above-described GSK2578215A-induced
effects can be generalized to other LRRK2 inhibitors, two
different approaches were used. First, cell cultures were
challenged with LRRK2-IN-1 (5mM, 12 h), a well-established
LRRK2 inhibitor. LRRK2-IN-1 induced similar effects as
GSK2578215A on autophagy (Figure 1d). Second, SH-
SY5Y cells were co-transfected with siRNA to knock down
LRRK2 expression and GFP-LC3 plasmid, leading to an
increase in the percentage of autophagic cells (Figure 1d).
Taken together, these data show that the effect of
GSK2578215A was an LRRK2-dependent phenomenon and
not an off-target effect of the inhibitor.

GSK2578215A impairs autophagosome/lysosome fusion.
GSK2578215A treatments induced an increase in the number
of autophagosomes per cell (Figure 1e). The accumulation of
autophagosomes may be due to an increase of autophago-
some synthesis, disruption of autophagosome/lysosome
fusion, or both. We used the lysosome inhibitor chloroquine
(CQ), which clamps the degradation, to study the effect of
GSK2578215A on autophagy flux (Figure 1a). After 24 h of
GFP-LC3 transfections, cells were treated with 50mM CQ, and
then challenged with GSK2578215A. Using confocal micro-
scopy, 12 h later we determined the number of GFP-LC3
punctuates within each cell. Cells treated with CQ alone
presented an increase in the number of GFP-LC3 dots
(Figure 1e).

In addition, the number of dots in the cells challenged with
both CQ and GSK2578215A was also increased (Figure 1e).
Taken together, based on the changes in the number of
GFP-LC3 dots, these data indicate that there was an apparent
increase in autophagosome synthesis.
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For further analysis of autophagosome maturation, we took
advantage of the mRFP-GFP-LC3 tandem reporter.43 Within
lysosomes, GFP-LC3 fluorescence is quenched because of
the sensitivity of GFP to acidic environments, whereas mRFP-
LC3 fluorescence is more stable upon acidification. Thus,
autophagosomes with a physiologic pH will show both red and
green fluorescence, whereas the latter is lost in autolyso-
somes with an acidic pH. GSK2578215A treatment resulted in
an increase in the number of autophagosomes (yellow dots)
and a similar number of autolysosomes (red dots). Rapamy-
cin, in a concentration of 10 nM, was used as a positive control
of autophagy (Figures 1f and g). We conclude from these data
that GSK2578215A impairs the autophagy flux by altering
autophagosome–lysosome fusion.

GSK2578215A induces Drp-1-mediated mitochondrial
fission. Mitochondrial morphology was examined in cell
cultures that were transfected with pDsRed2-mito plasmid to

express the mitochondrial protein DsRed2. Control cell
cultures presented long mitochondria forming a net with a
homogeneous intracellular distribution (Figure 2a). By 6 h,
but not 3 h after 1 nM GSK2578215A addition, mitochondrial
morphology alterations were evident. Mitochondrial filament
size had decreased and the mitochondrial net was disrupted
(Figure 2b). Using Hoechst staining, it was observed that
cells with fragmented mitochondria failed to show alterations
in the chromatin state. This indicates that this organelle
alteration was not a result of cell death (Figure 2b). The
quantification of this morphologic alteration, as percentage of
cells with fragmented mitochondria, confirmed that it was a
time-dependent effect, as a 6-h interval was necessary
to observe this effect (Figure 2d). Consistent with an
LRRK2-dependent phenomenon and not an off-target
effect of the inhibitor, both LRRK2-IN-1 (5 mM, 12 h) and
knockdown of LRRK2 expression induced mitochondrial
fission (Figure 2e).

