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Abstract

Human adipose stem cells (hASC) have therapeutic potential for the treatment of neurode-

generative disorders. Mitochondrial dysfunction is frequently observed in most neurodegener-

ative disorders, including Alzheimer’s disease. We explored the therapeutic potential of

hASC cytosolic extracts to attenuate neuronal death induced by mitochondrial dysfunction

in an Alzheimer’s disease (AD) in vitro models. Amyloid beta (Aβ) was used to induce cytotox-

ity in an immortal hippocampal cell line (HT22) and neuronal stem cells from the brain of

TG2576 transgenic mice were also used to test the protective role of hASC cytosolic extracts.

Cell viability and flow cytometry results demonstrated that the hASC extract prevents the tox-

icity and apoptosis in AD in vitro models. Moreover, JC-1 and MitoSoxRed staining followed

by fluorescence microscopy and flow cytometry results showed that the hASC extract amelio-

rated the effect of Aβ-induced mitochondrial oxidative stress and reduced the mitochondrial

membrane potential. Western blot result showed that hASC extract modulated mitochondria-

associated proteins, such as Bax and Bcl2, and down-regulated cleaved caspase-3. In addi-

tion, hASC extract decreased Aβ generation and reversed up-regulated p53 and foxo3a pro-

tein level in AD in vitro model cell derived from TG2576 mice. Taken together, these findings

implicate a protective role of the hASC extract in the Aβ-induced mitochondrial apoptosis via

regulation of P53/foxo3a pathway, providing insight into the molecular mechanisms of hASC

extract and a therapeutic strategy to ameliorate neuronal death induced by Aβ.

Introduction

Alzheimer’s disease (AD) is the most common type of dementia resulting from progressive

neuronal loss. It is well known that amyloid beta (Aβ) contributes to neurodegeneration
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through the activation of an apoptotic pathway [1–3]. Increasing evidence suggests that Aβ
accumulates in the mitochondrial membrane and impairs mitochondrial functions leading to

activation of the neuronal apoptotic pathway [4]. During mitochondrial apoptosis, the mito-

chondrial membrane becomes permeable and reactive oxygen species (ROS) are released into

the cell [5, 6]. This results in the production of apoptogenic proteins like cytochrome c or the

introduction of pro-apoptotic factors from the mitochondria into the cytosol, activating pro-

caspases, which induces apoptosis [7]. P53, known as tumor suppressor, has important role in

determining the cell fate. It is well known that p53 is up-regulated in AD brain and leads to

neuronal loss. P53 can induce apoptosis both in intrinsic and extrinsic pathways, and both of

these can induce mitochondria dysfunction via regulating apoptotic proteins like Bax and cas-

pase3 and proapoptotic protein like Bcl2, or other downstream targets [8]. The turnover of the

p53 is one of the ways that cells control their own cell fate. P53 has many downstream targets

including Foxo3a, which is a transcriptional factor that can trigger cell apoptosis when translo-

cate into nucleus. Mounting evidence indicates that p53 can directly targets to foxo3a and

leads to the increase of foxo3a in the nucleus, leading to cell apoptosis [9].

Among the many types of tissue-derived stem cells, human adipose stem cells (hASC) iso-

lated from adipose tissue are well known for their accessibility and ability to differentiate into

mesenchymal and non-mesenchymal cell lineages [10–12]. hASC express and secrete multiple

factors for beneficial bystander effects and have a high rate of proliferation with a lower rate of

senescence than other adult stem cells [13, 14]. Therefore, hASC are regarded as a potential

source of cells for stem cell based therapy. Previous studies have shown that hASC transplanta-

tion could slow down the progression of Huntington’s Disease (HD) and attenuate Aβ accu-

mulation and improve cognitive functions in an AD mouse model [14, 15]. hASC also protect

the brain from traumatic brain injury-induced neurodegeneration and from motor and cogni-

tive impairments comorbid in rats with traumatic brain injury [16]. With respect to clinical

applications, the hASC extract could be more suitable than stem cell therapy as it could possi-

bly show effects similar to that of stem cell transplantation without the invasive methods and

side effects. However, there are no reports of the therapeutic potential of the hASC cytosolic

extract containing the secretome and its applications for AD. In this study, we found that the

hASC extract attenuates changes in the mitochondria (mitochondrial membrane potential,

superoxide levels, mitochondria-associated proteins and mitochondrial morphology) associ-

ated with apoptosis and promotes neuronal survival through regulating p53/foxo3a pathway.

