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ABSTRACT 
 

Uric acid modulates stemness properties of mesenchymal stem cells 

 
Hana Kim 

 
Department of Medical Science 

The Graduate School, Yonsei University 

 
(Directed by Professor Phil Hyu Lee) 

 
 

Parkinson’s disease (PD) is characterized pathologically by progressive loss of dopaminergic neurons 

in the substantia nigra (SN) of the midbrain and the presence of Lewy bodies, proteinaceous fibrillar 

cytoplasmic inclusions that are composed mainly of aggregated α-synuclein. As a disease-modifying 

therapy, msenchymal stem cells (MSCs) are a potential source of cell-based therapy for PD because 

MSCs secrete various cytotropic factors including neurotrophic growth factors, chemokines, cytokines, 

and extracellular matrix protein which exert neuroprotective effects. A major challenge in MSCs-based 

therapy is to develop in vitro culture methods that mimic the natural MSC niche. Cell priming is a 

promising approach in MSC fate, lineage-specific differentiation, and functions and also enhances their 

therapeutic potential. Uric acid (UA), a powerful antioxidant, scavenges reactive oxygen species (ROS). 

ROS generated as the result of cellular metabolism, has a vital role in maintaining stemness and 

differentiation of MSCs. In the present study, I hypothesized that UA could efficiently decrease ROS 

levels against oxidative stress, and thus play a central role in maintaining stemness of MSCs. To do this, 

I evaluated whether MSC priming with UA exerted a more powerful neuroprotective effect in a 

parkinsonian model and thus provided a practical strategy to improve the application of MSCs in tissue 

engineering. In vitro, UA treatment in naïve MSCs stimulated glycolysis by upregulating PKM and 

LDH with no changes in PPP enzymes compared to control MSCs. Low-concentration and short-

incubation UA treatment significantly upregulated transcriptional factors responsible for regulation of 

stemness. After induction with a differentiation medium in MSCs, UA treatment increased the 

expression levels of osteogenesis-, adipogenesis-, and chondrogenesis-related genes. Similarly, MSCs 
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that were isolated from animals that received UA-enhancement therapy exhibited increased 

proliferation properties and increased expression of stemness-related markers OCT4, NANOG, and 

SOX2 with no changes in expressions of cellular senescence. Priming MSCs with UA increased cellular 

viability in neurotoxin-treated neuronal cells, relative to naïve MSCs, by inhibiting apoptotic signaling 

pathways in neurotoxin-induced cellular models. The prosurvival effect of MSCs on dopaminergic 

neurons in MPTP-treated mice was prominent, with better behavioral recovery of motor deficits in 

primed MSC-treated mice compared to that in naïve MSC-treated mice. Finally, expression of miR-137 

and miR-145 were relatively decreased in UA-treated MSCs compared to that in control MSCs. In 

summary, piming MSCs with UA exerts neuroprotective properties through enhanced stemness and 

differentiation potential in parkinsonian models, suggesting a practical strategy for improving the 

application of MSCs in parkinsonian disorders.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-------------------------------------------------------------------------------------------------------------------- 
Key words: Parkinson’s disease, mesenchymal stem cells, uric acid, priming, stemness 
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(Directed by Professor Phil Hyu Lee) 

 
 
 
I. INTRODUCTION 

Parkinson’s disease (PD) is characterized pathologically by the progressive loss of dopaminergic 

neurons in the substantia nigra (SN) and the presence of Lewy bodies, proteinaceous fibrillar 

cytoplasmic inclusions that are mainly composed of aggregated α‐synuclein1,2. The mainstay of PD 

management is symptomatic treatment with drugs that increase dopamine concentrations or directly 

stimulate dopamine receptors. Nevertheless, these therapies do not affect the progressive nature of PD 

and, moreover, they are ineffective against some axial parkinsonian symptoms and various non-motor 

symptoms. Thus, it is crucial to develop disease-modifying treatments that reduce the rate of 

neurodegeneration or stop the disease process in α-synucleinopathies.  

Stem cell therapy is as one of the most promising novel disease-modifying strategies for PD. The 

earliest stem cell therapy trials in PD were based on the concept of replacing dopaminergic neurons 

using human fetal mesencephalic tissue3,4. Thereafter, various sources of dopaminergic neurons, from 

embryonic stem cells to induced pluripotent stem cells, have been applied to PD animal models, and 

then, are ready to start clinical trials5-9. However, dopaminergic neuron replacement therapies present 

many hurdles, including ethical issues, tumorigenesis and mutagenesis, and host-to-graft propagation 

of α-synuclein6,10,11. Recently, the concept of stem cell therapy has been extended to adult stem cells, 

which secrete biologically active molecules, exerting beneficial effects on their surroundings12. 

Previous studies have shown that mesenchymal stem cells (MSCs) can act as potent modulators of PD-

related neurodegenerative microenvironments though the modulation of neuroinflammation, inhibition 

of apoptosis, increased neurogenesis and neuronal differentiation, enhancement of autophagy, and 
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modulation of α-synuclein propagation13-18. However, the major challenge in MSC-based therapies is 

to develop in vitro culture systems that mimic the natural MSC niche, while allowing clinical scale cell 

expansion without compromising quality and function of cell19. To date, several studies have 

demonstrated that the modulation of biological, biochemical, and/or biophysical factors can influence 

the fate, lineage-specific differentiation, functions, and therapeutic potential of MSCs20,21. One approach 

is cell priming. Many studies have demonstrated the effects of MSC priming with hypoxia, cytokines, 

growth factors, pharmacological or other chemical agents, biomaterials, and different culture 

conditions19. For example, ascorbic acid induces MSC proliferation with upregulation of OCT4 and 

SOX222. L-ascorbic acid 2-phosphate, a stable form of ascorbic acid, can maintain the cells in a stable, 

undifferentiated status without loss of multipotency23.  

Uric acid (UA), a purine metabolite, is a powerful antioxidant, which can be found intracellularly 

and in all body fluids24,25. It not only scavenges reactive oxygen species (ROS) but also blocks the 

reaction of the superoxide anion with nitric oxide, which can injure cells by nitrosylating the tyrosine 

residues of proteins. It also prevents extracellular superoxide dismutase degradation26,27. Ample 

evidence has suggested that UA has neuroprotective properties in PD, showing that PD patients with 

higher UA levels have been linked to reduced risk of PD incidence as well as slower disease 

progression28-30. The beneficial effects of UA have also been observed in other neurodegenerative 

diseases, such as amyotrophic lateral sclerosis31, Alzheimer’s disease32, and Huntington’s disease33. 

