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ABSTRACT

Parkinson’s disease (PD) results primarily from the loss of midbrain dopaminergic neurons. Mitochondrial
dysfunction may contribute to PD pathogenesis and depletion of vacuolar protein sorting 13 homolog C
(VPS13C) leads to mitochondrial dysfunction. Traditional Chinese medicine (TCM) extracts Uncaria
rhynchophylla, Gardenia jasminoides, and Scutellaria baicalensis were reported to have anti-PD effects. This
study aimed to examine these three extracts for enhancing VPS13C expression and mechanisms of
neuroprotection. Using FCCP-mediated oxidative phosphorylation uncoupling or RNA interference-directed
VPS13C knockdown, reduced cell viability and mitochondrial membrane potential (MMP) accompanied with
increased mitochondrial superoxide in human neuroblastoma SH-SY5Y cells were established. Treatment of
cells with these extracts increased cell viability, MMP, and reduced the mitochondrial superoxide. In
differentiated SH-SY5Y cells with VPS13C knockdown, these extracts reduced lactate dehydrogenase release,
caspase-3 activity, reactive oxygen species production, and promoted neurite outgrowth. The extracts
increased VPS13C, superoxide dismutase (SOD) 1 and 2, nuclear respiratory factor 2 (NRF2), PPARG coactivator
1 alpha (PGC-1a), and B-cell lymphoma 2 (BCL2) expression in these cells, accompanied by increases in MMP,
mitochondrial mass, and reduction in mitochondrial superoxide. In conclusion, treatments with these three
TCM compounds reduced mitochondrial dysfunction and oxidative stress in VPS13C-knockdown cells, making
them potential drug candidates for PD.

INTRODUCTION symptom triad of resting tremors, rigidity, and

bradykinesia, which primarily result from dopaminergic
Parkinson’s disease (PD) is a common, genetically neuronal dysfunction and loss in the substantia nigra
complex neurodegenerative disorder that typically (SN) and its surrounding regions. PD is pathologically
affects middle-aged and older adults. PD risk defined by the presence of intracellular neuronal
is influenced by a combination of aging, genetic, inclusions (i.e., Lewy bodies) in the SN and other brain
and environmental factors. PD is characterized by a regions [1].
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Various genetic factors contribute to the familial forms
of PD [2]. Studies on the pathophysiological roles of
relevant genes in patients with PD have uncovered the
molecular mechanisms involved in PD pathogenesis.
These mechanisms include defects in misfolded protein
clearance, excessive oxidative stress, mitochondrial
dysfunction, impaired proteasomal degradation and
autophagy or mitophagy, and deficits in synaptic vesicle
trafficking [3]. Vacuolar protein sorting 13 homolog C
(VPS13C; also known as PARK?23) belongs to a family
of large vacuolar protein sorting 13 proteins crucial for
vesicular transport [4]. Biallelic mutations in VPSI3C
are associated with autosomal recessive early-onset
parkinsonism and VPS13C deficiency is linked to a loss
of the protein [5]. Silencing of VPSI3C triggers
mitochondrial membrane potential (MMP) loss and
enhances mitophagy in response to carbonyl cyanide 3-
chlorophenyl hydrazone (CCCP)-induced mitochondrial
dysfunction [5]. Thus, we selected VPS13C as
a therapeutic target in our studies. In mammalian
cells, VPS13C localizes to endomembrane system
components, such as early endosomes, the Golgi
apparatus, the endoplasmic reticulum (ER), and the
mitochondrial outer membrane [5]. In addition,
VPS13C localizes at contacts between the ER and
endosomes or lysosomes, acting as a bridge for lipid
transport [6, 7]. Moreover, VPS13C depletion leads to
an accumulation of lysosomes with an altered lipid
profile [8]. Thus far, 18 VPS13C-related PD cases have
been reported; in most of these cases, the clinical
response to dopaminergic therapy has appeared to be
favorable [9].

Increased oxidative stress significantly mediates PD
pathogenesis [10]. Reactive oxygen species (ROS),
including the superoxide anion (O:°7), the hydroxyl
radical (*OH), and hydrogen peroxide (H20;), are
produced from oxygen as byproducts of cellular
respiration. ROS are typically maintained at low levels
in vivo, and a prooxidant—antioxidant imbalance leads to
oxidative stress, resulting in neuronal damage and
degeneration [11]. In response to oxidative stress,
enzymatic antioxidants such as superoxide dismutase
(SOD), catalase (CAT), glutathione peroxidase (GPx),
and thioredoxin (TRX) aid in maintaining the redox
balance by modulating ROS levels [12]. In addition,
nuclear respiratory factor 2 (NRF2), a transcription
factor, becomes activated to upregulate the expression
of PPARG coactivator 1 alpha (PGC-1a) [13]. PGC-1a
is a key metabolic regulator that maintains mito-
chondrial function and neuronal survival [14]. In
general, mitochondria represent a main source of
intracellular ROS, and excess ROS can result in
mitochondrial dysfunction. Tetramethylpyrazine-induced
activation of the NRF2/PGC-1a pathway can reduce
oxidative stress and enable the maintenance of

mitochondrial function  in 1-methyl-4-phenyl
pyridinium (MPP*)-induced midbrain neurons and 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine ~ (MPTP)-
induced mice [15]. Therefore, agents targeting NRF2,
PGC-1a, or both may have additive benefits in
mitigating mitochondrial dysfunction and oxidative
stress in PD.

Mitochondria provide cellular energy in the form of
ATP through oxidative phosphorylation. Uncoupling of
oxidative phosphorylation results in the dissipation of
the proton gradient, thereby precluding ATP synthesis.
Mitochondrial uncoupling is a key controller of
biological processes in physiology and diseases [16].
Increased uncoupling protein 2 expression was detected
in affected individuals with the G2019S mutation in the
leucine-rich repeat kinase 2 (LRRK2) gene [17], the
most commonly known genetic cause of late-onset PD
involving mitochondrial dysfunction [18]. Carbonyl
cyanide 4-(trifluoromethoxy)phenylhydrazone (FCCP),
a chemical uncoupler of mitochondrial oxidative
phosphorylation [19], is widely validated for studying
the effects of acute mitochondrial uncoupling on
cellular metabolism and physiology. FCCP has been
used to mimic mitochondrial depolarization stress in
mouse embryonic fibroblasts with the LRRK2 R1441G

mutation [20]. As mitochondrial dysfunction is
biologically relevant to PD, and mitochondrial
uncoupler prodrug MP201 protects dopaminergic

neurons and improves functional outcome in a mouse
model of PD [21], we established screenable pheno-
types of FCCP-induced mitochondrial morphology and
function in human neuroblastoma SH-SYS5Y cells to
examine the protective effects of the following three
traditional Chinese medicine (TCM) extracts in this
study.

