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A B S T R A C T

Parkinson’s disease (PD) is the fastest growing neurological disorder in the world. Its pathologic hallmarks are 
dopaminergic neuronal loss in the substantia nigra and alpha-synuclein accumulation in neurons. However, the 
patho-biologic mechanisms are largely unknown. Current drugs cannot slow or halt disease progression while 
clinical trials are mostly unsuccessful. Hence better cellular models are needed for pathological and drug dis-
covery studies prior to in vivo validation. PC12 cells are commonly used for neurotoxicity studies but the 
Neuroscreen-1 (NS-1) variant has a faster doubling time and higher basal rate of neurite growth. We developed a 
NS-1 PD model with the neurotoxin 6-hydroxydopamine (6-OHDA) and MTT cell viability assay as readout. We 
optimized 6-OHDA concentration to a uniquely low 10 µM for a closer approximation to in vivo neurotoxicity. NS- 
1 cells treated with 6-OHDA displayed hallmark dopamine loss and apoptotic cell death. We used the model to 
screen a series of xanthones − polyphenolic compounds found in many medicinal plants. We report a novel 
activity of thwaitesixanthone in the PD model. The model was validated using alpha-mangostin (a neuro-
protectant in in vivo and in vitro PD models) which was the most active in restoring cell viability. Alpha-synuclein 
is now a therapeutic target for stopping PD progression. Human HEK293 cells have neuronal attributes and 
reported to express pathologic alpha-synuclein. We hypothesized the transfection-efficient HEK293T cells is an 
optimal cell line for monitoring human alpha-synuclein levels. We make the first report that 6-OHDA treatment 
increased pathologic alpha-synuclein expression in HEK293T cells. This alpha-synucleinopathy model was 
validated using alpha-mangostin which attenuated 6-OHDA-induced pathologic alpha-synuclein to baseline 
levels. Thus we developed a novel NS-1 PD model more representative of in vivo neurotoxicity complemented by 
a human HEK293T cell-based alpha-synucleinopathy model for tracking pathologic alpha-synuclein levels. We 
present these dual models for producing in vitro findings with increased likelihood of clinical translation.

1. Introduction

Parkinson’s disease (PD) is the fastest-growing neurological disorder 
in the world. Current PD drugs only treat the symptoms, without slowing 
down or stopping the underlying neurodegenerative processes (Stoker & 
Barker, 2020). The main pathological hallmark of PD is the loss of 
dopaminergic neurons in the substantia nigra pars compacta of the 
midbrain (Dauer & Przedborski, 2003). PD is also referred to as an 
α-synucleinopathy- a neurodegenerative disorder characterized by 
aggregated alpha-synuclein (α-syn) in neurons forming inclusions 
termed Lewy bodies (Koga et al., 2021). Currently α-syn is a therapeutic 
target and potential biomarker (Visanji et al., 2021). The classical PD 

motor symptoms such as resting tremor, bradykinesia and rigidity can be 
preceded by non-motor signs which have been attributed to synuclein-
opathy outside of the nigro-striatal pathway (Adler & Beach, 2016). 
Such dysfunction of other brain areas without a dopaminergic basis 
points to PD as a complex multisystem disorder.

Although postmortem brain analysis can shed light on end-stage PD, 
it is not possible to access the human brain or neurons to study the early 
stages. Hence it is necessary to develop experimental PD models that 
possess features of the dopaminergic system and reflect the disease 
phenotype (Lopes et al., 2017). The first PD animal model used rats 
injected with the neurotoxin 6-hydroxydopamine (6-OHDA), a hydrox-
ylated metabolite of dopamine (DA) (Ungerstedt, 1968). Still widely 
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used today, it selectively destroys catecholaminergic nerves to produce 
the PD behavioral phenotype, without formation of intracellular 
α-synuclein aggregates (Vareslija et al., 2020).

