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Abstract 
 

Effects of histone deacetylase inhibitors on epigenetic 

modification in human bone marrow mesenchymal stem 

cells 
 

Sin-Gu Jeong 

Advisor : Assistant Prof. Goang-Won Cho, Ph.D. 

Department of life science, 

Graduate school of Chosun University 

 

Somatic stem cells can provide properly differentiated cells to restore the 

function of tissues in the human body damaged by several factors, including 

reactive oxygen species (ROS) production and inflammation. As unhealthy or older 

people often fail to replace their damaged cells due to functional weakness at their 

stem cells, stem cell therapies are an attractive option. The usage of unhealthy 

stem cells could give a weak therapeutic efficacy in patients; therefore, autologous 

stem cells need to be improved prior to applications in cell therapy. Recent studies 

have shown that inhibition of histone deacetylase (HDACs) have been applied in the 

induction of stem cell differentiation and treatment for disease. These suggest 

HDAC inhibitors may be good candidates for the improvement of stem cell 

capacities. In this study, first, I investigated the effects of a HDAC inhibitor, valproic 

acid (VPA), for the neuronal differentiation of human bone marrow-mesenchymal 

stromal cells (PART I). VPA-treated MSCs had significant increases in their 
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expression of the neuro-progenitor marker Nestin, Musashi, CD133, and GFAP, as 

measured by real-time PCR and immunoblot analysis. When VPA-pretreated MSCs 

were differentiated with neuronal induction media (VPA-dMSCs), they exhibited a 

cell body and dendritic morphology similar to neurons. The number and neurite 

length of these VPA-dMSCs significantly increased compared to differentiated 

MSCs (dMSCs). The VPA-dMSCs and dMSCs had significantly increased 

transcripts of neuronal-specific marker genes, including Nestin, Musashi, CD133, 

GFAP, NeuN, MAP-2, NF-M, KCNH1, KCNH5. The cells also showed a higher 

expression of the neuronal marker proteins Nestin and NF-M from 

immunocytochemical staining and immunoblot analysis. This study has shown that 

VPA pretreatment of hBM-MSCs, following their incubation with neuronal induction 

media, effectively stimulates neuronal cell differentiation to BM-MSCs.  

Next, I investigated whether ROS are reduced by the HDAC inhibitor, 

trichostatin A (TSA) in human bone marrow mesenchymal stem cells (PART II). I 

examined the effects of TSA on ROS in hBM-MSCs through MTT assay and ROS 

detection. The intracellular ROS were significantly increased in hydrogen peroxide 

(H2O2) treated MSCs and sodium arsenite (SA) treated MSCs. When hBM-MSCs 

were incubated with TSA (0 ~ 5000 nM) for 8 hours, cell viability and ROS levels 

were not changed. The ROS induced by oxidative stress were reduced in TSA 

pretreated hBM-MSCs (TSA-MSCs) compared to non-treated hBM-MSCs (Stress-

MSCs). In conclusion, the TSA reduced ROS in hBM-MSCs, which may protect 

cells from oxidative stress.  

The present my studies suggest that HDAC inhibitors, TSA and VPA, 

effectively improves capacity of differentiation and protection. The combination of 

HDAC inhibitors and MSCs may improve the efficacy in the cell therapy.  
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국문초록 

 

인간 유래 골수 줄기세포에서 후생유전체 변형에 관한   

히스톤 탈아세틸화 억제제의 영향 
 

 

성체 줄기세포는 활성산소, 염증과 같은 다양한 요인에 의한 손상된 

조직의 기능을 적절한 세포로의 분화를 통해서 회복시킬 수 있다. 하지만 

건강하지 못한 사람 또는 나이든 사람에서는 줄기세포의 기능적 손상으로 

인해 종종 손상된 조직의 대체를 이루지 못한다. 이는 건강하지 않은 줄기

세포의 이용이 환자 치료에 있어서 좋지 않은 영향을 준다는 것을 의미한

다. 그러므로 줄기세포는 세포치료에 사용되기 전에 세포 자신의 기능적, 

건강적 면을 향상시킬 필요가 있다. 최근 연구에서 줄기세포의 분화와 질병

의 치료에 있어 히스톤 탈아세틸화 억제제가 사용된다. 이는 히스톤 탈아세

틸화 억제제가 줄기세포의 능력의 향상을 시키는 우수한 물질일수 있음을 

의미한다.  

본 연구는 첫째로 히스톤 탈아세틸화 억제제로 알려진 발프로산의 처

리를 통해 인간 유래 골수 중간엽 줄기세포의 신경세포로의 분화를 유도하

는데 있어서 효과를 갖는지 연구를 진행하였다. Real-time PCR과 면역블랏

을 통해 발프로산을 전처리한 중간엽 줄기세포에서 신경 전구체 마커인 

Nestin, Musashi, CD133, GFAP의 발현이 유의성 있게 증가하는 것을 확인

하였다. 발프로산 전처리와 함께 신경세포 분화 배양액을 처리하여 분화를 

유도하였을 때 세포체와 수상돌기의 형태가 뉴런과 유사한 형태를 나타내

었고 분화된 줄기세포와 비교하였을 때 발프로산 전처리 후 분화시킨 줄기
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세포에서 분화 율과 신경돌기의 길이 또한 유의성 있게 증가하였다. 이와 

함께 신경세포 특이적 표지인자인 Nestin, Musashi, CD133, GFAP, NeuN, 

MAP-2, NF-M, KCNH1, KCNH5의 발현이 분화 유도 배양액을 통해 유도된 

줄기세포와 비교하였을 때 유의하게 증가함을 관찰하였다. 단백질 수준에서 

관찰하였을 때 앞선 결과와 마찬가지로 발프로산 전처리를 통한 분화 세포

에서 높게 발현함을 관찰하였다. 이 연구는 신경유도 배양액과 함께 발프로

산을 전처리 하였을 때 인간 유래 골수 중간엽 줄기세포에서 신경세포로의 

분화 효율을 높일 수 있음을 보여준다. 

