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Background and objectives: Dysregulation of the autophagy pathway has been suggested as an important
mechanism in the pathogenesis of Parkinson’s disease (PD). Therefore, modulation of autophagy may be a
novel strategy for the treatment of PD. Recently, an active form of vitamin D3 has been reported to have
neuroprotective properties. Therefore, we investigated the protective, autophagy-modulating effects of

Keywords: 1,25-dyhydroxyvitamin D3 (calcitriol) in an in vitro model of Parkinson’s disease.

Calcitriol o Methods: An in vitro model of Parkinson’s disease, the rotenone-induced neurotoxicity model in SH-SY5Y
iirtlg;;:;ys disease cells was adapted. We measured cell viability using an MTT assay, Annexin V/propidium iodide assay, and
Neuroprotection intracellular reactive oxygen species levels and analyzed autophagy-associated intracellular signaling

proteins by Western blotting.
Results: Rotenone treatment of SH-SY5Y cells reduced their viability. This treatment also increased
reactive oxygen species levels and decreased levels of intracellular signaling proteins associated with cell
survival; simultaneous exposure to calcitriol significantly reversed these effects. Additionally, calcitriol
increased levels of autophagy markers, including LC3, beclin-1, and AMPK. Rotenone inhibited autophagy,
as indicated by decreased beclin-1 levels and increased mTOR levels, and this effect was reversed by
calcitriol treatment.
Discussion: Calcitriol protects against rotenone-induced neurotoxicity in SH-SY5Y cells by enhancing
autophagy signaling pathways such as those involving LC3 and beclin-1. These neuroprotective effects
of calcitriol against rotenone-induced dopaminergic neurotoxicity provide an experimental basis for its
clinical use in the treatment of PD.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

Parkinson’s disease (PD) is a relatively common degenerative
disorder characterized by resting tremors, rigidity, bradykinesia,
and a loss of postural reflex and is associated with functional dis-
ability and a reduced quality of life in the elderly [1]. Although
dopaminergic medications, including 1-3,4-dihydrophenylalanine
(.-DOPA) and dopamine agonists, remain the standard treatment
for PD, they only provide symptomatic treatment without slowing
or stopping the progression of the disease [1-3]. Furthermore,
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experts continue to debate whether .-DOPA is detrimental to
dopaminergic neurons or could even accelerate the degeneration
process [4,5]|. Therefore, the development of neuroprotective
therapies that retard, halt, or reverse disease progression is
essential for the treatment of PD patients.

The pathogenesis of PD is likely multifactorial, including genetic
and environmental factors. Cell dysfunction and death in PD also
involve several biochemical factors, such as free radicals, mito-
chondrial dysfunction, excitotoxicity, and inflammation [6,7]. Of
particular relevance, abnormal protein degradation is associated
with Lewy bodies, which are a hallmark pathologic feature of PD
[8].

Autophagy is a lysosome-mediated catabolic pathway that is
responsible for the bulk degradation of cytosolic proteins and
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organelles in a non-specific manner [9,10]. Recently, dysregulation
of the autophagy pathway has been reported in the brains of PD
patients and in animal models of PD [10-12]. Therefore, modula-
tion of autophagy may be a novel strategy for the treatment of PD.

1,25-Dyhydroxyvitamin D3 (hereafter, calcitriol), which is a
biologically active form of vitamin Ds, is known to be a primary
regulator of calcium homeostasis that affects bone metabolism
[13]. However, the broad distribution of the vitamin D receptor
(VDR) suggests that calcitriol may have additional functions
beyond calcium homeostasis, and recent evidence has demon-
strated that calcitriol has effects in several neurological disorders
[14-16]. The activation of VDR signaling affects various processes,
including calcium metabolism, apoptosis, inflammation, immuno-
modulation, and detoxification [17-20]. In addition, vitamin D3
signaling is associated with the regulation of autophagy through
various mechanisms [21,22].

Because calcitriol plays a critical role in regulating autophagy to
prevent the accumulation of misfolded proteins and the degenera-
tion of dopaminergic neurons, we hypothesized that calcitriol may
reduce rotenone-induced neurotoxicity in SH-SY2Y cells as an
in vitro model of PD. In the current study, we investigated the con-
centration-dependent effects of calcitriol on autophagy markers in
SH-SY2Y cells and whether calcitriol protects SH-SY2Y cells from
rotenone-induced neurotoxicity together with the underlying
mechanisms of protection, including autophagy.

