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Abstract

Parkinson’s disease (PD) causes motor dysfunction and dopaminergic cell death. Drug treatments can effectively reduce symptoms
but often cause unwanted side effects. Stem cell therapies using cell replacement or indirect beneficial secretomes have recently
emerged as potential therapeutic strategies. Although various types of stem cells have been proposed as possible candidates,
adipose-derived stem cells (ADSCs) are easily obtainable, more abundant, less ethically disputed, and able to differentiate into
multiple cell lineages. However, treatment of PD using adult stem cells is known to be less efficacious than neuron or embryonic stem
cell transplantation. Therefore, improved therapies are urgently needed. n-Butylidenephthalide (BP), which is extracted from
Angelica sinensis, has been shown to have anti-inflammatory and neuroprotective effects. Indeed, we previously demonstrated that BP
treatment of ADSCs enhances the expression of neurogenesis and homing factors such as nuclear receptor related | protein,
stromal-derived factor |, and brain-derived neurotrophic factor. In the present study, we examined the ability of BP-pretreated
ADSC transplantation to improve PD motor symptoms and protect dopamine neurons in a mouse model of PD. We evaluated the
results using neuronal behavior tests such as beam walking, rotarod, and locomotor activity tests. ADSCs with or without BP
pretreatment were transplanted into the striatum. Our findings demonstrated that ADSC transplantation improved motor abilities
with varied efficacies and that BP stimulation improved the therapeutic effects of transplantation. Dopaminergic cell numbers
returned to normal in ADSC-transplanted mice after 22 d. In summary, stimulating ADSCs with BP improved PD recovery efficiency.
Thus, our results provide important new strategies to improve stem cell therapies for neurodegenerative diseases in future studies.
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Parkinson’s disease (PD) is a neurodegenerative disease that
affects millions of people worldwide and is the second most
common disease of its kind after Alzheimer’s disease'. PD

has caused an increased economic burden and strain to
health-care-related resources, particularly in countries with
aging populations. While the cause of PD is still unknown,
mutations in several specific genes, including a-synuclein
(SNCA) and leucine-rich repeat kinase 2, have been impli-
cated in increased PD susceptibility’. Major symptoms of
PD occur in the motor system as a result of dopaminergic
(DA) neuron cell loss. Although the underlying mechanisms
of cell loss are still unclear, excessive oxidative stress,
increased protein misfolding and aggregation, and impaired
mitochondrial function have been shown to affect the patho-
genesis of PD’. There is currently no cure for PD; however,
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several treatments, including L-3,4-dihydroxyphenylalanine
(L-DOPA) and dopamine agonists, have been shown to be
effective against movement disorder symptoms”. Although
these treatments significantly alleviate some symptoms of
PD, they are unable to stop disease progression or protect
DA cells from cell loss during PD progression. Neural
grafting of immature DA neurons in patients with PD has
been studied since the late 1980s>. However, inconsistent
results and side effects, such as graft-induced dyskinesias,
have been observed, and the requirement for tissue col-
lection from developing embryos has become a major
ethical issue®. Recently, discoveries and developments
in regenerative medicine and stem cell therapy have pro-
vided new approaches to the treatment of various dis-
eases, and stem cell transplantation has emerged as a
possible treatment for PD.

Although the study of stem cell therapy for the treatment of
PD initially focused on transplantation of ventral mesence-
phalic tissue, human embryonic stem cells (ESCs) are an
interesting alternative owing to the ability of these cells to
differentiate into authentic DA neuron cells’®. However, the
use of embryo-derived stem cells as treatment materials has
been the source of heated ethical debates®. In contrast,
mesenchymal stem cells (MSCs) isolated from adult tissues
are not controversial and therefore may be potential candi-
dates for cell-based PD therapy. Indeed, several recent studies
had investigated the ability of MSCs from different sources in
treatment of several neurodegenerative diseases including
PD? ! It is suggested that MSCs are capable of inducing
tyrosine hydroxylase (TH) and other neurotrophic factor
expressions when cocultured with neuronal cells in vitro and
improving behavioral performance in PD-affected animals.
MSCs can be isolated from various tissues, including bone
marrow (referred to as BM-MSCs) and adipose tissues
(referred to as adipose-derived stem cells [ADSCs]).
Although BM-MSCs have been studied extensively in the last
few decades, the isolation process is painful, and the yield of
BM-MSCs is low, particularly when compared to ADSCs,
which are more abundant and easily isolated'*'*. ADSCs are
capable of differentiating into multiple cell lineages, including
myocytes, chondrocytes, and neuronal cells such as dopami-
nergic cells'>'”. The ability of ADSCs to treat brain damage
resulting from several types of injuries and neural diseases has
been investigated in numerous studies, and ADSCs have been
found to reduce symptoms of brain disease directly by cell
replacement or indirectly by releasing certain factors'®.
ADSC:s also provide neuronal protection and reduce neuronal
apoptosis'>. The factors released by ADSCs are thought to
decrease protein aggregation in patients with Alzheimer’s dis-
ease'’. Furthermore, one study reported that ADSC transplan-
tation improves behavioral performance in a drug-induced
mouse model of PD*°. However, while transplantation of
these MSCs seems to be a promising approach to the treat-
ment of neural diseases, the efficiency of this method is lower
than that of ESC transplantation; thus, further improvements
are required”' 2.

