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Takumi Okubo1), Daiki Hayashi1), Takayuki Yaguchi1), Yudai Fujita1),  
Motoharu Sakaue1), Takehito Suzuki1), Atsushi Tsukamoto1), Ohoshi Murayama2), 
Jonathan Lynch2), Yoko Miyazaki1), Kazuaki Tanaka1), and Tatsuya Takizawa1)

1)Graduate School of Veterinary Medicine, Azabu University, Fuchinobe, Chuo-ku, Sagamihara, Kanagawa 
252–5201, Japan

2)School of Life and Environmental Science, Azabu University, Fuchinobe, Chuo-ku, Sagamihara, Kanagawa 
252–5201, Japan

Abstract: Valproic acid (VPA) is a widely used antiepileptic drug, which has recently been reported 
to modulate the neuronal differentiation of adipose tissue-derived stem cells (ASCs) in humans and 
dogs. However, controversy exists as to whether VPA really acts as an inducer of neuronal differentiation 
of ASCs. The present study aimed to elucidate the effect of VPA in neuronal differentiation of rat 
ASCs. One or three days of pretreatment with VPA (2 mM) followed by neuronal induction enhanced 
the ratio of immature neuron marker βIII-tubulin-positive cells in a time-dependent manner, where 
the majority of cells also had a positive signal for neurofilament medium polypeptide (NEFM), a mature 
neuron marker. RT-PCR analysis revealed increases in the mRNA expression of microtubule-
associated protein 2 (MAP2) and NEFM mature neuron markers, even without neuronal induction. 
Three-days pretreatment of VPA increased acetylation of histone H3 of ASCs as revealed by 
immunofluorescence staining. Chromatin immunoprecipitation assay also showed that the status of 
histone acetylation at H3K9 correlated with the gene expression of TUBB3 in ASCs by VPA. These 
results indicate that VPA significantly promotes the differentiation of rat ASCs into neuron-like cells 
through acetylation of histone H3, which suggests that VPA may serve as a useful tool for producing 
transplantable cells for future applications in clinical treatments.
Key words: adipose tissue-derived stem cells, histone deacetylase inhibitor, neuronal differentiation, 
neuron marker, rats

Introduction

Adipose tissue-derived stem cells (ASCs) are mesen-
chymal stem cells that are isolated from the stromal 
vascular fraction of adipose tissues [3, 14, 19]. In a 
similar way to bone marrow-derived mesenchymal stem 
cells (BMSCs), ASCs can differentiate into not only 
mesenchymal lineage cells [17, 18], but also into neu-

rogenic lineage cells [16, 18]. However, unlike BMSCs, 
ASCs can easily be obtained in large quantities and with 
minimum risk from invasive surgery [5]. Therefore, it is 
reasonable to conclude that ASCs will be the preferred 
adult stem cells for future clinical applications [14].

Valproic acid (VPA), well known as an antiepileptic 
and anticonvulsant drug, is an inhibitor of class I histone 
deacetylase (HDACs) [2, 15]. The acetylation of histone 
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N-terminal tails is thought not only to alter the interac-
tion between histone and DNA, but also to bind acety-
lated histone to bromodomain proteins and transcription 
activators [8], thus inducing the expression of genes on 
the loci [4, 6, 7, 10]. We have previously shown that VPA 
induces neuronal differentiation of canine ASCs [11], a 
result that suggests a safer and more direct method for 
preparing the cell source for future applications. How-
ever, Lee et al. [12] showed that the pretreatment of VPA 
diminished efficiency of neuronal differentiation of hu-
man ASCs. Thus there is debate over the role of VPA as 
an inducer of neuronal differentiation of ASCs. To ad-
dress this, we examined the effect of VPA on neuronal 
differentiation of ASCs isolated from adipose tissue in 
rats in the present study. The results indicate that VPA 
induced differentiation of rat ASCs into neuron-like cells 
through acetylation of histone H3.

Materials and Methods

Isolation and culture of rat ASCs
ASCs were isolated as previously described [11]. 