2. Materials and methods
2.1. Cell culture and chemicals

The human neuroblastoma cell line SH-SY5Y was obtained from
the American Type Culture Collection (Manassas, VA, USA). The
cells were grown in Dulbecco’s modified Eagle medium:Ham'’s
F12 (1:1 mixture) (Grand Island, NY, USA) supplemented with
10% fetal bovine serum (Grand Island, NY, USA), 100 units/ml peni-
cillin, and 100 mg/ml streptomycin (Grand Island, NY, USA) in a 5%
CO, incubator at 37 °C. The calcitriol was purchased from Cayman
(Ann Arbor, Michigan, USA) and dissolved in DMSO (Sigma, USA) to
prepare a 5 mM stock solution. To treat the cells, calcitriol was
diluted in the culture medium to the appropriate concentration.
Rotenone was obtained from Sigma (Sigma, USA).

2.2. MTT assay

Cell viability was measured by a quantitative colorimetric assay
using MTT. The MTT assay provided a sensitive measurement of
the metabolic status of the cells, particularly the status of the
mitochondria, which may reflect early redox changes. Briefly,
exponentially growing cells were seeded in a 96-well plate at a
density of 5 x 10% cells/well. The cells were then pre-treated with
calcitriol for 2 h. After the pre-treatment period, rotenone was
added to the culture medium to reach a final concentration of
200 nM, and the cells were incubated for 24 h. The control cells
were not treated with calcitriol or rotenone. After incubation for
24 h, 10 ul of the MTT assay kit reagent was added to each well,
and the cells were incubated for an additional hour. The absor-
bance for each reaction product was measured with a microplate
reader at a wavelength of 450 nm. The results are expressed as a
percentage of the MTT absorbance of the control cells, i.e., the
MTT absorbance on the control cells was set to 100%.

2.3. Immunoblot analysis

Whole-cell lysates were prepared by incubating the cells in
RIPA buffer (Beverly, MA, USA) supplemented with a protease

inhibitor cocktail (Roche, Mannheim, Germany) according to the
manufacturer’s instructions. Briefly, the cells were harvested by
centrifugation at 13,200 rpm for 5 min and washed in PBS (pH
7.2). The pellets were solubilized in the same volume of mitochon-
drial lysis buffer, kept on ice, vortexed for 5 min and centrifuged at
13,200xg for 20 min at 4 °C. Equal amounts of the total lysate
protein were loaded and separated on a 15% SDS-PAGE gel. The
proteins were electrophoretically transferred to a PVDF membrane,
and the membrane was blocked in 5% skim milk in Tris-buffered
saline containing 0.1% Tween-20 (TBST) for 1 h. Then, the mem-
branes were incubated in the presence of primary antibodies
against one of the following proteins: LC3, beclin-1, mTOR, caspase
3, cleaved caspase 3, Bak, Bax, or GAPDH from Cell Signaling
(Beverly, MA, USA) at 4 °C overnight. The membranes were then
washed three times with TBST and probed with the corresponding
HRP-conjugated secondary antibodies at room temperature
for 1h. Probe detection was conducted using enhanced ECL
Advance Western Blotting Detection Reagents (GE Healthcare,
Buckinghamshire, UK) and LAS-4000 film (Fujifilm, Tokyo, Japan).

2.4. Measurement of intracellular reactive oxygen species (ROS)

Levels of intracellular ROS were estimated following treatment
with the various compounds using 2’,7'-dichlorofluorescein diace-
tate (H2DCFDA) (Sigma, USA) as a fluorescent probe. SH-SY5Y cells
were exposed to calcitriol and rotenone for 24 h, and the culture
medium was replaced by fresh serum-free medium containing
20 uM H2DCFDA. The DCF fluorescence intensity was determined
by flow cytometry using a (BD Biosciences, USA) and CellQuestPro
software.

2.5. Annexin V/propidium iodide assay

SH-SY5Y cells were incubated with drugs for 24 h. The superna-
tant and cells that adhered to the plate were collected and washed
with PBS. The cells were diluted to 10° cells/ml in Annexin V
binding buffer and stained with fluorescein isothiocyanate
Annexin V and propidium iodide (PI; BD Pharmingen) according
to the manufacturer’s protocol. The stained cells were detected
by flow cytometry (BD Biosciences, USA) and the data were
analyzed by CellQuestPro (BD Biosciences, USA).

2.6. Statistical analysis

Statistical data are expressed as the mean + SD, and Student’s
t-test was used to determine statistical significance. p <0.05 and
p <0.01 were considered statistically significant.

