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Abstract. Parkinson's disease (PD) is the second most common 
neurodegenerative disorder in worldwide and remains a 
therapeutic challenge due to the low efficacy of current treat‑
ments. Numerous studies have demonstrated the pivotal role 
of endoplasmic reticulum (ER) stress in PD pathogenesis. ER 
stress, followed by activation of the protein kinase RNA‑like 
endoplasmic reticulum kinase (PERK)‑dependent branch of 
the unfolded protein response signaling pathway, ultimately 
leads to neural cell death and dopaminergic neurodegeneration 
in PD. Therefore, the present study evaluated the effective‑
ness of the small‑molecule PERK inhibitor LDN‑87357 in an 
in vitro PD model using the human neuroblastoma SH‑SY5Y 
cell line. To assess the mRNA expression levels of the 
pro‑apoptotic ER stress markers, the TaqMan Gene Expression 
Assay was performed. Cytotoxicity was assessed using a 
colorimetric 2,3‑bis‑(2‑methoxy‑4‑nitro‑5‑sulfophenyl)‑ 
2H‑tetrazolium‑5‑carboxanilide assay and apoptosis was 
assessed using a caspase‑3 assay. Moreover, cell cycle progres‑
sion was evaluated using flow cytometry. The results indicated 
that LDN‑87357 treatment induced a significant decrease in 
ER stress markers gene expression in SH‑SY5Y cells exposed 
to ER stress. Furthermore, LDN‑87357 significantly increased 
viability, diminished apoptosis and restored the normal cell 
cycle distribution of SH‑SY5Y cells after ER stress induction. 
Therefore, the evaluation of small‑molecule PERK inhibitors, 
such as LDN‑87357, may lead to the development of novel 
therapeutic strategies against PD.

Introduction

Parkinson's disease (PD) is a multifactorial neurodegenerative 
disease (1). It is the second most frequently diagnosed type of 
neurodegenerative disease (2) and its incidence ranges from 
5/100,000 to over 35/100,000 new cases each year, according 
to worldwide data, mainly obtained from Europe and the 
USA (3), with this value significantly increasing from the 
sixth to ninth decade of life (4). The prevalence has grown 
with the aging population (4), and the number of individuals 
suffering from PD worldwide is projected to exceed 12 million 
by 2040 (5). 

The main brain area affected by neurodegeneration in PD 
is the substantia nigra pars compacta (SNpc) in the midbrain, 
which demonstrates selective loss of dopaminergic neurons. 
However, during PD development, extensive involvement of 
other structures in either the central (e.g. in the basal ganglia, 
cerebellum or thalamus) (6) or peripheral (e.g. in the sensory 
nerves) (7) nervous system can be observed (8).

The clinical manifestation of PD is primarily based on 
motor symptoms like bradykinesia, muscle rigidity, resting 
tremor, posture and gait abnormalities  (9). As the disease 
progresses, more advanced signs of neurodegeneration such as 
dysarthria and dysphagia can also occur (9). Furthermore, PD 
is associated with numerous non‑motor symptoms, including 
hyposmia, sleep disturbances, bowel and urinary dysfunction 
and depression (10). One important clinical characteristic of 
PD is continuous cognitive decline, which increases with the 
progression of neurodegenerative processes (11). 

In terms of PD development, several groups of risk factors 
can be distinguished. The first group comprises numerous 
genetic causes that have been identified in recent years. In 
most populations, 3‑5% of PD cases could be explained 
by monogenic mutations (12) in genes such as synuclein α 
(SNCA; encoding α‑synuclein), VPS35 (involved in endosomal 
trafficking), parkinsonism associated deglycase and PTEN 
induced kinase 1 (mitochondrial genes), leucine rich repeat 
kinase 2 (serving a role in autophagy and microtubule stability) 
and GBA (encoding a key enzyme for the proper functioning of 
lysosomes) (13). In contrast, the hereditary risk of developing 
non‑monogenic PD varies from 16‑36% and at least 90 genetic 
risk variants have been reported overall (12). Sporadic/idio‑
pathic PD is strongly age‑related (14) and associated with a 
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heterogenous group of environmental risk factors including 
pesticides, low‑frequency magnetic fields  (15) or previous 
head injury (16). 

The development of neurodegeneration at the cellular 
level has frequently been attributed to the accumulation of 
misfolded proteins; more specifically, the underlying central 
pathogenetic mechanism of PD is associated with the aggrega‑
tion of misfolded α‑synuclein (αS) protein. Following this, αS 
fibrils further accumulate to eventually form proteinaceous 
intracellular inclusion bodies in neuronal somas or neurites, 
called Lewy bodies or Lewy neurites, respectively  (17). 
Furthermore, αS aggregates interact with the substrates of the 
outer mitochondrial membrane, which initiates mitochondrial 
dysfunction; this phenomenon occurs in both genetic and 
sporadic PD (18), and results in increased production of reactive 
oxygen species (ROS), which generate oxidative stress condi‑
tions and thus potentiate the neurodegeneration process in 
dopaminergic neurons (19). Moreover, pathological αS activity 
can stem from the malfunction of degradation pathways like 
the autophagy‑lysosome system, which are responsible for 
toxicity control and cell death prevention by timely removal of 
long‑lived proteins and impaired organelles (20). 