As animal studies are expensive and time consuming, in vitro models 
allow a controlled environment for rapid, cost-effective drug discovery 
and disease mechanism studies for further validation in primary neurons 
and in vivo models. Since clinical trials in PD have had a relatively low 
rate of success (Mathur et al., 2015), there is a pressing need for better 
preclinical models. One of the most used and cited cell lines for neuro-
degenerative studies is PC12, derived from a catecholamine-secreting 
tumor (pheochromocytoma) of the rat adrenal medulla (Greene & 
Tischler, 1976). PC12 cells synthesize, store, secrete and take up cate-
cholamines. Compared to rat chromaffin cells, its secretory vesicles 
contain more dopamine than norepinephrine (Wagner et al., 1993). 
Neuroscreen-1 (NS-1) is a subclone of PC12 cells with more robust 
growth and lesser cell aggregation (Chaurasiya et al., 2017). We had 
demonstrated its advantage over parental PC12 in its high basal level of 
neurite-expressing cells (Chua & Lim, 2021). Wild-type NS-1 cells have 
also been found to express higher levels of certain neuronal markers in 
comparison with PC12 (Pokharel et al., 2018). Thus we aimed to 
develop a NS-1 cell-based PD model using 6-OHDA.

Lewy bodies are found in human postmortem PD brain but there is no 
approved treatment available. Hence there is a need for cellular α-syn 
models both for pathobiologic studies and identification of compounds 
that abrogate its toxicity. In Lewy bodies, the pathologic α-syn is phos-
phorylated at serine 129 (pSer129-α-syn) (Kim et al., 2019). Wild type 
human HEK293 cells have been reported to express endogenous 
pSer129-α-syn detectable by western blotting (Sasaki et al., 2015). As 
studies often require transfection of exogenous proteins, we aimed to 
develop a PD cellular model using the highly transfection-efficient 
HEK293T cells for studying 6-OHDA-induced pathologic α-syn levels. 
This α-syn model will complement the NS-1 neurotoxicity cell death 
model to provide dual in vitro modeling of PD for better clinical 
translation

2. Materials and methods

2.1. Reagents and chemicals

Culture medium DMEM high glucose, horse serum, fetal bovine 
serum and N2 supplement were from Gibco (Grand Island, NY). Collagen 
IV were from Advanced Biomatrix (Carlsbad, CA). Alpha-mangostin 
(α-MG) and beta-mangostin (β-MG) were from MedChemExpress 
(Monmouth, NJ). 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 
bromide) tetrazolium salt, 6-hydroxydopamine hydrobromide (6- 
OHDA) and N-Acetyl-Asp-Glu-Val-Asp-al (caspase inhibitor) and all 
other biochemical reagents were from Sigma-Aldrich (St. Louis, MO).

2.2. Preparation of trapezifolixanthone, brasixanthone B, ananixanthone 
and thwaitesixanthone

Powdered air-dried stem barks of Calophyllum spp were extracted 
with solvents (5 L) (n-hexane, chloroform, ethyl acetate and methanol) 
by cold maceration for 72 h at room temperature in a closed vessel. The 
extracts were filtered using filter paper and concentrated under reduced 
pressure in a rotary evaporator to yield the crude extracts.

The isolation work on stem bark extracts of Calophyllum spp was 
performed using column chromatography techniques. Structural eluci-
dation was by spectroscopic methods including 1D NMR, 2D NMR and 
MS. The extracts were subjected to VLC using Silica gel 60 PF254 
1.07749 Merck using gradient elution method with the solvent system 
[n-hexane-chloroform, chloroform- ethyl acetate, ethyl aceta-
te–methanol with increasing polarity (Hex: CHCl3: 100: 0) to (EA: 
MeOH: 5:5)] as the mobile phase to give sub-fractions. Fractions that 
show a similar pattern on TLC were pooled and subjected to column 
chromatography. A series of column chromatography separations using 

silica gel 60 (Merck 1.09385, 0.040–0.063 mm) were performed using 
the same mobile phase system as the solvent system. The fractions were 
further separated by gel filtration chromatography using Sephadex LH- 
20 and methanol as the eluent. The sub-fractions with similar pattern on 
TLC profile were combined and subjected to further purification using 
radial chromatography to isolate the pure compounds trapezifolix-
anthone, brasixanthone B, ananixanthone and thwaitesixanthone.

2.3. Preparation of 6-OHDA stock solution

6-OHDA-Hbr (1.47 mg) was dissolved in 1.33 mL of 0.15 % chilled 
ascorbic acid to produce 3 mM of stock solution. The correction factor 
for 6-OHDA-Hbr is 1.47. The stock solution was stored at − 80 ◦C and 
diluted to the desired concentration with Hanks’ Balanced Salt Solution 
(HBSS) before cell treatment.