다음으로, 우리는 히스톤 탈아세틸화 억제제인 TSA에 의한 활성산소 

조절에 관한 연구를 진행하였다. 우리는 세포생존능력 분석법과 활성산소 

분석법을 통하여 줄기세포에서 활성산소에 대한 TSA의 효과를 조사하였다. 

줄기세포는 과비산나트륨과 과산화수소수에 의해 활성산소가 증가함을 관

찰하였고, TSA 단독 처리로 인해서는 활성산소의 변화가 없음을 관찰하였

다. TSA의 전처리를 통한 줄기세포에서는 산화적 스트레스에 의해 유도된 

활성산소가 TSA 전처리를 하지 않은 세포와 비교 하였을 때 유의하게 감소

함을 확인하였다. 이는 TSA가 줄기세포에서 활성산소를 줄이고 이는 산화

적 스트레스로부터 줄기세포의 보호 효과를 높일 수 있음을 의미한다.  

이 두 가지 연구는 TSA와 발프로산의 처리를 통해 줄기세포를 이용한 

세포치료법에 있어서 효율성을 증가시킬 수 있음을 의미한다. 

 

 

 

 



 

５ 

 

l. Introduction 
 

Stem cells are functionally defined through their replicative capacity 

[26, 30] and ability to generate diverse differentiated cells [2, 22, 31]. 

Somatic stem cells can provide properly differentiated cells to restore the 

function of tissues in the human body damaged by several factors, 

including reactive oxygen species (ROS) production, inflammation, 

ischemia, apoptosis, and physical damage. As unhealthy or older people 

often fail to replace their damaged cells due to functional weakness at their 

stem cells [3, 5, 29], stem cell therapies are an attractive option. The 

usage of unhealthy stem cells could give a weak therapeutic efficacy in 

patients; therefore, autologous stem cells need to be improved prior to 

applications in cell therapy. 

Histone deacetylases plays a crucial role in the suppression of 

diverse gene loci by altering their chromatin structure through the 

regulation of chromatin modulation proteins [1, 20]. Recent stem cell 

studies have reported that cultured hematopoietic stem cells (HSCs) are 

reactivated through fetal hemoglobin expression by treatment with the 

histone deacetylase (HDAC) inhibitor, sodium butyrate, in the presence of 

the c-kit ligand [8, 18, 27]. Another HDAC inhibitor, trichostatin A, has 

been found to promote beta-islet cell differentiation (in the presence of 
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glucagon) in bone marrow-mesenchymal stromal cells (BM-MSCs) [28]. 

Trichostatin A has also been found to stimulate myocyte growth in vitro 

and in vivo, and enhances myofiber size and muscle functions in 

dystrophic mice [13, 19]. Other studies have shown that valproic acid 

(VPA) induces the differentiation of hippocampus-derived neural stem cells 

in the central nervous system (CNS) [12, 32]. These studies suggest that 

HDAC inhibitors might be strong candidates for enhancing the 

differentiation capacities of stem cells. 

Valproic acid is a short-chain fatty acid and a histone deacetylase 

(HDAC) inhibitor which inhibits class I and class IIa HDACs with an IC50 in 

the low millimolar range [10]. This compound has been pharmacologically 

used for neurological diseases including epilepsy [17, 23], bipolar disorder 

[15], migraine headaches [25], and schizophrenia [11].  

Since HDAC inhibition has been reported to induce the 

differentiation of stem cells [8, 12, 18, 27, 28, 32], I investigated whether 

VPA stimulates the neuronal differentiation of hBM-MSCs. I report here that 

VPA promotes neuronal differentiation by induction of neuroprogenitors in 

hBM-MSCs. 
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ll. Materials and Methods 
 

ll-1. Characteristics of primary human BM-MSCs and cell culture 
   

hBM-MSCs were purchased from CEFO (Cell Engineering For Origin, 

Korea). The cells were examined viral infection and mycoplasma 

contamination, presented all negative. Flow cytometric analysis of the cells 

revealed a CD73+, CD105+, CD31- phenotype. Real-time PCR analysis to 

neuronal specific markers (musashi, nestin, CD133, GFAP, NeuN, NF-M, 

and KCNH5) showed lower expression than in neuroblastoma cell SH-

SY5Y while similar to those of non-neural cell HeLa (data not shown). The 

hBM-MSCs were cultured in T75 flasks (Becton Dickinson, USA) according 

to the supplier's recommendations. Cells were cultivated in hBM-MSC 

growth media (Gibco, USA), containing the mesenchymal cell growth 

supplements, L-glutamine, penicillin, and streptomycin, without any 

stimulatory supplements or vitamins. Cells were maintained in a humidified 

incubator at 37°C, using a standard mixture of 95% air and 5% CO2. MSCs 

passaged seven times were used. 

  

ll-2. Neuronal differentiation 
 

hBM-MSCs were incubated with/without 200 µg/ml VPA for 12 hours 
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as previously described [4]. The cells were then exposed to pre-induction 

media containing 10% FBS, 10 ng/ml bFGF, and 500 µM β-

mercaptoethanol for 24 hours. The media were replaced with induction 

media containing 100 µM butylated hydroxyanisole (BHA), and 2% DMSO 

in FBS-free media for 6 hours, according to previously described 

procedures [31]. Control MSCs were incubated with FBS containing media 

for 24 hours. The media were replaced with FBS-free media and the cells 

were then further incubated for 6 hours. The cell images were taken with a 

microscope (Olympus IX71, Japan) and a digital camera (Olympus U-

LS30-3, Japan). Neurite lengths were measured using the ImageJ program 

(NIH, USA).  