Figure 1 GSK257815A activates autophagy in SH-SY5Y cells. (a) Confocal images of SH-SY5Y cells transfected with GFP-LC3 vector. Twenty-four hours after
transfection, cells were treated with 1 nM GSK2578215A for 12 h in the presence or absence of CQ (50 mM). Untreated control cells showed diffuse cytosolic GFP-LC3
distribution, whereas those treated with GSK2578215A, CQ, or both presented increased numbers of GFP-LC3 dots per cell. (b) Histogram showing the percentage of
autophagic cells (cells with more than six GFP-LC3 dots) at 3, 6, 9 and 12 h after 1 nM GSK2578215A addition. (c) Western blot analysis of p62 and LC3 protein levels using
lysates of SH-SY5Y cells, which were treated or not with 1 nM GSK257815A for 3 or 12 h. Tubulin was used as a loading control. All data are representative of three
independent experiments. (d) Histogram representing the effects of LRRK2 knockdown (siRNA) and LRRK2-IN-1 (5 mM, 12 h) in SH-SY5Y cells on autophagy. (e) Dot graph
representing the number of GFP-LC3 dots per cell, treated or not with GSK2578215A in the absence or presence of CQ. Autophagic flux values for synthesis calculated as
detailed in the Materials and Methods section. (f) Confocal microscopy pictures of SH-SY5Y cells transfected with mRFP-GFP-LC3. Twenty-four hours after transfection, cells
were treated with 1 nM GSK2578215A. (g) Quantification of autophagosomes (yellow dots) and autolysosomes (red dots). Rapamycin (10 nM) was used as a positive control.
Hoechst staining was used to show the chromatin state. Data shown in histograms are the means±S.E.M. of at least three independent experiments, each performed in
triplicate. Statistical significance was determined by a two-tailed Student’s t-test: *Po0.05 and **Po0.01. Scale bars, 10mm
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Next, we studied whether GSK2578215A activates Drp1
translocation from the cytosol to mitochondria by examining
the location of a GFP-tagged Drp1 (GFP-Drp1). As shown in
Figure 2f, untreated cultures presented a homogeneous
cytosolic distribution of GFP-Drp1. However, we detected
an increase in the percentage of cells with a punctuated
GFP-Drp1 distribution after 6 h (Figures 2g and h), and the
punctated protein colocalized with fragmented mitochondria
(Figure 2g, inset). Furthermore, using the chemical inhibitor of
Drp-1 activity mitochondrial division inhibitor-1 (mdivi-1),44

participation of Drp-1 in GSK2578215A-induced mitochon-
drial fission was confirmed (Figure 2c).

GSK2578215A induces mitophagy. Next, the plausible
relationship between mitochondrial fission and autophagy
was studied. To this end, SH-SY5Y cells were co-transfected
with pDsRed2-mito and GFP-LC3 plasmids, and analyzed
the localization of the corresponding expressed proteins by

confocal microscopy (Figures 3a–f). Twenty-four hours after
GSK2578215A addition, we frequently observed colocaliza-
tion of fragmented mitochondrial with autophagosomes
(Figure 3f). Consistently, the distance between mitochondria
and autophagosome decreased in a time-dependent manner
(Figure 3g). Consistent with the role of Drp-1, mdivi-1
decreased the percentage of autophagic cells in
GSK2578215A-challenged cultures (Figure 3h).

Role of mitochondrial-derived ROS. To gain insight into
the cellular mechanism activated by GSK2578215A, we
investigated the relevance of ROS by analyzing 4-HNE
intracellular levels. Using immunofluorostaining we detected
that GSK2578215A markedly promoted this marker of lipid
oxidative damage in SH-SY5Y cells (Figures 4a–c). A
quantitative analysis revealed that 1 nM GSK2578215A
induced significant accumulation of 4-HNE after 12 h of
treatment (Figure 4c).