2.4. Cell culture and treatment

Rat pheochromocytoma (PC12) cells Neuroscreen-1 (NS-1) variant, 
(formerly from Cellomics), were a kind gift from Dr. Yves Le Dréan, 
University of Rennes 1, France. NS-1 cells were cultured in DMEM 
supplemented with 2.5 % fetal bovine serum and 15 % horse serum in a 
collagen IV-coated tissue culture flask/well. The coating protocol fol-
lowed our published method (Chua & Lim, 2023). Cell cultures were 
incubated in a chamber at 37 ◦C under 5 % CO2. Cells used for experi-
ments were those that had been passaged between 3 and 13 times. 
HEK293T cells were a generous gift from Dr. Richard Neubig while at 
the University of Michigan, USA. HEK293T cells were cultured in DMEM 
supplemented with 10 % fetal bovine serum in a polystyrene tissue 
culture flask. For determining the IC50 of 6-OHDA on NS-1 cells, cells 
were seeded into 96-well collagen IV-coated plates with a density of 4 x 
103 cells / well. After 24 h of incubation at 37 ◦C under 5 % CO2, cells 
were treated with DMEM- supplemented media alone or with 0 µM, 2.5 
µM, 5 µM, 7.5 µM, 10 µM, 12.5 µM, 15 µM, 20 µM and 50 µM 6-OHDA for 
24 h. After 24 h, cell confluency and morphology were observed under 
an inverted microscope (Olympus IX 73) with image acquisition using 
Olympus cellSens Dimension software 2.2 before the cell viability assay.

2.5. Dopamine secretion by enzyme-linked immunosorbent assay

The dopamine secretion of NS-1 cells was detected using a dopamine 
ELISA kit (ENZO, USA). Briefly, cells were seeded in a collagen IV-coated 
96-well clear plate. After 24 h, cells were treated with or without α-MG 
for 2 h followed by 48 h of 10 µM of 6-OHDA treatment. After 48 h, cell 
media supernatant was collected after centrifuging at 1000xg, 2-8 ◦C, for 
20 min. The ELISA plate was washed once before adding the sample and 
standard. Fifty μL of each sample was added to the wells, followed by 50 
µl biotin-detection antibody. The plate was incubated at 37 ◦C for 45 
min. The solution was discarded, and the plate was washed three times. 
Horseradish peroxidase-streptavidin conjugate was added to the well 
and incubated at 37 ◦C for 30 min. After washing five times, 90 μL of 
TMB substrate was added into each well, and the sample was incubated 
at 37 ◦C in the dark for 15–20 min. Fifty µL of stop solution was added to 
each well. The result was read at 450 nm using a microplate reader 
(SpectraMax iD3, Molecular Devices, Austria) (Tang et al., 2012).

2.6. Quantification of α-synuclein protein expression by western blotting

Treatment of HEK293T cells with α-MG was performed by a 2-hour 
incubation with α-MG followed by 24 h of 6-OHDA treatment. 
HEK293T cells were lysed in lysis buffer (50 mM Tris-HCl, pH 8, 150 mm 
NaCl, 0.5 % sodium deoxycholate, 0.1 % SDS (sodium dodecyl sulfate), 
1 % Nonidet P40, 2 µg/mL aprotinin, 10 µg/mL leupeptin, 1 mM AEBSF 
and 4 mM sodium orthovanadate then centrifuged at 16,000 g for 20 
min at 4 ◦C. Twenty µg of cell extract was separated on 15 % SDS-PAGE 
gels and transferred to 0.45 µm PVDF membranes. Immediately after the 
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transfer, the membrane was fixed with 4 % paraformaldehyde and 0.1 % 
glutaraldehyde for 30 mins, followed by western blotting. Western 
blotting was carried out using the Fast Western Blot Kit (Thermo Fisher 
Scientific) according to the manufacturer’s instructions. Briefly, mem-
branes were probed with 1:1000 alpha-synuclein (Syn211) mouse 
monoclonal primary antibody (Thermo Fisher Scientific)/alpha- 
synuclein (phosphorylated-alpha-synuclein (pSer129-α-syn) rabbit pri-
mary antibody (Abcam) for 30 min. GAPDH was used as a loading 
control for protein normalization. The blot was incubated with diluted 
Optimised HRP Reagent (Thermo Fisher Scientific) and visualised by 
chemiluminescence after incubation with SuperSignal West Dura Sub-
strate® (Thermo Fisher Scientific). Images were captured and analyzed 
with the Amersham Imager 680 system (GE Healthcare Bio-Sciences 
Corp, Piscataway, US). The band intensity was quantified by the 
Amersham Imager 680 system.