 

ll-3. RT-PCR and Real-time PCR 
 

hBM-MSCs were harvested and the total RNAs were extracted using 

RNAiso reagent (TAKARA, Japan) according to the manufacturer's 

instructions. The Primescript II 1st strand cDNA synthesis kit (TAKARA, 

Japan) was used to reverse transcribe 3-5 μg of total RNA with 0.2 μg of 

random primers (TAKARA, Japan), 1 mM dNTPs, and the supplied buffer. 

First strand cDNAs were amplified with Taq DNA polymerase (MBI 

Fermentas, USA) with gene-specific primers for human Nestin-1, Musashi, 

NeuN, MAP-2, NF-M, KCNH5, or β-actin. PCR cycling parameters were as 

follows: initial denaturation at 94°C for 2 min; 30 cycles of 30 sec at 94°C 
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for denaturation, 30 sec at 55°C for primer annealing, 30 sec at 72°C for 

extension, and a final extension at 72°C for 10 min. PCR products were 

visualized under agarose gel electrophoresis.  

For real-time PCR, first strand cDNAs were amplified using the 

Power SYBR Green PCR master mix (Applied Biosystems Inc., USA) with 

gene-specific primers for human Nestin-1, Musashi, CD133, GFAP, Nanog, 

SDF-1α, NeuN, MAP-2, NF-M, KCNH1, KCNH5, ALP, Adiponectin, FABP4, 

MMP13, or β-actin. Real-time PCR cycling parameters were 95°C for 10 

min, followed by 40 cycles of 15 sec at 95°C, and 1 min at 58°C. Primers 

were synthesized by IDT (Integrated DNA Technologies Inc., USA) and are 

summarized in Table 1. Primers for SDF-1α were purchased from 

SuperArray Bioscience Corporation (Frederick, MD, USA).  
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Table 1. Oligonucleotides used for real-time RT-PCR 
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ll-4. Immunocytochemical staining 
 

Differentiated MSCs were stained with neuronal-specific antibodies 

against Nestin and NF-M. hBM-MSCs were grown on poly-l-lysine-coated 

coverslips (Fisher Scientific, USA) and induced to differentiate into 

neuron-like cells. Cells were then fixed with fixation solution containing 4% 

paraformaldehyde in phosphate-buffered saline (PBS) for 15 min at room 

temperature (RT). After three washes with 500 µl of PBS, the cells were 

permeabilized with ice-cold methanol for 5 min at RT. Cells were then 

washed three times with PBS and incubated with blocking buffer (5% horse 

serum in PBS containing 0.02% sodium azide) for 1 hour at RT. Cells were 

incubated with antibodies to NF-M or Nestin (Santa Cruz biotechnology, 

USA) diluted 1:200 in blocking buffer overnight at 4°C. After three washes 

in 500 µl of PBS-A (containing 0.02% sodium azide), the cells were 

incubated with Alexa 488-conjugated donkey anti-goat IgG antibodies 

(Molecular Probes Inc., USA) diluted 1:500 in Hoechst 33342 (Molecular 

Probes Inc., USA) for 1 hour at RT, then washed three times with PBS, and 

mounted with a drop of mounting solution (ProLong Gold antifade reagent, 

Molecular Probes Inc., USA). The cells were visualized by fluorescence 

microscopy with a Nikon Eclipse 80Ti microscope (Nikon, Japan). Cell 

images were taken with a DS-RI1 digital camera (Nikon, Japan).  
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ll-5. Immunoblot analysis 
 

Cells were extracted with 400 μl RIPA buffer containing protease and 

dephosphatase inhibitors (Santa Cruz Biotechnology, USA) for 30 min at 

4°C, and centrifuged at 16,000 x g for 20 min. The total proteins were then 

subjected to immunoblotting with antibodies to Nestin (1:1000), Musashi 

(1:1000), CD133 (1:1000), GFAP (1:500), NF-M (1:500), or GAPDH 

(1:5000), and subsequently the appropriate HRP (horseradish peroxidase)-

conjugated secondary antibodies (Jackson ImmunoResearch Laboratories, 

USA). Western blots were quantified with the ImageJ program. 
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lll. Results 

 

lll-1. Neuroprogenitor gene markers are induced by VPA in hBM-

MSCs 

 

To evaluate the role of VPA in cell fate, hBM-MSCs were incubated 

with 200 μg/ml VPA for 12 hours according to our previously described 

procedures [4]. This determined condition of VPA inhibits HDAC, not 

GSK-3 [9, 10, 16, 21]. The expression of neuroprogenitor markers was 

measured by real-time PCR. Transcripts of the neuroprogenitor genes 

Nestin-1, Musashi, CD133, and GFAP were significantly increased in VPA-

treated hBM-MSCs (VPA-MSCs) while NANOG and SDF-1a levels were 

unchanged compared to non-treated hBM-MSCs (ctrl-MSCs; t-test, * 

p<0.05, ** p<0.005, mean ± SD, n=6) (Fig. 1). Data consistent with these 

results were obtained from immunoblot analysis (Fig. 1B). 
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Figure 1.  Neuroprogenitor marker gene expression is induced in VPA-

treated hBM-MSCs. 