Uncaria rhynchophylla (UR; also known as Gou-teng in
Chinese) is a commonly used TCM extract to treat
various neurological and cerebrovascular diseases [22].
In PD, UR extract exhibits neuroprotective activity
against 6-hydroxydopamine (6-OHDA )-induced toxicity
through its anti-oxidative and anti-apoptotic properties
in PC12 cells in vitro and rat PD models in vivo [23]. In
addition, UR extract can reduce apoptosis and increase
MMP against MPP*/MPTP-induced neurotoxicity in
SH-SY5Y «cells and PD mouse models [24].
Pharmacokinetic studies have reported the anti-PD
activities of the main constituents of UR, including
rhynchophylline and isorhynchophylline [25-28].

Gardenia jasminoides (GJ), another herb used in TCM,
has various biological properties that positively
influence human health. GJ has antioxidant, hypo-
glycemic, anti-inflammatory, antidepressant, and sleep
quality—improving effects [29]. Several bioactive
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constituents of GJ, including genipin (aglycone of
geniposide) and crocetin (aglycone of crocin), have
been isolated and characterized. Geniposide was noted
to enhance growth factor signal transduction and reduce
apoptosis in an MPTP-induced PD mouse model [30].
Crocin was observed to alleviate nitrosative damage in
the striatum of a 6-OHDA-induced PD rat model [31].
Moreover, crocetin was reported to protect dopa-
minergic neurons in MPTP-induced PD mice and
improve mitochondrial function in MPP*-inflamed BV-
2 microglial cells [32]. Finally, GJ extract exerts anti-
PD effects via anti-inflammatory and anti-apoptotic
mechanisms [33].

Scutellaria baicalensis (SB), commonly referred to as
Chinese skullcap, is an herb widely used in TCM to treat
respiratory infections, pneumonia, colitis, hepatitis, and
allergic diseases [34]. Total flavonoids from SB extract
were noted to improve behavior and dopaminergic
neuron number in MPTP-induced PD mice [35]. The
main bioactive components of SB are flavonoids,
including baicalein, wogonin, oroxylin A, baicalin, and
wogonoside [34]. Baicalein has been observed to exert
neuroprotective effects in different experimental models
of PD [36]. Moreover, preclinical PD research has
reported a wide range of biological activities of baicalein,
including neurotransmitter regulation, enzyme activity
modulation, antioxidant and anti-inflammatory activity,
protein aggregation inhibition, mitochondrial function
improvement, apoptosis inhibition, and MPP*-induced
autophagy prevention [37].

In general, loss of VPS13C function leads to rare
recessive forms of PD. Extracts from UR, GJ, and SB
may have anti-PD effects. This study investigated the
therapeutic effects of these three TCM extracts on
VPS13C-knockdown SH-SY5Y cells with
dopaminergic differentiation induced by the phorbol
ester 12-O-tetradecanoylphorbol-13-acetate (TPA) [38],
with a focus on modulation of oxidative stress
and mitochondrial dysfunction. We also used FCCP
to induce mitochondrial depolarization, a central
mechanism underlying PD pathogenesis, to complement
our genetic model and explore the protective effects of
the herbal extracts on mitochondrial dysfunction.

RESULTS
TCM extracts

We investigated the effects of TCM extracts UR, GJ, and
SB in VPS13C-associated early-onset PD because they
have been reported to be beneficial in other PD models.
We performed chemical composition analysis on
triplicate samples by using liquid chromatography—mass
spectrometry (LC-MS) and high-performance liquid

chromatography (HPLC). LC-MS analysis (mass-to-
charge ratio, m/z) revealed the presence of
rhynchophylline (m/z 386.20; 4.32 + 0.012 mg/mL) and
isorhynchophylline (7m/z 386.20; 0.63 + 0.006 mg/mL) in
UR extract (200 mg/mL; Figure 1A). HPLC analysis
(230 and 450 nm) revealed peaks corresponding to
geniposide (20.62 + 0.045 mg/mL) and crocin (0.36 +
0.006 mg/mL) in GJ extract (1 g/mL; Figure 1B). When
the ultraviolet detection wavelength was set at 280 nm,
HPLC analysis revealed that SB extract (1 g/mL)
included baicalin, wogonoside, baicalein, wogonin, and
oroxylin A at concentrations of 97.19 + 0.462, 15.90 +
0.178, 6.60 £ 0.296, 1.78 + 0.046, and 0.60 + 0.023
mg/mL, respectively (Figure 1C). We also assessed the
cytotoxicity of UR, GJ, and SB extracts (1-1000
pg/mL) in SH-SYSY cells after 24 h of treatment by
performing  3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide (MTT) assays. Regardless of
concentration, cell viability remained at >90% after
treatment with all three herbal extracts (Figure 1D),
indicating low cytotoxicity. The studies of chemical
composition and cytotoxicity of TCM extracts are crucial
for understanding their therapeutic effects and safety.

Uncoupling of oxidative phosphorylation

To induce uncoupling of oxidative phosphorylation,
we treated SH-SYSY cells with FCCP at varied
concentrations (20-100 uM), a classical uncoupler of
mitochondrial oxidative phosphorylation [19], for 20 h
(Figure 2A). The results demonstrated that compared
with no FCCP treatment, 40-100 pM FCCP treatment
significantly reduced SH-SYS5Y cell viability (from
100% to 70%—81%, p < 0.001 to p = 0.001; Figure 2B).
We then used the fluorescent dye 5,5°,6,6’-tetrachloro-
1,1°,3,3’-tetracthyl-benzimidazolylcarbocyanine iodide
(JC-1) to measure the cellss MMP. The results
demonstrated that 20-100 pM FCCP significantly
increased the percentage of low-MMP cells (from 22%
to 27%—61%, p < 0.001 to p = 0.013), accompanied by
a decrease in red-to-green fluorescent intensity ratio
(from 12.5 to 4.8-9.9, p < 0.001; Figure 2C).
Furthermore, treatment with 40-100 pM FCCP
significantly increased mitochondrial O,*~ production
(from 100% to 267%—503%, p < 0.001 to p = 0.006;
Figure 2D). As such, we selected 40 uM FCCP, the
lowest concentration significantly affecting cell
viability, MMP, and mitochondrial O,*", to evaluate the
protective potential of UR, GJ, and SB extracts against
mitochondrial uncoupling.