2.7. Cell viability assay

Cell viability was measured using the MTT (3-(4,5-dimethylthiazol- 
2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium assay. MTT assay 
was carried out by removing the supernatant to a medium containing 
0.5 mg/mL MTT for three hours at 37 ◦C. The supernatant was removed 
and replaced with 100 µL DMSO. The plate contents are mixed on a 
rotary shaker at room temperature for 10 min. Subsequently, absor-
bance was read at 570 nm with an Infinite 200 Pro microplate reader 
(Tecan, Switzerland).

2.8. Treatment with drug/compounds

NS-1 cells were seeded at a density of 4 x 103 cells / well into 
collagen IV-coated 96-well clear plate. Cells were incubated for 24 h at 
37 ◦C under 5 % CO2, humidified incubator. Thirty µM caspase-3 in-
hibitor (Ac-DEVD-CHO) was used to treat the cells for 2 h before 6- 
OHDA treatment. Then, the medium was changed to a fresh medium 
alone or a medium containing 10 µM 6-OHDA media with or without the 
caspase-3 inhibitor for 24 h, followed by MTT assay to investigate the 
predominant cell death mechanism involving caspase.

For validation of the in vitro PD model, the same procedure was used 
with the compounds 1 nM α-MG, 1 nM β-MG, 10 nM brasixanthone B, 10 
nM ananixanthone, 100 nM thwaitesixanthone or 100 nM trapezifolix-
anthone instead of caspase inhibitor. The concentrations used were not 
cytotoxic and represent the lowest concentration that gave the maximal 
effect. The same method was used for treatment of HEK293T cells for 
collection of cell lysate except the concentration of 6-OHDA was 25 µM 
and cells were grown in 6-well dishes for cell lysate collection.

2.9. Statistical analysis

All data were analyzed using Prism 9 software (GraphPad, La Jolla, 
CA). Data sets were tested for statistical significance using, one-way 
ANOVA followed by post hoc Tukey’s test or Dunnett’s test for 
comparing three or more data groups. Differences were considered 
statistically significant when p < 0.05. Experiments were repeated three 
times, with each performed in triplicate. Data were reported as mean ±
SEM.

3. Result

3.1. 6-OHDA induces concentration-dependant cell death in NS-1 cells 
with IC50 of ~ 10 μM

NS-1 cells were subjected to various concentrations of 6-OHDA, 
including a control group treated with media alone. Cells were treated 
for 24 h then cell viability measured via MTT assay, as shown in Fig. 1. 
Cell viability of NS-1 cells reduced in a dose–response manner with a 
IC50 of 10.52 μM.

At 10 μM 6-OHDA, cell viability decreased significantly to 55.6 % ±
2.73 % (p < 0.05, compared to the control group) and this concentration 
was selected for establishing a PD cellular model using NS-1 cells.

NS-1 cells underwent a 24-hour treatment with either media alone or 
6-OHDA. Fig. 2 shows representative microscopic images depicting the 
cellular response to 6-OHDA at 5 µM, 10 µM, and 20 µM. Fig. 2A shows 
NS-1 cells without 6-OHDA treatment as baseline control. NS-1 cells 
treated with 5 µM 6-OHDA exhibited predominantly healthy morpho-
logical characteristics (see Fig. 2B). In Fig. 2C, NS-1 cells subjected to a 
10 µM 6-OHDA displayed a heterogeneous cellular population, featuring 
both normal and rounded or shrunk cells. At 20 µM (Fig. 2D) the ma-
jority of the cells were rounded and phase-bright (loss of cell-substratum 
adhesion).