(A) The expression of neuroprogenitor and stem cell marker genes were 

measured by real-time PCR. The neuroprogenitor markers, Nestin, Muashi, 

CD133, and GFAP were significantly increased in VPA-treated hBM-MSCs 

(VPA-MSCs) compared to non-treated hBM-MSCs (ctrl-MSCs; t-test, * 

p<0.05, ** p<0.005, mean ± SD, n=6). (B) Neuroprogenitor proteins also 

increased in VPA-MSCs, as measured by immunoblot analysis with 

antibodies specific to Nestin, Musashi, CD133, and GFAP. GAPDH was 

used as a standard control.  
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lll-2. VPA-pretreated hBM-MSCs have a neuronal appearance in 

neuronal induction media 

 

Since VPA stimulates the expression of neuroprogenitor genes, I 

hypothesized VPA-MSCs could be more effectively differentiated into 

neuronal cells than control MSCs (ctrl-MSCs). To evaluate this hypothesis, 

both MSCs (ctrl- and VPA-MSCs) were differentiated with neuronal 

induction media. Both neuronal differentiated MSCs (Fig. 2A; dMSCs and 

VPA-dMSCs) exhibited a neuronal morphology, while undifferentiated BM-

MSCs (ctrl-MSCs) and VPA-MSCs showed a flattened and spindle-shaped 

appearance similar to primary hBM-MSCs (Fig. 2A, ctrl-MSCs and VPA-

MSCs). Estimating the rate of neuronal differentiation in VPA-dMSCs and 

dMSCs, VPA-dMSCs significantly differentiated into neuron-like cells 

compared to dMSCs (Fig. 2B and Table 2; t-test, # p<0.01, mean ± SD, 

n=4). The average neurite length of dMSCs was also significantly extended 

in VPA-dMSCs (Fig. 2C and Table 3; t-test, * p<0.05 mean ± SD, n=4); 

however, a significant difference in the number of neurites was not 

observed for dMSCs or VPA-dMSCs (Fig. 2D and Table 3).  
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Figure 2.  Neuron-like morphological changes in VPA-pretreated hBM-

MSCs followed by neuronal induction. 

(A) Both ctrl-MSCs and VPA-MSCs differentiated into neuronal cells 

following exposure to neuronal induction media. Differentiated MSCs are 

indicated in dMSCs and VPA-dMSCs. Yellow arrowheads indicate 

undifferentiated MSCs. Scale bar indicates 100 µm. (B) Total cells and 

neuronal-shaped cells were counted to estimate the neuronal 

differentiated rate. VPA-dMSCs were significantly differentiated compared 

to dMSCs (t-test, # p<0.01, mean ± SD, n=4). (C) The neurite length of 

differentiated cells was significantly extended in VPA-dMSCs (Fig. 2C and 

2D; t-test, * p<0.05 mean ± SD, n=4). (D) The number of neurites in 

differentiated cells did not significantly increase.  
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Table 2. The neuron-like cells were counted to estimate the neuronal 

differentiation rate 

 

 

Experiments 
(n=4) 

 

 

dMSCs 
(Neuron-like cells / Total cells) 

 

VPA-dMSCs 
(Neuron-like cells / Total cells) 

 
 1st 

 
91 / 118 (77.1 %) 

 
91 / 108 (84.3 %) 

 
 2nd 

 
234 / 321 (72.9 %) 

 
241 / 309 (78 %) 

 
 3rd 

 
171 / 234 (73 %) 

 
432 / 557 (77.6 %) 

 
4th 

 
586 / 806 (72.7 %) 

 
578 / 713 (81.1 %) 

 
Sum 

 

 

1082 / 1479 (73.9 ± 3 %) 

 

1342 / 1687 (80.25 ± 3 %)  
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Table 3. The number of neurites from each differentiated cells were counted 

and neurite lengths were measured. 

 

 

 

 

 

  
dMSCs  

 

Experiments 
(n=4) 

Total cells 
The No. of Neurite 

(Ave/each cell) 

Neurite length 

(Ave/each neurite, ㎛) 

1st 36 5.14 104.22 

2nd 45 4.54 120 

3rd 45 4.43 89.91 

4th 70 4.34 117.7 

Ave. 49 4.61 107.96 

  
dMSCs  

 

Experiments 
(n=4) 

Total cells 
The No. of Neurite 

(Ave/each cell) 

Neurite length 

(Ave/each neurite, ㎛) 

1st 36 5.06 120.19 

2nd 45 4.72 133.24 

3rd 45 7.82 92.74 

4th 70 4.16 129.42 

Ave. 49 4.69 118.9 
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lll-3. Significant increases in the expression of diverse neuronal 

markers in VPA-dMSCs 

 

Since VPA-dMSCs have neuronal appearances, the expression of 

various neuronal-specific marker genes was evaluated by RT-PCR and 

real-time PCR (Fig. 3A and 3B). All genes tested in this study were 

significantly increased in either VPA-dMSCs and dMSCs compared to 

undifferentiated MSCs (ctrl-MSCs) (Fig. 3B; t-test, * p<0.001, mean ± SD, 

n=7). The transcripts of neuronal-specific marker genes (MAP-2, NF-M, 

KCNH2, and KCNH5) significantly increased in VPA-dMSCs compared to 

dMSCs (Fig. 3B; t-test, # p<0.02, ## p<0.01, mean ± SD, n=7). I also 

examined the expression of other lineage specific markers in dMSCs and 

VPA-dMSCs, and identified the decreased expressions of osteogenic 

(ALP), adipogenic (Adiponectin, FABP4) and chondrogenic (MMP13) 

specific genes in compared to ctrl-MSCs (Fig. 3C; mean ± SD, n=3). 

. 
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Figure 3. Diverse neuronal markers are increased in differentiated VPA-

MSCs. 

The expression of several neuronal specific genes were measured in MSCs 

(ctrl-MSCs) and differentiated MSCs (dMSCs, VPA-dMSCs) by RT-PCR (A) 

and real-time PCR (B). All genes tested in this experiment significantly 

increased in differentiated MSCs (t-test, * p<0.001, mean ± SD, n=7). 