As a consequence of these events, the accumulation of 
αS aggregates and the disruption of protein clearance trigger 
endoplasmic reticulum (ER) stress conditions within neural 
cells (21). The ER is an important eukaryotic organelle, which 
serves a vital role in the protein quality control system. It is 
involved in protein folding and regulates intracellular calcium 
levels (22). ER‑related proteostasis is maintained by numerous 
specific chaperones, such as glucose‑regulated protein 78 
(GRP78) (23). As the misfolded proteins accumulate in the 
ER lumen, proteostasis becomes disrupted, which induces ER 
stress conditions. Subsequently, the unfolded protein response 
(UPR) signaling pathway is activated as an adaptive mecha‑
nism (24). Initially, the UPR may involve neuroprotective 
mechanisms and alleviate protein overload in the ER, but in 
the case of persistent ER stress, the UPR executes pro‑apop‑
totic cascades that aggravate neurodegeneration  (21). The 
UPR is controlled by three specific transmembrane proteins 
in the ER, which act as stress sensors: Activating transcription 
factor (ATF6), inositol‑requiring enzyme 1 (IRE1) and protein 
kinase RNA‑like ER kinase (PERK) (25). Under evoked ER 
stress conditions, activated PERK undergoes oligomerization 
and autophosphorylation. The phosphorylated form of PERK 
(p‑PERK) in turn phosphorylates the a subunit of eukaryotic 
initiation factor 2α (eIF2α), which is involved in the repression 
of global protein synthesis by inhibition of the 80S ribosome 
assembly. Despite this, the activating transcription factor 4 
(ATF4) mRNA undergoes preferential translation as a result of 
eIF2α activation, due to the presence of open reading frames 
in its 5'‑untranslated region (26,27). One of the roles of ATF4 
is to induce the transcription of the CCAAT enhancer binding 
protein homologous protein (CHOP)  (28), which strongly 
promotes apoptotic cell death in neural cells (29). CHOP is 
encoded by the DNA damage‑inducible transcript 3 (DDIT3) 
gene  (30). Apoptosis induced by CHOP overexpression is 
associated with activation and mitochondrial translocation 
of protein  (31). It has been reported that CHOP regulates 
the expression of certain proteins from the Bcl‑2 family, 
including pro‑apoptotic proteins (such as Bcl‑2‑like protein 

11, p53 upregulated modulator of apoptosis and phorbol‑12‑ 
myristate‑13‑acetate‑induced protein 1), and upregulates 
the expression of proteins, such as DNA damage‑inducible 
34 (GADD34), Tribbles‑related protein 3 and endoplasmic 
reticulum oxidoreductin 1α (32).

Previous studies have reported that ER dysfunction, ER 
stress conditions and UPR activation are key events in the 
pathogenesis of PD. For instance, post mortem examination 
of the brain tissues of PD patients has revealed elevated levels 
of the p‑PERK and p‑eIF2α (33). Furthermore, in an in vivo 
model of PD, the overexpression of ATF4, a crucial member 
of the PERK‑dependent signaling pathway, resulted in severe 
dopaminergic neurodegeneration in the substantia nigra 
region (34). Moreover, it has been reported that aggregates 
of misfolded aS interact directly with the GRP78 chaperone, 
which results in UPR activation  (17,35). A previous study 
reported that the interaction between αS aggregates and ER 
calcium pump, sarco/endoplasmic reticulum Ca2+‑ATPase 
(SERCA) induces cell sensitization to ROS production and 
apoptosis (36). It is important to notice that certain genetic 
mutations directly connected with the familial type of PD are 
also linked to ER dysfunction and UPR activation (25).

Contemporary therapeutic strategies for PD still only treat 
the symptoms and are mainly based on pharmacotherapy and 
non‑pharmacological supporting methods (such as surgery or 
physiotherapy). Current pharmacological treatment of PD is 
focused on increasing the level of the neurotransmitter dopa‑
mine in the brain (12). This can be achieved using drugs which 
act on several pharmacological targets associated with dopa‑
mine metabolism, such as the dopamine precursor Levodopa, 
passing through blood‑brain barrier (BBB), or dopamine 
degradation inhibitors (e.g. monoamine oxidase B inhibitors 
or catechol‑o‑methyltransferase inhibitors) (37). To the best of 
our knowledge, there is currently no available and approved 
therapy that can slow or halt the progression of the disease, 
and hence, prevent or reverse the ongoing neurodegeneration 
process (38).

As evidence from previous studies indicates that the ER 
stress and the PERK‑dependent branch of the UPR may be 
strongly associated with PD pathogenesis at the molecular level, 
the present study evaluated the efficacy of the small‑molecule 
PERK inhibitor LDN‑87357 in an in vitro model of PD. Recent 
results indicated that targeting the individual components of 
the UPR signaling branches may lead to the development of 
innovative, disease‑modifying therapeutic options for PD (25). 

Materials and methods

Identif ication of the small‑molecule PERK inhibitor 
LDN‑87357. The investigated small‑molecule PERK inhibitor 
LDN‑87357 was screened, characterized and provided for 
further analysis courtesy of the Department of Biochemistry 
and Molecular Biology, Hollings Cancer Center (Medical 
University of South Carolina, USA). The selection was 
performed according to the protocol described previously by 
Pytel et al (39). High‑throughput assay screening (inhibitor 
selection) was performed using the Laboratory for Drug 
Discovery in Neurodegeneration (LDDN) compound library; 
the LDDN is part of the Department of Neurology at Brigham 
and Women's Hospital and the Harvard Medical School 
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(Boston, MA, USA)  (40). The library consists of 150,000 
compounds, of which 80,000 were selected for further analysis 
based on certain computational filters that have previously been 
described (39). The calculations of desirability filters, such as 
polar surface area or Lipinski's ‘rule of five’ were performed 
to select the compounds with an increased probability of good 
oral bioavailability and ability to cross the BBB.

Cell culture. All experiments were performed using an in vitro 
model of PD with a commercially available neuroblastoma 
SH‑SY5Y cell line, purchased from the American Type 
Culture Collection (ATCC; cat. no. CRL‑2266TM), which is 
derived from human neuroblastoma tissues and widely used in 
PD research (41). The culture was maintained according to the 
supplier's protocol, under standard conditions, which were 37˚C, 
5% CO2 and 95% humidity. The complete culture medium for 
SH‑SY5Y cells was composed of: ATCC‑formulated Eagle's 
Minimum Essential Medium (EMEM) (cat. no. 30‑2003TM; 
ATCC) and F12 Medium (cat. no. 11765‑054; Thermo Fisher 
Scientific, Inc.), mixed in a 1:1 ratio. The medium was supple‑
mented with 10% fetal bovine serum (cat. no. 30‑2020; ATCC) 
and 100 U/ml penicillin with 100 µg/ml streptomycin solution 
(cat. no. 15140‑122; Gibco; Thermo Fisher Scientific, Inc.). Cell 
passage was performed every 3‑4 days (when cells reached 
90‑95% confluence). The cells were dissociated using 0.25% 
trypsin and 0.53 mM EDTA solution. 