3.2. 6-OHDA induces NS-1 cell death through activation of the caspase 
pathway

Apoptosis is the main mechanism of neuronal death in PD (Erekat, 
2018). We used Ac-DEVD-CHO, a caspase-3 inhibitor, to investigate the 
mechanism of 6-OHDA-induced NS-1 cell death. NS-1 cells were sub-
jected to a 24-hour incubation with 10 µM 6-OHDA, with or without 
treatment with 30 µM Ac-DEVD-CHO. Ac-DEVD-CHO was added to NS-1 
cells two hours before the 6-OHDA treatment, followed by a 24-hour 
exposure to 10 µM of 6-OHDA. After exposure to 10 µM 6-OHDA 
(Fig. 3), MTT assay showed a reduction in NS-1 cell viability of 54.8 
± 3.7 % (p < 0.01). Ac-DEVD-CHO inhibited cell death and significantly 
restored cell viability in 6-OHDA-treated NS-1 cells to 89.7 ± 3.3 % (p <
0.05), suggesting that the NS-1 cell death induced by 6-OHDA is pre-
dominantly via apoptosis.

3.3. NS-1 cell-based PD model mimics pathology of PD by reducing 
dopamine secretion following 6-OHDA treatment

The dopaminergic neurons of the nigro-striatal pathway synthesize 
and release the neurotransmitter DA. In NS-1 cells, DA is secreted into 
the cell supernatant as detected by an ELISA assay. PD motor symptoms 
arise from decrease in striatal DA (Sayyaed et al., 2023). A 48-hour 
treatment of NS-1 cells with 6-OHDA lowered dopamine secretion to 
62.1 ± 6.6 % of untreated cells (control) normalized to 100 % (Fig. 4). 
Аlpha-mangostin is a polyphenolic xanthone reported to reverse the PD 
phenotype in a rat model (Parkhe et al., 2020). In 6-OHDA-treated cells, 
addition of 1 nM α-MG almost fully restored the loss of dopamine 
secretion by restoring it to 91.0 ± 5.0 % (p < 0.01) of untreated NS-1 
cells.

Fig. 1. Determination of half maximal inhibitory concentration of 6-OHDA for 
NS-1 cells. The results are expressed as mean +/- SEM of 3 independent 
experiments.
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3.4. Treatment with 6-OHDA increases protein levels of pathologic alpha- 
synuclein (pSer129-α-syn) in HEK293T cells

In Lewy bodies, the pathologic α-syn is phosphorylated at serine 129 
(pSer129-α-syn) (Kim et al., 2019). Endogenous pSer129-α-syn has been 
reported to be detectable by western blotting in wild type human 
HEK293 cells (Sasaki et al., 2015). To investigate HEK293T cells as an 
α-synucleinopathy model, western blotting for pSer129-α-syn in wild 
type HEK293T cell lysates (using the same protocol as for NS-1 cells) 
revealed a ~ 16 kDa band corresponding to pSer129-α-syn. HEK293T 
cells had a higher resistance to 6-OHDA toxicity compared to NS-1 cells. 
To optimize the concentration of 6-OHDA, HEK293T cells were treated 
with 10 µM, 25 µM and 50 µM 6-OHDA. Twenty-five µM was selected for 
optimal expression of α-syn (data not shown). Treatment with 25 µM 6- 
OHDA in HEK293T cells resulted in a substantial augmentation of 
pSer129-α-syn expression as shown in Fig. 5B. We also investigated the 
expression of non-phosphorylated α-syn in HEK293T cells using the 
Syn211 α-syn antibody for human targets. Fig. 5A shows the endogenous 
wild type α-syn in HEK293T cells but unlike pathologic α-syn its 
expression level was essentially unchanged after 6-OHDA treatment.

Fig. 5C shows the quantification of pSer129-α-syn expression, 
normalized against GADPH. Treatment with 6-OHDA raised pSer129- 
α-syn expression ~ 1.7-fold in HEK293T cells (p < 0.05). Pretreatment 
with 1 µM α-MG for 2 h, followed by a 24-hour exposure to 6-OHDA, 
significantly attenuated pSer129-α-syn expression to baseline level (p 
< 0.01).