MAP-2, NF-M, KCNH1, and KCNH5 significantly increased in VPA-dMSCs 

compared to dMSCs (t-test, # p<0.02, ## p<0.01, mean ± SD, n=7). (C) 

The expressions of osteogenic, adipogenic and chondrogenic specific 

genes were decreased in both dMSCs and VPA-dMSCs compared to ctrl-

MSCs (mean ± SD, n=3). 
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lll-4. Neuronal-specific proteins are upregulated in VPA-dMSCs 

 

To characterize the neuronal differentiation observed at a protein 

level, I used immunocytochemical staining. Ctrl-MSCs, VPA-dMSCs and 

dMSCs were fixed and stained with specific antibodies against the 

neuronal marker proteins NF-M and Nestin. Neuronal-induced MSCs, 

dMSCs, and VPA-dMSCs exhibited positive cytoplasmic staining for both 

NF-M and Nestin in contrast to non-induced MSCs (ctrl–MSCs, Fig. 4A). 

Consistent results were obtained from immunoblot analysis using 

antibodies specific to NF-M, and Nestin (Fig. 4B). 
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Figure 4. Upregulation of NF-M and Nestin in VPA-dMSCs.  

(A) MSCs (ctrl-MSCs) and differentiated MSCs (dMSCs and VPA-dMSCs) 

were fixed and stained with antibodies against the neuronal specific 

markers NF-M (left panel) and Nestin (right panel), and visualized under 

fluorescent microscopy. (B) Consistent results were obtained from 

immunoblot analysis. GAPDH was used as an internal standard. 
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lV. Discussion 

 

Our previous study showed that VPA (given at an optimal dose and 

incubation time) stimulates the secretion of various trophic factors from 

hBM-MSCs, which may improve the efficacy of stem cell therapy [4]. 

Other recent studies have provided evidence that HDAC inhibitors enhance 

stem cell differentiation [13, 18, 27, 32], suggesting VPA may confer a 

differential potency to stem cells. In this study, VPA treatment significantly 

increased the expression of the neuronal progenitor genes Nestin-1, 

Musashi, CD133, and GFAP in hBM-MSCs (Fig. 1A). This was further 

confirmed through an immunoblot analysis (Fig. 1B). These results indicate 

effective neuronal differentiation in VPA-treated MSCs. 

VPA induces the neuronal differentiation of adult hippocampal neural 

progenitors [12]. Other groups have reported that VPA induces 

hippocampal neurogenesis and the acetylation of histone 4 [32]. In this 

study, I examined whether hBM-MSCs effectively differentiate into neuronal 

cells following VPA pre-incubation, and found a significant increase in the 

differentiation rate of VPA-pretreated BM-MSCs (Fig. 2A and 2B). Neurite 

lengths were also significantly extended in VPA-dMSCs (Fig. 2C). These 

cells significantly increased their transcripts for all neuronal-specific 

markers tested in both differentiated MSCs (Fig. 3). The gene expression 
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of MAP-2 (dendritic marker) [14], NF-M, and the neural specific calcium 

channels KCNH2 and KCNH5, significantly increased in VPA-pretreated 

dMSCs compared to dMSCs (Fig. 3). This suggests VPA-MSCs are more 

effectively differentiated into neuron-like cells than ctrl-MSCs in the 

presence of neuronal induction media. 

Inhibition of histone deacetylation by VPA is associated with an open 

chromatin conformation (called euchromatin) resulting in transcriptional 

activation at gene loci [7, 24]. HDAC inhibitors reversible this functional 

activity and withdrawal of the inhibitor may return chromatin to a closed 

conformation (called heterochromatin) [6]. However, some neuronal-

specific genes which are epigenetically activated may partially prevent this 

return to the inactive form in the presence of neuronal induction media 

[24]. This suggests that the timing of HDAC inhibitor treatment is critical 

for inducing effective cell differentiation. In this study, I studied different 

timepoints for VPA treatment in neuronal differentiation and found VPA 

pre-incubation prior to neuronal induction effectively induces neuronal 

differentiation in BM-MSCs (Figs. 2 and 3). The neuronal differentiated 

MSCs (dMSCs) were confirmed at the protein level, using 

immunocytochemical staining and immunoblot analysis with antibodies 

targeting NF-M and Nestin proteins, and upregulation of these proteins 

was observed for both neuronal differentiated MSCs and VPA-pretreated 
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ones (Fig. 4A and 4B).  

I have shown that VPA pretreatment of BM-MSCs effectively 

stimulates neuronal differentiation. However, which gene locus is directly 

involved in this modification has not been confirmed. Based on the 

functional mechanism of VPA as a histone deacetylase inhibitor, VPA 

induces histone acetylation on chromatin, resulting in the activation of 

several gene loci and regulating gene expression [7]. Since VPA has been 

pharmacologically applied to neurological diseases for several decades, 

some VPA-induced genes may be functionally active in stem cell 

differentiation, especially neuronal differentiation. Previous studies have 

shown that HDAC inhibitors enhances the differentiation capacity of stem 

cells [13, 18, 27, 32]. Here, I have shown that the HDAC inhibitor VPA 

stimulates the differentiation of BM-MSCs into neuron-like cells through 

the simple pre-incubation of VPA.  

BM-MSCs have the potential to differentiate into neurons [31], 

making them an excellent candidate for stem cell therapy in a 

neurodegenerative disease. However, only a few cells among the 

transplanted MSCs are differentiated into neuronal cells in vivo study. It 

suggests that the differentiation potency of stem cells need to be improved 

prior to implantation. In this study, I have shown that VPA promotes 

neuronal differentiation by induction of neuroprogenitors in hBM-MSCs and 

suggests that VPA pretreatment of MSCs may give better efficacy in 
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neurodegenerative diseases. 