Analysis of the mRNA expression levels of the pro‑apoptotic 
ER stress‑related genes. To assess the mRNA expression levels 
of specific pro‑apoptotic ER stress‑related genes, total RNA 
was isolated from SH‑SY5Y cells using a PureLink RNA 
Mini Kit (Thermo Fisher Scientific Inc.). The RNA obtained 
was reverse transcribed into complementary (c)DNA using 
GoScript TM Reverse Transcriptase (Promega Corporation) 
at a final concentration of 100 ng. All steps were performed 
in accordance with the manufacturers' protocols. Following 
this, TaqMan Gene Expression Assays were performed for the 
analysis of the expression of pro‑apoptotic, ER stress‑related 
genes, including DDIT3, BAX, ATF4, eIF2α, Bcl‑2, GADD34. 
ACTB was used as a reference gene (details of the assays used 
were presented in Table I). The mixture for the qPCR analysis 
(with a total volume of 10 µl), consisted of the following 
reagents: cDNA (1 µl), 5x HOT FIREPol® Probe quantitative 
(q)PCR Mix (2 µl; Solis BioDyne OÜ), primers (1 µl) and 
nuclease free water (6 µl). The thermocycling conditions for 
the qPCR analysis were as follows: enzyme activation (15 min 
at 95˚C), DNA denaturation (40 cycles of 10 sec at 95˚C) and 
annealing/extension (40 cycles of 60 sec at 60˚C), according to 
the manufacturer's protocol. Gene expression was determined 
by the 2‑ΔΔCq quantification method  (42) using a Bio‑Rad 
CFX96 (Bio‑Rad Laboratories, Inc.) system. 

Analysis of the cytotoxicity and pharmacological efficacy 
of the LDN‑87357. The cytotoxicity of the investigated 
PERK inhibitor, LDN‑87357, was evaluated using the 
colorimetric 2,3‑bis‑(2‑methoxy‑4‑nitro‑5‑sulfophenyl)‑2
H‑tetrazolium‑5‑carboxanilide (XTT) assay (Thermo Fisher 
Scientific, Inc.). The assay assessed cell viability as a func‑
tion of the cellular redox potential. Actively‑respiring cells 
transform XTT into an orange‑colored formazan product, both 

of which are soluble in water. All experiments were repeated 
three times, with similar results. Briefly, SH‑SY5Y cells were 
cultured in 96‑well plates (5x103 cells/well) for 24 h at 37˚C 
in 100 µl complete growth medium. Cells were then exposed 
at 37˚C to 100 µl of complete culture medium containing 
LDN‑87357, at the following concentrations: 0.75, 3, 6, 12, 25, 
50, 75 or 100 µM, or 50 mM or 0.1% DMSO (MilliporeSigma), 
which was the solvent used for LDN‑87357. Cells untreated 
with the inhibitor and cultured in complete medium were used 
as a negative control, whereas cells treated with 100% DMSO 
served as the positive control. 

The present study also evaluated the effectiveness of 
LDN‑87357 after the induction of ER stress conditions in 
SH‑SY5Y cells. The cells were seeded in 96‑well plates 
(5x103 cells/well) and cultured for 24 h in 100 µl of complete 
culture medium. After incubation, the cells were exposed to 
100 µl complete culture medium containing LDN‑87357 at the 
aforementioned concentration range for 1 h, and then treated 
with 500 nM thapsigargin (Th) to invoke ER stress. Certain 
cells were treated only with 500 nM Th. Cells cultured in 
complete medium only were used as a negative control, and 
100% DMSO‑treated cells were used as a positive control. 
All samples were incubated for 16, 24 or 48 h, and then 25 µl 
XTT/PMS mixture was added to each well and incubated 
for 2 h at 37˚C in a 5% CO2 incubator. The absorbance was 
quantified using a Synergy HT spectrophotometer (Agilent 
Technologies, Inc.) at 450 nm.

Assessment of apoptosis using a caspase‑3 activity assay. The 
activity of caspase‑3, one of the major pro‑apoptotic proteins, 
was assessed using the Caspase‑3 Assay Kit (Colorimetric) 
(Abcam). Activated caspase‑3 cleaved the labeled 
DEVD‑p‑NA substrate, and levels of the obtained product, 
chromophore p‑nitroaniline (p‑NA), were assessed using a 
spectrophotometer. All tests were performed in triplicate with 
similar results. Briefly, SH‑SY5Y cells were cultured in 6‑well 
plates (5x105 cells/well) in a complete culture medium for 24 h 
at 37˚C. The cells were then incubated for another 24 h at 37˚C 
with LDN‑87357 (0.75, 3, 6, 12, 25, 50 and 100 µM) or with 
the solvent, 0.1% DMSO (MilliporeSigma). One set of cells 
was exposed to 1 µM staurosporine (cat. no. S4400‑1MG; 
MilliporeSigma) for 16 h at 37˚C as a positive control, and 
another set of cells were cultured for 24 h in complete culture 
medium alone as a negative control. To assess the effectiveness 
LDN‑87357 in SH‑SY5Y cells exposed to ER stress, the cells 
were transferred to 6‑well plates (5x105 cells/well) and the 
culture was maintained in complete medium for 24 h at 37˚C. 
The cells were then exposed to complete culture medium 
including LDN‑87357 at the aforementioned concentration 
range for 1 h at 37˚C, and then Th was added at 500 nM for 
24 h at 37˚C. An additional group of cells was treated only 
with 500 nM Th (cat. no. 58‑600‑51MG; MilliporeSigma) 
for 24 h at 37˚C. The positive control consisted of SH‑SY5Y 
cells treated with 1 µM staurosporine for 16 h at 37˚C and the 
negative control consisted of cells incubated for 24 h at 37˚C 
in complete growth medium alone. After removal of complete 
medium, the SH‑SY5Y cells were rinsed with 1X Dulbecco's 
phosphate‑buffered saline (DPBS; MilliporeSigma). The 
cells were then passaged with 0.25% trypsin and 0.53 mM 
EDTA solution (ATCC) for 5 min at 37˚C. The obtained cell 
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suspension was then centrifuged at 140 x g for 5 min at room 
temperature. After removal of the supernatant, the cell pellet 
was resuspended in complete culture medium), counted using 
a TC20 Automated Cell Counter (Bio‑Rad Laboratories, Inc.), 
centrifuged at 140 x g for 5 min at room temperature, and 
the final pellet (~1x106 cells) was then resuspended in 50 µl 
of cold Cell Lysis Buffer (Abcam). The cell suspension was 
incubated for 10 min on ice, and then centrifuged at 10,000 x g 
for 1 min at room temperature. The supernatant was then 
transferred to fresh 2 ml tubes. Protein concentration was 
assessed using a standard Bradford assay, with BSA used as a 
protein standard; each assay used cell lysate containing 100 µg 
of protein. Following this, each sample was supplemented with 
2X Reaction Buffer (Abcam)(including DTT at 10 mM) and 
DEVD‑pNA (4 mM) substrate (Abcam) at a final concentra‑
tion of 200 µM. The cells were incubated for two h at 37˚C, 
and the p‑NA level was assessed spectrophotometrically 
at 405 nm using a Synergy HT spectrophotometer (Agilent 
Technologies, Inc.).