Hence, UA has not only antioxidant properties but also neuroprotective properties against 

neurodegenerative conditions.  

The functions fulfilled by specialized stem cells, such as stem cell proliferation, lineage specification, 

and quiescence require a certain energy supply34,35. Glycolysis is the enzymatic conversion of glucose 

to pyruvate, which generates two net ATP molecules per glucose molecule29. However, cells in oxygen-

rich environments may prefer oxidative phosphorylation (OXPHOS), which on average yields 34 

additional ATP molecules per glucose by oxidizing pyruvate to acetyl-CoA in the mitochondrial 

tricarboxylic acid cycle, for a more efficient ATP production29. Many types of stem cells rely on 

glycolysis when they are undifferentiated, but they activate the mitochondrial OXPHOS process during 
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differentiation36. Stimulation of glycolysis in pluripotent or adult stem cells  by  hypoxia  or 

supplementation with insulin  promotes stemness, while glycolysis inhibition halts proliferation and 

induces cell death37. In terms of pluripotency genes, OCT4, NANOG, and SOX2 constitute the core 

regulatory network that suppresses differentiation-associated genes, thereby maintaining cell 

pluripotency38,39. OCT4, a key transcription factor essential for self-renewal and survival of MSC 

interacts with other embryonic regulators, such as SOX2 and NANOG, to regulate the network that 

maintains pluripotency and inhibits differentiation40-42. Moreover, OCT4 has a number of targets 

associated with energy metabolism, which may impact the balance between glycolysis and oxidative 

metabolism43-45.  

ROS resulting from cellular metabolism are crucial for stemness and stem cell differentiation. 

Differentiation stimuli cause elevated ROS levels, thus inducing stem cell differentiation into specific 

lineages46-52. However, glycolysis enhancement via hypoxia and OXPHOS suppression, which lead to 

concomitantly decreased ROS levels, promote stem cell maintenance and proliferation, thereby 

repressing differentiation53,54. On the other hand, ROS could can also lead to stem cell dysfunction, 

leading to senescence with loss of stemness55-58. Thus, antioxidant would be a core relationship between 

redox homeostasis and pluripotency of stem cells. In the present study, I hypothesized that UA can 

efficiently decrease ROS levels against oxidative stress and thus play a central role in stemness 

maintenance. To prove this, I evaluated whether UA treatment enhances stemness properties in MSCs. 

Moreover, we tested whether UA-primed MSCs exerts an neuroprotective effect in PD animal models, 

thus providing a strategy to improve MSC application in tissue engineering. 

 

II. MATERIALS AND METHODS 

1. MSC and SH-SY5Y cultures. 

Frozen vials of characterized human MSCs at passage two were obtained from the Severance 

Hospital Cell Therapy Center (Seoul, South Korea; IRB: 4–2008-0643). A human neuroblastoma 

cell line, SH-SY5Y, was obtained from the Korean Cell Line Bank (Seoul, South Korea). Both 

MSCs and SH-SY5Y cells were maintained in Dulbecco’s modified Eagle medium (DMEM, 
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HyClone, Irvine, CA, USA), supplemented with 10% fetal bovine serum (FBS; HyClone) and an 

antibiotic mixture of penicillin and streptomycin (1%, HyClone). When these cells reached 70%–

80% confluence, they were trypsinized and subcultured. The cells were cultivated in a humidified 

incubator at 37°C and 5% CO2
 before use. The MSCs were plated at a density of 1 × 104 per square 

centimeter. For MSC priming, the cells were treated with either 200 μM or 400 μM UA (Sigma, 

St. Louis, MO, USA), each for 24 hrs and 48 hrs. The SH-SY5Y cells were plated at a density of 2 

× 104 per square centimeter and treated with MPP+ (100 µM; Sigma) for 24 hrs. Subsequently, the 

medium was refreshed, and the cells were cocultured with MSCs or UA-treated MSCs. The MSCs 

were plated on the permeable membrane of a Costar Transwell insert (Corning, Big Flats, NY, 

USA), with the SH-SY5Y cells on the bottom of the plate. 

 

2. Cell proliferaion assay. 

Cell viability was measured using the CellTiter 96® AQueous One Solution Cell Proliferation 

Assay (Promega, Madison, WI, USA), in accordance with the manufacturer’s protocol. Briefly, 

after the cells were incubated with the various mediumsamples,MTS(3-(4,5-dimethylthiazol-2-yl)-

5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) was added to a final 

concentration of 0.5 mg/mL. After incubation at 37°C for 1 h, the plates were centrifuged and the 

medium was aspirated from each well. The absorbance was measured at 490 nm though an ELISA 

microplate VersaMax reader (Molecular Devices, Sunnyvale, CA, USA).  

  

 

3. MSC differentiation and immunostaining. 

Osteogenic differentiation was induced by adding ascorbic acid (50 μg/ml), sodium β-

glycerophosphate (10 mM), and dexamethasone (10−8 M) to the complete medium. After 2 wks, 

the plates were washed with phosphate buffered saline (PBS, Sigma), fixed with 4% 

paraformaldehyde, and stained with 1% alizarin red S (ARS). Adipogenic differentiation was 

induced by addition of dexamethasone (10−7 M) and insulin (6 ng/ml) to the complete medium. 
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After 3 wks, the plates were washed with PBS, fixed with 4% paraformaldehyde, and stained with 

Oil red O (ORO). Chondrogenic differentiation was induced by ascorbic acid (50 μg/ml) and 

TGFβ-1 (1 ng/ml) addition to the complete medium. After 2 wks, the plates were washed with PBS, 

fixed with 4% paraformaldehyde, and stained with 0.05% alcian blue (AB).  

 

4. Quantitative RT-PCR. 

The MSCs were plated at a density of 1 × 105 per square centimeter. Total RNA was extracted from 

the MSCs using TRIzol® reagent (Invitrogen, Carlsbad, CA, USA), in accordance with the 

manufacturer’s protocol. An equal amount of RNA (1 µg), for each experiment, was reverse 

transcribed using amfiRivert cDNA Synthesis Premix (GenDEPOT, Barker, TX, USA). 