This study has demonstrated that VPA-treated MSCs endogenously 

induce the expression of neuroprogenitor marker genes that synergistically 

promote neuronal differentiation in the presence of neuronal induction 

media. VPA-pretreated MSCs may thus enhance neuronal differentiation 

and provide advances in stem cell therapy for neurodegenerative disorders. 
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I. Introduction 
 

Bone marrow-mesenchymal stromal cells (BM-MSCs) possess the 

capacities to differentiate into variety of cell types [1], such as adipocyte, 

chondrocyte, osteocyte and neurocyte [2]. MSCs also secrete diverse 

trophic factors which provide the protected environment against oxidative 

stress and inflammation [3, 4]. These suggest that BM-MSCs are excellent 

candidate for stem cell therapy. However, stem cells therapies have 

different efficacy according to the health state and age of donor [5-7]. 

Previous study has showed that migration and adhesion were markedly 

decreased at the engraftment of the progenitor cells obtained from 

unhealthy donors [8, 9]. And also, the increment of intracellular ROS by 

oxidative stress could lead to progressive functional decline of MSCs for 

long-term in vitro culture [10]. These studies indicate that applied stem 

cells need to be improved their capacities. 

Reactive oxygen species (ROS) was increased in the ischemic 

injured tissues and induced apoptosis of the transplanted MSCs in stem 

cell therapy [11]. The adhesion of engraft stem cells play a key role for 

improvement of efficacy because the attached stem cells at target tissues 

may have better chance to survive. Recent studies have shown that the 

ROS productions from injured tissues were disrupted the fibroblast 

adhesion by impairment of integrin contacts [12]. Thus, the imbalance of 
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intracellular ROS by chronic oxidative stress could lead to functional 

decline and progress the cell senescence [13]. 

Histone deacetylases (HDACs) play a key role for mediating diverse 

gene expressions by regulation of chromatin modulation proteins [14, 15]. 

Histone deacetylase (HDAC) inhibitors have been applied in various 

diseases such as cancer [15], mood disorder [16] and neurodegenerative 

disorder [17]. Recent studies have shown that HDAC inhibitor, trichostatin 

A (TSA), applied strategy of treatment for reducing brain injury following 

cerebral ischemia [18]. Another HDAC inhibitor, valproic acid (VPA), has 

been generally used for the treatment of epilepsy [19, 20] and bipolar 

disorder [21, 22]. Therefore, the usage of HDAC inhibitors could provide 

an increase therapeutic efficacy in these patients. 

Trichostatin A (TSA) is known as Histone deacetylases (HDACs) 

inhibitor [23] which selectively inhibits class I and II HDACs in the low 

molar concentration. Recent study reported that TSA was improved survival 

and delays disease progression in mouse model of amyotrophic lateral 

sclerosis (ALS) [24]. Another study has been reported that TSA has 

protective effects for cisplatin-induced ototoxicity through the regulation 

of apoptosis inducing genes [25]. It provides that TSA might be strong 

candidates for increasing the protective capacities of cells against 

oxidative stress. 
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In this study, I investigated whether TSA regulates the levels of 

intracellular ROS in human BM-MSCs, and identified the reduction of 

intracellular ROS production and cytotoxicity against oxidative stress. 
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II. Materials and Methods 
 

II-1. Characteristics of primary human BM-MSCs and cell culture 

 

hBM-MSCs were puschased from CEFO (Cell Engineering For Origin, 

Korea). The viral infection and mycoplasma contamination were presented 

all negative in cells. Flow cytometric analysis of the cells revealed a CD73+, 

CD105+, CD31- phenotype. The hBM-MSCs were cultured in T75 flask 

(Becton Dickinson, USA) according to the supplier's recommendations. 

Cells were cultivated in hBM-MSC growth media (Gibco, USA), containing 

the mesenchymal cell growth supplements, L-glutamine, penicillin, and 

streptomycin, without any stimulatory supplements or vitamins. Cells were 

maintained in a humidified incubator at 37 °C, using a standard mixture of 

95% air and 5% CO2. MSCs passaged seven times were used. 

 

II-2. MTT assay  

 

To evaluate the protective effects of TSA against H2O2- or SA-

induced oxidative stress, the viabilities of TSA-treated MSCs were 

measured by MTT assay (Sigma, USA) according to the manufacturer’s 

instructions. Briefly, 8 x 103 hBM-MSCs were seeded onto 96-well plates. 

Next day, the cells were incubated with/without 200 nM of TSA for 8 hours 

and then cells were treated with 0 ~ 3 mM H2O2 for 1 hour and subjected 

to MTT assay. Data are presented as means ± SD from three independent 
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experiments. Statistical comparisons between groups were conducted by 

student t-test. 

 

II-3. Detection of intracellular ROS 

 

Intracellular ROS levels in the treated MSCs were measured using the 

cell permeable substrate, 2’,7’-Dichlorofluorescin diacetate (DCFH-DA), 

which is converted to the fluorescent product, 2’,7’-

dichlorodihydrofluorescein (DCF). Cells were seeded in 24-well plates and 

incubated with 20 µM DCFH-DA at 37 °C for 1 hour and then incubated 

with trichostatin A (TSA) for 8 hours at 37 °C. After washing with PBS two 

times, the cells were incubated with H2O2 (0.5 mM ~ 3mM) or sodium 

arsenite (0.5 mM ~ 1.5 mM) for 1hour at 37 °C. The cells were then 

visualized under the fluorescence microscopy (a Nikon Eclipse 80Ti 

microscope, Nikon, Japan). Cell images were taken with a DS-Rl1 digital 

camera (Nikon, Japan) 
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III. Results 

 

III-1. Increment of reactive oxygen species in human BM-MSCs 

treated with hydrogen peroxide or sodium arsenite  

 

To examine intracellular ROS change by oxidative stress, I performed 

DCFH-DA assay for ROS detection in hBM-MSCs treated with H2O2 (0.5 

mM ~ 3 mM) or sodium arsenite (SA, 0.5 mM ~ 1.5 mM) for 1 hour. The 

intracellular ROS were significantly increased in H2O2 treated MSCs (H2O2-

MSCs) and SA treated MSCs (SA-MSCs) compared with non-treated MSCs 

(Ctrl-MSCs) (Fig. 1A). ROS-positive cells in each group were counted. The 

intracellular ROS levels were increased in a dose dependent manner in 

H2O2- or SA-treated MSCs (Fig. 1B). To evaluate the viability in stress 

induced hBM-MSCs, I used a MTT assay. The cell viabilities were gradually 

decreased following by the treatment of H2O2 or SA in hBM-MSCs (Fig. 