Figure 2 GSK2578215A induces Drp1-mediated mitochondrial fission. (a–c) Representative confocal images of SH-SY5Y cells transfected with the pDsRed2-mito vector.
Twenty-four hours after transfection, cells were treated or not (a) with 1 nM GSK2578215A for 12 h (b) and cotreated with 10mM mdivi-1 (c). (d) Histogram representing the
percentage of cells with fragmented mitochondria at the times indicated. (e) Histogram representing the effects of LRRK2-IN-1 (5 mM, 12h) and LRRK2 knockdown in
SH-SY5Y cells on mitochondria morphology. (f–h) GSK2578215A induces mitochondrial Drp1 translocation. Representative confocal images of SH-SY5Y cells transfected for
24 h with GFP-Drp1 in non-treated cells (f) or cells incubated with 1 nM GSK2578215A for 12 h (g). Inset illustrates colocalization of GFP-Drp1 and fragmented mitochondria.
(h) After 3 and 12 h of treatment, the number of cells with punctate GFP-Drp1 distribution was counted and expressed as the percentage of cells expressing GFP-Drp1. Scale
bar, 10mM. Data shown are the mean±S.E.M. of at least three independent experiments, each performed in triplicate. Statistical significance was determined by a two-tailed
Student’s t-test: ***Po0.001. Scale bar, 10mM
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To ascertain the role of mitochondrial-derived ROS, we
used the mitochondria-targeted antioxidant MitoQ. As shown
in Figure 4d, 50 nM MitoQ decreased the percentage of
autophagic cells after 12 h of treatment. However, MitoQ
failed to prevent GSK2578215A-induced mitochondrial frag-
mentation (Figure 4e). These results support the notion that
oxidative stress-derived lipid peroxidation product formation
takes place downstream of mitochondrial disruption.

Autophagy acts as a cytoprotective response against
GSK2578215A. There is controversy about the role of
autophagy on cell fate. We thus characterized the effect of
GSK2578215A on SH-SY5Y cell viability. As illustrated in
Figure 5, 1 nM GSK2578215A induced cytotoxicity of cell
cultures. By using Hoechst 33342, we noted an increase in the
percentage of cells with apoptotical chromatin hallmarks, such
as condensation or fragmentation (Figures 5a and b). In
addition, by using the TdT-mediated dUTP-biotin nick-end
labeling method (TUNEL) technique, we evidenced the
presence of endonucleolytic cleavage of chromatin in cultures
that were treated for 12 h (Figure 5d), but not in control cultures
(Figure 5c). Consistently, percentages of cells showing

death-like morphology (see Materials and Methods) increased
with exposure time to GSK2578215A, reaching significant
differences by 12 h after addition (Figure 5e). Interestingly, cell
cultures challenged with LRRK2-IN-1 also presented a similar
increase in cell death percentage (Figure 2f).

Finally, we used two autophagic inhibitor drugs, 3-methy-
ladenine (3-MA, 5 mM) or CQ (50 mM), at early or late steps,
respectively. Treatment with either of these drugs showed no
effect on SH-SY5Y cell viability, but both drugs enhanced
GSK2578215A-induced cell death (Figure 5g). In cell cultures
cotreated with GSK2578215A and either 3-MA or CQ, cell
death percentages increased by 98±2.68% (Po0.05; n¼ 3)
and 73±2.22% (Po0.05; n¼ 3), respectively, after 12 h after
GSK2578215A addition.

Discussion

We herein dissected the mechanisms underlying LRRK2
inhibition by GSK2578215A on the neuroblastoma dopami-
nergic cell line SH-SY5Y. We used GSK2578215A at 1 nM,
which induced LRRK2 inhibition, resulting in the disruption of
downstream pathways.41,42 GSK2578215A activates the

