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Abstract

Stem cell therapy is a promising treatment for incurable disorders including Huntington’s disease (HD). Adipose-derived
stem cell (ASC) is an easily available source of stem cells. Since ASCs can be differentiated into nervous stem cells, it has
clinically feasible potential for neurodegenerative disease. In addition, ASCs secrete various anti-apoptotic growth factors,
which improve the symptoms of disease from transplanted ASCs. Thus, cell-free extracts of ASCs (ASCs-E) could be
a potential candidate for treatment of HD. Here, we investigated effects of ASCs-E on R6/2 HD mouse model and neuronal
cells. In R6/2 HD model, injection of ASCs-E improved the performance in Rotarod test. ASCs-E also ameliorated striatal
atrophy and mutant huntingtin aggregation in the striatum. In Western blot increased expressions of p-Akt, p-CREB and
PGC1a were noted by injection of ASCs-E, when comparing to the R6/2 HD model. Neuro2A neuroblastoma cells treated
with ASCs-E showed increased expression of p-CREB and PGC1a. In conclusion, ASCs-E delayed disease progression in
animal model of HD by restoring of CREB-PGC1a pathway and could be a potential resource for treatment of HD.
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Introduction

Huntington’s disease (HD) is an autosomal dominant neurode-

generative disorder characterized by loss of striatal projection

neurons. HD patients undergo involuntary motor movement,

psychiatric manifestation and cognitive decline [1–4]. The

huntingtin gene encodes a protein called huntingtin and HD

patient has an expanded CAG repeats in exon 1 of the huntingtin

gene. These CAG repeats express polyglutamine and this protein

repeat is related with the aggregation of mutant huntingtin in

neuron, which causes the cell death of striatum in HD [1,2,4,5].

There is ongoing research for a cure for HD, however only a few

medications can relieve symptoms in HD [3,6].

Autologous transplantation of stem cells has been suggested as

an ideal source for cell therapy, since problem of immune rejection

is less likely. Among the tissue derived stem cells, adipose stem cell

(ASC) is a feasible source for stem cell-based therapy, considering

their abundance, multipotency, and ethical consideration [7–10].

ASCs transplantation in vivo models have been reported to be

beneficial. However, whether transplanted ASCs replaced dam-

aged cells is unclear [11,12]. Stem cells secrete various factors

which can modulate a hostile microenvironment of diseases [13–

16]. ASCs also express multiple growth factors and could be used

to treat diseases via secretion factors, called paracrine mechanism

[10,17–19].

One of the pathomechanisms of HD progression is transcrip-

tional and mitochondrial dysregulation induced by mutant

huntingtin (mHtt) [4,20]. In HD, peroxisome proliferator-activat-

ed receptor c coactivator-1a (PGC-1a), which affects mitochon-

drial energy metabolism, is known to be imbalanced by mHtt and,

thus accelerating cell death [21–23]. Expression of PGC-1a is

known to be controlled by cAMP response element binding

protein (CREB) [24] which is also altered in HD [22,25].

In this study, we attempted to test whether or not the extracts of

ASCs (ASCs-E) can be an alternative to direct ASCs trans-

plantation. To investigate effects of ASCs-E in HD transgenic

mice, ASCs-E was intraperitoneally injected and changes of

disease progression were monitored. We also examined whether

ASCs-E could modulate Akt, CREB and PGC-1a expression in

brain, which is imbalanced in HD. To confirm the effects of cell-

free ASCs-E in vitro, neuro2A (N2A), mouse neuroblast cell, was

treated with ASCs-E and examined p-Akt, p-CREB and PGC-1a
expression.

Materials and Methods

Ethics Statement
Subcutaneous adipose samples were obtained from a normal

human who provides the written informed consent to participate

in this study and Institutional Review Board in Seoul National

University Hospital approved this study. All animal studies were

carried out with the approval of the Institutional Animal Care and

Use Committee (IACUC) of Seoul National University Hospital,

which was accredited by the Association for the Assessment and

Accreditation of Laboratory Animal Care International.