The dry root of Angelica sinensis, also known as Danggui
in Chinese medicine, has been shown to exert anti-
inflammatory, antioxidant, and neuroprotective effects®* 2.
This plant contains several chemical compounds including
organic acids, polysaccharide sulfate, and phthalides®’.
n-Butylidenephthalide (BP) is a naturally occurring com-
pound derived from the herb’s chloroform extract. BP has
been shown to possess anticancer, anti-inflammatory, and
other protective effects?®2°. Additionally, BP has been
shown to significantly reduce amyloid-f deposition in an
in vitro model of AD using induced pluripotent stem cell—
derived neuronal cells®'. In our previous study, we found
that BP decreases SNCA accumulation and provides protec-
tion against DA neuron degeneration in a Caenorhabditis
elegans model®”. These findings suggest that BP may have
the potential to prevent or remove pathological protein mis-
folding and aggregation and may possess neuroprotective
effects. Moreover, because ligustilide, another phthalide com-
pound derived from the same plant, also shows neuroprotec-
tive effects and promotes neurogenesis, we postulate that BP
may have similar beneficial effects®*>*,

In this study, we examined the therapeutic potential of
ADSC transplantation in a 1-methyl-4-phenyl-1,2,3,6-
tetrahydropyridine (MPTP)-induced short-term mouse
model of PD. PD was induced on day 2 after serial MPTP
injections, killing DA neurons and causing symptoms of
motor deficiency, similar to those observed in patients with
PD. ADSC transplantation was performed on day 3 after
MPTP administration. One previous study suggested that
cells grafted in the substantia nigra (SN) have little effect,
while those grafted in the striatum provide therapeutic
effects for DA cell loss®>. Based on this finding, we trans-
planted ADSCs into the mouse striatum as previously
described®®. We evaluated the possible neurogenic effects
of BP by incubating ADSC cultures in BP-containing
medium. Cell survival and gene expression patterns of neu-
ronal and inflammatory genes were examined. We further
examined the therapeutic effects of BP-pretreated ADSCs in
our mouse model of PD and compared the observed effects
with those of untreated ADSCs. Motor abilities, including
coordination and balance, were monitored over a period of
23 d. Because cytotoxic dimethyl sulfoxide (DMSO) is used
as a BP solvent, we also examined the effects of ethanol in
the experiment as a possible alternative solvent.

Materials and Methods
Study Method

The study was performed with approval of the Institutional
Review Board of China Medical University and Hospital
Research Ethics Committee and the Taiwan Food and Drug
Administration (TFDA), Ministry of Health and Welfare,
Taiwan. The original protocol was approved by China Med-
ical University and Hospital Research Ethics Committee
(CMUH104-REC1-007).
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Isolation and Characterization of ADSCs

Isolation and characterization of ADSCs were carried out as
previously described’’. During gynecological surgery, cells
were harvested from 2 to 5 g of subcutaneous fat from the
abdominal wall. Tissues collected in calcium-/magnesium-
free phosphate-buffered saline (PBS) were dissected into 1
to 2 mm’® pieces and dissociated with 0.1% collagenase I
(Invitrogen-Gibco, Waltham, MA, USA) for 60 min at
37 °C. The dissociated cells were transferred to ADSC cul-
ture medium as described below. Cells were incubated at 37
°C in a humidified incubator supplied with 5% CO,. After 2
d, cell debris and supernatant were removed, and the remain-
ing cell culture was designated passage 0. In order to verify
the cells were indeed ADSCs, cells were labeled with anti-
bodies against the surface markers CD14, CD29, CD44,
CD45 (human leukocyte antigen)-ABC (Dako, Glostrup,
Denmark), CD34, CD49b, and human leukocyte antigen—
antigen D related (BD Biosciences, San Diego, CA, USA).
Labeled samples were analyzed using a flow cytometer
(LSR II, BD Biosciences).