Effects of TCM extracts in SH-SYSY cells with
mitochondrial uncoupling

SH-SYS5Y cells were pretreated with the herbal extracts
(10-100 pg/mL) for 4 h, followed by treatment with
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Figure 1. Chemical profiles and cytotoxicity of UR, GJ, and SB extracts. (A—C) LC-MS and HPLC spectra with peaks of rhynchophylline
and isorhynchophylline in UR extract (A); peaks of geniposide at 230 nm and crocin at 450 nm in GJ extract (B); and peaks of baicalin,
wogonoside, baicalein, wogonin, and oroxylin A at 280 nm in SB extract (C). Relative amounts of these molecules in 1 g/mL herbal extracts
are presented on the right or left side of the spectra (n = 3). (D) Results of MTT assay for SH-SY5Y cell viability after treatment with herbal
extracts (1 ug/mL to 1 mg/mL) for 24 h (n = 3). The viability of untreated cells (None) was set to 100%.
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Figure 2. FCCP-uncoupling of mitochondrial oxidative phosphorylation in SH-SY5Y cells. (A) Experimental flow chart. SH-SY5Y cells
were plated on day 1, treated with FCCP (20-100 uM) on day 2, and analyzed for cell viability (MTT assay), MMP (JC-1 stain), and
mitochondrial superoxide (MitoSOX stain) on day 3. (B) MTT cell viability assay (n = 3). The viability of untreated cells was set as 100%. (C)
Flow cytometry analysis of percentage of cells with low MMP (AWm) and red-to-green fluorescent intensity ratio (n = 3). (D) High content
analysis of mitochondrial superoxide (0,°7) (n = 3). Shown on the left were representative images of analyzed mitochondrial O,*~ using
MitoSox staining (red). Cell nuclei counterstained with DAPI (blue). Mitochondrial O,°- production in FCCP-untreated cells was set as 100%. p-
values: FCCP-treated vs. untreated cells (*: p < 0.05, **: p <0.01, ***: p <0.001).
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40 uM FCCP for 20 h (Figure 3A). As shown in Figure
3B, UR, GJ, and SB extracts at 50-100 pg/mL
significantly increased the viability of the FCCP-treated
SH-SYSY cells (from 76% to 96%—102%, p < 0.001 to
p 0.005). They also significantly reduced the
percentage of low-MMP cells (from 40% to 31%—34%,
p < 0.001 to p = 0.005), accompanied by increases in
the red-to-green fluorescent intensity ratio (from 8.9 to
11.2-10.6, p = 0.001-0.023; Figure 3C), in the FCCP-
treated SH-SYSY cells. Moreover, all three extracts
(50-100 pg/mL) significantly reduced mitochondrial
0>~ production in the FCCP-treated SH-SY5Y cells
(from 200% to 85%—148%, p < 0.001; Figure 3D). We
also measured the effects of the herbal extracts on the
mitochondrial mass and mitochondrial DNA (mtDNA)
content of these cells by using nonyl acridine orange
(NAO) staining and multiplex real-time quantitative
polymerase chain reaction (QPCR), respectively. At 100
ug/mL, all three herbal extracts significantly increased
mitochondrial mass (from 83% to 101%—-112%, p =
0.031-0.001) and qPCR-based mtDNA content (from
67% to 87%-93%, p = 0.046-0.008) in FCCP-treated
SH-SYS5Y cells (Figure 3E, 3F). The studies of cell
viability, MMP, mitochondrial superoxide, mito-
chondrial mass, and mtDNA content indicated
the protective potential of 100 pg/mL UR, GJ, and
SB extracts in SH-SYS5Y cells with FCCP-induced
uncoupling of oxidative phosphorylation.

RNA interference-directed VPS13C knockdown

VPSI3C silencing in COS-7 and HEK293T cells
reduces MMP and exacerbates PTEN induced kinase 1
(PINK1)/parkin RBR E3 ubiquitin protein ligase
(PRKN)-dependent mitophagy [5]. The effects of
VPS13C knockdown in SH-SYS5Y cells have not yet
been investigated. Thus, to examine the protective
potential of the tested UR, GJ, and SB extracts, we
established an SH-SY5Y cell-based in vitro neuronal
PD cell model [39] via VPS13C knockdown. In brief,
we infected SH-SYS5Y cells with lentiviral short hairpin
RNA (shRNA) targeting the 3’ end (#151608) or the 5’
end (#151798) of VPS13C mRNA or that targeting both
(#151608+#151798) for 2 days (Figure 4A). Infection
with the combination of 3’ and 5" end—targeting shRNA
effectively reduced VPSI3C mRNA expression
compared with the scrambled control (from 100% to
29%, p < 0.001; Figure 4B), accompanied by a decrease
in viability (from 100% to 87%, p < 0.001), in SH-
SYSY cells (Figure 4C). It also increased the percentage
of low-MMP cells (from 35% to 41%, p = 0.002),
reduced the red-to-green fluorescent intensity ratio
(from 5.1 to 4.2, p = 0.006; Figure 4D), and promoted
mitochondrial O,*~ production (from 100% to 297%, p
< 0.001; Figure 4E). As a result, we used shRNA
targeting both 3’ and 5’ ends of VPSI3C mRNA to

evaluate the protective potential of UR, GJ, and SB
extracts in VPSI3C-knockdown SH-SYSY cells.

Neuroprotective effects of TCM extracts in VPS13C-
knockdown SH-SYS5Y cells

TPA-treated SH-SYS5Y cells are characterized as
dopaminergic-like cells. To induce dopaminergic
differentiation, we treated SH-SY5Y cells with 120 nM
TPA starting on day 2 and continued the treatment for 7
days. The culture medium was replaced with fresh
TPA-containing medium every 2-3 days. On day 6,
the cells were incubated with lentiviral shRNA
(#151608+#151798 or scrambled) overnight to knock
down VPSI3C. To examine the protective effects of the
herbal extracts in TPA-differentiated VPSI3C-knock-
down SH-SYSY cells, we added fresh media containing
the herbal extracts (100 pg/mL) to the cells on day 7 and
analyzed their effects on day 8 (Figure 5A). The
concentration of 100 ug/mL for the herbal extracts in the
VPS13C-knockdown experiments was selected based on
their protective effects in SH-SYS5Y cells subjected to
FCCP-induced uncoupling of oxidative phosphorylation
(Figure 3). No significant changes in VPS/3C mRNA
expression in scrambled shRNA-infected cells were
observed after addition of the herbal extracts (88%—99%,
p > 0.05). VPSI3C knockdown significantly reduced
VPS13C mRNA expression (43%, p < 0.001). UR, GJ,
or SB extract treatment significantly increased VPS13C
mRNA expression (70%—85%, p < 0.001 to p = 0.002;
Figure 5B).

Cytotoxicity in VPS13C-knockdown cells was eva-
luated in terms of lactate dehydrogenase (LDH)
release and caspase-3 activity. VPSI3C knockdown
significantly increased LDH release (from 12% to
24%, p < 0.001) and caspase-3 activity (from 100% to
128%, p < 0.001). UR, GJ, or SB extract treatment
significantly reduced LDH release (from 24% to 17%—
14%, p = 0.033-0.003) and caspase-3 activity (from
128% to 78%—98%, p < 0.001; Figure 5C). Moreover,
the treated cells exhibited decreased cellular ROS
production (from 159% to 111%-113%, p = 0.007-
0.009), indicating the protective role of UR, GJ, and
SB extracts in VPSI3C-knockdown SH-SYSY cells
(Figure 5D).