PLOS ONE | www.plosone.org 1 April 2013 | Volume 8 | Issue 4 | e59438



Preparation of human ASCs-E
The adipose tissues were minced and digested in 0.075%

collagenase type I solution (Invitrogen, USA) in phosphate-

buffered saline (PBS) with gentle agitation for 1 hour at 37uC.
Digested tissues were centrifuged at 2006g for 10 minutes and

upper mature adipocyte fractions were removed from stromal

fractions. The remaining stromal fractions (pellet) were treated

with red blood cell lysis buffer (Sigma, USA) for 10 minutes at

room temperature, filtered through a 100–mm nylon mesh, and

centrifuged at 2006g for 10 minutes. The combined stromal

fractions of the samples were re-suspended and cultured in

endothelial growth medium –2 MV (EGM–2 MV; Lonza, USA).

For the preparation of human ASCs – E, the cultured ASCs were

harvested in cold PBS and centrifuged at 2006g for 5 minutes.

The ASCs were suspended with an extraction buffer (1 mM DTT,

1 mM EDTA, protease inhibitor cocktail P8340, 0.1% DEPC in

PBS), and lysed by several mild mechanical air pressure. The

lysate was centrifuged at 14,0006g for 15 minutes, and the

supernatant was passed through a syringe filter unit (0.45 mm).

Dulbecco’s modified Eagle’s medium (DMEM) (Welgene, Korea)

was used as extraction buffer for in vitro treatment.

Neuro2A culture and ASCs-E treatment
N2A cells were seeded onto 6-well culture plates (SPL, Korea)

with DMEM containing 10% fetal bovine serum. Two days later,

N2A cells were exposed to 10 mg/ml of ASCs-E for 1day.

Following incubation with ASCs-E, cells were harvested and lysed

in Radio Immuno Precipitation Assay (RIPA) buffer (Thermo,

USA) with freshly added protease inhibitor and phosphatase

inhibitor (Roche, USA). After cellular debris was cleared by

centrifugation, protein concentration was determined by the BCA

protein assay (Pierce, USA) according to the manufacturer’s

instructions.

Huntington’s disease animal model and ASCs-E injection
schedule
We used transgenic HD mice of the R6/2 line (B6CBA-

Tg(HDexon1)62Gpb/3J, 111 CAGs) and their WT littermates

(Jackson Laboratories, USA). The R6/2 transgenic mouse model

expresses exon 1 of a human mHtt and is the most widely used

animal model for studying HD [5]. These mice were obtained by

crossing ovarian transplant hemizygote females with B6CBAF1/J

males. The mice were housed in groups with ad libitum access to

food and water and a 12 hours light/12 hours dark cycle. The

genotype was assessed using a PCR assay.

In R6/2 mice, disease phenotype appears at 8 weeks of age.

Considering protective effect of ASCs-E, injection was started at

6 weeks old. ASCs-E was injected intraperitoneally two times

a week (40 mg/kg) and control mice were injected with vehicle

(equal volume of extraction buffer). The ASCs-E was freshly

prepared just before administration and the injection dosage was

selected according to our previous published reports [26,27].

Rotarod performance and weight measurement
The Rotarod test was evaluated using a rotarod apparatus

(Jungdo Instruments, Korea). Mice were placed on the rod with an

accelerating rotating speed from 4 to 40 rpm over a period of

3 minutes with a 15 minutes rest between trials. Mice were trained

on three consecutive days for three trials per day at 4 weeks of age.

Three trials were performed and the mean latencies to fall were

used to analyze data. Rotarod evaluation and weight measurement

were performed every week from 5 to 12 weeks (Figure 1A).

Immunohistochemistry and striatal volume analysis
For immunohistochemistry, mice were anesthetized and

perfused through the heart with 10 ml of cold saline and 4%

paraformaldehyde in 0.1 M PBS at 12 weeks of age. Brains were

removed from the skull, cryoprotected in 30% sucrose solution at

4uC, and sectioned 20 mm. Free-floating sections were washed and

blocked with normal goat serum, then stained with the

EM48 mHtt antibody (1:300; Millipore). On the following day,

the sections were washed in PBS with three times and incubated

with FITC conjugated anti-rabbit IgG (1:50; Jackson ImmunoR-

esearch Laboratories) for 2 hours.

To examine the volume of striatum in R6/2 mice, serial-cut

200-mm coronal tissue sections from the rostral segment of the

neostriatum to the level of the anterior commissure (bregma 1.54

to 0.10 mm) were used for Nissl staining. The areas of the striatum

and the peristriatum were defined from each serial section, and

gross volumes were measured with integrating each sectional area

using Image-Pro Plus (Media Cybernetics, USA).