Such results suggest that the hASC extract has the ability to regulate mitochondria-mediated

apoptosis and promote neuro-regeneration.

Materials and Methods

Ethics Statement

The cognitively normal individual who provided the subcutaneous adipose tissue sample has

provided written informed consent to participate in this study. The study was approved by the

Institutional Review Board of Seoul National University Hospital. All animal protocols were

approved by the Institutional Animal Care and Use Committee (IACUC) of Seoul National

University Hospital.

Cell culture

Dulbecco’s modified eagle’s medium (DMEM, Thermo Scientific, MA, USA) supplemented

with 10% fetal bovine serum (FBS, Thermo Scientific, MA, USA) and 1% penicillin/streptomy-

cin (P/S, Thermo Scientific, MA, USA) was used for the mouse hippocampal neuronal cell line

(HT22) culture in a 5% CO2 incubator providing a humidified atmosphere at 37˚C.
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Cell apoptosis assay and mitochondrial dysfunction assay

HT22 or AD in vitro model cells were cultured in a 24-well plate. For the CCK-8 reagent

(Dojindo, Kumamoto, Japan) cell viability assay, new cell culture medium containing 10%

CCK-8 was added after removing the used medium. Two hours later, 100 μl of cultured

medium was transferred to a new 96-well microplate and the absorbance was measured at 450

nm with a microplate reader. For PI and (or) Annexin V (or together with Hoechst) staining

in cell death assays, the Annexin-V-FITC and PI Apoptosis Detection Kit (BD Bisosciences,

CA, USA) were used followed by FACS analysis (FACS Calibur, BD Biosciences, CA, USA)

and the fluorescence was analyzed by with Winmdi 2.9, or captured by fluorescence micros-

copy according to the manufacturer’s instructions. For JC-1 (Invitrogen, CA, USA) and Mito-

SoxRed (Invitrogen, CA, USA) staining, cells were washed once with PBS and subjected in JC-

1 or MitoSoxRed staining for 10 min at 37˚C. Cells were washed again with PBS and analyzed

by flow cytometry and (or) imaged with fluorescence microscopy. For analyzing JC-1, HT22

cells were seeded in 24-well plate until approximately 30% cell confluence and incubated at

37˚C, 5% CO2 for 24h. Next day, cells were treated with 100 μg/ml amyloid beta (Invitrogen,

CA, USA) and 30 μg/ml hASC extract for 24h. JC-1 monomer and aggregate were quantified

from each single cell using Nikon NIS-Elements-AR software.

Transient transfections

Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) and Opti-MEM I (Invitrogen, CA, USA)

were used for the transient transfection of HT22 cells with Mito-dsRed plasmids. After 4 hours

of incubation, the medium was replaced with new culture medium. Cells were analyzed 48

hours later.

Immunoblotting

As for nuclear isolation, NE-PER nuclear and cytoplasmic reagents (Thermo Scientific, MA,

USA) was used following the instruction manual. As for making cell lysates, RIPA lysis buffer

(Biosesang. Inc. Seoul, Korea) with protease and phosphatase inhibitors was used to lyse cell.