3.5. NS-1 cell-based PD model is an effective screen for potential 
antiparkinsonian drugs

We validated our experimental model for drug screening with six 
xanthones: α-MG, β-MG, ananixanthone, trapezifolixanthone, thwaite-
sixanthone, and brasixanthone B. Alpha-mangostin has been found 
effective in PD models while β-MG has not been reported for neuro-
protective activity (Le et al., 2023). We previously reported ananix-
anthone but not trapezifolixanthone to be active in a stroke model, but 
much less is known about thwaitesixanthone or brasixanthone B.

We screened the xanthones for activity to restore cell viability after 
6-OHDA treatment. As a control, the compounds tested did not have a 
direct proliferative effect on untreated NS-1 cells (Fig. 6A). To assess 
their ability to restore cell viability in 6-OHDA-treated NS-1 cells, we 
added the xanthones to the cells 2 h before adding 6-OHDA for a 24-h 
incubation. The xanthones were screened at four concentrations (1 
nM, 10 nM, 100 nM, and 1 µM, data not shown) and the lowest con-
centration giving maximal response is shown in Fig. 6B.

After 6-OHDA treatment, cell viability was reduced to 58.8 ± 2.2 %. 
Among the six xanthones tested, 1 nM α-MG restored cell viability to the 
highest level of 87.8 ± 8.7 % (p < 0.0001). Four xanthones- 100 nM 
thwaitesixanthone, 10 nM ananixanthone, 10 nM β-MG, and 1 nM bra-
sixanthone B increased cell viability significantly to 86.5 ± 4.2 % (p <
0.0001), 79.3 ± 3.9 % (p < 0.001), 78.7 ± 4.4 % (p < 0.01), and 78.2 ±
7.9 % (p < 0.01), respectively. Trapezifolixanthone (100 nM) restored 
cell viability to 72.1 ± 6.4 %.

Fig. 2. Cellular morphology of NS-1 cells after a range of concentrations of 6-OHDA treatment. (A) untreated NS-1 cell (control), 0 μM (B) 5 μM (C) 10 μM (D) 20 μM. 
Scale bar 100 μm.
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4. Discussion

Despite the number of antiparkinsonian drugs in use, none can 
modify the underlying neurodegenerative processes. Almost all current 
approved PD drugs act on a single molecular target (Cheong et al., 
2019). As PD is a multifactorial, multisystem disease, single-target drugs 

are more likely to only provide symptomatic relief. The identification of 
disease-modifying drugs is more probable with phenotypic screening for 
compounds that can reverse the disease phenotype rather than (single) 
target-based screening (Cetin et al., 2022). Cellular models are rapid, 
inexpensive and do not need ethical approval. They can accommodate 
high-content screening (via imaging) as well as accommodate genetic or 
pharmacological manipulations (Falkenburger et al., 2016). They also 
facilitate the study of disease mechanisms through simplifying complex 
networks and pathological processes into simpler molecular events. We 
report here the first cellular PD model based on NS-1 cells for bio-
pathologic studies and phenotypic screening of potential drugs.

As clinical trials for PD are frequently unsuccessful, it is critical to 
have cellular disease models that reflect PD pathobiology and the 
neuronal character of the diseased cells. PC12 cells express DA receptors 
(Zhang et al., 2019) together with the cellular machinery for the syn-
thesis and secretion of DA. They also express the DA transporter (DAT) 
for the uptake of 6-OHDA (Wiesinger et al., 2007). Morphologically, 
wild type NS-1 cells have a higher basal level of neurite outgrowth 
compared to parental PC12 cells (Chua & Lim, 2021). They also express 
higher levels of certain neuronal markers compared to PC12 cells 
(Pokharel et al., 2018). The main pathological hallmark of PD is the loss 
of dopaminergic neurons in the substantia nigra pars compacta (mainly 
by apoptosis) (Erekat, 2022) with depletion of DA levels in the striatum 
(Dauer & Przedborski, 2003). We showed in the NS-1 cellular PD model 
that 6-OHDA neurotoxin treatment reduced dopamine secretion by ~40 
% while ~90 % of the cells died by apoptosis. We validated this model 
for drug screening by the ability of the established PD neuroprotectant 
α-MG to reverse both the 6-OHDA-induced apoptosis and DA lowering in 
NS-1 cells.