3. Results
3.1. Effects of calcitriol and rotenone in SH-SY5Y cells

To evaluate the effects of calcitriol on rotenone-induced neuro-
toxicity in SH-SY5Y cells, we treated the cells for 24 h with several
concentrations of calcitriol (0.0 uM, 0.3 uM, 0.63 uM, 1.25 uM,
2.5 uM, 5 uM, 10 uM, 15 uM and 20 pM). Cell viability started to
decrease at calcitriol concentrations greater than 15 uM (Fig. 1A).
SH-SY5Y cells were then incubated with 200 nM rotenone and
treated simultaneously with several concentrations of calcitriol
(0.0 uM, 0.63 puM, 1.25 uM, 2.5 uM, 5 uM and 10 uM). Compared
to the controls, the viability of SH-SY5Y cells treated with
200 nM rotenone was significantly decreased; however, combined
treatment with calcitriol at levels up to 10 uM increased cell
viability in a concentration-dependent manner (Fig. 1B).
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Fig. 1. Protective effect of calcitriol in rotenone-induced SH-SY5Y cells. (A) SH-SY5Y
cells were treated with calcitriol at concentrations of 0.3 pM, 0.63 uM, 1.25 uM,
2.5uM, 5 uM, 10 pM, 15 puM and 20 puM for 24 h. The cell viability was measured by
the MTT assay and the results were expressed as a percentage of the absorbance of
the control. Data represent the mean +SD (n=3). (B) Neuroprotective effects of
calcitriol on rotenone-induced cytotoxicity were determined by MTT assay. Cells
were treated with 200 nM rotenone alone, or rotenone and calcitriol for 24 h.
SH-SY5Y cells were pre-treated with calcitriol at concentrations of 0.63 puM,
1.25 puM, 2.5 pM, 5 uM and 10 uM for 2 h followed by the addition of rotenone
200 nM for 24 h. The cell viability was measured by the MTT assay. Data represent
the mean + SD (n = 3). **Significantly different (p < 0.01) from control. *Significantly
different (p < 0.05) from the rotenone-treated group.

3.2. Anti-apoptotic effects of calcitriol against rotenone-induced
neurotoxicity

To evaluate the effect of calcitriol on rotenone-induced neuro-
toxicity, Annexin V/PI staining and flow cytometry were applied.
Annexin V/PI staining with flow cytometry showed similar results
to the MTT assay. Fig. 2 shows that SH-SY5Y cells with 200 nM
rotenone showed a significantly increasing proportion of early
apoptotic cells compared with the controls. However, this shift
was reversed with combined treatment with 10 uM calcitriol.
10 uM calcitriol alone had no significant effect on the proportion
of early and late apoptotic cells compared with the controls.

3.3. Effects of rotenone and calcitriol on ROS in SH-SY5Y cells

To determine whether calcitriol has an anti-oxidant effect
against rotenone-induced ROS production, ROS levels in SH-SY5Y
cells were assessed after the following treatments: (1) no treat-
ment (control), (2) 10 uM calcitriol, (3) 200 nM rotenone, and
(4) 200 nM rotenone with calcitriol (5 pM and 10 pM).

As shown in Fig. 3, ROS levels were markedly increased in
SH-SY5Y cells treated with 200 nM rotenone compared to the con-
trols (p <0.01). We also found that co-treatment with 5 uM and

10 uM calcitriol greatly reduced ROS formation (Supplementary
Fig. 1). Treatment with 10 uM calcitriol alone did not significantly
increase ROS formation compared to the controls.

3.4. Effects of rotenone and calcitriol on levels of intracellular signaling
proteins associated with apoptosis, including Bak, Bax and activated
caspase-3

SH-SY5Y cells were immunoblotted to determine the effects of
rotenone and calcitriol on several intracellular signaling proteins,
such as Bak, Bax, and cleaved caspase-3. Treatment with 200 nM
rotenone increased the immunoreactivity (IR) of Bak, Bax, and
activated caspase-3 compared with the untreated control, whereas
combined treatment with calcitriol significantly inhibited the
rotenone-mediated IR elevation (Fig. 3).