The total protein concentration was measured by a colorimetric detection assay (BCA Protein

Assay, Pierce, USA). Equal amounts of protein lysates were loaded in sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE), and transferred to Immobilon-P membranes

(Millipore Corporation, Bedford, MA, USA). Anti-Bax (Cell signaling, MA, USA), anti-Bcl2

(Cell signaling, MA, USA), anti-cleaved caspase-3 (Cell signaling, MA, USA), and anti-β-actin

(Sigma, MO, USA) primary antibodies and corresponding peroxidase-labeled secondary anti-

bodies were used to detect interested proteins. The protein blots were detected by ECL (Milli-

pore Corporation) using LAS-4000 Imaging system (GE Healthcare Bio-Sciences, PA, USA)

and band intensities were measured by ImageJ software.

hASC culture and preparation of the hASC extract

This procedure has been described previously [17]. Briefly, 0.075% collagenase type I solution

(Invitrogen, CA, USA) in PBS was used to digest the minced adipose tissue with gentle agitation

for 1 h at 37˚C. Digested tissue samples were subjected in centrifugation at 200 ×g for 10 min and

upper mature adipocyte fractions were removed from stromal fractions. The remaining stromal

fractions (pellet) were treated with red blood cell lysis buffer (Sigma, MO, USA) for 10 min at

room temperature. The lysed fractions were filtered through a 100-μm nylon mesh, and centri-

fuged at 200 ×g for 10 min. The combined stromal fractions of the samples were re-suspended

and cultured in endothelial growth medium-2 MV (EGM-2 MV; Lonza, USA). For preparation
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of the hASC extract [18], healthy cultured hASC were collected in cold PBS and centrifuged at

200 ×g for 5 min. The cell pellets was suspended in 1 ml cold PBS and lysed by three cycles of rap-

idly freezing and thawing. The extracted lysate was then centrifuged at 10,000 ×g for 15 min, and

the protein content of the supernatant was quantified using a Bio-Rad protein assay kit (Bio-Rad

Lab, Milan, Italy). Based on our previous study [19], we used optimal dose for protective effect of

the hASC extract in the experiments; 100 μg/ml for AD-NS and 30 μg/ml for HT22 cells.

Generation and culture of AD in vitro model cell

Neurospheres were isolated from the hippocampus of 9-week-old AD transgenic mice of the

2576 line (Tg2576). The isolation method has been used previously [20]. Briefly, mice brain tis-

sues were dissected and minced in a dish containing HBSS. The cells were trypsinized (Sigma,

St. Louis, MO, USA) and incubated with DMEM/F12 (Gibco BRL) for 15 min at 37˚C. Cells

were seeded in a 6-well plate after centrifuging and resuspending with DMEM/F12 supplied

with 1% PSA (penicillin-streptomycin-amphotericin; Invitrogen, Carlsbad, CA, USA), 2% B27

Supplement (Gibco BRL), 10 ng/mL epidermal growth factor (EGF; Invitrogen), and 10 ng/

mL basic fibroblast growth factor (bFGF; Invitrogen). Medium was replaced every 4–5 days.

For inducing differentiation [21], briefly, when the cells formed neurospheres sized about 50–

100 μm in diameter, they were resuspended and transferred into a sterile 15-ml tube. The neu-

rosphere pellet was obtained by centrifuging at 100 ×g for 5 min at room temperature, and

resuspended with differentiation culture medium (DMEM/F12, 1% PSA, 2% B27, and 4%

FBS). Medium were replaced every 4–5 days.

Immunocytochemistry

For immunocytochemistry staining of Foxo3a, cells were fixed with 4% paraformaldehyde and

permeabilized using Triton X-100 (0.2% in PBS). Cells were then incubated with anti- Foxo3a

(1:100, Millipore, Billerica, USA) over night at 4˚C. Cells were incubated for 2 hours at room

temperature with Alexa 568-conjugated goat anti-rabbit IgG (1:400, Molecular Probes,

Eugene, OR) after washing 3 times. Cells were washed in PBS and were counter stained with

DAPI for nuclear identification. Foxo3a (red) or DAPI (blue) stained cells were imaged using

the Leica DM 5500 (Leica Microsystem, Switzerland).