Our NS-1 PD model based on 6-OHDA has one critical difference 
from published PC12 cell models. Mejia and colleagues reported the 
range of neurotoxic 6-OHDA concentrations used in PC12 viability as-
says were from 20 μM to 1000 μM (Mejía et al., 2013), which is relatively 
high. In contrast, we optimized 6-OHDA concentration in the NS-1 PD 
model to a significantly low 10 μM. High 6-OHDA concentrations may 
compromise the PD model in several ways. While neuronal loss in PD is 
mainly by apoptosis, 6-OHDA can produce neuronal death via other 
mechanisms including necrosis, autophagy and catastrophic cell rupture 
(Vareslija et al., 2020). A lower concentration of 6-OHDA more closely 
resembles PD pathology as it has been reported that 25 μM 6-OHDA in 
PC12 cells resulted in apoptosis, but 50 μM produced a mixture of 
apoptosis and necrosis (Ochu et al., 1998). In rat neuronal cultures, 6- 
OHDA concentrations higher than 10 μM acted like a non-selective 
toxin that destroyed both dopaminergic and non-dopaminergic cells, 
likely via extracellular processes such as 6-OHDA-induced auto- 
oxidation and induction of oxidative stress from the oxidative prod-
ucts generated (Hanrott et al., 2006). It was concluded that low 6-OHDA 
concentrations were selectively toxic for dopaminergic neurons and 
utilized the dopamine transporter for 6-OHDA uptake into neuronal 
terminals (Vareslija et al., 2020). Hence our NS-1 PD model based on 10 
M 6-OHDA avoids generating excessive non-selective toxicity to better 
mimic in vivo neurotoxin-induced PD with the objective that findings can 
have a greater likelihood of translation into in vivo settings, and ulti-
mately in humans. Furthermore, our optimized PD model produces 
40–50 % mortality in NS-1 cells with approximately equal numbers of 
healthy and rounded cells. As Ryou and Mallet had cautioned, a high 
mortality rate may preclude any rescue intervention under study (Ryou 
& Mallet, 2018). We also optimized cell seeding to obtain a cell con-
fluency of 40–60 % because high cellular confluency can render a pro-
tective, anti-cytotoxic effect (Ryou & Mallet, 2018) necessitating the use 
of higher 6-OHDA concentrations.

Lewy bodies are found in human postmortem PD brain but there is no 
approved treatment available. The 6-OHDA animal PD model does not 
produce Lewy bodies (Schober, 2004). In rat models, the 6-OHDA 
neurotoxin and α-syn PD models replicate different aspects of patho-
physiology resulting in different neuropathological characteristics 

Fig. 3. Cell viability of NS-1 cells and 6-OHDA-treated NS-1 cells with or 
without Ac-DEVD-CHO treatment. Cell viability is normalized to untreated NS-1 
cells (control). All data are expressed as mean ± SEM of 3 experiments deter-
mined in triplicate. *p < 0.05, **p < 0.01.

Fig. 4. DA secretion of NS-1 cells and 6-OHDA-treated NS-1 cells with or 
without α-MG treatment. DA level is normalized to untreated NS-1 cells (con-
trol). All data are expressed as mean ± SEM of 3 to 5 experiments determined in 
triplicate. **p < 0.01, ****p < 0.0001.
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(Decressac et al., 2012). Hence there is a need for cellular α-syn models 
both for pathobiologic studies and identification of compounds to 
abrogate its toxicity. Sasaki and colleagues detected both α-syn and 
pSer129-α-syn in untransfected, untreated HEK293 cells (Sasaki et al., 
2015). Thus far there is no published study on α-syn expression 
following 6-OHDA treatment in HEK293-derived cells. We found 6- 
OHDA increased expression of endogenous pathologic pSer129-α-syn 
but not non-pathological unphosphorylated α-syn and provide the first 
report that 6-OHDA induces pathologic α-syn expression in HEK293T 
cells. We validated this model for drug screening by demonstrating that 
the known PD neuroprotectant, α-MG, attenuated the expression of the 
6-OHDA-induced pathologic pSer129-α-syn to baseline level. Thus we 
established an α-synucleinopathy model based on wild type HEK293- 
derived cells.