Briefly, 10 to 12-week-old male Wistar rats (Charles 
River Japan, Yokohama, Japan) were euthanatized by 
decapitation under light anesthesia. Subcutaneous adi-
pose tissue was excised from the inguinal regions and 
extensively washed with a washing buffer of sterile 
phosphate-buffered saline (PBS) containing penicillin 
(100 U/ml) and streptomycin (100 μg/ml) to remove 
contaminating blood cells and local anesthetics. The tis-
sue was minced into small pieces and then incubated in 
washing buffer with added 0.05% collagenase type 1A 
(Sigma-Aldrich, St. Louis, MO, USA) at 37°C for 1 h 
with vigorous shaking. The top lipid layer was removed, 
and the remaining liquid portion was centrifuged at 
200 × g for 10 min. The pellet was resuspended in a 
growth medium of Dulbecco’s modified Eagle’s medium 
(DMEM, Nissui, Tokyo, Japan) supplemented with 10% 
newborn bovine serum (NBS, Invitrogen, Carlsbad, CA, 
USA) and antibiotics above described, and then spread 
in 100-mm collagen type 1-coated dishes (Iwaki, Tokyo, 
Japan) at a density of 1 × 106 cells per dish. Cells were 
maintained in growth medium at 37°C and 5% CO2. 
After 24 h, the unattached cells were removed by rinsing 
with washing buffer. ASCs were identified by confirming 
multilineage potentials to adipogenic, osteogenic and 
neurogenic cells (data not shown). Twice-passaged ASCs 
were used in the present study. All animal experiments 

in the present study were carried out according to the 
guidelines of the Committee for Animal Experimentation 
at Azabu University.

In vitro neuronal differentiation assay
In vitro assay of neuronal differentiation was carried 

out as previously described [1] with a minor modifica-
tion. Briefly, ASCs were seeded on non-coating glass 
coverslips in 35-mm dishes at a density of 1 × 104 cells 
per dish. ASCs were incubated for one or three days in 
growth medium containing 2 mM of VPA. After pretreat-
ment with and without VPA, vehicle dimethylsulfoxide 
(DMSO), the medium was changed to a neuronal induc-
tion medium (NIM) of DMEM supplemented with 
100  μM dibutyryl cyclic adenosine monophosphate 
(dbcAMP, Wako Pure Chemical Ind., Osaka, Japan) and 
125  μM isobutylmethylxanthine (IBMX, Wako Pure 
Chemical Ind.) for 2 h [1, 11]. Control for NIM was NIM 
minus dbcAMP and IBMX. After pretreatment of VPA 
followed by NIM, the cells were fixed in PBS containing 
3.7% formaldehyde for 15 min at room temperature. 
Similarly incubated ASCs on non-coating 35-mm dish-
es were removed by a cell-scraper and the removed-cells 
were immersed in ISOGEN (Nippon Gene, Tokyo, Ja-
pan) and stored at –80°C until further analysis. Neuronal 
differentiation was determined by immunofluorescence 
staining for βIII-tubulin and neurofilament medium poly-
peptide (NEFM) and by RT-PCR analysis for expression 
of genes, βIII-tubulin (TUBB3), NEFM, microtubule-
associated protein 2 (MAP2), glial fibrillary acidic pro-
tein (GFAP) and housekeeping gene hypoxanthine-
guanine phosphoribosyl-transferase (HPRT).

Immunofluorescence staining
Immunocytochemical analyses for βIII-tubulin, NEFM 

and acetylation of histone H3 were performed. Formal-
dehyde-fixed ASCs were rinsed with PBS three times. 
The cells were then permeated with 0.2% Triton X-100 
in PBS for 10 min at room temperature, and then incu-
bated with, an anti-βIII-tubulin antibody (1:200; Abcam, 
ab74978, Cambridge, UK), an anti-NEFM antibody 
(1:400; Proteus BioSciences, Inc., 40-1259, Ramona, 
CA, USA) and an anti-acetylated histone H3 (K9) anti-
body (1:100; Novus Biologicals, NB21-1081SS, Little-
ton, CO, USA) for 1 h at room temperature. After being 
washed with PBS, the cells were incubated with second-
ary antibody (Cy3-conjugated goat anti-rabbit IgG, 
1:1600 or FITC-conjugated goat anti-mouse IgG, 1:200, 
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Jackson ImmunoResearch, West Grove, PA) for 30 min 
at room temperature. The cells were then rinsed with 
PBS and counterstained with 4’, 6-diamidino-2-phenyl-
indole (DAPI) for nuclear staining before fluorescence 
microscopic observation. The percentage of βIII-tubulin-
positive cells was determined based on the total number 
of counting cells. At least 300 cells were evaluated per 
culture.