Culture of ADSCs

ADSCs were cultured in Keratinocyte-serum-free medium
(SFM) containing bovine pituitary extract and epidermal
growth factor (Gibco) at 37 °C in a humidified incubator
supplied with 5% CO,. The culture medium was supplemen-
ted with N-acetyl-| -cysteine (2 x 107> M; Sigma-Aldrich,
St. Louis, MO, USA), L-ascorbic acid 2-phosphate sesqui-
magnesium salt hydrate (2 x 10~* M; Sigma-Aldrich), and
HyClone characterized fetal bovine serum (FBS; 10%; GE
Healthcare, South Logan, UT, USA).

BP Treatment and 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium Bromide (MTT) Assays

The BP used in this study was synthesized by Alfa Aesar,
USA. BP was diluted to stock concentration of 20 mg/mL in
100% DMSO (Sigma-Aldrich) or absolute ethanol (Sigma-
Aldrich). Further dilutions to working concentration were
prepared using culture medium or normal saline. To examine
cell viability, ADSCs were first incubated in medium con-
taining serial dilutions of BP for 24 or 48 h. The BP con-
centrations used in this study were 5, 10, 20, 40, 80, 160, and
320 pg/mL. MTT assays (Sigma-Aldrich) were then
performed.

Real-time Polymerase Chain Reaction (PCR)
Analysis of Gene Expression

Real-time PCR was performed using a StepOnePlus real-
time PCR system (Applied Biosciences, Foster City, CA,
USA). RNA was first extracted with TRIzol (Thermo Fisher
Scientific, Carlsbad, CA, USA) from ADSCs after cells were
treated with 1.25, 2.5, 5, or 20 pg/mL BP for 24 h. We

performed reverse transcription of extracted RNA using a
SuperScript III Reverse Transcriptase Kit (Invitrogen) to
obtain cDNA. Real-time quantitative PCR (RT-qPCR) was
then performed with FastStart Universal SYBR Green Mas-
ter (Rox; Roche, Switzerland) to compare gene expression
using specific primers as follows—brain-derived neuro-
trophic factor (BDNF): (forward) 5'-TCA CACTCCA-
CATCCCGTGAT-3' and (reverse) 5'-TTACTCTGACCA
ACGCCCAAA-3’; nuclear receptor related 1 protein
(Nurrl): (forward) 5'-GCTGAAGCCATGCCTTGTG-3’ and
(reverse) 5-GAAGAGTGGTAACTGT AGCTCTGA
GAAG-3’; brain 4 (Brn4): (forward) 5'-TGCCGCGCAGGA
GATC-3' and (reverse) 5'-AGAACCAGA CACGCACC
ACTT-3’; stromal-derived factor 1 aff (SDF1ap): (forward)
5'-CATGCCGATTCTTCGAAAGC-3’ and (reverse) 5'-
TCAGCCGGGCTACAATCTG-3'; interleukin (IL) 6: (for-
ward) 5'-AAAAAGGCAAAGAATCTAGATGCAA-3' and
(reverse) 5'-GTCAGCAGGCTGGCATTTGT-3'; ILS: (for-
ward) 5'-ACCGGAAGGAACCATCTCACT-3 and (reverse)
5'-ATCAGGAAGGCTGCCA AGAG-3'; and B-actin: (for-
ward) 5-GTGCGTGACATCAAA GAGAAGC-3' and
(reverse) 5'-TGGATGCCACAGGATTC CATAC-3'. The
mRNA levels of each gene were normalized using the house-
keeping gene B-actin.

Flow Cytometry Analysis

Flow cytometry analysis was performed on an LSR II flow
cytometer (BD Biosciences). To characterize ADSCs, dis-
sociated cells were incubated with phycoerythrin-conjugated
anti-human CD44 antibody (1:50 dilution; BD Biosciences)
or phycoerythrin-conjugated anti-human CD105 antibody
(1:50 dilution; Invitrogen).

Animal Treatment and Anesthetization

C57BL/6 (B6) male mice (BioLASCO, Taipei City, Taiwan)
were maintained in individually ventilated cages at the
Laboratory Animal Service Center. The Institutional Animal
Care and Use Committee of the China Medical University
approved all animal treatments and experimental procedures
(104-241). Mice were anesthetized 10 min before experi-
ments by intraperitoneal administration of 10 mg/mL Zoletil
in 0.04% Rompun at a dose of 0.08 mL per 10 g body weight.