Subsequently, 2 µL of cDNA were used as a template for RT-PCR with the amfiRivert 1-Step RT-

PCR Kit (GenDEPOT). PCR was performed using 10 pmol primers for human p16 (Forward 5'- 

TCCTGATTGGCGGATAGAGC-3', Reverse 5'- CCCTCGTCGAAAGTCTTCCA-3'), human p21 

(Forward 5'-TGGAGACTCTCAGGGTCGAAA-3', Reverse 5'-

GGCGTTTGGAGTGGTAGAAATC-3'), human OCT4 (Forward 5'-

CCTTCGCAAGCCCTCATTTC-3', Reverse 5'-GGGCGA GAAGGCAAAATCTG-3'),  human 

NANOG (Forward 5'-CCCTCCTCCCATCCCTCATAG-3', Reverse 5'-

CCTCGCTGATTAGGCTCCA-3'), human SOX2 (Forward 5'-

GAAGGATAAGTACACGCTGCC-3', Reverse 5'-TAACTGTCCATGCGCTGGTTC-3'), human 

PPARG (Forward 5'-ACTTTGGGATCAGCTCCGTG-3', Reverse 5'-

GGAGATGCAGGCTCCACTTT-3'), human RHOA (Forward 5'-GTCCACGGTCTG 

GTCTTCAG-3', Reverse 5'-TTTCCACAGGCTCCATCACC-3'), human SMURF1 (Forward 5'-

GCTTTGCAAGGCGCGG-3', Reverse 5'-GAGGTGCACAGAAGCTGGAT-3'), human SMURF2 

(Forward 5'-CAAGCTGCGCCTGACAGTA-3', Reverse 5'- GCGGTTGATGGCATTGGAAA-3'), 

human HAT1 (Forward 5'- GGAAATGGCGGGATTTGGTG-3', Reverse 5'-

TGTTGACAGGCTACCAGCAAT-3'), human BMP4 (Forward 5'-

CGTCCAAGCTATCTCGAGCC-3', Reverse 5'- ACGACCATCAGCATTCGGTT-3'), human 
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HK2 (Forward 5'-CCCTGAGGACATCATGCGAG-3', Reverse 5'-

GATGGCCTTCCGGATCAGAG-3'), human PFKFB3 (Forward 5'-TGCAACTCTGCCTTATCC-

3', Reverse 5'-ATACACCTGCACAGCGTACAG-3'), human G6PD (Forward 5'-

TCCCGCATCTCTTTCACTCAC-3', Reverse 5'-AGGAGAGGTGGTGGCGAGTAG-3'), human 

PGD (Forward 5'-GTCCCACCCTTCCACTTT-3', Reverse 5'-CCATCCTGTAGGCACTCC-3'), 

human TKT (Forward 5'-CCTGGATGGGGACACCAAAA-3', Reverse 5'-

GCGTGAAGAAGGCTGCAAAA-3'), human ALDOA (Forward 5'-

TTAACCGGAAACGTCTCCCTG-3', Reverse 5'-TTTGTCCGGTAGCTGTGTG-3'), human 

PKM (Forward 5'-AGGGAATCACGCCACTGC-3', Reverse 5'-

AGCCAGAGAAACCAGCCAAG-3'), human LDH (Forward 5'-TGCTCAGCTCCCAGGTCAC-

3', Reverse 5'-GCCTTCAACTCCTTCATGGTCT-3'), human Bcl2 (Forward 5'-

TGATTTCTCCTGGCTGTCTC-3', Reverse 5'-TGCATATTTGTTTGGGGCAG-3'), human Bax 

(Forward 5'-CTGAGCAGATCATGAAGACA-3', Reverse 5'-TCCATGTTACTGTCCAGTTC-3'), 

human cytochome c (Forward 5'-ACTCTTACACAGCCGCCAAT-3', Reverse 5'-

AGGCAGTGGCCAATTATTACTCA-3'), human GAPDH (Forward 5'-

GGTGATGGCATGGACTGTGGT-3', Reverse 5'-AAGGGTCATCATCTCTGCCC-3'), mouse 

p16 (Forward 5'-GTCGCTTCTTCAGGTTTGG-3', Reverse 5'-AAGAACAGCACGTTCGAT-3'), 

mouse p21 (Forward 5'-CACCGTGTTCTTCGACATCAC-3', Reverse 5'-

CCAGTGCTCAGAGCACGAAAG-3'), mouse OCT4 (Forward 5'-

GAGATATGCAAATCGGAGACC-3', Reverse 5'-GCCTGGAGCACCAAAGTG-3'), mouse 

NANOG (Forward 5'-GCCCTGAGAAGAAAGAAGAG-3', Reverse 5'-

CGTACTGCCCCATACTGGAA-3'), mouse SOX2 (Forward 5'-

GAAGGATAAGTACACGCTGCC-3', Reverse 5'-TAACTGTCCATGCGCTGGTTC-3'), mouse 

PPARG (Forward 5'-ACCTCTGCTGGGGATCTGAA-3', Reverse 5'- 

ATCACGGAGAGGTCCACAGA-3'), mouse RHOA (Forward 5'-

TGTCGGGAGTTGGACTAGCCT-3', Reverse 5'-GGGAACTGGTCCTTGCTGAAG-3'), mouse 

SMURF1 (Forward 5'-AAGGCTCTGCAAGGCTCTAC-3', Reverse 5'-
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CTGCAAAGCCACAGGTTTCC-3'), mouse SMURF2 (Forward 5'-

CAAGAGTCCTGCTCGCTCAA-3', Reverse 5'- CCAAGAAATCCAGCACCTTGC-3'), mouse 

HAT1 (Forward 5'-CCAACACAGCAATCGAGCTG-3', Reverse 5'-

CTTCAGGCCCTTGTAACCGA-3'), mouse BMP4 (Forward 5'-

GAGCCATTCCGTAGTGCCAT-3', Reverse 5'-ACGACCATCAGCATTCGGTT-3'), mouse IL-

1A (Forward 5'-GAGTCGGCAAAGAAATCAAG-3', Reverse 5'-

CAGAGAGAGATGGTCAATGG-3'), mouse IFNγ (Forward 5'-TCCTACCCCAATTTCCAATG-

3', Reverse 5'-TTGCCGAGTAGATCTCAAAG-3'), mouse IL-17A (Forward 5'-

TCCAGAATGTGAAGGTCAAC-3', Reverse 5'-ACAGAGGGATATCTATCAGGG-3'), mouse 

IL-4 (Forward 5'-GAGAGAGATCATCGGCATTT-3', Reverse 5'-

AAAATATGCGAAGCACCTTG-3'), mouse IL-10 (Forward 5'-AGCCTTATCGGAAATGATCC-

3', Reverse 5'-GCTCTTATTTTCACAGGGGA-3'), mouse IL-11 (Forward 5'-

TGGGGACATGAACTGTGTTTG-3', Reverse 5'-CAGGAGGGATCGGGTTAGGA-3') and 

mouse GAPDH (Forward 5'-GGTTGACATGACTCAGGCA-3', Reverse 5'-

TACGACTGAACCCGCCAGCG-3'). 