Figure 3 GSK2578215A induces mitophagy. (a–g) SH-SY5Y cells were co-transfected with pDsRed2-mito and GFP-LC3 plasmids and 24 h later treated with
GSK2578215A. Confocal microscopy pictures showing the mitochondrial morphology (a and d) and the localization of GFP-LC3 vesicles (b and e). In (f), arrows indicate the
colocalization of both proteins. (g) Bar diagram representing the distance between mitochondria and autophagosomes in treated and untreated control cells at the times
indicated. (h) The inhibition of mitochondrial fission by mdivi-1 blocks GSK2578215A-induced autophagy in SH-SY5Y cells. At 24 h after transfection with GFP-LC3, SH-SY5Y
cells were treated with 1 nM GSK2578215A in the presence or absence of 10 mM mdivi-1, and 12 h later, the percentage of autophagic cells was determined. Nuclei were
stained with Hoechst. Data shown in the bar graph are the mean±S.E.M. of at least three independent experiments, each performed in triplicate. Statistical significance was
determined by a two-tailed Student’s t-test: *Po0.05 and ***Po0.001. Scale bar, 10mm
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machinery of mitochondrial dynamics processes, including
translocation of Drp-1 from the cytosol to the mitochondria.
We evidenced the participation of autophagy as a cytopro-
tective response against the toxic effects induced by this
inhibitor. The involvement of oxidative stress, which might act
downstream of mitochondrial fission but upstream of autop-
hagosome accumulation, is also revealed.

Our data demonstrated that LRRK2 inhibition activates
autophagy. This conclusion was reached using two different
approaches: a pharmacologic approach using GSK2578215A
and LRRK2-IN-1 and molecularly using siRNA-induced
knockdown of LRRK2 protein expression. Consistent with
this, it has been shown that pharmacologic inhibition of
LRRK2 kinase activity has an effect on autophagy.45

Autophagy has been indicated to be a cellular machinery
response against stress situations. Using GFP-LC3, we
revealed how GSK2578215A significantly increased the
autophagosome content in SH-SY5Y cells. Consistent with
this, both under nutrient-rich (as we have used in this study),
and starvation conditions, LRRK2 siRNA knockdown seemed
to increase LC3-II levels.4,46 Additionally, LRRK2-knockout
mice displayed an increase in the number of autolysosomes
structures.47,48 On the other hand, earlier studies have shown
that mutant LRRK2-induced toxicity is kinase-indepen-
dent.49,50 Moreover, it also has been shown that absence of
LRRK2 causes bi-phasic (induction and depletion) alterations
of the autophagy pathway,48 and, conversely to our results,
overexpression of wild-type and mutant LRRK2 is also
associated with the accumulation of autophagosomes.34,35

Of note, western blotting assays revealed that GSK2578215A
significantly increased LC3 and p62 protein levels. Consistent
with previous data,35,45 the rise in p62 levels could be
prevented by chemically blocking protein synthesis using

CHX, suggesting that it may be due to an increase in de novo
synthesis of p62 rather than a reduction in its degradation.

The use of GFP-LC3 allows us to quantify a possible
upregulation of basal autophagy upon LRRK2 knockdown in a
more meticulous way than immunoblot analysis,51 and doing
so, we ascertained the origin of the GSK2578215A increased
number of autophagosomes within cells. Furthermore, our
experiments performed with the mRFP-GFP-LC3 tandem
reporter suggest that GSK2578215A inhibited autophago-
some degradation.

In addition, our results allow us to order the cellular
response to LRRK2 inhibition, and placed mitochondrial
fission upstream of autophagic response. LRKK2 inhibition
disrupts mitochondrial dynamics processes. After 6 h of
treatment with GSK2578215A, activation of mitochondrial
fission processes was evident. This result is very relevant, as
abnormal fragmented mitochondria can no longer be properly
distributed in the neuronal dendrites, and are unable to reach
regions where ATP requirements are increased, leading to
energy failure and synaptic damage.52 Mitochondrial altera-
tions are well documented and have been described in
neurodegenerative disease models including 3-nitropropionic
acid for Huntington disease,53 b-amyloid peptide for Alzhei-
mer’s disease,54 and 6-hydroxydopamine for PD.24 Addition-
ally, our data revealed that GSK2578215A-induced
mitochondrial fission takes place through a process controlled
by the fission-promoting protein Drp1. By using a chimeric
protein fluorescent protein, we observed how Drp1 changes
its localization from diffuse cytosolic to punctate mitochondrial
localization. More importantly, GSK2578215A activates Drp1
translocation in a time-dependent manner, coinciding with the
observed mitochondrial morphologic changes. Drp1 has
critical roles in either physiologic or pathologic scenarios