PD Induction Using MPTP

PD was induced in mice at 8§ w of age. 1-Methyl-4-phenyl-
1,2,3,6-tetrahydropyridine hydrochloride (MPTP-HCI)
(Sigma-Aldrich) was dissolved in PBS at a stock concen-
tration of 7 mg/mL. MPTP was administered in 4 intraper-
itoneal injections at a dose of 20 mg/kg. Injections were
performed at 2-h intervals. Mice that were treated with
MPTP were on randomization and blinding for each experi-
mental group.
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ADSC Transplantation

ADSCs were transplanted into the brains of mice 2 d after
PD induction as described previously by Ding and col-
leagues’°. Briefly, 1 x 10° cells were transplanted by intra-
cerebral injection of 18 pL. ADSCs at 3 different locations in
the striatum. In pretreat intracerebral (i.c.) and intravenous
(i.v.) group, additional i.v. injection of 1 x 10° ADSCs
through tail vein was performed 2 d after i.c. injection.

Neuronal Behaviors of Mice before and after
PD Induction

B6 mice were trained twice on each device before the experi-
ment. Neuronal behaviors of target mice were examined
using 3 separate apparatuses: overall activity was monitored
with a locomotor device, balancing ability was monitored
using beam walking, and coordination was monitored using
a rotarod. Overall activity was monitored in an 8-channel
locomotor activity box for 1 h. Horizontal and vertical move-
ments in the chamber, resting time, and the distance traveled
in the last 30 min were analyzed. Balancing ability of mice
was recorded as the time the animals took to cross an 80-cm
beam, and the rear foot slip frequency while crossing was
determined. Coordination of the animals was recorded as the
duration for which animals were able to remain stable on a
rotating rod at a constant speed of 5 rpm during a 3-min
period. Data from at least 3 independent experiments were
used for statistical analysis. The data collection period
started from day O and lasted until day 22 when MPTP-
induced PD symptoms could not be detected from control
mice. The mice were then sacrificed and had their brain
tissue collected. Additionally, 3 mice brain samples from
each group were collected on day 5 and striatum sections
containing the injection site were examined to confirm the
outcome of transplantation.

Brain Histology and Immunohistochemical (IHC)
Staining of the SN

Mouse brains were harvested after anesthetization and
sequential cardiac perfusion with PBS and 4% paraformalde-
hyde (PFA; Sigma-Aldrich). Whole brains were collected and
incubated in 4% PFA for 4 h. Samples were then incubated for
16 h in 20% sucrose/PBS solution and then for an additional
16 h in 30% sucrose/PBS solution. Frozen sections were pre-
pared from the collected brain samples. Selected sections
were washed in Tris-base saline buffer containing 1% Tween
20 (TBST; Sigma-Aldrich) and then incubated at 93 °C in
Trilogy pretreatment solution (Sigma-Aldrich) for 15 min.
After cooling, the samples were permeabilized in 0.3% Triton
X-100 (Sigma-Aldrich) for 30 min and then blocked in 0.5%
FBS/PBS solution for 30 min. The sections were then incu-
bated with anti-TH antibody (rabbit anti-TH antibody, diluted
1:200; AB152; Merck Millipore, Darmstadt, Germany) for 16
h at 4 °C. Additional sections were concurrently stained with

anti-human mitochondria (anti-hMito) antibody (rabbit anti-
human antibody, diluted 1:200; AB3598; Merck Millipore).
The samples were then incubated for 1 h with fluorescence-
conjugated goat anti-rabbit antibody (Alexa Fluor 594, diluted
1:200; A-11037; Invitrogen) and goat anti-mouse antibody
(fluorescein isothiocyanate, diluted 1:200; 12-506; Merck
Millipore). Finally, the samples were stained with 4',6-
diamidino-2-phenylindole (DAPI) to visualize the cell nuclei.
Representative sections containing the same SN and striatum
region from 3 individual mice of each group were observed
using Zeiss Axio Imager Al microscope with 10x and
40 x objectives, respectively, and recorded with an AxioCam
HRc camera. Colocalization of different antibodies was con-
firmed using the Leica TCS SP2 spectral confocal microscope
(Leica Microsystems, Heidelberg, Mannheim, Germany).
TH-expressing cells on the SN section were counted as TH-
positive/DAPI-positive cells. The cell counts were averaged
and compared to that of the control group.