We next assessed neurite outgrowth of VPSI3C-
knockdown SH-SYSY cells (Figure 5E) and observed
that VPSI13C knockdown significantly reduced neurite
length (from 23.3 um to 18.4 um, p < 0.001), neurite
process number (from 2.38 to 1.84, p < 0.001), and
neurite branch number (from 0.60 to 0.41, p = 0.013).
Treatment with the three herbal extracts significantly
increased neurite length (from 18.4 pm to 21.2-21.8
pm, p = 0.012-0.031), neurite process number (from
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Figure 3. Effects of herbal extracts on SH-SY5Y cells with FCCP-induced uncoupling of mitochondrial oxidative
phosphorylation. (A) Experimental flow chart. At day 2, SH-SY5Y cells were pretreated with TCM extracts (10-100 pg/mL) for 4 h, and then
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treated with FCCP (40 uM) for 20 h. The cells were analyzed for cell viability (MTT assay), MMP (JC-1 stain), mitochondrial superoxide (0,*;
MitoSOX stain), and mitochondrial mass (NAO stain and gPCR of mitochondrial DNA) on day 3. (B) MTT cell viability assay (n = 3). The viability
of untreated cells was set to 100%. (C) Flow cytometry for percentage of cells with low MMP (AWm) and ratio of red-to-green fluorescent
intensity (n = 3). (D) High content analysis of mitochondrial O,*~ (n = 3). Representative images of mitochondrial 0, analysis based on
MitoSox staining (red), with cell nuclei counterstained with DAPI (blue), are shown on top. For normalization, mitochondrial O,*~ content in
untreated cells was set to 100%. (E) High content analysis of mitochondrial mass (n = 3). Representative images of mitochondrial mass based
on NAO staining (green), with cell nuclei counterstained with Hoechst 33342 (blue), are shown on top. For normalization, mitochondrial mass
in untreated cells was set to 100%. (F) gPCR for mtDNA (n = 3). Relative mtDNA content in untreated cells was set to 100%. Data, presented
as means + SDs, were analyzed using one-way ANOVA, followed by Tukey’s post hoc test; #p < 0.05, #p < 0.01, and ###p < 0.001, compared
with cells not treated with FCCP, or *p < 0.05, **p < 0.01, and ***p < 0.001, compared with cells not treated with any herbal extract.
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Figure 4. RNA interference-directed VPS13C knockdown in SH-SY5Y cells. (A) Experimental flow chart. Cells were infected with
lentivirus-expressing VPS13C-specific (#151608, #151798, or #151608+#151798) or scrambled shRNA for 2 days. On day 4, cells were
collected for VPS13C mRNA (reverse transcription qPCR), cell viability (MTT assay), MMP (JC-1 staining), and mitochondrial O,*~ (MitoSOX
staining) analyses. (B) Reverse transcription gPCR analysis of VPS13C mRNA (n = 3). Relative VPS13C mRNA content in scrambled shRNA-
infected cells was set to 100%. (C) MTT assay (n = 3). The viability of scrambled shRNA-infected cells was set to 100%. (D) Flow cytometry for
percentage of cells with low AWm and red-to-green fluorescent intensity ratio (n = 3). (E) High content analysis of mitochondrial O,*~ (n = 3).
Representative images of mitochondrial O,*~ analysis based on MitoSox staining (red), with cell nuclei counterstained with DAPI (blue), are
shown on top. For normalization, mitochondrial O, content in scrambled shRNA-infected cells was set to 100%. Data, presented as means +
SDs, were analyzed using one-way ANOVA, followed by Tukey’s post hoc test; #p < 0.05, #p < 0.01, and ##p < 0.001, compared with
scrambled shRNA-treated cells.
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1.84 t0 2.19-2.24, p = 0.007-0.017), and neurite branch (BCL2; an anti-apoptotic protein) and BCL2-associated

number (from 0.41 to 0.56-0.58, p = 0.023-0.039). X (BAX; a pro-apoptotic protein) [43] in VPSI3C-
Thus, at 100 pg/mL, UR, GJ, and SB extracts reduced knockdown SH-SYSY cells. As shown in Figure 6A,
lactate dehydrogenase release, caspase-3 activity, VPS13C-specific shRNA significantly reduced the
cellular ROS production, while promoting neurite expression of VPS13C (43%, p <0.001), SOD1 (65%, p
outgrowth in differentiated SH-SYS5Y cells with = 0.048), SOD2 (67%, p < 0.001), NRF2 (66%, p =
VPS13C knockdown. 0.002), PGC-1a (67%, p = 0.003), and BCL2 (44%, p <
0.001) but increased that of BAX (145%, p < 0.001).
Improvements in mitochondrial function of VPS13C- The three herbal extracts significantly reversed the
knockdown SH-SY5Y cells changes in the expression of VPS13C (from 43% to
89%-94%, p < 0.001), SOD1 (from 65% to 100%—
We subsequently measured expression of VPS13C, 105%, p = 0.023-0.047), SOD2 (from 67% to 96%—
SOD (cytoplasmic SODI1 and mitochondrial SOD2 101%, p < 0.001), NRF2 (from 66% to 92%-98%, p =
converting superoxide radicals to oxygen and H>O») 0.003-0.014), PGC-1a (from 67% to 100%—109%, p <
[40], NRF2 (a key transcription factor in antioxidant 0.001 to p = 0.003), BCL2 (from 44% to 97%—107%, p
defense systems) [41], PGC-1a (a master regulator of < 0.001), and BAX (from 145% to 61%—112%, p <
mitochondrial biogenesis) [42], and B-cell lymphoma 2 0.001 to p = 0.003).
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Figure 5. Effects of herbal extracts on TPA-differentiated dopaminergic SH-SY5Y cells with VPS13C knockdown. (A)
Experimental flow chart. On day 2, cells were treated with TPA (120 nM) to induce dopaminergic differentiation for 7 days. Cells were then
infected with VPS13C-specific shRNA (#151608+#151798) or scrambled shRNA on day 6, followed by a 24-h herbal extract treatment
(100 pg/mL) on day 7. (B) VPS13C mRNA expression (qQRT-PCR), (C) LDH release and caspase-3 activity, (D) cellular ROS (DCF staining; green),
and (E) neurite length, process, and branch (TUBB3 staining; yellow) were measured on day 8 (n = 3). For normalization, relative VPS13C
MRNA, caspase-3 activity, and cellular ROS levels in scrambled shRNA-infected cells were set to 100%. In (E), a multi-colored mask
representing a single neuronal cell was applied to the segmented fluorescence images to identify every neuron within the image. This enables
the visualization of neuronal identities, providing a quantification of the neurite outgrowth from the cell body. The red and white arrows in
the image of scrambled shRNA-treated cells indicate processes and branches, respectively. The total length, process number, and branch
number of neurites were calculated. Nuclei were counterstained with DAPI (blue). Data, presented as means + SDs, were analyzed using one-
way ANOVA, followed by Tukey’s post hoc test; ##p < 0.001, compared with scrambled shRNA-treated cells, or *p < 0.05, **p < 0.01, and
***p <0.001, compared with cells not treated with any herbal extract.
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We then assessed the effects of UR, GJ, and SB extracts
on MMP, mitochondrial O,°*~, mitochondrial mass, and
mtDNA in VPSI3C-knockdown SH-SYSY cells. The
percentage of cells with low MMP was significantly
lower in the cells treated with the herbal extracts (48%
vs. 38%—41%, p = 0.004-0.025), and the red-to-green
fluorescent intensity ratio was higher in the cells treated
with the herbal extracts (3.0 vs. 5.0, p = 0.004; Figure
6B). Moreover, the herbal extracts significantly reduced
mitochondrial O,°*~ production in the cells (from 249%
to 109%—-117%, p < 0.001; Figure 6C) and significantly
increased NAO-assessed mitochondrial mass (from
86% to 101%—105%, p = 0.007-0.027) and mtDNA
content (from 78% to 95%, p = 0.024-0.028; Figure 6D,
6E). Thus, UR, GJ, and SB extracts at 100 pg/mL
upregulated the expression of VPS13C, SOD1, SOD2,
NRF2, PGC-1a, and BCL2. Furthermore, these extracts
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enhanced mitochondrial function, as evidenced by
increased MMP and mitochondrial mass alongside
reduced mitochondrial superoxide production in
differentiated = SH-SYS5Y  cells with  VPSI3C
knockdown.