Figure 4 Role of ROS in GSK2578215A-induced effects. (a–c) GSK2578215A increased the intracellular 4-HNE levels in a time-dependent manner. Representative
confocal images of 4-HNE immunofluorostaining (green) in SH-SY5Y cells at t¼ 0 (a) and after 24 h (b) of 1 nM GSK2578215A treatment. Scale bars, 20mm. (c) Bar graph
illustrating the 4-HNE fluorescence levels from confocal images expressed as arbitrary units (a.u.). (d and e) Effect of MitoQ on GSK257815A-induced alterations in SH-SY5Y
cells. Cells were transfected with either pDsRed2-mito or GFP-LC3 plasmid, and 24 h later pretreated with 50 nM MitoQ for 30 min before adding 1 nM GSK257815A. The
effects of MitoQ, expressed as the percentage of autophagic cells (d) and percentage of cells with fragmented mitochondria (e), was assayed in cell cultures challenged with
GSK2578215A for 12 h. 4-HNE fluorescence levels from confocal images were expressed as a.u. Values in the bar graphs are the mean±S.E.M. of at least three
independent experiments, each performed in triplicate. Statistical significance was determined by a two-tailed Student’s t-test: *Po0.05 and **Po0.01
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and is highly expressed in postmitotic neurons.55 Interest-
ingly, our study reveals how Drp1 functions as a key element.
We inhibited Drp1 activity using mdivi-1. As described before,
mdivi-1 attenuates mitochondrial division in yeast and
mammalian cells by selectively inhibiting the mitochondrial
division.44 Consistent with this, previous work from our group
and others showed the participation of this GTPase protein in
neurodegenerative experimental models.16,24,56 Upon

blockage of the Drp1 function, we observed a decrease in
the number of autophagosomes. In this line, inhibition of Drp1
has been proposed as a strategy for the treatment of PD.57

Further evidence was obtained using a double transfection
with two chimeric proteins to localize mitochondria and
autophagosomes simultaneously. Doing so, we established
that the distance between damaged mitochondria and the
autophagosome decreased in a time-dependent manner.

Figure 5 GSK2578215A induces apoptotical cell death in SH-SY5Y cultures. (a and b) Confocal images of SH-SY5Y chromatin stained with Hoechst 33342.
Representative images of control cells (a) or incubated with 1 nM GSK2578215A for 24 h (b). In (b), note the presence of a cell with condensed or fragmented chromatin.
(c and d) Representative confocal images of TUNEL analysis in SH-SY5Y cells, untreated (c) or challenged with 1 nM GSK57815A for 24 h (d). Scale bars, 10mm. (e–g) Bar
graphs showing the percentage of SH-SY5Y cells with death-like morphology at the indicated treatments: GSK57815A (1 nM) (e) and LRRK2-IN-1 (5 mM, 12 h) (f). (e) Before
adding 1 nM GSK57815A, cell cultures were pretreated for 30 min with the autophagic disruptors 3-MA (5 mM) or CQ (50 mM) (g). Data shown are the mean±S.E.M. of at
least three independent experiments, each performed in triplicate. Statistical significance was determined by a two-tailed Student’s t-test: **Po0.01 and ***Po0.001
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Our results open the possibility that autophagy may have a
cytoprotective role. GSK2578215A (1 nM) has a cytotoxic
effect on SH-SY5Y cell cultures. Challenged cultures pre-
sented hallmarks of apoptosis such as fragmented chromatin
and TUNEL-positive cells. Consistent with this, loss of LRRK2
markedly increases apoptotic cell death in LRRK2� /�
mice47 and further LRRK2 inhibitor drugs, although at higher
concentrations than ours, results toxic in non-neuronal cells,
including H4 and HEK293T cells.45 Further, autophagy
inhibition, by using either CQ or 3-MA, accelerated rather
than abrogated GSK2578215A-induced cell death. In this
regard, other studies have suggested a role for basal levels of
autophagy in neuronal protection, and this is particularly
important for the central nervous system. A prosurvival
autophagic response is essential for cell survival under
metabolic stress (for review a see Mizushima et al.58). In
fact, genetic inactivation of autophagy causes neurodegen-
eration.59,60 Interventions aimed at enhancing chaperone-
mediated autophagy activity in PD have been proposed;33