 

5. Western blotting. 

Cells and brain tissues were dissolved in ice-cold RIPA buffer (50 mM Tris-HCl, pH 8.0, with 150 

mM sodium chloride, 1% Igepal CA-630, 0.5% sodium deoxycholate, and 0.1% sodium dodecyl 

sulfate; Sigma) plus a protease inhibitor cocktail (Sigma). The lysates were centrifuged at 4°C for 

20 mins (14,000 × g) and the supernatants transferred to fresh tubes. Briefly, 10 μg of protein were 

separated by SDS-gel electrophoresis and transferred onto hydrophobic PVDF membranes (GE 

Healthcare). The membranes were blocked in nonfat milk (BD) and probed with the following 

primary antibodies: rabbit anti-p16 (Abcam), rabbit anti-p21 (Abcam), rabbit anti-OCT4 (Cell 

Signaling), rabbit anti-NANOG (Cell Signaling), rabbit anti-SOX2 (Cell Signaling), rabbit anti-

caspase-3 (Cell Signaling), rabbit anti-cleaved caspase-3 (Cell Signaling), and mouse anti-actin 

(Santa Cruz). As secondary antibodies, horseradish peroxidase-conjugated goat anti-rabbit 
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(GenDEPOT) and anti-mouse antibody (GenDEPOT) were used at a 1:5000 dilution. Antigen–

antibody complexes were visualized with a chemiluminescence system (Santa Cruz). For 

semiquantitative analysis, immunoblotting band densities were measured by image J. 

 

6. ROS detection and immunostaining. 

The intracellular ROS levels were measured though the 2',7'-dichlorodihydrofluorescein diacetate 

(DCFDA) cellular ROS detection assay kit (Abcam), according to the manufacturer’s instructions. 

For the microplate reader-based assay, a microplate reader (SpectraMax 340PC; Molecular Devices, 

Inc., Sunnyvale, CA) was used to measure the absorbance at a 485 nm excitation wavelength and 

a 520 nm emission wavelength, and the data were analyzed using the Softmax Pro software 

(Molecular Devices). For immunostaining, the cells were washed twice with PBS and fixed in 10% 

methanol in PBS for 30 mins. After two further washes in PBS, the cell nuclei were counterstained 

with 4',6-diamidino-2-phenylindole (DAPI; Invitrogen). The immunostained cells were analyzed 

using bright-field microscopy and viewed under a Zeiss LSM 780 confocal imaging system (Zeiss). 

 

7. L-lactate assay. 

The intracellular lactate levels were measured using a colorimetric L-lactate assay kit, according 

to the manufacturer’s instructions (Abcam, ab65330). To eliminate the endogenous LDH, the cell 

lysates were deproteinized and incubated in the presence of the lactate probe and enzyme mix at 

room temperature for 30 mins; then, the absorbance was measured using a microplate reader at 570 

nm. 

 

8. LDH cytotoxicity assay. 

LDH release was measured using the LDH cytotoxicity detection kit (Takara Bio, Shiga, Japan), 

according to the manufacturer’s instructions. The supernatant (100 µL) and reaction mix (100 µL) 

were mixed in 96-well plates and incubated for 30 mins at room temperature. All samples were 

measured using a microplate reader at 490 nm. 
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9. UA elevation therapy. 

All procedures were performed in accordance with the Laboratory Animals Welfare Act, the Guide 

for the Care and Use of Laboratory Animals, and the Guidelines and Policies for Rodent 

Experimentation provided by the Institutional Animal Care and Use Committee (IACUC) at the 

Yonsei University Health System. Male C57BL/6 mice (Orient Bio) were acclimated in a climate-

controlled room with a constant 12/12-hrs light/dark cycle for 1 wk prior to drug administration. 

To induce the hyperuricemia model, the mice were injected with PO (intraperitoneal injection [i.p.], 

250 mg/kg, daily for 4 wks) or IMP (i.p. 500 mg/kg, daily for 4 wks). The mice were randomly 

divided into three groups (n= 12 per group); (a) control, (b) PO, (c) PO and IMP. All the mice were 

sacrificed after 4 wks. 

 

10. Serum urate measurement. 

Blood samples were collected into EDTA tubes from the vena cava using a syringe. The blood 

samples were centrifuged at 4,000 × g at 4°C for 20 mins to obtain the serum as a supernatant. 

Serum samples (approximately 20 µl) were collected from each blood sample. The quantity of 

serum urate in 3.3 µl of each serum sample was measured using the Urate C-test Wako kit, 

according to the manufacturer’s protocol. 

 

11. Isolation and culture of mouse BM-MSCs. 

Mice aged 6 wks were sacrificed by cervical dislocation and placed in a 100-mm cell culture dish 

(Becton Dickinson, Franklin Lakes, NJ, USA), where the whole body was soaked in 70% (v/v) 

ethanol for 2 mins. The mouse was then transferred to a new dish. Under sterilized conditions, the 

fur was washed with 70% alcohol, and the femurs were removed and collected in a petri dish 

containing the transport medium DMEM. The medium was supplemented with streptomycin (500 

mg/mL). Under sterilized conditions, the femurs were cleaned off from the remaining muscle 

tissues with sterile surgical tools and washed with normal saline solution. The femurs were held 
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with the forceps, and the knee ends were cut off. A 27-G needle, containing MEM medium 

supplemented with 20% FBS and 100 mg/mL of each ampicillin and streptomycin, was fit into the 

bone cavity. The femur was cut off as close as possible to the end. The tip of the bone was inserted 

into a test tube (15 mL) and the bone marrow was flushed out of the femur. The marrow was 

dispersed to a suspension by pipetting the large marrow cores. Finally, 10 mL-aliquots of the cell 

suspension were dispensed into 25-cm2 tissue culture flasks, and the cultures were maintained at 

37°C in a humidified 95% air and 5% CO2 incubator. All the samples were processed within 30 

mins after sacrifice to ensure high cell viability. The soft tissues were completely dissociated from 

the bones to avoid contamination. 

 

12. Animal experiments. 

To evaluate the modulatory effects of priming MSCs in a PD animal model, the mice were injected 

with 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP, Sigma; i.p., 30 mg/kg, daily for 14 

days). They were then randomly divided into five groups (n= 5 per group)—(a) control, (b) MPTP, 

(c) MPTP and mouse control MSCs, (d) MPTP and mouse MSCs primed with PO + IMP, and (e) 

MPTP and human MSCs primed with UA. The mice in the MSC groups were injected with MSCs 

or primed MSCs via the tail vain (1 × 106 cells per 200 μl) 3 days after the final MPTP injection. 