Protein extracts and western blot analysis
Brains of R6/2 mice were isolated, immediately frozen on liquid

nitrogen, and stored at 270uC until protein extraction. Cultured

N2A cells were washed and harvested in PBS using a cell scraper.

Protein extracts were prepared using RIPA buffer (Thermo, USA)

with freshly added protease inhibitor and phosphatase inhibitor

(Roche, USA). 30 mg protein samples were separated on 10%

SDS-PAGE and transferred onto PVDF membrane. The blots

were probed with primary antibodies: PGC-1a (1:1000; Santa

Cruz, CA), p-Akt (1:1000; Cell Signaling), CREB (1:1000; Cell

signaling), EM48 (1:200; Millipore), followed by horseradish

peroxidase conjugated secondary anti-mouse or rabbit antibody

(1:5000; GE Healthcare), and blots were developed using ECL.

Western blots were scanned and intensity values were obtained

using ImageJ software.

Statistical analysis
All values shown in the figures are presented as mean 6

standard error. Rotarod performance and weights were analyzed

by ANOVA with Fisher’s post hoc test at each week of age.

Western blot and histological results were analyzed by Student’s t-

test. A 2-tailed probability value below 0.05 was considered

statistically significant. Data were analyzed using SPSS version

17.0 (SPSS Inc., USA).

Results

ASCs-E slowed behavioral phenotypes of R6/2 mice
model
To investigate effects of ASCs-E on behavioral deficits of R6/2

mice, ASCs-E was injected from 6 weeks old and phenotypes were

examined. Mice showed gradual weight loss from 10 to 12 weeks

of age. In contrast with vehicle treated R6/2 mice, ASCs-E

injected R6/2 showed delayed progression of weight loss at

12 weeks old (22.160.2 vs. 2460.9, p,0.01) (Figure 1B). In

rotarod test, ASCs-E treated group showed lowered latency to fall

compared with vehicle treated group 10, 11 (p,0.05) and

12 weeks (p,0.01) of age (Figure 1C).

ASCs-E reduced striatal atrophy and mutant Htt
aggregation of R6/2 mice
R6/2 mouse shows striatal atrophy and mHtt aggregation in

striatum and cortex during disease progression [28–30]. To

examine histological changes of the brain, volume of striatum and

Effects of Adipose Derived Stem Cell Extracts
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mHtt aggregation were evaluated at 12 weeks of age. To evaluate

effect on mHtt aggregation, brains were sectioned and sliced

tissues were stained with an EM48 antibody which detects

aggregation of mutant huntingtin. As shown in figure 2A, injection

of ASCs-E reduced mHtt aggregation in the striatum but not in

the cortex. We extracted proteins from R6/2 mouse brain and

mHtt aggregation was measured by western blot. ASCs-E treated

group showed decreased mHtt aggregation in the brain compared

with vehicle treated group (Figure 2B, C). Volumes of striatum and

peristriatum were measured respectively and the ratio of striatum

to peristriatum was calculated. We found that ASCs-E injected

R6/2 brain showed an increased ratio of striatum to peristriatum

compared with vehicle injected R6/2 brain (0.2260.01 vs.

0.2560.01, p,0.01, n= 7) (Figure 2D, E).

ASCs-E activates CREB and PGC-1a in R6/2 mice and
neuronal cells
Dysfunction of CREB-PGC-1a pathway has been regarded as

the key molecules for HD progression [22,25]. To examine effects

of ASCs-E injection on this pathway, 12 weeks old R6/2 mice

treated with control vehicle or ASCs-E for 6 weeks were sacrificed

and western blot analysis was performed. Transplantation of

ASCs-E promoted expression of p-Akt, p-CREB and PGC-1a
(p,0.05 vs. R6/2 control), whereas they were decreased in R6/2

control mice (Figure 3A). To examine in vitro effects of ASCs-E,

neuro2A cells were cultured and incubated with ASCs-E for 1 day.