Analysis of cell cycle distribution and progression. Cell 
cycle distribution was determined by flow cytometry using 
propidium iodide (PI) staining. Due to the inability of PI 
to penetrate living cells, prior treatment with ethanol was 
required. The method provided assessment of the cell cycle 
based on the differences in fluorescence intensity and the 
increased fluorescence present in cells preparing for division 
due to increased DNA levels. The cell cycle was interpreted 
based on the following phases: sub G0/G1 (representation of 
apoptotic cell subpopulation), G0/G1 (regulation of the entry 
of the quiescent cell into the cycle), S (DNA replication) and 
G2/M (checkpoint responsible for the prevention of cells with 
damaged DNA from undergoing mitosis). 

All experiments were performed in triplicate, with similar 
results. SH‑SY5Y cells were cultured in 96‑well plates 
(5x105 cells/well) and incubated for 24 h in complete culture 
medium. After cell adhesion, LDN‑87357 (0.75, 3, 6, 12, 
25, 50 and 100 µM) was added to each well for 24 h; some 
wells received only the solvent, 0.1% DMSO (MilliporeSigma). 
One group of cells were exposed to 1  µM nocodazole 
(cat.  no.  M1404; MilliporeSigma) for 16  h as a positive 
control, and another group were cultured in complete culture 
medium for 24 h at 37˚C as a negative control. To evaluate the 

influence of the inhibitor LDN‑87357 on SH‑SY5Y cells in 
ER stress conditions, cells were transferred to 6‑well plates 
(5x105 cells/well) and the culture was maintained in complete 
culture medium for 24 h at 37˚C. 

The cultures were then pretreated with complete culture 
medium including LDN‑87357 inhibitor at the aforementioned 
concentrations for 1 h at 37˚C, and then treated with 500 nM 
Th for 24 h at 37˚C. An additional set of cells were incubated 
only with 500 nM Th for 24 h at 37˚C. The SH‑SY5Y cells 
treated with 1 µM nocodazole for 16 h at 37˚C were used as 
a positive control, and cells incubated for 24 h at 37˚C with 
complete culture were used as a negative control. 

SH‑SY5Y cells were then collected and rinsed twice with 
cold 1X DPBS (MilliporeSigma). Aliquots of 1x106 cells/ml 
were then placed in ice‑cold 70% ethanol for 20 min at ‑20˚C. 
The ethanol‑suspended cells were then centrifuged for 5 min 
at 3,630 x g at 4˚C. The remaining cell pellets were then 
resuspended in 250 µl of 1X DPBS, and treated with 10 mg/ml 
RNase A solution (cat. no. EZ0002; Canvax Reagents S.L.) 
and incubated for 1 h at 37˚C before they were stained using 
10 µg/ml PI solution (MilliporeSigma) at 4˚C for 30 min. 
Finally, the samples were assessed using a CytoFLEX flow 
cytometer (Beckman Coulter, Inc.). The percentage of cells 
in each cell cycle phase (sub G0/G1, G0/G1, S and G2/M), 
was determined depending on the DNA content, using 
Kaluza Analysis Software (version 1.5A, Beckman Coulter, 
Inc.) and analyzed using Cyflogic™ software (version 1.2.1; 
CyFlo Ltd.). 

Statistical analysis. All obtained results were subjected to 
statistical analysis using SigmaPlot (version  11.0; Systat 
Software, Inc.). In all the experiments performed in the present 
study, the normality of data distribution was determined 
using the Shapiro‑Wilk test. As all the data were character‑
ized by a normal distribution, further statistical analysis and 
comparison among multiple groups was performed using 
ANOVA with Dunnett's post hoc test. Correlations among 
changes in ER stress markers, cell survival and cell cycle 
data were analyzed using Pearson's correlation coefficients. 
Three independent tests were performed for the statistical 
analyses in all individual experiments. P<0.05 was consid‑
ered to indicate a statistically significant difference among 
the groups. 

Table I. Assays used for assessment of mRNA expression levels, using the TaqMan gene expression assay.

Gene	 Assay ID	 Chromosome location

DDIT3	 Hs01090850_m1	 Chr.12: 57516588‑57520517
BAX 	 Hs00180269_m1	 Chr.19: 48954825‑48961798
ATF4	 Hs00909569_g1	 Chr.22: 39519709‑39522686
eIF2α	 Hs00230684_m1	 Chr.3: 150546678‑150586016
Bcl‑2	 Hs00608023_m1	 Chr.18: 63123346‑63319778
GADD34	 Hs00169585_m1	 Chr.19: 48872392‑48876062
ACTB	 Hs99999903_m1	 Chr.7: 5527148‑5530601

Chromosome location were based on the Genome Reference Consortium Human Build 38. DDIT3, DNA damage‑inducible transcript 3; ATF4, 
activating transcription factor 4; GADD34, DNA damage‑inducible 34; ACTB, β‑actin.
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Results

Evaluation of the cytotoxic and pharmacological effect of 
the inhibitor LDN‑87357. The cytotoxic effect of LDN‑87357 
on SH‑SY5Y cells was assessed using the XTT assay. No 
significant toxicity was demonstrated at any of the applied 
concentrations after 16, 24 or 48 h. Moreover, the solvent (0.1% 
DMSO), did not induce significant cytotoxicity either (Fig. 1A). 

The effect of LDN‑87357 (0.75‑100 µM), on cell viability was 
also assessed under ER stress conditions induced by Th. A 
significant decrease in the percentage of viable SH‑SY5Y cells 
was demonstrated after 16, 24 and 48 h treatment with Th, 
compared with negative controls. However, treatment with 
LDN‑87357 (≥50 µM) resulted in a significant increase in cell 
viability compared with Th treatment alone, for all incubation 
times (Fig. 1B).