Amyloid beta (Aβ) 40 and 42 enzyme-linked immunosorbent assay

(ELISA)

To quantify Aβ40 and 42 content cells medium from in vitro AD model, we used Aβ40 and 42

ELISA kits (Invitrogen, Carlsbad, CA, USA; distributed by Medicorp, Montreal, Canada). The

ELISAs were performed the following manufacturer’s protocol. Cells medium was centrifuged

at 3000 ×g for 10 min at 4˚C. Each sample was mixed in an equal volume of Standard Diluent

Buffer provided in the kits, supplemented with guanidine HCl (Sigma, St. Louis, MO) and pro-

tease inhibitor (Roche, NJ, USA) (to a final concentration of 5 M guanidine) and incubated for

3 hours at room temperature. The resulting samples were further diluted 1:10 in the provide

dilution buffer (to a final concentration of 0.5 M guanidine) and tested in triplicate. The absor-

bance was immediately measured at 450 nm using a microplate reader (VersaMax Tunable

Microplate Reader Molecular Devices, USA).

Statistical analysis

Image intensity was quantified using the Nikon NIS-Elements-AR software. Image J (NIH,

MD, USA) was used to quantify the protein blot. Data were analyzed using Student’s t-test or
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one-way ANOVA. Data were expressed as mean ± S.E.M. and differences were deemed signifi-

cant when P < 0.05. (n = 4 each). Error bars represent S.E.M.

Results

hASC extract prevents Aβ-induced cell toxicity in HT22 cells

Many studies have indicated that Aβ is toxic to neurons [22–24]. Our previous study has

shown that the hASC extract promotes cell survival in a model of mutant Huntingtin-induced

cell death [25]. To determine the protective role of the hASC extract in Aβ-treated neurons, we

first observed cellular morphology after treatment with Aβ and the hASC extract. Many cells

began to shrink in response to the application of Aβ, which was normalized by application of

the hASC extract (Fig 1A). We further evaluated cell viability which was significantly reduced

with Aβ treatment compared with control cells; however, treatment with the hASC extract

rescued these cells (Fig 1B). Then Annexin V and (or) Propidium Iodide (PI) staining was

performed and showed that compared with the control, more Annexin V-positive cells were

observed with Aβ treatment, and less when hASC extract was applied (Fig 1C). Flow cytometry

analysis showed that both the proportion of early apoptosis and the late apoptosis were signifi-

cantly increased with Aβ treatment as compared to the control; However, the treatment of the

hASC extract significantly decreased them (Fig 1D). Thus, these results suggest that treatment

with the hASC extract could prevent Aβ-induced neuronal apoptosis.

Fig 1. The hASC extract prevents Aβ-induced cell toxicity. HT22 cells were treated with 100 μg/ml Aβwith or

without 30 μg/ml of the hASC extract. At 48 h, (A) cells were directly imaged with a microscope. Representative

images are shown. (B) The cell viability assay using CCK8 shows the reduction of cell viability by treatment with Aβ
and the hASC extract; normalized values are presented (n = 3 each). (C, D) Cells were subjected to Annexin

V-FITC and (or) PI staining. Images captured by a fluorescent microscope; or cells were analyzed using flow

cytometry and quantified graph shows the level of apoptosis in the experiments (n = 3 each). Scale bar = 10 μm (A);

50 μm (C). Error bars represent S.E.M. *p<0.05, **p<0.01.

doi:10.1371/journal.pone.0168859.g001
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hASC extract reverses the Aβ-induced decrease in mitochondrial

membrane potential, excessive mitochondrial superoxide production,

and abnormal mitochondrial morphology

It has been reported that Aβ can induce apoptosis by stimulating mitochondrial dysfunction

including the reduction of mitochondrial membrane potential and excessive levels of mito-

chondrial superoxide [26–28]. Since we found that hASC extract prevents Aβ-induced apopto-

sis, we hypothesized that it could prevent Aβ-induced neuronal apoptosis occurring through

the mitochondrial pathway. In order to test this, mitochondrial membrane potential was

determined with JC-1 staining. When treating cells with Aβ the JC-1 aggregation (red) was

decreased and JC-1 monomer (green) was increased relative to the control. However, upon

treatment with the hASC extract, cells showed normal levels of JC-1 staining (Fig 2A). As ana-

lyzed by flow cytometry, the proportion of the JC-1 monomer significantly increased due to

the treatment with Aβ as compared to the control; this was reduced back following hASC

extract application (Fig 2B). Similarly, MitoSoxRed staining performed for estimation of mito-

chondrial superoxide levels showed that treatment with Aβ increases the MitoSoxRed intensity

as compared with the control; however, the treatment with the hASC extract rescued it to

the normal level (Fig 2C). As analyzed by flow cytometry, the treatment of Aβ significantly

increased mean MitoSoxRed intensity compared with the control, yet treatment with the