1C). These results suggest that the viability of hBM-MSCs is affected by 

intracellular ROS induced by oxidative stress. 
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Figure 1. Increment of reactive oxygen species by treatment of hydrogen 

peroxide or sodium arsenite in human BM-MSCs. 

(A) Intracellular ROS levels were visualized by fluorescence microscope 

followed by treatment with H2O2 (0.5 mM to 3 mM) or sodium arsenite (SA, 

0.5 mM to 1.5 mM) for 1 hour. The intracellular ROS were significantly 

increased in H2O2 treated MSCs (H2O2-MSCs) and sodium arsenite treated 

MSCs (SA-MSCs) compared with non-treated MSCs (Ctrl-MSCs). (B) Total 

cells and ROS induced cells (ROS-MSCs) were counted to estimate the 

rate of ROS induced MSCs. (C) Cell viabilities with H2O2-MSCs (upper 

panels) and SA-MSCs (lower panels) were examined by MTT assays.  

 

 

 

 

 

 

 

 

 

 

 

 

 
 



 

４３ 

 

III-2. Significant decrement of the intracellular ROS in TSA treated 

MSCs 

 

 

To confirm whether H2O2-induced intracellular ROS are regulated by 

TSA in hBM-MSCs, I investigated the effects of the TSA against ROS 

generation. The cells were incubated with TSA (100 nM ~ 1000 nM) for 8 

hours, and then treated with H2O2 at 1mM. The intracellular ROS levels 

were detected by DCFH-DA. In TSA pretreated MSCs (TSA-MSCs, 100 nM 

~ 500 nM), ROS levels were significantly decreased compared to ctrl-

MSCs. In contrast, when the cells were incubated with TSA at 1000 nM, the 

decrement of ROS levels did not observed (Fig. 2A, 2B). These data show 

that TSA effectively reduced intracellular ROS in hBM-MSCs. 
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Figure 2. Significant decrement of intracellular ROS in TSA-MSCs. 

(A) Cells were incubated with TSA (100 nM to 1000 nM) for 8 hours, and  

Then treated with 1 mM H2O2 for 1 hour. The intracellular ROS in TSA-

MSCs (100 nM to 500 nM) were significantly decreased compared with 

H2O2-MSCs. However, a significant difference in 1000  nM TSA treated 

MSCs was not observed for H2O2-MSCs. (B) ROS positive cells per total 

cells were counted. (t-test, * p<0.05, mean ± SD, n=3)  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

４６ 

 

III-3. TSA alone does not contribute to change of ROS levels 

under condition without oxidative stress 

 

To evaluate cell viability and ROS levels change by TSA treatment 

alone under the same condition used in figure 2, I performed DCFH-DA 

and MTT assay in TSA-MSCs. The cells were incubated with TSA (100 ~ 

5000 nM) for 8 hours. And then alterations of cell viability and ROS levels 

were observed. When hBM-MSCs were incubated with TSA (0 ~ 5000 nM) 

for 8 hours, cell viability and ROS levels were not changed compared to 

Ctrl-MSCs (Fig. 3A, 3B). From these data, TSA treatment did not affect 

any toxicity in hBM-MSCs. 
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Figure 3. TSA alone does not contribute to change of ROS levels under 

condition without oxidative stress  

(A) After treated with TSA (100 nM to 5000 nM) alone for 8 hours, 

intracellular ROS levels were visualized by fluorescence microscope. The 

intracellular ROS in TSA treated MSCs (TSA-MSCs) were not significantly 

changed compared with non-treated MSCs (Ctrl-MSCs). (B) TSA treatment 

(0 ~ 5 µM TSA for 8 hours) did not affect any toxicities in hBM-MSCs. 

(n=3) 
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III-4. TSA prevents cellular damage in hBM-MSCs 

 

Previous study reported that increase in ROS could lead to apoptosis 

[25-27]. To investigate cell apoptosis related to ROS were reduced by 

TSA treatment, I measured cell viability of hBM-MSCs treated with/without 

H2O2 (0.5 ~ 3 mM) after pretreatment of TSA for 8 hours. The viabilities of 

TSA-MSCs were significantly increased compared with ctrl-MSCs (Fig. 4). 

This result present that cellular damage due to oxidative stress were 

reduced by TSA treatment. 
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Figure 4. TSA prevents cellular damage in hBM-MSCs 

TSA treated hBM-MSCs (200nM of TSA for 8 hours) were treated with 0, 

0.5, 1, 2, or 3 mM H2O2 for 1 hour, and their viabilities were determined by 

the MTT assay. (t-test, P < 0.05, mean ± SD, n = 3)  
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IV. Discussion 

 

Recently many studies have shown that intracellular ROS have 

closely related with cellular senescence including functional decline and 

progression of cell death [10, 13, 28]. In the stem cell therapy, engraft 

cells were often damaged by ROS. As a results, transplantation efficiency 

were markedly decrease [8-10]. In this study, I examined the level of 

intracellular ROS in BM-MSCs which were exposed to hydrogen peroxide 

(H2O2) or sodium arsenite (SA). I have observed the dose dependent 

increase in intracellular ROS during MSCs incubated with H2O2- or SA- 

(Fig. 1A and 1B). The cell viabilities were decreased with increase in ROS 

(Fig. 1C), which is consistent with previous studies [11, 28]. These 

suggest that applied stem cells need to be improved for protective 

capacities against harmful factors such as oxidative stress and 

inflammation.  