Figure 1. Analysis of the cellular toxicity of the small‑molecule PERK inhibitor LDN‑87357 in SH‑SY5Y cells. Viability of cells treated with (A) LDN‑87357 
only or (B) both Th and LDN‑87357 assessed using the colorimetric XTT assay. Three independent tests were performed for each statistical analysis in all the 
experiments. The data are presented as mean ± SE. *P<0.05, and ***P<0.001 vs. (A) negative control and (B) Th. DMSO, dimethyl sulfoxide; Th, thapsigargin. 
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Assessment of the level of apoptosis in SH‑SY5Y cells by the 
colorimetric caspase‑3 assay. To evaluate the caspase‑3 activity 
in SH‑SY5Y cells after treatment with LDN‑87357, a colori‑
metric caspase‑3 assay was performed. The results demonstrated 
that SH‑SY5Y cells incubated with 1 µM staurosporine for 
16 h were characterized by a significant increase in the level 
of caspase‑3 activity compared with the negative control. No 
significant elevation of caspase‑3 activity compared with the 
control was demonstrated in cell cultures incubated for 24 h 
with LDN‑87357 at any concentration. Moreover, 24 h incuba‑
tion with 0.1% DMSO (the solvent used for LDN‑87357) did 
not significantly induce caspase‑3‑mediated apoptosis (Fig. 2A). 

Cells pretreated with Th for 16 h and then exposed to 
LDN‑87357 (0,75‑100 µM) demonstrated a significant increase 
in caspase 3‑activity compared with the negative control cells, 
which were incubated with the dedicated culture medium for 
24 h. However, a significant decline in caspase‑3 activity was 
demonstrated in cells treated for 25 h with ≥25 µM LDN‑87357 
and Th, compared with cells treated with Th alone (Fig. 2B).

Evaluation of the effect of LDN‑87357 on cell cycle distri‑
bution and progression. Treatment with LDN‑87357 did 
not significantly affect the course of cell cycle distribution 
in SH‑SY5Y cells. G2/M phase cell cycle arrest was only 

Figure 2. Analysis of apoptosis induction using the caspase‑3 activity assay in the SH‑SY5Y cell line. Caspase‑3 activity after treatment of cells with 
(A) LDN‑87357 alone or with (B) Th and LDN‑87357. Three independent tests were performed for each statistical analysis in each of the experiments. The 
data are presented as mean ± SE. (A) ###P<0.001 vs. positive control, ***P<0.001 vs. negative control; (B) ***P<0.001 vs. Th, ###P<0.001 vs. negative control. The 
OD values were normalized to that of the positive control in (A). Th, thapsigargin; OD, optical density. 
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Figure 3. Continued.
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Figure 3. Flow cytometric evaluation of cell cycle distribution in SH‑SY5Y cells (A) Cell cycle distribution and (B) representative flow cytometry histograms 
of cells treated with LDN‑87357 alone. (C) Cell cycle distribution and (D) representative flow cytometry histograms of cells treated with LDN‑87357 and 
Th. Three independent tests were performed for each statistical analysis in all experiments. The data are presented as mean ± SE. **P<0.01 and ***P<0.001 vs. 
(A) negative control and (B) Th. DMSO, dimethyl sulfoxide; Th, thapsigargin. 
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demonstrated in the positive control sample, where SH‑SY5Y 
cells were exposed to 1 µM nocodazole for 16 h. No signifi‑
cant differences in the proportion of control (cultured in 
complete medium) and experimental SH‑SY5Y cells, exposed 
to LDN‑87357 for 24 h were demonstrated and in each case, 
no cell cycle arrest was observed. Furthermore, the inhibitor 
solvent (0.1% DMSO) demonstrated no effect on the cell cycle 
course in SH‑SY5Y cells after 24 h (Fig. 3A and B). 

Significant cell cycle arrest at G2/M phase was demon‑
strated in the SH‑SY5Y cells treated with nocodazole for 16 h 
(positive control) in comparison with the cells untreated with 
any compound (negative control). Furthermore, a significantly 
higher proportion of SH‑SY5Y cells treated only with Th 
were found in the G2/M phase compared with the negative 
control. However, SH‑SY5Y cells treated with Th and then 
with LDN‑87357 (≥6 µM) for 24 h demonstrated a significant 

reduction in the proportion at G2/M and a significant increase 
in the proportion in G0/1, compared with samples incubated 
with Th alone (Fig. 3C and D). 

The effect of LDN‑87357 on the mRNA expression level of 
pro‑apoptotic ER stress‑related genes. The mRNA expression 
levels of DDIT3 (encoding CHOP), BAX, ATF4, eIF2α, Bcl‑2, 
GADD34 in SH‑SY5Y cells was quantified under Th‑induced 
ER stress conditions, after the treatment of SH‑SY5Y cells 
with the small‑molecule PERK inhibitor LDN‑87357 alone 
as well as after treatment with both Th and 0.75 or 50 µM 
LDN‑87357. The pro‑apoptotic genes, DDIT3, Bax, ATF4 and 
GADD34, demonstrated a significant decrease in their mRNA 
expression level when treated with Th and 50 µM LDN‑87357 
when compared with SH‑SY5Y cells treated with Th alone. 
However, a significant increase in the mRNA expression levels 

Figure 4. Analysis of the mRNA expression levels of pro‑apoptotic ER stress‑related genes. The relative mRNA expression levels of (A) DDIT3, (B) Bax, 
(C) ATF4, (D) eIF2α, (E) Bcl‑2 and (F) GADD34 in SH‑SY5Y cells with Th‑induced ER stress conditions, after treatment with the small‑molecule PERK 
inhibitor LDN‑87357 alone or with both LDN‑87357 and Th. The analysis was performed using the TaqMan gene expression assay. Three independent tests 
were performed for each statistical analysis in all experiments. The data are presented as mean ± SE. ***P<0.001 vs. Th. Untreated SH‑SY5Y cells were used 
as the control. DMSO, dimethyl sulfoxide; Th, thapsigargin; DDIT3, DNA damage‑inducible transcript 3; ATF4, activating transcription factor 4; GADD34, 
DNA damage‑inducible 34.
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of anti‑apoptotic gene Bcl‑2 were demonstrated compared 
with SH‑SY5Y cells treated only with Th (Fig. 4).