DISCUSSION

PD has a complex pathogenesis, with mitochondrial
dysfunction playing a pivotal role in the development of
its sporadic and familial forms [44]. Depletion of
VPS13C leads to mitochondrial dysfunction [5]. In
VPS13C-knockdown SH-SYSY cells with TPA-induced
dopaminergic differentiation, UR, GJ, and SB extracts
increased VPSI3C expression and neurite growth, and
reduced LDH release, caspase-3 activity, and cellular
ROS production (Figure 5). Furthermore, UR, GJ, and
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Figure 6. Protective effects of herbal extracts on TPA-differentiated dopaminergic SH-SY5Y cells with VPS13C
knockdown. In brief, SH-SY5Y cells were differentiated using TPA, infected with lentiviral shRNA, and treated with the herbal extracts.
(A) Cell protein (VPS13C, SOD1, SOD2, NRF2, PGC-1a, BCL2, and BAX) expression, (B) MMP, (C) mitochondrial O,°~ content (MitoSOX
staining; red), (D) mitochondrial mass (NAO staining; green), and (E) mtDNA content (qPCR) were measured on day 8 (n = 3). For
normalization, the relative levels of VPS13C, SOD1, SOD2, NRF2, PGC-1a, BCL2, BAX, mitochondrial O,°, mitochondrial mass, and
mtDNA in scrambled shRNA-infected cells were set to 100%. Cell nuclei were counterstained with (C) DAPI or (D) Hoechst 33342 (blue).
Data, presented as means  SDs, were analyzed using one-way ANOVA, followed by Tukey’s post hoc test; #p < 0.05, #¥p < 0.01, and ##p
< 0.001, compared with scrambled shRNA-treated cells, or *p < 0.05, **p < 0.01, and ***p < 0.001, compared with cells not treated

with any herbal extract.
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SB extracts increased expression of SODI, SOD2,
NRF2, PGC-la, and BCL2, reduced expression of
BAX, increased MMP, reduced mitochondrial O,*~
levels, and increased mitochondrial mass (Figure 6).
The study results further support the involvement of
VPS13C deficiency in PD pathogenesis and indicate
that UR, GJ, and SB extracts may serve as promising
therapeutic candidates for PD.

TCM extracts with neuroprotective activity have been
used as alternative medicine to treat PD [45]. Oxidative
insults and resulting mitochondrial dysfunction may be
the leading causes of dopaminergic neuronal
degeneration in PD [46]. Therefore, TCM extracts with
antioxidant activity may be effective anti-PD agents
[47]. In particular, Ginkgo biloba extract, with its
antioxidant activity, was observed to have potent
neuroprotective effects in the MPTP/MPP* model of PD
[48]. In AS3T a-synuclein transgenic mice, Ginkgo
biloba extract could alleviate oxidative damage and
maintain  dopamine homeostasis, inhibiting PD
development [49]. In the present study, UR, GJ, and SB
extracts exerted potent neuroprotective effects by
upregulating SODI and SOD2 expression in
dopaminergic SH-SYSY cells with VPS13C knockdown
(Figure 6). Similarly, studies have reported that UR, GJ,
and SB extracts increased SOD expression in
experimental models of Alzheimer’s disease, ischemic
brain injury, and skin aging [50-52]. Isorhyn-
chophylline can attenuate MPP*-induced apoptotic
death and oxidative stress in the rat pheochromocytoma
cell line PC12 [26]. Geniposide can suppress rotenone-
induced neuronal oxidative damage associated with
NRF2 signaling in mice [53]. Baicalein can protect
against MPP*-induced oxidative stress in SH-SY5Y
cells [54]. Taken together, these results indicate that
isorhynchophylline in UR extract, geniposide in GJ
extract, and baicalein in SB extract may contribute to
the protective effects observed in VPSI3C-knockdown
SH-SYS5Y cells. The blood-brain barrier (BBB) is a
natural protective barrier that impedes the entry of most
chemical drugs and biopharmaceuticals into the brain.
Among the major compounds identified in UR, GJ, and
SB extracts, isorhynchophylline showed high BBB
permeability in the MDCK-pHaMDR cell monolayer
model [55]. Geniposide can cross the BBB, show brain-
targeted  distribution, and exhibit a defined
pharmacokinetic profile in brain tissues [56]. Baicalein
has been detected in rat brain tissue after oral
administration of Scutellariae Radix (the dried root of
SB) extract using a validated solid-phase extraction—
liquid chromatography—tandem mass spectrometry
(SPE-LC/MS/MS) method. This finding supports its
brain exposure and suggests potential BBB permeability
[57]. As such, UR, GJ, and SB extract-induced
enhancement of superoxide dismutation (via SOD1/2

upregulation) may be an effective therapeutic approach
for mitigating PD progression, in which oxidative stress
plays a critical role [58].