3.5. Effects of rotenone and calcitriol on levels of intracellular signaling
proteins associated with autophagy

Compared with the untreated control, the IR of LC3 and beclin-
1, which are basic markers of autophagy, were significantly
increased in SH-SY5Y cells treated with calcitriol at different con-
centrations (0.0 uM, 0.63 uM, 1.25 uM, 2.5 puM, 5 uM and 10 uM)
in a concentration-dependent manner at levels up to 10 uM
(Supplementary Fig. 2A). We also observed that calcitriol mono-
treatment significantly increased the expression of AMPK, an
upstream regulator of autophagy in SH-SY5Y cells, in a concentra-
tion-dependent manner (Supplementary Fig. 2B).

Single treatment with 200 nM rotenone increased mTOR
expression and decreased beclin-1 expression, indicating suppres-
sion of autophagy; however, combined treatment with calcitriol
(2.5 uM, 5 pM, and 10 pM) restored the expression of these autop-
hagy-enhancing markers (Fig. 4). Treatment with 200 nM rotenone
increased LC3 expression compared with the untreated control,
and combined treatment with calcitriol also resulted in a signifi-
cant increase of LC3 expression in a concentration-dependent
manner (Fig. 4).

4. Discussion

Investigations into the pathogenesis of PD appear to be conver-
ging on oxidative stress, mitochondrial dysfunction and protein
aggregation [6,8]. In particular, it is well-established that alpha
synuclein aggregation and mitochondrial dysfunction are closely
related to the pathogenesis of PD [23,24]. Emerging evidence sug-
gests that dysregulated autophagy results in the accumulation of
abnormal proteins or damaged organelles in PD models [10-12].
First, not only the ubiquitin proteasome pathway but also the
alpha synuclein pathway is degraded by the autophagy lysosomal
pathway [25,26]. Furthermore, a mutant form of alpha synuclein
that is excluded from chaperone-mediated autophagy (CMA)
because of higher affinity than wild-type alpha synuclein to the
lysosomal-associated membrane protein 2A (LAMP2A) causes
compensatory activation of macroautophagy [27]. However, this
compensatory pathway cannot be sufficient to sustain an efficient
rate of protein aggregation. Second, autophagy also participates in
mitochondrial turnover [28]. The products of the PINK-1 and
Parkin genes are associated with the elimination of damaged
mitochondria through the mitophagy pathway [29]. Therefore,
mutation of these genes could result in a failure to degrade
damaged mitochondria and result in an accumulation of mitochon-
dria and excess reactive oxygen species that could lead to neurode-
generation. These findings suggest that both autophagy activation
and lysosomal clearance can contribute to the pathogenesis of PD
and that activation of autophagy may be a new therapeutic target
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Fig. 2. Effects of autophagy-related drugs on rotenone-induced apoptosis in SH-SY5Y. FACS analysis of annexin V (AV) and propidium iodide (PI) binding. SH-SY5Y cells were
treated for 24 h with vehicle, rotenone, calcitriol, or calcitriol (5 uM and 10 M) + rotenone. PI and AV-FITC fluorescence was measured by flow cytometry and analyzed (dot-
plots). Viable (AV—/PI-), early apoptotic (AV+/PI-), apoptotic (AV+/PI+) and residual damaged (AV—/PI+) cells are shown in the respective quadrants.
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Fig. 3. Calcitriol protects against rotenone-induced apoptosis in SH-SY5Y cells. SH-SY5Y cells were pre-treated with calcitriol at concentrations of 2.5 uM, 5 uM, and 10 pM
for 2 h followed by addition of 200 nM rotenone for 24 h. Induction of apoptosis by calcitriol in SH-SY5Y cells was determined by measuring the Caspase 3, Bak and Bax
protein levels using an immunoblotting assay. GAPDH was used as an equal loading control (n = 3). Significantly different (*p < 0.05) from control and significantly different
(*p < 0.05) from rotenone-treated group.
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Fig. 4. Induction of autophagy-lysosomal upstream pathway by calcitriol in SH-SY5Y cells. SH-SY5Y cells were pre-treated with calcitriol at concentrations of 2.5 uM, 5 uM,
and 10 puM for 2 h, followed by addition of 200 nM rotenone for 24 h. The induction of autophagy by calcitriol in SH-SY5Y cells was determined by measuring the mTOR, LC3II
and beclin-1 protein levels using an immunoblotting assay. GAPDH was used as an equal loading control (n = 3). *Significantly different (p < 0.05) from control *significantly

different (p < 0.05) from rotenone-treated group.

in PD. In this study, we demonstrated that calcitriol significantly
attenuates rotenone-induced neurotoxicity in SH-SY5Y cells
through reduced ROS formation and augmented autophagy induc-
tion. Our results suggest that calcitriol acts as an autophagy enhan-
cer in an in vitro PD model and modulates the microenvironment
that leads to neuronal death. Therefore, calcitriol may be a candi-
date disease-modifying agent in PD.