Pearson's correlation coefficient. The correlation between cell 
viability, cell cycle arrest in the G2/M phase, and the expres‑
sion levels of the pro‑apoptotic (DDIT3, BAX, ATF4, eIF2α, 
GADD34) and anti‑apoptotic (Bcl‑2) genes in SH‑SY5Y cells 
were evaluated using Pearson's correlation coefficient. Cell 
viability was negatively correlated with the expression levels 
of DDIT3, BAX and ATF4, and positively correlated with Bcl‑2 
gene expression. Moreover, a positive correlation was detected 
between cell cycle arrest in the G2/M phase and the expression 
levels of DDIT3 and ATF4. Furthermore, cell viability and 
cell cycle arrest in the G2/M phase were negatively correlated. 
Notably, a positive correlation was observed between the 
expression levels of the following genes: DDIT3 and ATF4, 
BAX and DDIT3, BAX and GADD34. By contrast, the gene 
expression levels of Bcl‑2 and ATF4, Bcl‑2 and GADD34 were 
negatively correlated (Table II).

Discussion

The present study evaluated the efficacy of the investigated 
small‑molecule PERK inhibitor LDN‑87357 in an experi‑
mental PD in vitro model using the human neuroblastoma 
SH‑SY5Y cell line. The SH‑SY5Y neuroblastoma cell line 
was used as it is one of the most commonly used in vitro 
models in PD research. SH‑SY5Y is a subclone of the 
SK‑N‑SH line and it exhibits numerous characteristics of 
dopaminergic neurons, such as tyrosine hydroxylase and 
dopamine transporter expression  (41,43). Other types of 
cells that can be used as in  vitro models of PD include, 
the human HEK293, H4 and LUHMES cell lines, and rat 
(PC12, N27 and CSM14.1) and mouse (MN9D, Cath.a and 
CAD) derived cell lines  (44‑46). Primary dopaminergic 
neurons isolated from brain specimens or neurons derived 
from induced pluripotent stem cells (iPSCs) may also be 
utilized to mimic PD pathology in vitro (44,45). In contrast 
to the other aforementioned cellular models, SH‑SY5Y is 
human‑derived, dopaminergic, easily available and relatively 
easy to maintain in an in vitro culture system (41,43). The 

aforementioned features led to the selection of this cell line 
for the experiments performed in the present study.

We have previously demonstrated that treatment of 
SH‑SY5Y cells with 500 nM Th for 2 h evoked ER stress 
conditions, using western blotting, which demonstrated that the 
protein expression level of p‑eIF2α was significantly elevated 
compared with SH‑SY5Y control cells not treated with any 
of the compounds (47). In the present study, the response of 
SH‑SY5Y cells ER stress conditions induced by Th, a specific 
ER stress activator, was demonstrated. Th is a non‑competitive 
inhibitor of sarco/ER Ca2+‑ATPase, that induces transient 
increases of intracellular free calcium levels; such alterations in 
Ca2+ levels serve an important role in PD pathogenesis (48,49). 
Treatment of SH‑SY5Y cells with Th results in the induction of 
ER stress conditions (with elevated levels of ER stress markers, 
such as BiP, p‑PERK/p‑eIF2α, ATF4, CHOP, IRE1α/XBP1s and 
ATF6) and mitochondrial dysfunction, both of which have been 
implicated in PD pathology (50‑54). It has been reported that 
continued exposure of dopaminergic cells to Th ultimately leads 
to apoptotic cell death and neurodegeneration (55). Interestingly, 
Th was previously reported to increase the number of αS 
oligomers and induce αS aggregation, which is a characteristic 
feature of PD (56,57).

In the present study, LDN‑87357 was demonstrated to be 
effective in the PD model used, at the cellular level: treatment 
with LDN‑87357 in Th‑induced ER stress conditions resulted 
in a significant decrease in the mRNA expression levels of 
pro‑apoptotic ER stress marker genes, including DDIT3, Bax, 
ATF4 and GADD34, and a significant increase in the mRNA 
expression level of the anti‑apoptotic Bcl‑2 gene. Furthermore, 
the XTT assay did not demonstrate any cytotoxic effect in 
SH‑SY5Y cells at any concentration of LDN‑87357, at any 
incubation period. Moreover, the colorimetric caspase‑3 assay 
in LDN‑87357 treated cells did not demonstrate any significant 
increase in apoptotic cell death, and treatment with Th and 
LDN‑87357 resulted in a significant decline in the apoptotic 
rate, compared with treatment with Th alone. 

PI staining demonstrated that LDN‑87357 treatment had 
no significant effect on the cell cycle distribution of SH‑SY5Y 
cells. Under ER stress conditions induced by Th, LDN‑87357 
treatment resulted in a significant decrease in the proportion of 

Table II. Pearson's correlation coefficients between cell viability, cell cycle arrest and gene expression.

								        Population of
	 Cell	 DDIT3	 BAX	 ATF4	 eIF2α	 Bcl‑2	 GADD34	 cells in
Parameter	 viability	 expression 	 expression	 expression	 expression	 expression	 expression	 G2/M phase

Cell viability		  ‑1a	 ‑0.999a	 ‑0.998a	 0.592	 0.997a	 ‑0.995	 ‑0.999a

DDIT3 expression			   0.999a	 0.999a	 ‑0.588	 ‑0.997	 0.995	 0.999a

BAX expression				    0.994	 ‑0.631	 ‑1a	 0.999a	 0.996
ATF4 expression					     ‑0.546	 ‑0.991	 0.988	 1a

eIF2α expression						      0.651	 ‑0.668	 ‑0.556
Bcl‑2 expression							       ‑1a	 ‑0.993
GADD34 expression								        0.99

aP<0.05. Data are presented as r‑values. DDIT3, DNA damage‑inducible transcript 3; ATF4, activating transcription factor 4; GADD34, 
DNA damage‑inducible 34.
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cells at G2/M phase, with a simultaneous increase in the G0/1 
phase, compared with cells treated with Th only. Furthermore, 
cell viability was negatively correlated with DDIT3, BAX, 
ATF4 gene expression and positively correlated with Bcl‑2 
gene expression. Moreover, there was also a positive correla‑
tion between the arrest of the cell cycle in the G2/M phase and 
the expression of DDIT3 and BAX genes.