All the mice were sacrificed 4 wks after MSC injection. 

 

13. Brain sample preparation. 

For immunochemical analysis, all the mice were deeply anesthetized with chloral hydrate (i.p., 0.4 

g/kg; Fluka) and perfused with 4% paraformaldehyde (Sigma) in 0.1 M phosphate buffer (pH 7.4). 

The brains were embedded in paraffin, and 20 µm-thick coronal sections were cut and placed on 

slides.  

 

14. FACS. 

The mouse MSCs were characterized by FACS. Briefly, the cell suspensions were washed twice 
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with PBS containing 0.1% bovine serum albumin (BSA, Sigma). For direct assays, 1 × 106 cells/ml 

were incubated with phycoerythin (PE)-conjugated CD44 and anti-human CD105 (positive 

markers) and fluorescein isothiocyanate (FITC)-conjugated CD34 and CD45 (negative markers) at 

4°C for 1 hr and washed twice with PBS containing 0.1% BSA. The cells were analyzed by 

cytometric analysis using an LSR II flow cytometer (Beckman coulter, San Diego, CA, USA) with 

BD FACSDiva™ software. 

 

15. Immunohistochemistry. 

Deparaffinized brain sections were washed twice in PBS and incubated in 0.2% Triton X-100 

(Sigma) for 15 mins at room temperature. They were then blocked with 0.5% bovine serum albumin 

(BSA; Sigma) for 30 mins. After blocking, they were rinsed three times in 0.25% BSA and 

incubated overnight at 4°C with a primary mouse anti-tyrosine hydroxylase (TH) antibody (Sigma). 

The TH antibodies were detected via 0.05% diaminobenzidine (DAB, Vector Laboratories). The 

immunostained cells were analyzed by brightfield microscopy. 

 

16. Stereological cell counts. 

The TH-stained neurons were counted in the SN pars compacta (SNpc) of every fourth section 

throughout the SNpc. Each midbrain section was first viewed at low power, and the number of TH-

stained cells was then counted at high power, starting at a random point. To avoid double counting 

of neurons with unusual shapes, the TH-stained cells were counted only when their nuclei were 

optimally visualized, which occurred only in one focal plane. The total number of TH-stained 

neurons in the SNpc was calculated using the formula described79. 

 

17. Rotarod test. 

To assess motor function, coordination, and balance, the mice were tested on the Rotarod apparatus 

(MED-Associates). The day before the training session, the mice were habituated to the apparatus 

for 15 mins. During the training trials, the mice were trained to run on the rotarod (20 rpm) for 10 
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mins without falling, twice a day for 3 consecutive days. In the test trials, the mice were placed on 

the rotarod at 30 rpm (maximum cutoff time: 700 secs). The latency time to fall was recorded. 

 

18. Statistical analysis. 

The group means were compared using the Mann–Whitney U test for pairs and the Kruskal–Wallis 

analysis for multiple groups. P < 0.05 was considered statistically significant. All statistical 

analyses were performed using a commercially available software (SPSS Inc., version 12.0). 

 

III. RESULTS 

1. UA enhances glycolysis by upregulating PKM and LDH in MSCs. 

To demonstrate whether MSC priming with UA relies on glycolysis, I analyzed the expression 

levels of rate-limiting enzymes by quantitative RT-PCR. Glucose metabolism consists of 

interconnected pathways, with key junctions between glycolysis and the pentose phosphate pathway 

(PPP). A glucose molecule is rapidly phosphorylated to glucose-6-phosphate (G6P) by hexokinase 

(HK) and is subsequently metabolized toward glycolysis or the PPP (Figure 1A). Compared with 

the control MSCs, MSCs treated with either 200 or 400 μM UA led to increased mRNA levels of 

glycolysis enzymes, such as 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), 

pyruvate kinase muscle isozyme (PKM), fructose-bisphosphate aldolase (ALDOA), and lactate 

dehydrogenase (LDH) (Figure 1B-E). However, the mRNA levels of PPP enzymes, such as glucose 

6-phosphate dehydrogenase (G6PD), 6-phosphogluconate dehydrogenase (PGD), and transketolase 

(TKT), showed no significant differences between UA-treated and control MSCs (Figure 1F-H). 

Additionally, I examined the concentration of L-lactate, the end product of glycolysis, initial step 

of which is the conversion of pyruvate to L-lactate by LDH. The L-lactate levels were increased in 

the UA-treated MSCs compared to those in control MSCs, indicating aerobic glycolysis triggered 

by UA (Figure 1I). These results demonstrated that UA treatment could stimulate glycolysis by 

upregulating glycolysis  

enzymes in MSCs.  
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Figure 1. UA enhances MSC glycolysis by upregulating PKM and LDH. (A-E) UA-treated 

MSCs led to increased mRNA levels of glycolysis enzymes, such as PFKFB3, PKM, ALDOA, and 

LDH, compared to the control MSCs. (F-H) The mRNA levels of PPP enzymes, such as G6PD, PGD, 

and TKT, showed no significant differences compared to the control MSCs. (I) L-lactate 

concentration. UA-treated MSCs presented an increased l-lactate concentration compared to 

control MSCs. All data are presented as the mena ± SE. *p < 0.05; **P < 0.01. 

 

2. UA regulates stemness and differentiation potential of MSCs. 

Next, I examined whether upregulation of glycolysis promotes stemness in UA-treated MSCs. The 

stem cell properties of MSCs are characterized by their self-renewal ability, high proliferation rate, 

and multipotent differentiation into osteocytes, adipocytes, and chondrocytes. I performed an MTS 

analysis to examine whether UA treatment enhances the proliferation properties of the MSCs. UA-

treated MSCs showed a significant increase in cellular density compared with control MSCs in a 

time-dependent manner, regardless of the UA concentration (Figure 2A). Thereafter, to evaluate UA 

impact on senescence, I analyzed the expression levels of p16 and p21. Expression levels of p16 

increased after senescence, whereas those of p21 rapidly increased in cells approaching replicative 

senescence. Then, the MSCs were treated with 200 μM or 400 μM UA, each for 24 hrs and 48 hrs. I 
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found that the expression levels of p16 and p21 did not increase at an UA concentration of 200 μM 

after 24 hrs. However, the expression levels of p16 were increased with an UA concentration of 400 