Fig 2. The hASC extract prevents Aβ -induced mitochondrial dysfunction. HT22 cells were treated with

100 μg/ml Aβwith or without 30 μg/ml of the hASC extract at 24h after seeding. At 48 h, (A, B) cells were subjected

to JC-1 staining. Data showed induction of the JC-1 monomer by Aβ treatment with the hASC extract reduced this

effect (n = 3 each). (C) Cells were subjected to MitoSoxRed staining. MitoSoxRed intensity was decreased by Aβ
but normalized by the hASC extract (n = 3 each). (D) HT22 cells were transfected with mito-dsRed with 100 μg/ml

Aβ and 30 μg/ml hASC extract. The mitochondrial length was reduced by Aβ and this effect was normalized by

treatment with the hASC extract (n = 3 each). At least 15 cells were selected in each sample and about 40

mitochondria were examined from each selected cell. Error bars represent S.E.M. Scale bar = 10 μm. **p<0.01,

***p<0.001.

doi:10.1371/journal.pone.0168859.g002
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hASC extract reduced it (Fig 2C, middle panel). We next determined whether Aβ altered mito-

chondrial morphology. HT22 cells were transfected with Mito-dsRed used for fluorescent

labeling of mitochondria. As compared with the control, Aβ-treated cells displayed marked

fragmentation of the mitochondria, and treatment with the hASC extract rescued the mito-

chondrial morphology; an analysis of mitochondrial length demonstrated more than two-fold

shorter mitochondria in Aβ- versus control-treated cells or both Aβ and the hASC extract-

treated cells (Fig 2D). Taken together, these results suggest that the hASC extract reverses Aβ-

induced mitochondrial dysfunction.

hASC extract prevents apoptosis and mitochondrial dysfunction in AD in

vitro model cells

We supposed that the hASC extract would also have a protective effect on AD in vitro model

cells by regulating mitochondrial membrane potential and superoxide production. Similarly,

Annexin V staining was performed as an apoptosis assay. Our result showed that treatment

with the hASC extract significantly reduced apoptosis in AD in vitro model cells (Fig 3A).

Next, MitoSoxRed staining result indicated that treatment with the hASC extract significantly

reduced the red intensity compared with the control (Fig 3B), indicating that mitochondrial

superoxide levels were reduced by the hASC extract. JC-1 staining in the mitochondrial mem-

brane potential assay was also performed and the result revealed that the hASC extract signifi-

cantly reduced the green (JC-1 monomer) intensity and increased the red intensity (JC-1

Fig 3. The hASC extract prevents cell death and mitochondrial dysfunction in AD in vitro model cells. AD in

vitro model cells were treated with 100 μg/ml hASC extract for 48 h. (A) Cells were subjected to Hoechst and Annexin

V staining (FITC). The levels of apoptosis is indicated by the ratio of Annexin V-positive to Hoechst-positive cells;

apoptosis was reduced by treatment with the hASC extract (n = 4 each). (B) Cells were subjected in MitoSoxRed

staining. MitoSoxRed intensity was reduced by treatment with the hASC extract (n = 4 each). (C) Cells were subjected

to JC-1 staining. The ratio of JC-1 aggregates to monomer was significantly increased by treatment with the hASC

extract (n = 4 each). Scale bar = 50 μm (A); 10 μm (B, C). Error bars represent S.E.M.