Then cells were harvested and levels of p-Akt, p-CREB and

PGC1a were measured by western blot. In ASCs-E treated cells,

levels of p-CREB and PGC1a were significantly increased

(Figure 3B). Overall, neuroprotective p-CREB-PGC1a pathway

was activated by treatment of ASCs-E.

Discussion

In this study, we investigated whether treatment of ASCs-E

affects expression of HD related molecules in neuronal cell line

and disease progression in R6/2 transgenic mouse model. In

neuronal cells, we observed that ASCs-E upregulates expression of

p-CREB and PGC-1a, which could modify HD progression. We

found that ASCs-E reduced mHtt aggregate and striatal atrophy

in the brain of R6/2 mice, and slowed progression of HD

phenotype, such as weight loss or decline of rotarod performance.

We observed that lowered activation of Akt-CREB-PGC-1a
pathway was recovered by injection of ASCs-E. Our study

suggests that systemic injection of ASCs-E could slow ongoing HD

progression.

Recent studies reported that mitochondrial dysfunction caused

by imbalance of CREB-PGC-1a pathway is critically involved in

HD progression. Inhibition of CREB activity causes PGC-1a
impairment, inducing cell death by glutamate toxicity in striatum

in HD [21–23,25]. Considering that activation of PGC-1a

Figure 1. Experimental schedule and disease phenotypes of R6/2 mice. (A) Schedule for ASCs-E injection, behavior test, weight measure and
brain sampling. (B) ASCs-E injection mitigated weight loss in R6/2 mouse at 12 weeks age. (C) Rotarod test showed better motor performance at 10,
11 and 12 weeks of age in ASCs-E treated R6/2 compared with control. * p,0.05, ** p,0.01.
doi:10.1371/journal.pone.0059438.g001
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Figure 2. Striatal atrophy and mHtt aggregation. (A) Striatal mHtt aggregation was mitigated in ASCs-E treated group. (B) mHtt aggregation
was visualized by western blot. (C) mHtt aggregation level was higher in ASCs-E treated R6/2 mouse brain compared with R6/2 control. (D) Striatum
was sectioned and stained with Nissl in R6/2 mouse treated with ASCs-E or vehicle. (E) Striatum/peristriatum ratio is higher in ASCs-E injected group
compared with vehicle treated group. Bar = 100 mm, * p,0.01.
doi:10.1371/journal.pone.0059438.g002

Figure 3. Restoration of p-Akt, CREB and PGC-1a by ASCs-E. (A) Western blot analysis confirmed that upregulation of PGC-1a, p-CREB and p-
Akt in ASCs-E treated R6/2 mice brain and (B) PGC-1a and p-CREB in ASCs-E treated neuro2A cells. Bar graphs show the relative levels of protein
expressions normalized to b-actin. * p,0.05.
doi:10.1371/journal.pone.0059438.g003
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protects against mitochondrial dysfunction and cell toxicity

induced by mHtt, activation of CREB-PGC-1a pathway can

have a key role to inhibit the progression of HD. P-Akt is believed

to implicate CREB-PGC-1a expression and HD progression

[31,32]. In this study, we found ASCs-E activates Akt, CREB and

PGC-1a, indicating that therapeutic effects of ASCs-E may be

from upregulation of neuroprotective CREB-PGC1a pathway.

There are concerns about adverse effects in cell transplantation

such as a risk of microvascular embolism or teratoma formation

[33]. However, stem cell can have paracrine effects on a disease

related hostile microenvironment. For example, stem cells could

alleviate various diseases by modulating host environment such as

immune regulation and neuroprotection via paracrine mechanism

[10,13–19]. Growth factors secreted by ASCs include EGF, FGF,

VEGF, HGF and IGF-1, implying that these cells are sufficient for

paracrine effect [10,17–19]. These growth factors are believed to

exist in the brain and exert important functions in neuronal cell

development, survival and maintenance [34]. Injection of ASCs

improved symptoms of R6/2 mice, suggesting the paracrine effects

of ASCs as one of the underlying mechanisms in cell trans-

plantation [18]. In this study, ASCs-E was beneficial on HD,

similarly to ASCs injection, confirming the paracrine effects of

ASCs.