Reverse transcription-PCR
Total RNA was extracted using ISOGEN and reverse-

transcribed for single-strand cDNA, using oligo (dT) 
primer and Superscript III reverse transcriptase (Invit-
rogen) according to the manufacture’s instruction. PCR 
was performed using Taq DNA polymerase (KAPA Bio-
systems, Woburn, MA, USA) and specific primers, and 
each cycle consisted of the following steps: denaturation 
at 98°C for 10 s, annealing at 57°C to 65°C for 30 s, and 
elongation at 72°C for 30 s (Table 1). Reaction products 
were electrophoresed on a 2.0% agarose gel and visual-
ized with ethidium bromide.

Effect of VPA on the acetylation of histone H3
To confirm the effect of VPA on the acetylation of 

histone H3, ASCs were incubated for three days using a 
similar method to that described above, in growth me-
dium containing 2 mM VPA or valpromide (VPM), an 
analogue of VPA without HDAC inhibitory activity. 
After treatment with these reagents, the cells were fixed 
with formaldehyde in a similar method to that described 
above. The effect of VPA on the acetylation of histone 
H3 was examined by immunofluorescence staining for 
acetylated-histone H3.

Chromatin Immunoprecipitation assay
Tissue samples were treated with chromatin immuno-

precipitation (ChIP) reagents (Nippon Gene), following 
the manufacturer’s instructions with minor modifica-
tions. Cells were harvested and mixed with formaldehyde 
at a final concentration of 1.0% for 5 min at room tem-
perature to cross-link protein to DNA. Cells were then 
suspended in lysis buffer (Protease Inhibitors, Pierce, 
Rockford, IL, USA) and incubated on ice for 10 min. 
DNA cross-linked with protein was sonicated into frag-
ments of 200–1,000 bp by an Ultrasonic Homogenizer 
(Taitec, Koshigaya, Japan). Samples were subsequently 
incubated at 4°C with Dynabeads (Invitrogen) to obtain 
the soluble chromatin fraction. Dynabeads were previ-
ously incubated with 4 μg rabbit anti-histone H3 (acetyl 
K9) antibody (Novus Biologicals, Littleton) or ChIP 
rabbit IgG control antibody (Santa Cruz Biotechnology, 
Santa Cruz, CA, USA) for 16 h overnight at 4°C. The 
chromatin-antibody complexes were eluted with ChIP 
direct elution buffer. Protein-DNA cross-links were re-
versed with 5 M NaCl for 12 h incubation at 65°C. Pro-
teinase K treatment and phenol-chloroform extraction 
were carried out, and the DNA was then precipitated in 
ethanol, and used as a template for PCR. PCR amplifica-
tion was carried out with primers specific for promoter 
region of TUBB3. Primer sequences were shown as fol-
lows, forward; 5’- ACTCCATACCCCCTCTTTGC-3’, 
reverse; 5’-AGTCCATGGCTCCACAAAAG-3’. Input 
DNA and DNA immunoprecipitated by anti-IgG served 
as positive and negative control, respectively.

Statistical analysis
Results are expressed as means ± standard error. Mul-

tiple comparisons were performed with the Turkey-
Kramer test after one-way analysis of variance (ANOVA). 
A P value of less than 0.05 was considered statistically 
significant.

Table 1.	 Primer sequences used in RT-PCR

Gene Primer sequence (5’-3’) Anealing temperature Product length (bp)
TUBB3 Forward 5’-GGCCTCCTCTCACAAGTATGT-3’ 58°C 167

Reverse 5’-CGCCCTCTGTATAGTGC-3’
NEFM Forward 5’-AGGCTGAGTCCCCAGTGAAA-3’ 58°C 220

Reverse 5’-TCCACCTCCCCATTGATAGC-3’
MAP2 Forward 5’-ACCTTCCTCCATCCTCCCTC-3’ 57°C 151

Reverse 5’-AGTAGGTGTTGAGGTGCCGC-3’
GFAP Forward 5’-ACATCGAGATCGCCACCTAC-3’ 58°C 228

Reverse 5’-GCACACCTCACATCACATCC-3’
HPRT Forward 5’-AATGTCTGTTGCTGCGTC-3’ 55°C 92

Reverse 5’-TGTCTGTCTACAAGGGAAG-3’
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Results