Statistical Analysis

Results from all experiments were presented as means +
standard deviations. One-way analysis of variance
(ANOVA) and Tukey’s post hoc test were performed to
compare the means among different treatments using Sig-
maPlot. Differences with P values of less than 0.05 were
considered statistically significant. Detailed group sizes in
animal experiments are as follows: control and pretreat i.c.
+ i.v. group each contained 6 samples; saline group, ADSC
i.c. group, and pretreat i.c. group each had 7 samples; and
pretreat i.c. EtOH had 3 samples on day 22. Mice IHC
sections was collected from additional experiments with 3
mice in each group on day 5. In the behavioral study, mean
area under the curve (AUC) analysis was performed to
detect intergroup difference between treatment groups and
saline groups.

Results
ADSC Viability after BP Treatment

First, we investigated the therapeutic effects of BP-treated
ADSCs in a MPTP-induced mouse model of PD. Analysis of
cell viability in the presence of different concentrations of
BP is important for determining the most suitable treatment
conditions. ADSCs were cultured in serial-diluted BP for
24 or 48 h and were then analyzed to determine viability
(Fig. 1A and B). ADSC viability decreased significantly
when the BP concentration was 80 pg/mL or higher for the
24-h treatment period. Prolonged treatment (48 h) showed
further reduction in viability in high concentrations and was
stable at concentrations of 40 pg/mL or lower. These results
indicated that high concentrations of BP had a negative
impact on cell survival and growth, but that BP could be
used at a concentration of 40 pg/mL or lower without affect-
ing cell viability under our treatment conditions. In order to
prevent possible long-term negative effects of higher
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Fig. 1. Effects of n-butylidenephthalide (BP) pretreatment on adipose-derived stem cell viability. (A) The viability of cells was lower at high
concentrations of BP. Viability was evaluated by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide assays after the cells were
incubated in medium containing BP at the indicated concentrations for 24 h. (B) Prolonged incubation with BP for 48 h further reduced cell
survival at concentrations of 80 pg/mL and above. *P < 0.05, **P < 0.01, and ***P < 0.001 versus control (0 pug/mL BP).

concentration, we chose 20 pg/mL concentration as the
upper limit for further gene expression tests.

BP Pretreatment Enhanced the Expression of Homing
Factors in ADSCs without Changing Cell Characteristics

Because cell viability was significantly reduced in the pres-
ence of BP at concentrations above 40 pg/mL, we next
examined changes in gene expression in ADSCs in the
presence of 0 to 20 pg/mL BP. We evaluated the expression
of several neuronal differentiation-promoting and homing
genes including Nurrl, BDNF, SDF1af, and Brn4. Gene
expression was measured by qPCR following reverse tran-
scription of mRNA extracted from BP-treated cells. Our
results showed that BDNF and SDF a3 expression levels
were increased by approximately 2-fold after treatment of
the cells with 20 ng/mL BP for 24 h; in contrast, the Nurr!
and Brn4 genes showed only a slight increase in expression
(Fig. 2A to D). We also examined immunodifferentiation
and immunomodulatory genes, such as /L6 and IL8. We
found that /L8 was significantly downregulated after treat-
ment with 20 pg/mL BP (Fig. 2E). In contrast, /L6 expres-
sion increased by 35% in the presence of 20 ug/mL BP (Fig.
2F). The combined results of cell viability and gene expres-
sion analyses suggested that treatment with 20 pg/mL BP
for 24 h could induce neuronal gene expression. This treat-
ment also had complex effects on the expression of
immunodifferentiation-related genes. To confirm the
effects of treatment with 20 ug/mL BP on ADSC charac-
teristics, we compared ADSCs with or without treatment
using the cell surface markers CD44 and CD105. Our result
showed that both BP-treated ADSCs and control ADSCs
expressed CD44 and CD105 in all collected cells (Fig. 3A).
Cell morphology before and after BP treatment did not vary
significantly (Fig. 3B).

MPTP-induced Mouse Model of PD

We adopted a previously established MPTP-induced short-
term mouse model of PD to investigate the therapeutic
effects of ADSCs and BP pretreatment on PD. The 12 neu-
ronal behaviors of B6 mice, including motor skills, balance,
and coordination, were evaluated on day 0 after 2 separate
training sessions. On day 1, male B6 mice were intraperito-
neally injected with MPTP at a dose of 20 mg per 10 kg body
weight 4 times at 2-h intervals. The recovery of behavioral
function for different cell/BP treatment groups was recorded
on days 2, 5, 8, 15, and 22 after PD induction, and brains
were then collected for histochemical analysis (Fig. 4).