Under oxidative stress, cells activate NRF2 signaling
to maintain redox homeostasis [59]. In the absence of
oxidative stress, NRF2 is constitutively ubiquitinated
and degraded via the Kelch-like ECH-associated
protein 1 (KEAPI)-mediated proteasomal pathway
[60]. In the presence of oxidative stress, NRF2
activation occurs via KEAP1 dissociation, enabling
modulation of mitochondrial function [61]. In addition
to inducing the expression of multiple genes encoding
antioxidant enzymes, experimental evidence has
confirmed that NRF2 influences PGC-1la expression,
promoting mitochondrial biogenesis [62]. Shende’an
tablet, containing the TCM Zhengan Xifeng
Decoction, can activate the PGC-1a/NRF2 pathway to
protect dopaminergic PC12 cells against 6-OHDA
lesions and alleviate motor symptoms in mice
subjected to MPTP lesions [63]. In the present study,
UR, GJ, and SB extracts increased NRF2 and PGC-1a
expression in dopaminergic SH-SYS5Y cells with
VPS13C knockdown (Figure 6), further indicating that
UR, GJ, and SB extracts may be promising therapeutic
candidates for PD treatment. As ML385, a specific
NRF2 inhibitor, was reported to block the anti-PD
effects of neuroprotective formononetin [64], future
NRF2/PGC-la  pathway inhibition experiments
employing ML385 are warranted to confirm the anti-PD
effects of UR, GJ, and SB extracts through the NRF2
signaling pathway.

Currently, no disease-modifying treatment is available
for PD. Because human dopaminergic neurons are
difficult to obtain and maintain as primary cells, SH-
SYS5Y cells have been widely used to study the
molecular and cellular mechanisms underlying PD [65].
SH-SYS5Y cell line, a subline of SK-N-SH neuro-
blastoma, can be induced to differentiate into a more
mature neuron-like phenotype through exposure to
retinoic acid (RA) [66]. RA treatment can promote SH-
SYSY cell survival [67, 68], and RA-differentiated cells
are less vulnerable to 6-OHDA, MPTP, or MPP* (a
MPTP metabolite) [69, 70]. However, their inadequate
responses to chemical insults limit the suitability of SH-
SYSY cells as a neurotoxin-induced PD model. Never-
theless, co-administration of the phorbol ester TPA
and RA in SH-SY5Y cells can induce a cholinergic
neuron phenotype that is mature and dopaminergic and
has high tyrosine hydroxylase (TH), dopamine
receptor, and dopamine transporter expression [71].
In addition, simultaneous TPA exposure and serum
depletion can enable differentiation of SH-SYSY
cells into dopaminergic neuronal-like cells, suitable to
assess lipopolysaccharide-induced neuroinflammatory
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responses [72]. Moreover, TPA-treated o-synuclein-
expressing dopaminergic-like SH-SYS5Y cells demon-
strate increased TH expression [73]. Therefore, in the
current study, to study the therapeutic effects of the
three herbal extracts, we induced dopaminergic
differentiation of VPSI3C-knockdown SH-SYS5Y cells
by using TPA.

Several limitations of the present study should be
acknowledged. Immortalized cell lines lack the complex
three-dimensional microenvironment, glial-neuronal
interactions, and systemic pharmacokinetic factors
present in the human brain. While such models are
useful for disease modeling, drug screening, and
mechanistic studies, the findings cannot be directly
extrapolated to clinical efficacy. In addition, although
no cytotoxicity was observed in SH-SYSY cells, the
possibility of adverse effects on other brain cell types
cannot be excluded. As in vitro cell studies do not
provide sufficient biological complexity, future
investigations employing primary neuronal cultures,
human iPSC-derived dopaminergic neurons, in vivo
animal models, or multi-model validation approaches
should be employed to improve the translational
relevance of the findings.

CONCLUSIONS

Mitochondrial dysfunction is strongly associated with PD
pathogenesis. Here, we explored the protective effects of
three TCM extracts on TPA-differentiated dopaminergic
SH-SYSY cells with VPS13C knockdown. UR, GJ, and
SB extracts reduced LDH release, caspase-3 activity, and
cellular ROS production and promoted neurite growth.
Moreover, these herbal extracts increased VPS13C,
SOD1, SOD2, NRF2, PGC-1a, and BCL2 expression
and reduced BAX expression. These changes were
accompanied by increases in MMP and mitochondrial
mass and a reduction in mitochondrial O,*" levels. In
general, these findings suggest the therapeutic potential
of UR, GJ, and SB extracts in modulating mitochondrial
dysfunction associated with PD.

MATERIALS AND METHODS

Herbal extracts

UR, GJ, and SB extracts were provided by Sun Ten
Pharmaceutical (New Taipei City, Taiwan). To obtain
the extracts, 100 g of each dried herb was immersed in
1,500 mL of water, boiled for 30 min, sieved using a
100-mesh sieve, and concentrated to 100 mL. The
obtained herbal extracts were filtered through a 200-
mesh sieve, dried through speed vacuum concentration,
and stored at —20° C until use. LC-MS analysis of UR
extract (200 mg/mL) was performed using a Shimadzu

LCMS-2020 system (Shimadzu, Kyoto, Japan),
equipped with an SPD-M20A photodiode array detector
and an LCMS-2020 mass detector (Herbiotek, New
Taipei City, Taiwan). UR extract was subjected to
HPLC on a Shim-pack XR-ODS II column (100 x 2.0
mm, 2.2 pm) and eluted with a mixture of 0.1%
HCOOH in water (A) and 0.1% HCOOH in methanol
solution (B). The linear gradient elution program for
A:B (v/v) was set as follows: 75:25 (initial), 35:65 (10
min), 35:65 (12 min), 75:25 (13 min), and 75:25 (18
min); the flow rate was 0.4 mL/min, and the column
was maintained at 40° C. Rhynchophylline and
isorhynchophylline were used as reference compounds
for UR extract [21]. GJ and SB extracts (1 g/mL) were
subjected to HPLC on a Waters 600 HPLC system
(Waters, Milford, MA, USA), equipped with a Waters
2996 photodiode array detector (Herbiotek) and a
Cosmosil 5C18-MS-II column (250 x 4.6 mm, 5 um).
The extracts were eluted with a mixture of 10% H3PO4
(A), CH3CN (B), and water (C). The linear gradient
elution program for A:B:C (v/v/v) was set as follows:
90:10:0 (initial), 75:25:0 (30 min), 65:35:0 (40 min),
0:75:25 (55 min), 0:10:90 (60 min), 90:10:0 (65 min);
the flow rate was 1 mL/min, and the column was
maintained at 35° C. Geniposide and crocin were used
as reference compounds for GJ extract [74]. Baicalin,
wogonoside, baicalein, wogonin, and oroxylin A were
used as reference compounds for SB extract [75, 76].
Absorbance was monitored at 230 nm (geniposide), 450
nm (crocin), and 280 nm (baicalin, wogonoside,
baicalein, wogonin, and oroxylin A); the scan range
for the photodiode array was set to 190-600 nm.
For all HPLC experiments, reference compound
concentrations were determined using standard curves,
and quantifications were performed in three replicates.

SH-SYS5Y cell culture

SH-SYSY cells (CRL-2266; ATCC, USA), widely used
for their undifferentiated or differentiated neuron-like
properties in neuroscience research [77], were main-
tained in Dulbecco’s modified Eagle medium/F-12
supplemented with 10% fetal bovine serum (Invitrogen,
Carlsbad, CA, USA) at 37° C under 95% humidity and
5% COs.