μM UA after 24 hrs or any UA concentration after 48 hrs. Expression levels of p21 also showed a 

similar tendency of increased expression, according to UA concentration and incubation time (Figure 

2B). These results suggested that UA affects cellular senescence at high concentrations and after long 

incubation times. Next, I examined the mRNA levels of transcriptional factors responsible for 

stemness regulation, including OCT4, NANOG, and SOX2. The expression levels of OCT4 increased 

significantly after 24 hrs of both 200 μM and 400 μM UA treatment, whereas they decreased after 48 

hrs, regardless of the UA concentration. Similarly, expression levels of NANOG significantly 

increased after 24 h of 200 μM and 400 μM UA treatment and decreased after a 48-h incubation, 

regardless of the UA concentration. Additionally, expression levels of SOX2 increased after 24 hrs of 

incubation, whereas they markedly decreased after 48 hrs incubation, independent of UA 

concentrations (Figure 2C). This indicates that UA enhances stemness in conditions of short 

incubation and relatively low UA concentrations. Next, to test whether UA-induced stemness 

augmentation would result in increased differentiation potential of MSCs, I examined the mRNA 

levels of genes associated with differentiation, including osteogenesis (SMURF1, SMURF2), 

adipogenesis (PPARG, RHOA), and chondrogenesis (HAT1, BMP4). UA treatment did not affect the 

expression levels of osteogenesis-, adipogenesis-, and chondrogenesis-related genes in MSCs (Figure 

2D). Additionally, I performed ARS, ORO, and AB staining to identify osteogenic, adipogenic, and 

chondrogenic potential of MSCs, respectively. Immunocytochemistry showed that UA treatment did 

not affect MSC differential potential toward any lineage (Figure 2E). Moreover, MSCs were cultured 

with differentiation medium, and then treated at an UA concentration of 200 μM and 24 hrs. They 

exhibited increased expression levels of adipogenesis-, osteogenesis- and chondrogenesis-related 

genes compared with naïve MSCs (Figure 2F). Additionally, immunostaining revealed that UA-

treated MSCs after induction with a differentiation medium markedly increased their differentiation 

potential for osteogenesis, adipogenesis, and chondrogenesis (Figure 2G). Finally, I evaluated 

whether MSC multipotency was sustained after removal of the UA-containing medium 24 hrs after 
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UA initiation. Expression levels OCT4, NANOG, and SOX2 that were significantly increased after 

24 hrs of UA treatment were dramatically decreased after UA removal (Figure 2H). These data 

suggest that UA enhances stemness with a strict senescence regulation, depending on its 

concentration and incubation time. 
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Figure 2. UA regulates MSC stemness and differentiation potential. (A) Cell proliferaion assay. 

UA-treated MSCs showed a significant cell density increase compared to control MSCs in a time-

dependent manner, regardless of UA concentration (n = 3 per group). (B) Quantitative RT-PCR showed 

that the expression levels of the senescence markers p16 and p21 did not increase after a 24 hrs 

incubation with 200 μM UA. (C) Quantitative RT-PCR showed that the expression levels of the 

stemness markers OCT4, NANOG, and SOX2 increased after a 24 hrs incubation with 200 μM UA. (D) 

Quantitative RT-PCR showed that UA treatment did not affect the expression levels of differentiation 

markers for osteogenesis (SMURF1, SMURF2), adipogenesis (PPARG, RHOA), and chondrogenesis 

(HAT1, BMP4). (E) Immunostaining showed that UA treatment did not affect the differentiation 

potential of MSC in terms of osteogenesis (ARS staining), adipogenesis (ORO staining), and 

chondrogenesis (AB staining). (F) Quantitative RT-PCR for differentiation markers showed that UA-

treated MSCs exhibited increased expression levels of osteogenesis-, adipogenesis-, and 
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chondrogenesis-related genes compared to naïve MSCs after induction with a differentiation medium. 

(G) Immunostaining showed that UA-treated MSCs markedly increased differentiation potential of 

MSCs toward osteogenesis, adipogenesis, and chondrogenesis after induction with a differentiation 

medium (H) OCT4, NANOG, and SOX2 expression levels dramatically decreased after UA removal. 

All data are presented as the mean ± SE. *p < 0.05; **P < 0.01 

 

3. MiR-137 regulates UA-associated MSC priming  

Based on known miRNAs regulating self-renewal in stem cells, I screened 20 miRNAs to uncover 

possible UA-related stemness-controlling ones (Table 1 and Figure 3A-T). I found that expression 

levels of miR-137 and miR-145 were decreased in UA-treated MSCs compared to those in control 

MSCs. Moreover, mRNA levels of miR-137 compared to those of miR-145 levels were markedly 

decreased in the UA-treated MSCs (Figure 3A and B). The expression levels of the other miRNAs 

did not differ between UA-treated and control MSCs. These results suggest miR-137 as a candidate 

regulator of UA-associated MSC priming. 
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Figure 3. miR-137 regulates UA-associated MSC priming. (A-T) Quantitative RT-PCR for self-

renewal related miRNA showed that miR-137 and miR-145 expression levels were decreased in UA-

treated MSCs compared to those in control MSCs.  
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4. Priming MSC with UA exerts neuroprotection in MPP
+
-treated SH-SY5Y cells 

To examine the effects of UA-associated MSC priming on cell viability, SH-SY5Y cells were 

treated with MPP+ for 24 hrs. Then, the cells were co-cultured with control MSCs, primed MSCs, 

or primed MSCs with a 24 hrs-UA wash out. MPP+ treatment led to a significant decrease in cell 

survival compared to the control group. However, co-culture of MPP+-treated cells with control 

MSCs, primed MSCs, or primed MSCs with UA wash out in Transwell chambers led to increased 

cell viability compared to the MPP+-treated group. In addition, cell viability was significantly 

increased in the co-culture group with primed MSCs compared to that with control or primed MSCs 

with UA wash out (Figure 4A), indicating that UA-primed MSCs has a protective effect. MPP+ 

treatment led to a significant increase in ROS levels, compared to the control group. However, co-

culture of MPP+-treated cells with control MSCs, primed MSCs, or primed MSCs with UA wash 

out inhibited ROS generation compared to the MPP+-treated group (Figure 4B). In addition, MPP+ 

treatment significantly increased LDH release compared to the control group, whereas co-culture 

of MPP+-treated cells with control MSCs, primed MSCs, or primed MSCs with UA wash out 

significantly decreased the LDH release, compared to the MPP+-treated group (Figure 4C). The 

modulating effect on ROS and LDH production was more prominent with the primed MSCs than 

with the control or primed MSCs with UA wash out. Apoptosis analysis revealed that the co-culture 
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with primed MSCs significantly attenuated cleaved caspase-3 expression compared to the co-

culture with control MSCs or primed MSCs with UA wash out (Figure 4D). Moreover, co-culture 

with primed MSCs induced significantly decreased expression levels of cytochrome C, increased 

expression levels of Bcl-2, and decreased expression levels of Bax compared to co-culture with 

control MSCs or primed MSCs with UA wash out (Figure 4E). These results demonstrate that 

priming MSCs inhibits apoptosis and increases neuronal survival in neurotoxin-treated cells. 