doi:10.1371/journal.pone.0168859.g003
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aggregate); The ratio of aggregate to monomer significantly increased in the group treated

with the hASC extract as compared with the non-treated group (Fig 3C), indicating a normali-

zation of mitochondrial membrane potential through hASC extract treatment. Therefore, the

hASC extract prevents apoptosis and mitochondrial dysfunction in AD in vitro model cells.

hASC extract decreases Aβ generation and reversed P53/Foxo3a

protein expressions in AD in vitro model cells

Since we found hASC extract could prevent the apoptosis and mitochondrial dysfunctions in

AD in vitro model cells, we supposed that hASC extract could reduce Aβ level. First of all, the

Aβ42 and Aβ40 levels were determined in both WT and AD in vitro model cells and the result

showed that in AD in vitro model cells there were dramatically increase of Aβ42 and Aβ40 lev-

els (S1 Fig). As supposed, treatment with the hASC extract reduced not only both of Aβ42 and

Aβ40 levels, but also Aβ42/Aβ40 ratio (Fig 4A), suggesting hASC extract is involved in interfer-

ing Aβ generation. Meanwhile, Apoptotic proteins Bax and cleaved-caspase 3 levels were

Fig 4. The hASC extract reduces amyloid beta level, p53 and foxo3a protein levels in AD in vitro neurons.

(A) AD in vitro cells were treated with hASC extract for 48h and Aβ42 and Aβ40 were determined by ELISA. Graph

shows the reduction of the Aβ40, Aβ42 and ratio of Aβ42/Aβ40 by hASC extract treatment. (B) WT and AD in vitro

cells were differentiated for 3 days and treated with 100 μg/ml hASC extract for 48h. Immunoblotting showed

expression levels of Bax, cleaved caspase-3, and Bcl2 proteins after treatment with the hASC extract. Quantified

graph showed the reduction of Bax, Bcl2 and cleaved caspase-3 protein expressions by hASC extract treatment. A

representative experiment is shown. (C) WT and AD in vitro cells differentiated for 3 days. Cells were treated with or

without 100 μg/ml hASC extract and equal amount of cell lysate were subjected in immunoblotting for p53, foxo3a

and β-actin. (D) WT and AD in vitro cells were differentiated for 3 days and treated with hASC extract for 48h. Cells

were subjected in immunocytochemistry for foxo3a and DAPI. Images were captured by confocal microscope. (E)

Quantified graph showed the changes of foxo3a intensity both in total (right panel) and in the nucleus (left panel).

(n = 3 each). Error bars represent S.E.M. Scale bar = 10 μm

doi:10.1371/journal.pone.0168859.g004
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up-regulated and pro-apoptotic protein Bcl2 level was down-regulated in AD in vitro model

cells compared to wild type (WT) cells; however, all these proteins levels were significantly

reversed by the treatment of hASC extract (Fig 4B). Since a number of evidence has shown

that p53 is up-regulated in AD brain, we supposed that hASC extract could reduce p53 level to

promote cell survival. In our result, p53 protein level was increased in AD in vitro model cells

compared to wild type (WT) cells, but the treatment of hASC extract significantly reversed it.

Another target of p53, p21 was also determined and it shows that p21 was increased in AD in
vitro model cells compared to WT cells, but the treatment of hASC extract significantly

reduced it back (Fig 4C). To further confirm this, we investigated its target foxo3a protein level

by immunocytochemistry and found both total and nuclear foxo3a levels were increased in

AD in vitro model cells compared to the WT cells, but both of them were reversed back to

basal levels after the hASC extract treatment (Fig 4D and 4E). Nuclear isolation was also per-

formed and confirmed the increase of nuclear foxo3a levels in AD in vitro models cells, and

foxo3a level was decreased back by the treatment of hASC extract (S2 Fig). Taken together,

hASC extract treatment down-regulates Aβ generation and P53/Foxo3a protein expressions in

AD in vitro model cells.

Discussion

Neuronal loss in AD is mainly associated with the accumulation of Aβ and Tau, leading to

degeneration of the hippocampus [29–31]. The most common neuronal loss in AD and other

neurodegenerative diseases is caused by apoptosis and mitochondrial dysfunction [32, 33]. In

this study, a series of novel observations indicate the protective role of the hASC extract regu-

lating mitochondrial dysfunction and apoptosis via down-regulating Aβ, p53/foxo3a protein

expression levels.