however, the precise mechanisms whereby disrupted mito-
chondria regulate autophagy remain unknown.

Consistent with previous observations,61 our data support a
significant role for ROS. First, we immunolocalized 4-HNE
protein adducts, a hallmark of oxidative stress, in
GSK2578215A-challenged cell cultures. In this regard, levels
of protein carbonyls were markedly increased in the kidneys of
LRRK2� /� mice47 and 4-HNE-modified proteins are shown
to be accumulated in the post-mortem brain of PD patients.62

Second, the use of a specific mitochondrial-addressed
scavenger drug, MitoQ, allowed us to show that ROS released
by mitochondria are involved in LRRK2-activated pathways.
MitoQ makes use of the TPP ion to accumulate into the
organelle by virtue of the mitochondrial membrane potential
gradient, and then blocks ROS release. Recently, we have
shown how MitoQ is able to prevent mitochondrial morphology
alterations induced by subtoxic concentrations of the parkinso-
nian toxin 6-hydroxydopamine.23 Taken together, the results
presented here support the hypothesis that mitochondrial
dysfunction causes an increase in the amount of mitochon-
drial-generated ROS, which in turns leads to oxidative stress
and activation of the autophagy response pathway. As MitoQ
failed to block GSK2578215A-induced mitochondrial fission, it
is conceivable that oxidative stress or derived lipid peroxidation
products may intervene in later steps.

In summary, our data show how LRRK2 inhibition activates
a cellular response where autophagy results in cytoprotection
downstream of a disruption of the mitochondrial dynamics
balance via a Drp1-dependent process. Our study suggests
that drugs that modulate the functions of Drp1 or mitochon-
drial-ROS may represent new opportunities to slow down
neurodegeneration linked to PD.

Materials and Methods
Reagents and plasmids. DMEM-F12 (Dulbecco’s modified Eagle’s
medium), penicillin–streptomycin, gentamicin and fetal bovine serum (FBS) were
purchased from Gibco-Invitrogen (Carlsbad, CA, USA). GSK 2578215A and
LRRK2-IN-1 were purchased from Tocris Bioscience (Minneapolis, MN, USA).
Stealth RNAi duplexes were purchased from Life Technologies (Carlsbad, CA,
USA). BCA protein assay was from Pierce (Rockford, IL, USA). The pDsRed2-mito
vector was provided by Clontech (BD Biosciences, San Jose, CA, USA), GFP-LC3
was provided by Dr. JM Fuentes (Universidad de Extremadura, Badajoz, Spain),

Drp1-GFP was provided by T Wilson and Dr. S Strack (Department of
Pharmacology, University of Iowa Carver College of Medicine, Iowa City, IA,
USA) and mRFP-GFP-LC3 was provided by Dr. E Kneck (Laboratory of Cellular
Biology, Centro de Investigación Prı́ncipe Felipe, Valencia, Spain). Anti-4
hydroxynonenal and LRRK2 antibodies were purchased from Abcam (Cambridge,
UK); anti-p62 from BD (San Jose, CA, USA) and Alexa Fluor 488 were from
Molecular Probes (Carlsbad, CA, USA), Invitrogen (Carlsbad, CA, USA); and anti-
acetylated tubulin was from Sigma-Aldrich (St. Louis, MO, USA). The TUNEL
method (MEBSTAIN Apoptosis Kit) was purchased from MBL (Carlsbad, CA,
USA). Mdivi-1 was purchased from Sigma-Aldrich.