 

Figure 4. MSC priming with UA exerts neuroprotection in MPP+-treated SH-SY5Y cells. (A) MTS 

analysis showed that co-culture of MPP+-treated cells with primed MSCs resulted in significantly 

increased cell viability compared to the MPP+-treated, co-cultured with control MSCs, and co-cultured 

with primed MSCs with UA wash out groups. (B) ROS activity showed that co-culture of MPP+-treated 

cells with primed MSCs significantly inhibited ROS generation compared to the MPP+-treated, co-

cultured with control MSCs, and co-cultured with primed MSCs with UA wash out groups. (C) LDH 

cytotoxicity assay showed that co-culture of MPP+-treated cells with primed MSCs significantly 

inhibited ROS generation compared to the MPP+-treated, co-cultured with control MSCs, and co-

cultured with primed MSCs with UA wash out groups. (D) Western blotting for apoptosis markers 

showed that co-culture with primed MSCs significantly attenuated cleaved caspase-3 expression 

compared to the co-culture with control or primed MSCs with UA wash out. (E) Quantitative RT-PCR 

for apoptosis markers showed that co-culture with primed MSCs led to significantly decreased 

cytochrome C, increased Bcl-2, and decreased Bax expression levels compared to the co-culture with 

control or primed MSCs with UA wash out. All data are presented as the mean ± SE. *p < 0.05; **P < 
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0.01 

 

5. UA-enhancement therapy augments stemness and differentiation potential of mouse BM-

MSCs 

To assess whether UA-enhancement therapy increases stemness and differentiation potential of 

mouse BM MSCs, I injected the mice with potassium oxonate (PO, an uricase inhibitor) and inosine 

monophosphate precursor (IMP, a precursor of UA) for 4 wks. Serum UA levels were significantly 

higher in PO- and IMP-treated mice and only PO-treated mice than control mice, but the levels 

were higher in PO- and IMP-treated mice than in only PO-treated mice (Figure 5A). FACS analysis 

revealed that the MSCs expressed CD44 and CD105, positive MSC markers, but not CD34 and 

CD45, negative MSC markers (Figure 5B). The MTS assay showed that the MSC proliferation rate 

was significantly higher in PO- and IMP-treated mice than in the control or only PO-treated mice 

(Figure 5C). In addition, I examined the expression levels of p16, p21, OCT4, NANOG, and SOX2 

to evaluate whether PO or IMP treatment regulated MSC senescence and stemness. The expression 

levels of p16 and p21 in PO- and IMP-treated mice did not differ from those in control or only PO-

treated mice (Figure 5D). However, the expression levels of OCT4, NANOG, and SOX2 were 

significantly increased in PO- and IMP-treated mice compared to those in control or only PO-

treated mice. Furthermore, the expression levels of these stemness-associated markers were 

significantly increased in PO-treated mice compared to those in control mice (Figure 5E). Similarly, 

the mRNA levels of genes associated with osteogenesis (SMURF1, SMURF2), adipogenesis 

(PPARG, RHOA), and chondrogenesis (HAT1, BMP4) were increased in PO- and IMP-treated 

mice compared to those in control or only PO-treated mice (Figure 5F). Immunostaining showed 

that the differentiation potential toward osteogenesis, adipogenesis, and chondrogenesis was 

markedly increased in PO- and IMP-treated mice compared to that in control or only PO-treated 

mice (Figure 5G). Next, I examined expression levels of miR-137 and miR-145 to assess whether 

it is affected by UA-enhancement therapy. The expression levels of miR-137 and miR-145 were 

relatively reduced in PO- and IMP-treated mice compared to those in control or only PO-treated 
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mice (Figure 2H). These data suggest that UA-enhancement in mice induces MSC higher 

proliferation rate and stemness. 

 

Figure 5. UA-enhancement therapy augments stemness and differentiation potential of mouse 

BM-MSCs. (A) UA serum levels were significantly higher in PO- and IMP-treated mice than in control 

or only PO-treated mice. (B) FACS analysis for cell surface markers showed that the MSCs expressed 

the positive markers CD44 and CD105, but not the negative markers CD34 and CD45. (C) MTS assay 

showed that MSC proliferation was significantly higher in PO- and IMP-treated mice than in control or 

only PO-treated mice. (D) Western blotting showed that p16 and p21 expression levels in PO- and IMP-
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treated mice did not differ from those in control or only PO-treated mice. (E) Western blotting showed 

that OCT4, NANOG, and SOX2 expression levels were significantly increased in the PO- and IMP-

treated group compared to the control or only PO-treated one. (F) Quantitative RT-PCR for 

differentiation markers showed that the expression levels of osteogenesis-, adipogenesis-, and 

chondrogenesis-related genes were increased in PO- and IMP-treated mice compared to those on control 

or only PO-treated mice. (G) Immunostaining indicated that the differentiation potential of MSCs 

toward osteogenesis, adipogenesis, and chondrogenesis was markedly increased in the PO- and IMP-

treated group compared to the control or only PO-treated group. (H) Quantitative RT-PCR showed that 

miR-137 and miR-145 expression levels were decreased in PO- and IMP-treated mice compared to 

those in control or only PO-treated mice. All data are presented as the mean ± SE. *p < 0.05; **P < 

0.01 

 

6. MSC priming exerts neuroprotection in MPTP-treated mice 

To investigate the potential neuroprotective effects of MSC priming, I performed a comparative 

analysis of the SN dopaminergic neurons of MPTP-treated parkinsonian mice with different MSC 

priming conditions. Immunohistochemical analysis revealed a significant decrease in the number of 

TH-positive neurons in MPTP-treated mice compared to control mice. Any type of MSC treatment 

increased the survival of TH-positive neurons compared to the MPTP-treated group. Mouse or human 