Transplantation of BP-pretreated ADSCs Improved
Behavioral Recovery after PD Induction

Because BP treatment of ADSCs altered cell expression
patterns in favor of neuronal differentiation and homing,
we examined whether ADSC transplantation may have ther-
apeutic effects on the recovery of behavioral functions in
MPTP-induced PD mice. ADSCs with or without BP treat-
ment (20 pg/mL) were transplanted into PD mice via intra-
cerebral injection on day 3. Induction of PD resulted in
significant loss of motor skills, balance, and coordination
in B6 mice, as was observed in beam walking (Fig. 5A),
rotarod (Fig. 5B), and locomotor activity experiments (Fig.
5C to E), respectively. The loss of ability was most signifi-
cant on day 2 or day 5, suggesting that the speed of recovery
varied for the different neuronal behaviors. ADSC transplan-
tation significantly improved the recovery of balancing abil-
ity on day 5 (beam walking and rotarod). Indeed, although
PD mice treated with saline suffered further loss of time of
passage, mice transplanted with ADSCs, or BP-pretreated
ADSCs (both of the i.c. and i.c. + i.v. groups) exhibited
significant improvement on day 5 compared to saline group
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Fig. 2. Effects of n-butylidenephthalide (BP) pretreatment on upregulation of neurogenesis-related genes and homing factors. (A to C)
Expression levels of stromal cell-derived factor | (SDFI), brain-derived neurotrophic factor (BDNF), and nuclear receptor related |
protein (Nurrl) were upregulated by treatment with 20 pug/mL BP for 24 h. (D) The expression of Brn4 was not significantly changed.
(E) Interleukin 8 (IL8) expression was downregulated. (F) ILé6 expression increased by 35%. *P < 0.05, **P < 0.01, and ***P < 0.001 versus

the control (0 pg/mL BP).
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Fig. 3. Effect of n-butylidenephthalide (BP) pretreatment on cell morphology and characteristics. BP 19 pretreatment of adipose-derived stem
cells (ADSCs) did not affect cell morphology and characteristics. (A) The surface markers CD44 and CD 105 were analyzed in untreated and
treated ADSCs. (B) The morphology of ADSCs was evaluated using light microscopy after incubation with or without BP for 24 h.

(Fig. 5A). Loss of time of passage in mice transplanted with
ADSCs, BP-pretreated ADSCs i.c. or BP-pretreated ADSCs
i.c. + i.v. groups showed the predictive power compared

with saline group (AUC: 0.774, 0.929, and 0.944, respec-
tively). The foot fault score data also showed that
mice transplanted with BP-pretreated ADSCs i.c. or
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Fig. 4. Schematic representation of the experimental design. Neuronal behaviors of mice were recorded on days 0, 2, 5, 8, |5, and 22.
Parkinson’s disease induction was performed by |-methyl-4-phenyl-1,2,3,6-tetrahydropyridine administration on day |. Adipose-derived
stem cell transplantation was performed on day 3. Brains of target mice were collected on day 22.

BP-pretreated ADSCs i.c. 4 i.v. exhibited significant
improvement on day 5 compared to saline group (Fig. 5A).
The foot fault score data in mice transplanted with BP-
pretreated ADSCs i.c. or BP-pretreated ADSCs i.c. + i.v.
groups showed the highest predictive power compared with
saline group (AUC: 0.964 and 0.861, respectively).

Repeated measures ANOVA was performed for mean
different time point data with slope comparisons in all 5
groups. In Fig. 5A, time of passage data and foot fault score
showed significant difference between 5 groups (P = 0.0001
and P = 0.003, respectively). The rotarod analysis of Con-
stant 5 and 2 min: 4 to 40 rpm also showed significant
difference between 5 groups (P = 0.044 and P = 0.024,
respectively). These data showed the overall performance
is different in 5 groups. However, there was no significance
in all of the locomotor assays (Fig. 5C to E).

In addition, the results suggested that ADSCs pretreated
with BP showed further behavioral improvement in post-PD
induction recovery compared to untreated ADSCs. The dif-
ference between untreated and treated ADSCs was most
significant in foot fault score (Fig. SA). However, the differ-
ence was not as significant as shown in the rotarod test (Fig.
5B). Motor activity tests showed varying results for different
parameters. There were no statistically significant differ-
ences in any of the parameters, although data from vertical
activities suggested slightly better recovery in PD mice
transplanted with BP-treated ADSCs (Fig. 5C to E).