VPA promotes neuronal differentiation in a time-
dependent manner

Using immunocytochemistry and RT-PCR analysis, 
neuronal differentiation was determined in ASCs with 
and without VPA pretreatment for 1 or 3 days, followed 
by treatment with and without NIM for 2 h. Regardless 
of the duration of VPA treatment, differentiated ASCs 
showed neuron-like morphology with several branching 
neurite-like cell processes, in which most of the cells 
had positive signals of an immature neuron marker βIII-
tubulin and a mature neuron marker NEFM. Three-days 
treatment with VPA significantly enhanced the positive 
signal of βIII-tubulin and NEFM with and even without 
NIM treatment. The majority of βIII-tubulin positive 
cells also expressed NEFM, and both immunofluores-
cence intensities were reduced without VPA pretreatment 
(Fig. 1A). Neuronal induction significantly increased the 
ratio of βIII-tubulin-positive cells from 15.7 ± 1.4% 
without VPA to 85.6 ± 1.9% with three-days treatment 
of VPA (Fig. 1B). Three-days treatment of VPA also 
significantly increased the ratio of βIII-tubulin-positive 
cells from 35.4 ± 1.2% without NIM to 85.6 ± 1.9% with 
NIM. Without NIM groups, VPA significantly increased 
the ratio of βIII-tubulin-positive cells in a time-depen-
dent manner (Fig. 1B).

mRNA expressions of immature neuron marker 
TUBB3 were observed in all groups with and without 
pretreatment of VPA, but mRNA expression of the glial 
cell marker GFAP was not detected in any groups 
(Fig. 1C). Furthermore, three-days treatment of VPA 
markedly elevated not only the mRNA expression levels 
of immature neuron marker TUBB3, but also mature 
neuron markers MAP2 and NEFM in ASCs with and 
without NIM. One-day treatment of VPA also induced 
the expression of these mature neuron markers (data not 
shown). In addition, NIM treatment without VPA did not 
significantly enhance the expressions of these neuron 
markers when compared to those observed in the groups 
with VPA.

VPA induces acetylation of histone H3
To confirm the effect of VPA on acetylation of histone 

H3, we examined the acetylated histone H3 by immu-
nofluorescence staining. Minimal acetylation of histone 
H3 were observed in the control ASCs. Three-days pre-
treatment of VPA gave morphological changes of the 

ASCs such as flattened and expanded shapes, and in-
creased their acetylation of histone H3 (Fig. 2A). In 
contrast, VPM, an analogue of VPA without HDAC in-
hibitory activity, did not cause any morphological 
changes or significant changes in acetylation-positive 
signal of histone H3 in ASCs.

VPA increases H3K9 acetylation levels at the proximal 
promoter region of TUBB3

The state of the histone tails of ASCs pretreated with 
VPA for three days was analyzed by ChIP assay using 
antibody to acetylated lysine 9 on histone H3 (anti-
AcH3K9). The acetylated state of histone H3 tails as-
sociated with the proximal region of TUBB3 increased 
in ASCs pretreated by VPA compared to those in the 
ASCs without VPA (Fig. 2B), indicating that the increase 
of histone acetylation of H3K9 correlated with the ex-
pression of the TUBB3 gene of ASCs pretreated with 
VPA.

Discussion

In this study we demonstrated that VPA promoted the 
differentiation of approximately 86% of ASCs into βIII-
tubulin-positive neuron-like cells after three-days treat-
ment followed by neuronal induction. The differentiated 
cells showed neuron-like morphology with branching 
neurite-like cell protrusions, and were significantly im-
munostained to an immature neuron marker βIII-tubulin, 
and a mature neuron marker NEFM. Pretreatment with 
VPA followed by neuronal induction also significantly 
enhanced mRNA expressions of TUBB3, MAP2 and 
NEFM, compared to the groups without VPA. We also 
demonstrated that VPA induced differentiation of ASCs 
into neuron-like cells in a time-dependent manner. The 
present study is in agreement with our previous study 
demonstrating that VPA promotes neuronal differentia-
tion of canine ASCs [11], and further indicates that VPA 
not only promotes neuronal differentiation but can also 
promote more mature neuron-like cells. The present data 
also show that VPA enhances expression of neuron mark-
ers, whereas no effect was observed for glial marker. 
This suggests that VPA induces the differentiation of 
ASCs into neuron-like cells by neuronal induction, al-
though further confirmation by means of a detailed study 
is required.