Therefore, it appears that LDN‑87357 may significantly 
contribute to the limitation of the negative consequences of 
ER stress conditions, particularly those associated with cell 
apoptosis, which is a major factor in PD pathogenesis and 
progression (22). 

Previous studies have also reported the properties of 
another, related small‑molecule PERK inhibitor LDN‑0060609 
in numerous cellular models of neurodegenerative diseases. In 
one study, LDN‑0060609 caused significant inhibition of eIF2α 
phosphorylation in an Alzheimer's disease (AD) model based 
on phenotype 1 rat normal astrocytes from diencephalon (DI 
TNC1) under Th‑induced ER stress. Moreover, LDN‑0060609 
did not induce any significant increase in the apoptotic rate 
and had no remarkable effect on cell cycle distribution in the 
DI TNC1 cell line, nor did it demonstrate any toxic effect on 
cell viability  (58). Another study examined the activity of 
LDN‑0060609 in a mouse neuron CATH.a cell line used as an 
in vitro AD model, under ER stress conditions. The compound 
significantly reduced apoptosis by decreasing the protein 
expression level of CHOP without any cytotoxic effect (47). 

LDN‑0060609 was also reported to trigger marked inhi‑
bition of p‑eIF2α expression in human trabecular meshwork 
(HTM) cells, an in vitro model for primary open angle glau‑
coma, treated with Th. Furthermore, no cytotoxic or genotoxic 
outcomes were reported in HTM cells at any concentration or 
incubation period. Moreover, the pharmacological effective‑
ness was confirmed by significant reversal of the negative 
effects of ER stress conditions induced by Th, demonstrated 
by increased HTM cell viability and reduced DNA damage. 
LDN‑0060609 was also reported to restore normal cell 
morphology and increase proliferation in a Th‑treated HTM 
cell line (59). Furthermore, LDN‑0060609 was also reported to 
have caused a remarkable inhibition of p‑eIF2α expression in 
SH‑SY5Y cells, without triggering any toxic effect (47). These 
findings indicated the value of small‑molecule PERK inhibi‑
tors as novel treatment options for neurodegenerative diseases. 
Extended research at the cellular level on the properties of new 
PERK inhibitors, such as LDN‑87357, particularly regarding 
PD and other globally‑important neurodegenerative diseases, 
may lead to the development of novel therapeutic approaches. 
The results of the present study are promising and may 
contribute to the growing body of knowledge regarding the use 
of PERK in this field. Novel neuroprotective compounds such 
as the small‑molecule PERK inhibitor LDN‑87357, which 
can selectively target pro‑apoptotic molecules and pathways 
require further study.

Protein misfolding and aggregation is a key molecular 
mechanism widely‑known to underlie the neurodegeneration 
process. As neurons are sensitive to protein misfolding, the 
resulting ER dysfunctions, ER stress and UPR activation serve 
a crucial role in the molecular pathogenesis of neurodegen‑
erative diseases (21). An in vivo study in an A53T (missense 
SNCA gene mutation) transgenic mouse model demonstrated 

co‑occurring αS pathology and UPR induction, supported 
inter alia by increased accumulation of polyubiquitin chains 
associated with ER stress (60). In a previous study which used 
differentiated rat sympathetic‑like neuron cells (PC12), A53 
αS overexpression was primarily associated with increased 
ROS production and impaired proteasome function; conse‑
quent ER stress induction was detected by the up‑regulation 
of the eIF2α and ER stress‑related genes: glycine rich protein 
17 and DNA damage‑inducible gene 153 (61). 

The PERK‑mediated branch of the UPR pathway is known 
to be associated with several neurodegenerative entities, 
such as PD (24,25,32), Alzheimer's disease (21,62) and prion 
disease (21,63). Numerous post‑mortem studies of PD patients 
have confirmed that the protein expression levels of ER stress 
markers, especially of the PERK‑dependent branch of UPR, 
are elevated in PD brain tissue samples (64). For instance, 
Hoozemans et al (33) reported greater immunoreactivity to the 
p‑PERK and p‑eIF2α in neuromelanin‑containing dopami‑
nergic neurons from the SNpc region, compared with controls. 
Moreover, in dopaminergic neurons, the immunoreactivities of 
the p‑PERK and αS were colocalized. 

Baek et al (65) reported a significant increase in the mRNA 
expression level of GRP78 in the prefrontal and parietal cortex, 
caudate nucleus and cingulate gyrus of PD brains, which was 
in contrast with the GRP78 protein expression level, which was 
significantly decreased. These findings indicated that regula‑
tion of GRP78, a crucial chaperone for the maintenance of 
proteostasis, was impaired in the course of PD (65). Moreover, 
further post‑mortem research strongly supported the role of 
PERK‑mediated pathway in PD pathogenesis and reported that 
CHOP mRNA and protein expression levels were upregulated 
in the SNpc region (66).

However, several studies have reported interactions 
between αS and various UPR‑related proteins. Direct inter‑
actions between αS aggregates and GRP78, associated with 
UPR activation, have been reported in both in vitro and in vivo 
models (17,35). Furthermore, downregulation of GRP78 was 
reported to result in a decline in exogenous αS activity, which 
suggested this specific ER chaperone may be a primary target 
of αS. Activation of the signaling cascade by GRP78 affected 
the morphology and dynamics of the neuronal cytoskeleton, 
and led to deficits in synaptic function; events which directly 
precede the neurodegeneration process (67). 

Credle et al (68) reported that αS overload impaired the 
function of the cytoprotective factor, ATF6, which is an ER 
transmembrane protein and one of the three components of 
the UPR. ATF6 activation requires its transfer to coat protein 
complex II (COPII). It has been reported that αS inhibits 
ER stress‑mediated ATF6 processing via COPII‑mediated 
ER‑Golgi transit. As a result, the pro‑apoptotic signaling 
intensifies, while ER‑associated degradation activity declines. 
ER‑Golgi trafficking could be damaged by direct interac‑
tions between the important vesicular transit regulator ras 
associated binding 1 (RAB1) GTPase and αS. As a result of 
impaired protein maturation, ER stress conditions are induced. 
Furthermore, elevated expression of RAB1 was reported 
to result in the loss of dopaminergic neuronal protection in 
in vivo models of PD (69,70). 