We were also interested in determining whether com-
bined intracerebral and i.v. transplantation provided addi-
tional therapeutic effects. ADSCs were transplanted into
PD mice through intracerebral injection and then i.v. injec-
tion. However, we did not observe any further improvement

during recovery in mice receiving double transplantations
compared to that in mice receiving only intracerebral
transplantation.

Changes in the Number of TH-expressing Cells after
Transplantation of BP-treated ADSCs

Our data in the behavioral study demonstrated that trans-
plantation of BP-treated ADSCs improved post-PD recov-
ery. To confirm successful transplantation, we collected
mice on day 5 from each group except pretreat i.c. + i.v.
The striatum sections from these mice were stained with
both TH and human mitochondria-specific markers (Fig.
6A). Around our injection site, healthy control mice TH-
positive staining can be seen to span across most striatum
area, and small TH+ bright dots can be observed. In the
striatum of mice injected with ADSCs or pretreated
ADSCs, hMito-positive cells were presented around the
injection scar. It is also worth noting that some of these
cells were also TH positive. We further confirmed coloca-
lization of TH and hMito signals in cells by confocal micro-
scopy. This result indicated that the cells possibly
differentiated into new DA expressing cells (Fig. 6B). We
next investigated whether ADSC transplantation improved
dopaminergic cell survival in mice. Brain samples of PD
mice from the behavioral study were collected on day 23,
and frozen sections were prepared. Sections of the SN
region were stained with the dopaminergic cell marker
TH (Fig. 6C). Although not statistically significant due to
large variance among samples, the average number of TH-
expressing cells dropped 25% after PD induction (Fig. 6D).
Transplantation of untreated ADSCs did not significantly
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Fig. 5. (Continued)

alter average cell numbers in the SN region on selected
sections compared to that in untreated mice. However,
cell numbers increased when PD mice underwent trans-
plantation with BP-treated ADSCs and were comparable
to those of healthy mice. Our results from the cell count,
although not statistically significant, implicated that the

increased numbers of TH-expressing cells in PD mice
transplanted with BP-treated ADSCs possibly corrobo-
rated with the findings of our behavioral study, suggest-
ing that BP-treated ADSCs exerted better therapeutic
effects than untreated ADSCs and double transplantation
treatments in behavioral recovery in mice with PD.
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Changes in ADSC Viability and Gene Expression
Following BP Pretreatment Using Ethanol as a
Substitute Solvent for DMSO

The results from our behavioral study and tissue section
analysis suggested that BP pretreatment of ADSCs improved
the therapeutic effects of stem cell transplantation during PD
recovery. In our experiments, BP was initially dissolved in
DMSO, which exhibits neurotoxicity at high doses and is
associated with safety concerns when used as solvent in the
clinical setting. Therefore, to test whether ethanol could be
used as a substitute solvent for BP, we examined ADSC via-
bility when cells were treated with BP dissolved and diluted in
100% ethanol. After treatment of ADSCs with BP/ethanol for
24 or 48 h, we found that cell viability remained stable at
concentrations of 20 ng/mL or lower (Fig. 7A and B). These
results suggested that ADSCs had similar tolerance toward BP
when DMSO or ethanol was used as a solvent. We also exam-
ined gene expression in ADSCs pretreated with BP/ethanol.
BDNF, Nurrl, SDF 1o, and Brn4 were significantly upregu-
lated after 24 h of treatment with BP/ethanol, whereas /L8 and
IL6 expression was not altered compared to that in untreated
cells (Fig. 8A to F). This result clearly suggested that BP
dissolved in ethanol was comparable to BP dissolved in
DMSO with regard to maintenance of ADSC viability and
increased neuronal gene expression.

We further examined these 2 pretreatment methods
with DMSO or ethanol as an initial solvent in behavioral
studies in our mouse model of PD (Online Supplementary

Fig. 1). BP/ethanol pretreatment also significantly
improved behavioral outcome during the 22-d recovery
period of balancing ability after PD induction, and the
level of improvement was similar to that observed for
BP/DMSO pretreatment. Other neuronal behavior tests
yielded less significant but similar results, with no differ-
ence between ethanol and DMSO as a solvent. Our data
implied that both DMSO and ethanol could be used as
initial solvents in ADSC transplantation therapy for treat-
ing PD and that ethanol was a better candidate owing to
possible neurotoxicity induced by trace DMSO in the
final solution.