To use ASCs-E clinically, however, further researches are

required to elucidate some issues. For instance, we do not know

what molecule of ASCs-E exert therapeutic effects. Previous

reports showed that therapeutic effect of ASCs-E disappeared by

heat inactivation [26,27], which suggests that protein components

could be the key molecules of ASCs-E. Studies on pharmacoki-

netics and distribution of ASCs-E in vivo are also required for

clinical application. To use ASCs-E on neurodegenerative

diseases, measurement of blood-brain barrier permeability is

needed. Future studies will help resolving these questions.

In summary, stem cell transplantation has been investigated as

a therapeutic strategy to treat the HD. Considering clinical

feasibility and safety, injection of ASCs-E could be effective and

safe strategy for HD patients, comparable to the stem cell therapy.

Findings from our study provide possible strategy to inhibit HD

progression and reasonable resources for treatment.

Author Contributions

Conceived and designed the experiments: KC MK. Performed the

experiments: WI JB JL ML. Analyzed the data: WI JB STL. Contributed

reagents/materials/analysis tools: WI JL ML. Wrote the paper: WI JB

MK.

References

1. Landles C, Bates GP (2004) Huntingtin and the molecular pathogenesis of

Huntington’s disease. Fourth in molecular medicine review series. EMBO Rep
5: 958–963.

2. Walker FO (2007) Huntington’s disease. Lancet 369: 218–228.
3. Bonelli RM, Wenning GK, Kapfhammer HP (2004) Huntington’s disease:

present treatments and future therapeutic modalities. Int Clin Psychopharmacol
19: 51–62.

4. Munoz-Sanjuan I, Bates GP (2011) The importance of integrating basic and

clinical research toward the development of new therapies for Huntington
disease. J Clin Invest 121: 476–483.

5. Mangiarini L, Sathasivam K, Seller M, Cozens B, Harper A, et al. (1996) Exon 1
of the HD gene with an expanded CAG repeat is sufficient to cause a progressive

neurological phenotype in transgenic mice. Cell 87: 493–506.

6. Frank S, Jankovic J (2010) Advances in the pharmacological management of
Huntington’s disease. Drugs 70: 561–571.

7. Mizuno H (2010) Adipose-derived stem and stromal cells for cell-based therapy:
current status of preclinical studies and clinical trials. Curr Opin Mol Ther 12:

442–449.
8. Schaffler A, Buchler C (2007) Concise review: adipose tissue-derived stromal

cells – basic and clinical implications for novel cell-based therapies. Stem Cells

25: 818–827.
9. Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, et al. (2002) Human

adipose tissue is a source of multipotent stem cells. Mol Biol Cell 13: 4279–4295.
10. Nakagami H, Maeda K, Morishita R, Iguchi S, Nishikawa T, et al. (2005) Novel

autologous cell therapy in ischemic limb disease through growth factor secretion

by cultured adipose tissue-derived stromal cells. Arterioscler Thromb Vasc Biol
25: 2542–2547.

11. Atsma DE, Fibbe WE, Rabelink TJ (2007) Opportunities and challenges for
mesenchymal stem cell-mediated heart repair. Curr Opin Lipidol 18: 645–649.

12. Prockop DJ (2009) Repair of tissues by adult stem/progenitor cells (MSCs):
controversies, myths, and changing paradigms. Mol Ther 17: 939–946.

13. Lee JW, Fang X, Krasnodembskaya A, Howard JP, Matthay MA (2011) Concise

review: Mesenchymal stem cells for acute lung injury: role of paracrine soluble
factors. Stem Cells 29: 913–919.

14. Li F, Niyibizi C (2012) Differentiating multipotent mesenchymal stromal cells
generate factors that exert paracrine activities on exogenous MSCs: Implications

for paracrine activities in bone regeneration. Biochem Biophys Res Commun.

15. Gnecchi M, Zhang Z, Ni A, Dzau VJ (2008) Paracrine mechanisms in adult stem
cell signaling and therapy. Circ Res 103: 1204–1219.

16. Martino G, Pluchino S (2006) The therapeutic potential of neural stem cells. Nat
Rev Neurosci 7: 395–406.

17. Rehman J, Traktuev D, Li J, Merfeld-Clauss S, Temm-Grove CJ, et al. (2004)
Secretion of angiogenic and antiapoptotic factors by human adipose stromal

cells. Circulation 109: 1292–1298.