Paiva et al (71) reported that aggregated A30P αS (with a 
missense mutation in SNCA) may upregulate the expression of 
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the collagen type IV alpha 1 chain gene which encodes collagen 
IV, which is an important secretory cargo in the Golgi body. 
Consequently, altered ER/Golgi morphology and increased 
vulnerability to ER stress conditions in dopaminergic neurons 
have been reported.

Another well‑established ER stress regulator associated 
with UPR activation is calcium homeostasis in the ER, which 
is also a major cofactor for chaperone function. An in vivo 
study on mice with knockout of the CalbindinD9k gene, 
which encodes a calcium binding protein, identified elevated 
intracellular calcium levels and αS overload, as well as 
ER‑stress mediated apoptosis, in dopaminergic neurons (72). 
Furthermore, the calcium level appears to be disrupted by 
activation of the SERCA, ER calcium pump, due to αS aggre‑
gates. Subsequently, calcium reuptake by the mitochondria, 
which resulted in a significant increase in calcium level, 
enhanced ROS production and neural cell sensitization to 
apoptosis (36,73). 

 The chronically‑activated PERK‑dependent signaling 
pathway is regarded as a direct pharmacological target for 
neurodegenerative diseases, and it has been previously evalu‑
ated in numerous research models  (74), including in vivo 
models, such as a mouse neurotoxin‑based PD model (75), and 
frontotemporal dementia (76) and prion disease (63) models. 
The selective, first‑in‑class PERK inhibitor, 7‑Methyl‑5‑(1‑ 
{[3‑(trifluoromethyl)phenyl]acetyl}‑2,3‑dihydro‑1H‑indol‑5‑yl)‑ 
7H‑pyrrolo[2,3‑d]pyrimidin‑4‑amine (GSK2606414), is 
characterized by good BBB penetration and good bioavail‑
ability when administered orally (77). The compound has 
been tested in in vivo studies, including neurodegenerative 
diseases such as frontotemporal dementia  (76) and prion 
disease (63) models with promising results. GSK2606414 
has been reported to protect from further neuronal damage 
and reduce neurotoxic damage. Mercado et al (75) reported 
that GSK2606414 effectively inhibited the PERK‑mediated 
pathway in a mouse neurotoxin‑based PD model, after exper‑
imental induction of ER stress. The investigated compound 
protected dopaminergic neurons in the SNpc region, 
improved motor performance, and increased dopamine levels 
and the expression of synaptic proteins, such as synapto‑
somal‑associated protein and vesicle‑associated membrane 
protein 2. However, it should be noted that apart from its 
neuroprotective activity, treatment with GSK2606414, was 
associated with cytotoxicity and side effects, such as body 
weight loss, pancreatic toxicity and hyperglycemia in the 
tested animals (63,75).

Another UPR‑targeting compound, the eIF2α phospha‑
tase inhibitor Salubrinal, has been evaluated in experimental 
models of certain neurodegenerative processes such as 
AD (78) and traumatic brain injury (79). Salubrinal has also 
been evaluated in numerous PD experimental models with 
favorable results (60,61,80‑82). Salubrinal use was reported to 
restore motor function in a mouse PD model with αS overex‑
pression through increase of the level of p‑eIF2α by growth 
arrest and GADD34 (60). It also upregulated ATF4 expression 
in the SH‑SY5Y cell line (80). 

Another study reported that the neuroprotective effect of 
Salubrinal may be associated with reduced IκB kinase activa‑
tion, IκB degradation, and the resulting activation of nuclear 
factor‑kappa B (NF‑κB), rather than with the direct inhibition 

of the UPR pathway (83). These findings have been supported 
by a recent study, where Salubrinal diminished motor 
impairments and dopamine‑related behavioral deficits in an 
intranigral lipopolysaccharide‑induced hemi‑PD rat model; 
however, the findings indicated that the beneficial effect could 
be related to a decrease in the expression of numerous factors, 
such as inducible nitric oxide synthase, cyclooxygenase‑2 or 
NF‑κB, as well as with the attenuation of neuroinflammation 
processes (82). 

An alternative neuroprotective compound that has been 
evaluated in another neurodegenerative entity, prion disease, 
is the small‑molecule integrated stress response inhibitor 
(ISRIB). ISRIB restored translation downstream of eIF2α in 
treated animals (84). Mechanistically, ISRIB partially restored 
global protein synthesis under ER stress conditions compared 
with GSK2606414, which completely restored the expression 
of CHOP and global protein synthesis. However, ISRIB had 
no toxic effect on pancreatic cells (85). These findings indicate 
the potential of PERK‑mediated pathway inhibition as a selec‑
tive target for achieving neuroprotection with minimized side 
effects (86).

A major limitation of the present study was the 
use of only one experimental model. Further research 
on LDN‑87357 should include other cell lines, which 
replicate a PD pathology, such as genetic models and 
neurotoxin‑based models with rotenone, 6‑hydroxydopa‑
mine or 1‑methyl‑4‑phenyl‑1,2,3,6‑tetrahydropirydine (87). 
Moreover, the results of the present study do not fully eluci‑
date the mechanism of action of LDN‑87357 and its exact 
molecular target in the PERK‑dependent signaling pathway. 
Further investigation is required to evaluate inter alia, the 
expression of specific PERK‑mediated pathway marker 
proteins. Lastly, in vivo studies involving PD animal models 
are needed to determine the pharmacokinetic and pharmaco‑
dynamic properties of LDN‑87357.

Presently, the pathogenesis of PD and its involved 
molecular pathways are not fully understood, and current 
treatment strategies remain insufficient, as they focus only 
on progression of the disease. The results of the present 
study provide further details of the association between 
the ER stress‑mediated activation of the PERK‑dependent 
UPR signaling pathway and PD pathogenesis at the 
molecular level. Selective, small‑molecule inhibitors of 
the UPR components, especially those targeting PERK, 
constitute an attractive option for the development of novel 
PD treatment strategies. Such inhibitors exhibit numerous 
neuroprotective effects such as chronic terminal ER 
stress prevention, apoptotic cell death reduction, neuro‑
inflammation decrease, synaptic function restoration and 
neuronal plasticity stimulation. Previous studies have also 
reported that small‑molecule inhibitors are characterized 
by good BBB penetration and bioavailability. Therefore, 
targeting the components of the UPR signaling pathway 
using small‑molecule inhibitors, like the PERK inhibitor 
LDN‑87357, may contribute to development of novel thera‑
peutic strategies against PD. 
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