In the present study, we used a well-known neuronal 
differentiation medium including IBMX and dbcAMP. 
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We showed that VPA increased the neuronal morpho-
logical changes and neuron markers expression even 
without neuronal induction treatment, thus indicating 
that VPA can induce neuronal differentiation in the ab-
sence of neuronal induction. We also demonstrated that 
VPA increased the acetylation of histone H3K9 on the 
proximal region of TUBB3 in rat ASCs, leading to the 
neuronal differentiation. Present results suggest that the 
promotional effect of VPA on neuronal differentiation 

occurs through inducing the acetylation of histone H3.
The investigation demonstrated that VPA flattened and 

expanded the shape of rat ASCs and markedly induced 
their acetylation of histone H3. These observations are 
in accordance with the findings of Lee et al. [12] and 
Kurihara et al. [11]. Lee et al. [12], however, showed 
that VPA diminished the efficiency of neuronal differ-
entiation of human ASCs. The study showed that one-day 
pretreatment of VPA (1, 10 mM) followed by neuronal 

Fig. 1.	 Valproic acid promotes neuronal differentiation. Adipose tissue-derived stem cells (ASCs) were pretreated 
with valproic acid (VPA) for 1 or 3 days followed by neuronal induction medium (NIM) for 2 h. (A) Neuro-
nal differentiation was assessed by immunocytochemistry using anti-βIII-tubulin antibody (green) and anti-
NEFM antibody (Red) after fixing at the end of incubation in 3-days VPA treatment group. Nuclei were 
counterstained with DAPI (blue). Scale bar, 100 μm. (B) The percentage of βIII-tubulin-positive cells was 
determined based on the total number of counting cells in 1 or 3 days VPA treatment. At least 300 cells were 
evaluated per culture. Data are the means ± S.E. of 4 independent experiments. Open and solid bars represent 
1 or 3 days VPA treatment, respectively. a, b, c, d: bars with different letters at the top differ significantly 
among same duration group, asterisk indicates significantly different compared to one-day treatment group, 
P<0.05. (C) RT-PCR analysis of neuronal markers TUBB3, MAP2 and NEFM, the glial marker GFAP and 
house keeping gene HPRT was performed using total RNA extracted from ASCs after 3-days VPA treatment 
followed by 2 h of neuronal induction.
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induction decreased neurite formation and expression of 
βIII-tubulin in human ASCs [12]. On the other hand, the 
study of Kurihara et al. [11] showed that VPA induced 
neuronal differentiation of canine ASCs with three-days 
pretreatment of VPA (4 mM) followed by neuronal in-
duction [11]. Differing treatment regimens of VPA were 
implemented in these studies and this can partially ex-

plain the different effect on neuronal differentiation of 
ASCs. In the present study, we examined the time-course 
effects of VPA on the neuronal differentiation of ASCs 
by immunocytochemistry and RT-PCR analysis. This 
investigation clearly demonstrated that VPA induced 
differentiation of ASCs into neuron-like cells, not only 
as a result of three-days treatment, but also from a one-
day course of treatment. Together with the previous study 
[11], the present results demonstrate that VPA is highly 
effective in neuronal differentiation of ASCs at least for 
rats and dogs, when VPA treatment is applied over one 
and three days. Taken together with the present study, 
an appropriate treatment of VPA promotes the differen-
tiation of rat ASCs into neuron-like cells, although spe-
cies difference should be examined in future.

It is well known that the differential potential of neu-
ral stem cells (NSCs) into neurons depends on the 
stages occurring during brain development; early stage 
NSCs prefer to differentiate into neurons, whereas late 
stage NSCs into astrocytes [13]. VPA has also been 
shown to promote the differentiation of adult hippocam-
pal neural progenitors into neurons, but inhibited their 
glial differentiation in adult neural progenitor cells [6, 9]. 
These reports offer another explanation that the different 
effect of VPA on neuronal differentiation depends on the 
stages of ASCs similarly observed in NSCs during brain 
development.

In conclusion, the results have shown that, through 
the acetylation of histone H3, VPA significantly pro-
motes the differentiation of rat ASCs into neuron-like 
cells, with expression of mature neuron markers. The 
findings suggest that VPA may prove to be a useful tool 
for producing transplantable cells for future applications 
in clinical treatments.
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