Cell culture and drug treatment procedures. SH-SY5Y cell lines were
obtained from American Type Culture Collection (ATCC, Manassas, VA, USA).
Cells cultures were grown in DMEM-F12 supplemented with 2 mM L-glutamine,
20 U/ml penicillin–streptomycin, 5 mg/ml gentamicin and 15% (v/v) FBS. Cells
were grown in a humidified cell incubator at 37 1C under a 5% CO2 atmosphere.
GSK 2578215A was added to the culture medium at final concentrations of 1 nM.
Pretreatment with MitoQ (50 nM), 3-MA (5 mM), CQ (50 mM) or Mdivi-1 (10mM)
was added 30 min before treatment.

Cell viability. Cell viability was analyzed by phase-contrast microscopy.
Healthy cells were identified as having smooth, phase-bright cell bodies and intact
neurites. Cells exhibiting a rough appearance with irregular-shaped cell bodies,
blebs and vacuoles, followed by cell shrinkage, and loss of phase brightness, were
considered to be damaged. We performed the experiments using a ‘blind’ counter.
A total of 200–400 cells were examined in three to five randomized subfields of the
coverslips. Results are expressed as the percentage of cell survival as compared
with untreated cells. Each condition was represented by three coverslips. All the
experiments were performed in quadruplicate.

Chromatin state. SH-SY5Y cells were spotted on poly-D-lysine-coated glass
slides. After treatment, the glass slides were rinsed three times with PBS and then
incubated with 0.5mg/ml of Hoechst 33342 (Molecular Probes Inc., Eugene, OR,
USA) for 5 min at room temperature. After two rinses with PBS, chromatin staining
was analyzed using a fluorescent microscope. Uniformly stained nuclei were
scored as healthy, viable cells. Condensed or fragmented nuclei were scored as
apoptotic.

TUNNEL. TUNEL staining was performed using TDT (MBL) according to the
suggestions of the manufacturer. Briefly, cells were fixed with 4% paraformalde-
hyde (PFA) and then incubated with a mixture of TUNNEL buffer (TdT buffer) and
FITC-dUTP solution for 60 min. TUNEL staining was monitored under confocal
microscope.

Transfections. Twenty-four hours before transfection, cells were plated at a
density of 5.3� 104 cells per cm2 on IDIBI-coated dishes. Transfection was
achieved using Lipofectamine reagent (Invitrogen) according to the manufacturer’s
protocol. Cells were transfected with the following plasmids encoding pDsRed2,
GFP-Drp1, GFP-LC3 and mRFP-GFP-LC3. After 4 h incubation, the transfection
mixture was removed and replaced with fresh complete medium. The experiments
were performed 24 h after transfection to allow protein expression. To knockdown
LRRK2, SH-SY5Y cells were transfected with Lipofectamine 2000 (Invitrogen)
using LRRK2 Stealth RNAi duplexes (Invitrogen), as described by the
manufacturer. For autophagy and mitochondrial analysis, SH-SY5Y cells were
co-transfected with plasmid encoding pDsRed2 or GFP-LC3 and Stealth RNAi
duplexes as described by the manufacturer.

Mitochondrial morphology. Cells were transfected with pDsRed2-mito,
which leads to the expression of fluorescent DsRed2 in the mitochondria, thereby
labeling the organelles. The transfected cells are then subjected to experimental
treatments to evaluate mitochondrial morphology by fluorescence microscopy. For
quantification, the percentage of cells with abnormal mitochondrial morphologies
was determined and taken as a measure of the proportion of cells with fragmented
mitochondria. Most of the cells had either fragmented or filamentous mitochondria,
whereas a small percentage of the cells contained both fragmented and
filamentous mitochondria. In case of the latter, the mitochondrial morphology was
classified according to the majority (470%) of the mitochondria. The monitoring of
the mitochondrial morphology was performed by two ‘blind’ independent
examiners on three different cultures. Micrographs were processed with Huygens
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Deconvolution Software (Scientific Volume Imaging, Hilversun, The Netherlands)
and Adobe Photoshop.