Previous studies have provided that HDAC inhibitors improve 

therapeutic efficacy in several disease, such as ischemic stroke [29], 

cancer [15], mood disorder [16], and neurodegenerative disorder [17]. 

TSA as well known HDAC inhibitor reduce cellular damage by alcohol-

induced toxicity [30], and also present protective effects from cellular 

toxicity while suppressing of inflammatory pathway [24]. For these reason, 
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TSA might be an excellent candidate for cell protection against oxidative 

stress. I found ROS levels (exposed to H2O2) were significantly decreased 

in TSA-MSCs compared with MSCs (Fig. 2A and 2B). I also have shown 

that TSA (0.1~5 µM) alone had not effect to ROS level in BM-MSCs (Fig. 

3A and 3B).  

Several reports have shown that the application of TSA at 

micromolar ranges inhibit cell growth, and cell death occurred due to 

increment of intracellular ROS [27, 31]. In this study, I have shown the TSA 

treatment at nanomolar ranges decreases ROS levels in oxidative stress 

induced hBM-MSCs (Fig. 2A and 2B). This inconsistency with our study 

may be caused by difference of TSA concentration. As shown figure 2B, 

treatment of TSA at high concentration did not affects the ROS production. 

These suggest that low molar concentration of TSA could be the protection 

from oxidative stress in hBM-MSCs.  

Since TSA reduced the production of ROS, I examined the protective 

effects of TSA on oxidative damage in BM-MSCs. The cell viabilities from 

oxidative damage were improved in TSA-MSCs compared to ctrl-MSCs 

(Fig. 4). This result suggests that the treatment of TSA improves the 

protective capacities of stem cells against oxidative stress.  

I described that TSA pretreatment to hBM-MSCs significantly 

reduces intracellular ROS. However, I do not confirm which genes are 
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directly involved in modulating intracellular ROS and which mechanisms act 

through any signaling pathway. Therefore, the relationship between TSA 

and intracellular ROS need to be further examined. It should be our next 

study. 

In conclusion, I investigated protective effects of TSA on oxidative 

damage in BM-MSCs and confirmed the improvement of cell viability. This 

suggests that TSA treated MSCs prevent the cellular toxicities induced by 

oxidative stress. Therefore, optimized dose of TSA might be improved the 

stem cell potency and may provide better efficiency of stem cell therapy. 
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갑니다. 아직은 석사라는 이름을 받기에는 부족한 점이 많은데 부끄러울 뿐

입니다. 지금까지 석사학위를 무사히 마칠 수 있도록 도와주신 분들께 감사

의 인사를 드립니다. 먼저 저를 낳아주시고 길러주시고 세상에 두려움 없이 

맞서도록 도와주신 아버지, 어머니 정말 감사 드립니다. 그리고 옆에서 항상 

힘내라는 말과 함께 든든하게 지켜줬던 가족들 정말 감사합니다. 앞으로도 

좀 더 저의 꿈을 향한 그리고 발전을 위한 길을 계속 가려 합니다. 끝까지 

믿고 지켜봐 주세요. 

그리고 저에 학위 생활을 앞장서서 지도해주시고 이끌어 주신 조광원 교

수님 항상 감사 드립니다. 교수님의 첫 제자로서 부끄러움 없는 그리고 진취

적인 학생이 되고자 항상 노력하겠습니다. 아직은 많이 부족한 학생이지만 

앞으로 좀더 노력해서 부족한 부분들을 하나하나 채워가도록 하겠습니다. 그

리고 저에 대학생활을 지켜봐 주시고 가르쳐 주시고 인도해주신 김영곤 교

수님, 박현용 교수님께 감사의 말씀을 드리고 저에 학위 생활 동안 많은 가

르침을 주신 전택중 교수님, 이준식 교수님께도 진심으로 감사의 말씀을 드

립니다. 또한 제가 학과 학생은 아니지만 항상 아낌없는 조언과 지도를 해주

신 온탁범 교수님 그리고 많은 도움을 주신 박라영 선생님께도 감사의 말씀

을 드립니다. 저의 학위 과정 동안 항상 옆에서 함께 해왔던 우리 실험실 식

구들, 윤서, 이슬이, 호태, 민지 항상 고맙게 생각한다는 마음을 이 자리에서 

전합니다. 아울러 저와 대학생활부터 학위 생활까지 함께 해온 나의 동기 동

환이, 실험적으로 다툼도 많이 있었지만 항상 함께 할 수 있어서 정말 든든

했고, 동환이와 함께 저를 지지해주고 버팀목이 되어준 병호, 정선, 석희, 종

배, 진태, 영희, 기수, 지일이에게 정말 고맙다는 말을 전하고 싶습니다. 

그리고 힘들 때 고민을 들어주고 든든한 버팀목이 되어준 고등학교 친구

들 길근이, 재우, 영표, 백진, 의연, 슬기, 그리고 지금은 함께 할 수 없지만 

항상 곁에 있는 친구 세훈이에게 항상 고맙게 생각하고 있음을 전하고 싶습

니다. 모든 소중한 분들이 있었기에 제가 지금 이 순간까지 버티며 전진해 

나갈 수 있었습니다. 다시 한번 감사의 말씀을 드리며 또 다른 시작을 준비

하는 만큼 여러분께 부끄럽지 않은 사람이 되도록 노력하겠습니다. 
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