18. Lee ST, Chu K, Jung KH, Im WS, Park JE, et al. (2009) Slowed progression in
models of Huntington disease by adipose stem cell transplantation. Ann Neurol

66: 671–681.
19. Heo SC, Jeon ES, Lee IH, Kim HS, Kim MB, et al. (2011) Tumor necrosis

factor-alpha-activated human adipose tissue-derived mesenchymal stem cells

accelerate cutaneous wound healing through paracrine mechanisms. J Invest

Dermatol 131: 1559–1567.

20. Tabrizi SJ, Workman J, Hart PE, Mangiarini L, Mahal A, et al. (2000)

Mitochondrial dysfunction and free radical damage in the Huntington R6/2

transgenic mouse. Ann Neurol 47: 80–86.

21. Chaturvedi RK, Calingasan NY, Yang L, Hennessey T, Johri A, et al. (2010)

Impairment of PGC-1alpha expression, neuropathology and hepatic steatosis in

a transgenic mouse model of Huntington’s disease following chronic energy

deprivation. Hum Mol Genet 19: 3190–3205.

22. McGill JK, Beal MF (2006) PGC-1alpha, a new therapeutic target in

Huntington’s disease? Cell 127: 465–468.

23. Cui L, Jeong H, Borovecki F, Parkhurst CN, Tanese N, et al. (2006)

Transcriptional repression of PGC-1alpha by mutant huntingtin leads to

mitochondrial dysfunction and neurodegeneration. Cell 127: 59–69.

24. St-Pierre J, Drori S, Uldry M, Silvaggi JM, Rhee J, et al. (2006) Suppression of

reactive oxygen species and neurodegeneration by the PGC-1 transcriptional

coactivators. Cell 127: 397–408.

25. Okamoto S, Pouladi MA, Talantova M, Yao D, Xia P, et al. (2009) Balance

between synaptic versus extrasynaptic NMDA receptor activity influences

inclusions and neurotoxicity of mutant huntingtin. Nat Med 15: 1407–1413.

26. Jeon D, Chu K, Lee ST, Jung KH, Ban JJ, et al. (2013) Neuroprotective effect of

a cell-free extract derived from human adipose stem cells in experimental stroke

models. Neurobiol Dis.

27. Jeon D, Chu K, Lee ST, Jung KH, Kang KM, et al. (2011) A cell-free extract

from human adipose stem cells protects mice against epilepsy. Epilepsia 52:

1617–1626.

28. Meade CA, Deng YP, Fusco FR, Del Mar N, Hersch S, et al. (2002) Cellular

localization and development of neuronal intranuclear inclusions in striatal and

cortical neurons in R6/2 transgenic mice. J Comp Neurol 449: 241–269.

29. Dai Y, Dudek NL, Li Q, Fowler SC, Muma NA (2009) Striatal expression of

a calmodulin fragment improved motor function, weight loss, and neuropathol-

ogy in the R6/2 mouse model of Huntington’s disease. J Neurosci 29: 11550–

11559.

30. Hockly E, Richon VM, Woodman B, Smith DL, Zhou X, et al. (2003)

Suberoylanilide hydroxamic acid, a histone deacetylase inhibitor, ameliorates

motor deficits in a mouse model of Huntington’s disease. Proc Natl Acad

Sci U S A 100: 2041–2046.

31. Colin E, Regulier E, Perrin V, Durr A, Brice A, et al. (2005) Akt is altered in an

animal model of Huntington’s disease and in patients. Eur J Neurosci 21: 1478–

1488.

32. Humbert S, Bryson EA, Cordelieres FP, Connors NC, Datta SR, et al. (2002)

The IGF-1/Akt pathway is neuroprotective in Huntington’s disease and involves

Huntingtin phosphorylation by Akt. Dev Cell 2: 831–837.

33. Leeper NJ, Hunter AL, Cooke JP (2010) Stem cell therapy for vascular

regeneration: adult, embryonic, and induced pluripotent stem cells. Circulation

122: 517–526.

34. Abe K (2000) Therapeutic potential of neurotrophic factors and neural stem cells

against ischemic brain injury. J Cereb Blood Flow Metab 20: 1393–1408.

Effects of Adipose Derived Stem Cell Extracts

PLOS ONE | www.plosone.org 5 April 2013 | Volume 8 | Issue 4 | e59438