Recent epidemiologic studies indicate that low vitamin D3
levels could play an important role in the pathogenesis and pro-
gression of PD [30-32]. Evatt et al. suggested that chronic vitamin
Dj; insufficiency is more frequently found in early PD patients than
in normal healthy controls [30,31]. The importance of calcitriol in
PD is also supported by animal studies showing that calcitriol
attenuates neuronal toxicity induced by 6-hydroxydopamine in
rats and that vitamin D receptor (VDR)-knockout mice have motor
impairments that affect locomotor behavior [20,33]. Furthermore,
Newmark and Newmark hypothesized that chronic insufficiency
of vitamin D3 may lead to abnormal function of SN cells and may
even lead to degeneration [34]. Vitamin D3 induces autophagy in
a multi-step process affecting various intracellular signaling path-
ways, such as those including Bcl-2, mTOR, beclin-1, the class III
phosphatidylinositol 3-kinase complex (PI3 KC3), and cathelicidin
[9,35-38]. Vitamin D3 increases free cytosolic calcium levels, lead-
ing to decreased mTOR induction [39]. Inhibition of mTOR induces
autophagy. Vitamin D5 also regulates the nucleation process of
autophagy through the beclin-1 and PI3 KC4 pathways, increasing
lysosome function to promote maturation and degradation in the
autophagy process [37]. In our study, treatment with calcitriol

alone in SH-SY5Y cells enhanced the expression of AMPK in addi-
tion to LC3 and beclin-1, which indicates that calcitriol enhances
autophagy not only through the mTOR-dependent pathway, as
shown in previous studies, but also through mTOR-independent
pathways, including AMPK, leading to the direct phosphorylation
of ULK-1 and beclin-1 [40]. Consequently, vitamin D5 signaling
affects autophagy at several steps. Calcitriol thus displays potential
as a neuroprotective agent through enhancement of autophagy in
PD, and this application will require further investigation.

Our study revealed that calcitriol significantly ameliorated rote-
none-induced apoptosis in SH-SY5Y cells and reduced the levels of
markers of apoptosis induction and autophagy inhibition. To the
best of our knowledge, this is the first study to show that calcitriol
has neuroprotective effects through activation of autophagy in an
in vitro model of PD. Because multiple recent studies have reported
that autophagy is a key mechanism associated with dopaminergic
cell death and may play an important role in the pathogenesis of
PD, autophagy enhancement by calcitriol treatment may be a
potential therapeutic treatment for PD [11,12,29,41]. However,
there have also been reports that autophagy enhancement may
be related to neuronal cell loss, and these two aspects of autophagy
pose a challenge to the application of autophagy-inducing drugs
for neurodegenerative diseases.

Notably, we found that calcitriol inhibited ROS generation
induced by rotenone. Calcitriol is widely known to offer neuropro-
tection through multiple mechanisms, including the upregulation
of glial cell line-derived neurotrophic factor (GDNF) and nerve
growth factor (NGF), the downregulation of L-type calcium
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channels and antioxidant effects through enhancement of the
glutathione level [18-20,42]. ROS generation is essential to trigger
autophagy induction, and rotenone is a mitochondrial complex I
inhibitor that causes mitochondrial damage [9,12,28]. Considering
that mitochondria are essential for ROS production and that
damaged mitochondria are removed by the autophagy-lysosomal
system, we assume that calcitriol could decrease ROS production
by autophagy enhancement to degrade disabled mitochondria.

There were some limitations in this study: (1) This study was
performed under in vitro conditions; therefore, these results may
be different from those observed under in vivo conditions or in
clinical trials, in which various additional factors may have roles;
(2) only limited types of autophagy markers were used for evaluat-
ing the mechanism of calcitriol-mediated autophagy regulation,
and (3) the toxicity model of PD is not fully compatible with the
microenvironment of dopaminergic cells in PD patients.

In conclusion, we have shown that calcitriol has neuroprotec-
tive effects in SH-SY5Y cells against rotenone-induced neurotoxi-
city and that the mechanisms of neuroprotection appear to be
associated with enhanced autophagy. These neuroprotective
effects of calcitriol on rotenone-induced dopaminergic neurotoxi-
city provide an experimental basis for its clinical use for the
treatment of PD.
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