For better clinical translation, this HEK293T α-synucleinopathy 
model tracks endogenously-expressed α-syn rather than exogenously- 
sourced and externally added (or transfected) α-syn or its preformed 
fibrils. The use of HEK293T cells is advantageous as it supports high 
transfection efficiency (Lin et al., 2014) should any exogenous protein 
overexpression be needed to investigate signaling mechanisms. 
Although HEK293 is not a neuronal cell line, it has neuronal proteins 
and attributes showing it likely originated from a cell type with neuronal 
lineage (Shaw et al., 2002). Despite its origin from human kidney, it is 
relevant as an α-synucleinopathy model because α-syn is highly 
expressed in non-neuronal tissues including blood, kidney and adipose 
tissues (Hallacli et al., 2022) while its overall precise role in PD patho-
genesis is still not well understood. As an example, it has been proposed 
that Lewy type α-synucleinopathy in organs outside of the brain may 
play a role in non-motor PD symptoms (Adler & Beach, 2016). Since 

α-syn aggregates can spread throughout the central nervous system, 
α-syn is considered a therapeutic target for stopping PD progression. 
Hence we present a HEK293T cell-based α-synucleinopathy model for 
investigating pathologic α-syn accumulation and drugs that reverse it.

Xanthones have bioactivity in numerous disease models and is 
increasingly used in drug development (Ruan et al., 2017). We had 
previously shown ananixanthone to be active in a stroke model, with 
lesser activity by trapezifolixanthone (Lizazman et al., 2022). We used 
α-MG as a positive control because it was found effective in a 
neuroblastoma-cell (Hao et al., 2017), rat (Parkhe et al., 2020) and 
mouse (Parekh et al., 2022) PD models. In contrast, aside from inhibition 
of acetylcholinesterase (Le et al., 2023), β-MG has not been studied in 
other neurological disease models. Much less has been reported for 
thwaitesixanthone and brasixanthone B. Our data corroborates α-MG’s 
reported antiparkinsonian activity and its abrogation of pathologic 
α-syn expression in PD models. Beta-mangostin and trapezifolixanthone 
were comparatively less active in our NS-1 PD model. We screened 6 
xanthones with our model and report a novel activity of thwaitesix-
anthone that is comparable to α-MG.

5. Conclusion

Disease-modifying drugs are being sought for PD but clinical trials 
frequently fail. This can be due to findings from in vitro models being 
unable to be translated into in vivo settings. This study presents the dual 
development of the NS-1 cellular PD and HEK293T α-synucleinopathy 
models to address this problem. Compared to parental PC12 cells, NS-1 
cells grow more rapidly and possess greater neuronal attributes. We used 
a uniquely low 6-OHDA neurotoxin concentration to more closely mimic 

Fig. 5. Western blot analysis of α-syn and pSer129-α-syn protein expression in HEK293T cells. (A) α-syn expression in HEK293T cells shows no difference between 
untreated cells (lane 1) and those treated with 6-OHDA (lane 2). (B) pSer129-α-syn expression in HEK293T cells is increased after treatment with 6-OHDA (lane 2) 
compared to untreated HEK293T cells (lane 1). Expression of pSer129-α-syn in 6-OHDA-treated HEK293T cells is reduced after treatment with α-MG (lane 3) 
compared to 6-OHDA-treated only (lane 2). Data shown is from 1 experiment representative of at least 3 experiments. (C) Densitometric analysis of pSer129-α-syn 
band relative to GADPH in HEK293T cells. Data is expressed as mean ± SEM of 3 experiments. *p < 0.05, **p < 0.01.
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neurotoxcity in animals. As proof of concept for a PD drug screening 
model, we studied a series of xanthones and provide the first report that 
thwaitesixanthone is neuroprotective in a cellular PD model. We also 
provide the first demonstration that 6-OHDA induces pathologic α-syn 
expression in HEK293T cells and thus establish a cellular α-synuclein-
opathy model. We validated this model using α-MG, a known neuro-
protectant, to attenuate the pathologic α-syn expression. We present 
these dual models for advancing biopathological understanding of PD 
and accelerating successful PD drug discovery.
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