Discussion

While there is no cure for slowing or stopping the progres-
sion of PD, drugs such as L-DOPA are effective in alleviating
symptoms but not without undesired side effects. Cell
replacement therapies have been evaluated since the
1970s, and therapies using stem cells of various origins have
become a recent focus. Cell transplantations using ESCs or
neural stem cells have been the center of many studies®®>’.
The outcomes of these studies provide insight into the ther-
apeutic capacity of stem cells and encourage the investiga-
tion using other stem cell sources and different pretreatment
methods. ADSCs become an interesting choice of cell source
due to their availability, and several studies in mouse and rat
models have shown that ADSCs are capable of providing
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Fig. 6. Number of tyrosine hydroxylase—expressing cells in mice transplanted with n-butylidenephthalide-pretreated adipose-derived stem
cells (ADSCs). (A) Striatum of mice from control, saline, ADSC, preADSC groups were stained with tyrosine hydroxylase (red), human
mitochondria marker (green), and 4,6-diamidino-2-phenylindole (DAPI; blue), scale bar = 25 pm. (B) Colocalization of tyrosine hydroxylase
(TH) and human mitochondria from (A) was confirmed by confocal microscopy. (C) The substantia nigra of mice from each group was
stained for TH (red). DAPI (blue) was used for staining of nuclei. (D) Cells positive for both TH and DAPI were counted and presented as
percentage versus control in the bar graph. Error bars represent means + SDs (N = 3).
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Fig. 7. ADSC viability after treatment with BP/ethanol. A. The viability of cells decreased at a BP concentration of 80 pg/mL or
higher. Viability was evaluated by MTT assays after cells were incubated in medium containing BP at the indicated concentrations for 24 h. B.
Prolonged incubation with BP for 48 h further reduced cell survival at concentrations of 40 pug/mL or higher. Error bars represent means +

SDs (N = 3). *b < 0.05; **p < 0.01; ***p < 0.001 versus control.

neuronal regeneration and improve PD symptoms in these
animal models***!.

In our study, we investigated the therapeutic effects
of BP treatment and ADSC transplantation on PD. BP-
stimulated ADSCs remained viable up to a concentration
of 20 to 40 pg/mL. Longer incubation of ADSCs with BP
reduced cell viability at higher concentrations; thus, the
optimal stable treatment conditions were chosen as 24 h
incubation with 20 pg/mL BP.

We further investigated the potential effects of ADSC
transplantation with or without BP stimulation on promotion

of PD recovery. We showed that ADSCs improved recovery
rate of balancing ability in mice with PD. Although the
differences were less significant, other motor functions, such
as coordination and overall motor activity, were also
improved faster during the 21-d recovery period. At 22 d
after induction of PD, we found that dopaminergic cells
returned to numbers close to those in healthy mice. These
results indicated that ADSCs indeed had neuroprotective and
neurogenic effects.

Several compounds isolated from A. sinensis have been
shown to exert anti-inflammatory and neuroprotective
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effects, and ligustilide has been shown to have neurogenic
effects. In this study, we aimed to determine whether
BP could also exert neurogenic effects in ADSCs. Our
results of gene expression analysis showed that several
neurogenesis-related genes were upregulated after incuba-
tion with BP. The concentration at which BP showed the
largest neurogenic effects and minimal cell toxicity was
20 pg/mL. We demonstrated that BP-pretreated ADSCs
increased behavioral improvements in mice with PD, sug-
gesting that BP stimulation could enhance the therapeutic
effects of ADSC transplantation in the treatment of PD.
We also provided evidence suggesting that additional i.v.
transplantation of ADSCs failed to further improve out-
comes. Thus, in our model, intracerebral injection of ADSCs
may have achieved the highest recovery possible.

Finally, we showed that 100% ethanol could be used as a
less cytotoxic alternative to DMSO. We substituted DMSO
with ethanol as initial solvent without affecting cell viability
under our experimental conditions. The expression patterns
of selected genes did not vary from those with DMSO as

solvent. Our behavioral studies also provided similar results
regardless of the solvent used.

In summary, we have shown that ADSC transplantation
supported the recovery of motor function in our MPTP-
induced mouse model of PD. We also demonstrated the
potential of BP to stimulate neurogenesis in ADSCs. The
therapeutic effects of this treatment could be improved by
stimulating ADSCs with BP for 24 h before transplantation.
Both ethanol and DMSO could be used as a solvent without
affecting outcomes. Our findings provide insights into the
establishment of stem cell therapies for brain diseases, such
as PD, and may facilitate the development of methods to
alleviate symptoms of motor dysfunction.
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