Previous studies have shown that the hASC reduces the accumulation of Aβ and C-terminal

fragments of APP in vivo, and co-culturing of hASC and BV2 cells prevents Aβ-induced cell

death [15]. In this study, we found that in HT22 cells, the hASC extract prevented Aβ-induced

apoptosis. Specially, the hASC extract also prevented an Aβ-induced loss of mitochondrial

membrane potential and corresponding increases in mitochondrial superoxide levels. The

hASC extract could improve neuronal survival in a hostile environment and promote neural

regeneration against Aβ-induced neuronal damage in AD in vitro model cells. Our results sug-

gested that the hASC extract might be essential in neuronal survival by ameliorating Aβ-medi-

ated mitochondrial apoptosis in HT22 and AD in vitro model cells. A number of evidence

indicates that both stabilization and activation of p53 are up-regulated in AD brain, resulting

in neuronal loss. Interestingly, our results show that hASC extract reduced up-regulated p53 in

AD in vitro model cells. Foxo3a, as one of targets of p53, was also up-regulated in AD model

cells but reversed back by hASC extract treatment, which further demonstrates the role of

hASC extract in reducing p53 protein level and preventing Aβ-induced apoptosis.

Although two apoptosis pathways, extracellular and mitochondrial apoptotic pathway, are

both important, neurodegenerative diseases including AD are mainly implicated by mitochon-

drial abnormalities rather than extracellular apoptotic signaling [34]. Thus, this study focused

on the mitochondrial apoptotic pathway in vitro AD models. We cannot exclude the possibility

that some unknown factors from hASC extract might cause direct activation, but at least hASC

extract is involved in the regulation of mitochondria-mediated pathway in AD model based on

our findings.

Most of the positive effects of stem cells are associated with bystander effects they have in

the region transplanted. Our recent work has demonstrated a regenerative role for both hASC

and hASC extracts, slowing the progression of HD with neurotrophic factors produced by
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hASC [14, 17]. Undeniably, factors or molecules from hASC are beneficial, yet how they ame-

liorate cell death and mitochondrial dysfunction is little known. However, our recent study

shows the exosome extracted from hASC can ameliorate mutant huntingtin aggregation in

HD in vitro model cells, which implicates that exosome could be one of factors to deliver

important proteins or molecules for cell survival [12]. The hASC extract fails to show a thera-

peutic effect after heat inactivation [35], suggesting that the bystander effect of hASC extracts

on neuronal regeneration is associated with cytosolic protein factors. Therefore, identifying

the key protein factors from the hASC cytosolic extract and determining their mechanism of

action will be critical for developing hASC as a therapy for neural regeneration in future.

Another future direction would be to understand whether the hASC extract promotes progres-

sion of neural regeneration and recovery of cognitive functions by reducing Aβ generation

and tau aggregation in AD model mice in vivo. Our findings in combination with those of pre-

vious studies on treatment of AD show that the hASC extract could be a potential resource for

non-invasive and cell-free therapeutics.

Supporting Information

S1 Fig. Investigation of expression of Aβ40 and Aβ42 in AD and WT in vitro model. Aβ40

(A) and Aβ42 (B) released from AD and WT in vitro model were measured by ELISA assay at

24h, 72h and 120h after differentiation. Aβ40 increased gently depends on time of differentia-

tion, on the other hand Aβ42 increased steeply. And Aβ40 and Aβ42 in WT in vitro model

neurons were almost not detected compared to AD in vitro model cells.

(TIF)

S2 Fig. Translocation of foxo3a protein from cytosol to nucleus. WT and AD in vitro model

cells were differentiated for 3 days and treated with 100 μg/ml hASC extract for 48h. Nuclear

fractions were isolated and immunoblotting showed expression levels of foxo3a increased in

AD nuclei but decreased by the treatment of hASC extract.

(TIF)
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