Autophagic cells. Cells were transfected with GFP-LC3, which leads to the
expression of fluorescent LC3, the universal marker protein of autophagic
structures in mammalian and yeast cultured cells. The transfected cells are then
subjected to experimental treatments to evaluate the percentage of autophagic
cells. Non-treated cells showed diffuse cytosolic LC3 distribution, whereas the
appearance of LC3-positive punctate is indicative of the induction of autophagy.
For quantification, all cells with more than six autophagosomes per cell are
considered as autophagic cells.

Autophagic flux. The assays were conducted with confocal microscopy on
an SH-SY5Y cell line that was transiently transfected with GFP-LC3 treated with
GSK2578215A in the presence or absence of 50 mM CQ, which clamps the
degradation. Briefly and according to Klionsky et al., 63 we analyzed autophagic
flux using GFP-LC3 fluorescence by adding lysosomal protease inhibitor (CQ) to
cells expressing GFP-LC3, and monitoring changes in the number of dots.
Autophagosome synthesis was defined as the number of GFP-LC3 dots per cell in
cell cultures treated with CQ. Thus, the synthesis measured the increase of GFP-
LC3 dots or autophagosomes, stimulated by GSK 2578215A in the presence of
CQ. A positive value indicates a net increase in these parameters, thus suggesting
a promotion of autophagy process.

Western blotting. SH-SY5Y cell cultures were washed with ice-cold PBS two
times and then collected by mechanical scraping with 1 ml of PBS per tissue
culture dish. The suspension was centrifuged at 12 000–14 000 r.p.m. for 5 min.
The supernatant was discarded, and the pellet was raised in 150ml of sample
buffer. The protein from each condition was quantified spectrophotometrically
(Micro BCA Protein Reagent Kit; Pierce), and an equal amount of protein (30mg)
was loaded onto 10% SDS-PAGE gels. After electrophoresis, proteins were
transferred to polyvinylidene difluoride membranes (Immobilon; Millipore Corpora-
tion, Billerica, MA, USA). Nonspecific protein binding was blocked with Blotto (4%
(w/v) nonfat dried milk, 4% bovine serum albumin (Sigma), and 0.1% Tween-20
(Sigma)) in PBS for 1 h. The membranes were incubated with specific antibodies.
After washing with Blotto, the membranes were incubated with peroxidase-labeled
anti-rabbit or anti-mouse secondary antibodies (Promega) in Blotto. The signal
was detected using an Enhanced Chemiluminescence Detection Kit (GE
Healthcare, Little Chalfont, Buckinghamshire, UK). Band intensity was estimated
densitometrically on a GS-800 calibrated densitometer (Bio-Rad Quantity One;
Bio-Rad, Hercules, CA, USA).

4-HNE immunofluorescence. For assessment of immunofluorescence,
SH-SY5Y cells were plated on poly-L-lysine-coated glass slides. Cells were fixed
with 4% PFA in PBS 10 min at 37 1C and washed two times with PBS. After
permeabilization, cells were incubated overnight with anti-4 hydroxynonenal
(4HNEJ-2; Abcam) at 4 1C. Then, cells were incubated with fluorescent-
conjugated secondary antibodies Alexa Fluor 488 (Molecular Probes, Invitrogen)
for 1 h at RT. 4-HNE expression was quantified by measuring optical density with
ImageJ software (National Institute of Mental Health, Bethesda, MD, USA). After
quantification, the density of staining was calculated by dividing the pixel count by
the cell number to get pixels per cell.

Statistical analysis. Data shown are means±S.E.M. Statistical significance
was determined by a two-tailed Student’s t-test. The statistical significance was set
at Po0.05.
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