Cytotoxicity assay

MTT, a yellow tetrazolium salt commonly used as an
indicator of cell viability, and FCCP, a proton
ionophore as an oxidative phosphorylation uncoupler,
were purchased from Sigma-Aldrich (St. Louis, MO,
USA). SH-SY5Y cells (2 x 10* per well in a 96-well
plate) were treated with the herbal extracts (1-1,000
pg/mL) or FCCP (0-100 uM) for 20 h. The absorbance
of the purple-colored formazan product was recorded at
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570 nm using a Multiskan GO microplate reader
(Thermo Fisher Scientific, Waltham, MA, USA).

MMP assay

To examine MMP alterations in our cells, we used JC-1.
This fluorescent dye forms aggregates emitting red
fluorescence within the mitochondria in healthy cells. JC-
1 remains as monomers emitting green fluorescence in
cells with MMP loss. In brief, 0—-100 uM FCCP-treated
cells (1.2 x 10° per well in a 24-well plate) were
incubated with JC-1 (5 uM; Invitrogen) for 30 min. The
stained cells were rinsed with phosphate-buffered saline
(PBS), resuspended in Hanks’ balanced salt solution
(#14025; Thermo Fisher Scientific), and analyzed using a
flow cytometer (FACS Calibur; Becton Dickinson, San
Diego, CA, USA) at an excitation wavelength of 488 nm
and emission wavelengths of 530 (green) and 585 (red)
nm. In total, 10* cells were analyzed in each sample.

Mitochondrial O,*~ assay

We used a fluorogenic dye targeted to mitochondria in
live cells to examine the levels of mitochondrial O,°*", a
redox signaling agent generated via the mitochondrial
respiratory chain. In brief, 0-100 pM FCCP-treated cells
(2 x 10* per well in a 96-well plate) were incubated with
MitoSox Red (5 uM; Invitrogen) and Hoechst 33342 (0.1
pug/mL; Thermo Fisher Scientific) for 30 min. The cells
were then imaged using an ImageXpress Micro Confocal
(Molecular Devices, Sunnyvale, CA, USA) at 488-nm
excitation and 510-nm emission wavelengths to measure
0,*" levels and 377-nm excitation and 447-nm emission
wavelengths to detect nuclei. For each sample,
approximately 3,000 cells were analyzed in each of three
independent experiments.

and mitochondrial

Herbal extract treatment

uncoupling

To examine the protective effects of the herbal extracts
on FCCP-uncoupled oxidative phosphorylation, SH-
SYSY cells were treated with UR, GJ, or SB extract
(10-100 pg/mL) for 4 h, followed by treatment with 40
uM FCCP for 20 h. Cell viability, mitochondrial O»*~ (2
x 10* cells per well in a 96-well plate), and MMP (1.2 x
10° cells per well in a 24-well plate) were analyzed.
Mitochondrial mass (1.2 x 10° cells per well in a 24-
well plate) and mtDNA (2.5 x 10° cells per well in a 24-
well plate) were also assessed, as described in
subsequent subsections.

Mitochondrial mass and mtDNA assays

Mitochondrial mass was assayed using the fluorescent
probe 10-N NAO (Thermo Fisher Scientific). NAO

binds to the mitochondrial marker lipid cardiolipin, and
this binding is independent of the mitochondria’s
energization state in a membrane potential-independent
manner [78]. In brief, cells were incubated with 10 uM
NAO and 0.1 pg/mL Hoechst 33342 for 15 min. Next,
the cells were imaged using an ImageXpress Micro
Confocal at 475-nm excitation and 536-nm emission
wavelengths to measure mitochondrial mass and 377-
nm excitation and 447-nm emission wavelengths to
detect nuclei. For each sample, approximately 3,000
cells were analyzed in each of three independent
experiments.

mtDNA content was assessed using multiplex qPCR, as
described elsewhere [79]. DNA was extracted from SH-
SYSY cells by using standard protocols. Each sample
was run in triplicate on a 96-well plate in a 10-uL
reaction containing 40 ng of DNA. The cycle threshold
(Ct) value was determined from the amplification curve
for mitochondrially encoded NADH dehydrogenase 1
(ND1; ID: Hs02596873 s1; NC_012920.ND1.0: exon
boundary: 1, context sequence: TCTACATCACCGCC
CCGACCTTAGC, amplicon Ilength: 143 bp) and
nuclear ribonuclease P RNA component H1 (RPPHI,;
ID: Hs03297761 s1; NR_002312.1: exon boundary: 1,
context sequence: TGGAACAGACTCACGGCCAGC
GAAG, amplicon length: 68 bp) on a StepOnePlus™
Real-time PCR system (Applied Biosystems, Foster
City, CA, USA). Fold changes in mtDNA copy
number were calculated relative to the control group
using the 2722 method, where AACt = ACt (target
sample) — ACt (control sample) and ACt = Ct (NDI) —
Ct (RPPH]I).

RNA interference

Lentiviral shRNA targeting VPS13C
(TRCNO0000151608 and TRCNO0000151798) and a
negative scrambled control (TRC2.Void) were obtained
from the National RNAi Core Facility, IMB/GRC,
Academia Sinica (Taipei, Taiwan). On day 1, we plated
SH-SYS5Y cells at 6 x 103 per well in a 6-well plate for
VPSI3C mRNA analysis, 1.2 x 10° per well in a 24-
well plate for MMP analysis, and 2 x 10* cells per well
in a 96-well plate for cell viability and mitochondrial
0,°*" analyses. On day 2, the cells were treated with
lentivirus (multiplicity of infection = 3) and polybrene
(8 pg/mL; Sigma-Aldrich) and left to incubate
overnight. On day 3, the medium containing lentivirus
and polybrene was removed. On day 4, the cells were
harvested for further analyses.

On day 1, cells were also seeded at 3 x 10° per well in a
6-well plate for VPS13C mRNA, LDH, caspase-3, and
protein analyses; 1.2 x 10° per well in a 12-well plate
for mtDNA analysis; 6 x 10* per well in a 24-well plate
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for cellular ROS, neurite outgrowth, MMP, and
mitochondrial mass analyses; or 10* per well in a 96-
well plate for mitochondrial O,*" analysis. TPA (120
nM; Enzo Life Sciences, Farmingdale, NY, USA) was
added to SH-SYSY cells on day 2 to promote
dopaminergic differentiation [37]. The cells were then
cultured in the presence of polybrene (8 pg/mL) during
lentivirus transduction (multiplicity of infection = 3) on
day 6. Next, the transduction medium was replaced with
a fresh complete medium to remove lentivirus and
polybrene. The cells were treated with the herbal
extracts (100 pg/mL) on day 7 and harvested for further
analyses on day 8. The following hairpin sequences of
targeting and scrambled shRNA were used:

(1) TRCN0O000151608 (targeting at the 3’ end of
VPSI13C: 12,962-12,982 of NM _020821): 5'-
CCGGGCAGTAACTAATGCCCTAAATctcgagA
TTTAGGGCATTAGTTACTGCTTTTTTG-3’
TRCNO0000151798 (targeting at the 5’ end of
VPSI13C: 1,633-1,653 of NM 020821): 5'-
CCGGCCTAACTTTACCTAAGCAGTActcgagTA
CTGCTTAGGTAAAGTTAGGTTTTTTG-3’
TRC2.Void (scrambled negative control): 5'-
CCGGAGTTCAGTTACGATATCATGTctcgagAC
ATTCGCGAGTAACTGAACTTTTTT-3'

)

€)

Reverse transcription qPCR

RNA was extracted from SH-SYS5Y cells by using
TRIzol reagent (Invitrogen), and residual DNA was
removed using DNase I (Stratagene, La Jolla, CA, USA).
c¢DNA was synthesized using SuperScript™ III reverse
transcriptase (Invitrogen). Expression of VPSI3C (ID:
Hs00419559 ml; NM _001018088.2: exon boundary:
55-56, context sequence: AGGCTTGATGTAAA
GAAGAACCCAG, amplicon length: 96 bp) and
housekeeping hypoxanthine phosphoribosyl transferase 1
(HPRTI; endogenous control; ID: 4326321E;
NM 000194.2: exon boundary: 67, context sequence:
TGGTCAAGGTCGCAAGCTTGCTGGT, amplicon
length: 100 bp) was determined using a StepOnePlus™
Real-time PCR system (Applied Biosystems). Fold
changes were calculated relative to the control group
using the 2722t method, where AACt = ACt (target
sample) — ACt (control sample) and ACt = Ct (VPS13C)
— Ct (HPRTI).

LDH release and caspase-3 activity assays

We used an LDH cytotoxicity assay kit (Cayman
Chemical, Ann Arbor, MI, USA) to measure the levels
of cytosolic LDH released from TPA-differentiated SH-
SYS5Y cells into culture medium. The cell culture
medium and reaction mixture were mixed and incubated
for 30 min. Next, absorbance was measured at 490 nm

by using a microplate reader (Multiskan GO; Thermo
Fisher Scientific). Absorbance of cells treated with 10%
Triton X-100 was set to 100%.

To assay caspase-3 activity, cells (6 x 10° per well in a
6-well plate) were collected in cold PBS and lysed via
six freeze—thaw cycles. In 10 pg of supernatant,
caspase-3 activity was assessed by measuring the
fluorescent release of 7-amino-4-methylcoumarin
(AMC) from a substrate acetyl-Asp-Glu-Val-Asp-AMC
(Ac-DEVD-AMC; Sigma-Aldrich) using an excitation
wavelength of 360 nm and an emission wavelength of
460 nm (FLx800; Bio-Tek).

Total ROS assay

An ROS-reactive fluorogenic probe was used to measure
the ROS formed in SH-SYS5Y cells. In brief, the cells
were incubated with cell-permeant 2’,7'-dichloro-
dihydrofluorescein diacetate (25 pM; Invitrogen) and
Hoechst 33342 (0.1 pg/mL; Sigma-Aldrich) at 37° C for
30 min. Cells were imaged using an ImageXpress Micro
Confocal at 475-nm excitation and 536-nm emission to
measure cellular O,°*" levels and 377-nm excitation and
447-nm emission wavelengths to detect nuclei. For each
sample, approximately 3,000 cells were analyzed in each
of three independent experiments.

Neurite outgrowth assessment

SH-SYS5Y cells were fixed in 0.4% paraformaldehyde
for 16-24 h, permeabilized with 0.1% Triton X-100 for
10 min, blocked in 3% bovine serum albumin for 3 h,
and stained with an antibody raised against neuronal
class III PB-tubulin (TUBB3; 1:1000; #802001;
BioLegend, San Diego, CA, USA) at 4° C overnight.
Next, the cells were incubated with donkey anti-rabbit
Alexa Fluor 555 secondary antibody (1:1000;
Invitrogen #A-31572) at room temperature for 3 h,
followed by nuclear staining with 4’,6-diamidino-2-
phenylindole (DAPI; 0.1 pg/mL; Sigma-Aldrich) for 30
min. The cells were imaged at 531-nm excitation and
593-nm emission wavelengths to measure neurite
outgrowths and 377-nm excitation and 447-nm emission
wavelengths to detect nuclei. We measured total neurite
length and the number of processes (projections from
the neuronal cell body) and branches (projections from
neural processes) by using the MetaXpress neurite
outgrowth application module (Molecular Devices). For
each sample, approximately 3,000 cells were analyzed
in each of three independent experiments.

Immunoblot analysis

Proteins were extracted from SH-SYSY cells by using a
lysis buffer containing 150 mM sodium chloride, 50 mM
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Tris-HCI, pH 8.0, 1 mM EDTA, pH 8.0, 1 mM EGTA,
pH 8.0, 0.1% SDS, 0.5% sodium deoxycholate, 1% Triton
X-100, and protease inhibitor cocktail (Sigma-Aldrich).
Next, protein concentrations were quantified using a
protein assay kit from Bio-Rad (Hercules, CA, USA), and
10-pug proteins were separated using sodium dodecyl
sulfate—polyacrylamide (8%—12%) gel electrophoresis
and transferred to polyvinylidene difluoride (PVDF)
membranes (Sigma-Aldrich) in a Mini Trans-Blot cell
(Bio-Rad). The blotted PVDF membranes were probed
with primary antibodies against VPS13C (1:1000;
#28676-1-AP; Proteintech, Rosemont, IL, USA), SODI1
(1:500; #sc-17767; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), SOD2 (1:5000; #13141; Cell Signaling,
Danvers, MA, USA), NRF2 (1:1000; #12721; Cell
Signaling), PGC-la (1:1000; #GTX37356; GeneTex,
Irvine, CA, USA), BCL2 (1:1000; #IR94-392; iReal
Biotechnology, Hsinchu City, Taiwan), BAX (1:1000;
#2772; Cell Signaling), or glyceraldehyde-3-phosphate
dehydrogenase (GAPDH; 1:1000; #30000002; MDBio,
Taipei, Taiwan) overnight at 4° C. The immune
complexes that formed were detected using a 1:5000
dilution of goat anti-rabbit (#GTX213110-01; GeneTex)
or goat anti-mouse (#GTX213111-01; GeneTex)
immunoglobulin G  conjugated with horseradish
peroxidase and chemiluminescent substrate (Millipore,
Temecula, CA, USA).

Statistical analysis

To ensure the reproducibility and reliability of the
results, all assays were performed in triplicate (three
technical replicates) in three independent experiments
(three biological replicates), and the results are
presented as means + standard deviations (SDs).
Statistical comparisons among groups were performed
using one-way analysis of variance (ANOVA) followed
by Tukey’s post hoc test. A p-value of <0.05 was
considered to indicate statistical significance.
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