MSC priming yielded much higher numbers of TH-positive neurons compared to either the MPTP-

treated or the mouse control MSC group (Figure 6A). Consequently, mouse or human MSC priming 

led to significantly decreased expression levels of cleaved caspase-3 compared to either the MPTP-

treated or the mouse control MSC group. Human MSC priming seemed to have a stronger 

neuroprotective capacity with respect to mouse MSC priming, with the human MSC priming 

treatment significantly decreasing the expression levels of cleaved caspase-3 (Figure 6B). In addition, 

I measured the levels of inflammatory cytokines to evaluate the immunomodulatory effects of MSC 

priming. The levels of pro-inflammatory cytokines, such as interleukin (IL)-1A, IL-17A, and 

interferon gamma (IFNγ) in MPTP-treated mice were increased compared to those in control mice, 
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whereas any type of MSC treatment significantly decreased pro-inflammatory cytokine levels in 

MPTP-treated animals. Similarly, any type of MSC treatment significantly increased the levels of 

anti-inflammatory cytokines, such as IL-4, IL-10, and IL-11 in MPTP-treated mice (Figure 6C). The 

cytokine modulating effect was more prominent with mouse or human MSC priming than with mouse 

control MSC treatment. Consequently, both mouse and human MSC priming treatment led to the 

restoration of impaired motor coordination and balance on the Rotarod test compared to the control 

MSC group. Furthermore, human MSC priming showed a higher restorative capacity of impaired 

motor coordination compared with mouse MSC priming (Figure 6D). 

 

Figure 6. MSC priming exerts neuroprotection in MPTP-treated mice. (A) TH-positive neuron 

counting in the SN at 4 wks revealed that both mouse and human primed MSC treatment induced much 

higher numbers of dopaminergic neurons compared to both the MPTP-treated and the mouse control 

MSC group. (B) Western blotting showed that both mouse and human primed MSC treatment 

significantly decreased cleaved caspase-3 expression levels compared to both the MPTP-treated and 

mouse control MSC group. (C) Quantitative RT-PCR showed that both mouse and human primed MSC 

treatment significantly decreased pro-inflammatory cytokine and increased anti-inflammatory cytokine 
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expression levels compared to both the MPTP-treated and mouse control MSC group. (D) Both mouse 

and human primed MSC treatment led to the restoration of impaired motor coordination and balance in 

the Rotarod test compared to the control MSC group. All data are presented as the mean ± SE. *p < 

0.05; **P < 0.01 

 

IV. DISCUSSION  

In this study, I investigated the effects of UA on MSC stemness and its neuroprotective action in 

parkinsonian models. The major findings are as follows: (1) UA treatment increases MSC stemness 

via glycolysis enhancement by PKM and LDH upregulation, (2) MiR-137 regulates UA-associated 

MSC priming, (3) UA-primed MSCs exert a more powerful neuroprotective effect in parkinsonian 

models compared with control MSCs. These data suggest that MSC priming with UA can provide a 

strategy to improve MSC application to the treatment of parkinsonian disorders.  

UA is a final enzymatic product of purine nucleoside degradation in humans. In other mammals, the 

last enzymatic product of the purine degradation chain is allantoin, which is excreted in the urine59. 

High concentrations of circulating UA were proposed to be the major plasma antioxidant, protecting 

the cells from oxidative damage. Given that the balance between stem cell self-renewal and 

differentiation is critical for tissue homeostasis60, oxidative stress resulting from excessive ROS 

production and impaired antioxidant systems can affect proliferation, differentiation, genomic 

mutations, aging, and death of stem cells61. Additionally, evidence suggests that redox homeostasis 

plays a central role in maintaining stemness and reducing stem cell senescence. Thus, disturbances 

of these mechanisms though excessive ROS production could lead to oxidative stress, resulting in 

stem cell dysfunction, such as senescence and loss of stemness during long-term expansion55,58. In 

mammals, stem cells maintain low ROS levels to preserve their stemness and remain quiescent57,58,62. 

However, research on the link between UA and stemness for clinical applications in 

neurodegenerative diseases is lacking.  

During development, cell fate is defined by transcription factors that act as molecular switches to 

activate or repress specific gene expression programmes. OCT4, NANOG, and SOX2 are considered 
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to form a transcriptional regulatory circuitry for pluripotency and self-renewal of stem cells, including 

MSCs41,63. OCT4 is the most upstream gene in the signaling pathway that regulates MSC self-

renewal42,63,64. Thus, the metabolism of undifferentiated MSCs during proliferation is primarily 

associated with glycolysis57,65 under both anaerobic and aerobic conditions65,66, whereas 

mitochondrial OXPHOS is associated with differentiated MSCs and loss of multipotency65. Here, I 

found that compared with control treatment, UA treatment stimulated glycolysis by upregulating 

PKM and LDH, with no changes in PPP enzymes. Specifically, glycolysis-related enzymes, such as 

PFKFB3, PKM, ALDOA, and LDH were significantly upregulated in UA-treated MSCs. In addition, 

low-concentration and short-incubation UA treatment did not affect MSC senescence, which was 

accompanied by a significant increase in MSC proliferation properties. mRNA levels in OCT4, 

NANOG, and SOX2, stemness-related markers, in MSCs were increased by low-concentration and 

short-incubation UA treatment. However, these conditions did not affect the mRNA levels of genes 

associated with differentiation, including osteogenesis, adipogenesis, and chondrogenesis, suggesting 

no impact on the differentiation potential of MSC. UA treatment in linege-specific differentiatiated 

MSCs, nevertheless, exhibited increased expression levels of osteogenesis-, adipogenesis-, and 

chondrogenesis-related genes, indicating an effect on the differentiation potential of MSC. Moreover, 

our in vivo data further confirmed the impact of UA on MSC stemness modulation. Mice undergoing 

UA-enhancement therapy showed increased MSC proliferation, and MSCs in IMP- and PO-treated 

mice exhibited increased expression of OCT4, NANOG, and SOX2, with no changes related to 

cellular senescence. Our results suggest that UA enhances MSC stemness, with a strict regulation of 

senescence, possibly depending on UA concentration and incubation time. 

MSC priming with UA exerted neuroprotection in neurotoxin-induced parkinsonian cellular and 

animal models. It significantly increased cell viability in neurotoxin-treated neuronal cells compared 

to naïve MSCs by inhibiting apoptotic signaling pathways, with concomitant restoration of 

neurotoxin-induced distorted mitochondrial morphology. In vivo, the protective effect of MSCs on 

dopaminergic neurons in MPTP-treated mice was prominent, regardless of the MSC primed or naïve 

state. However, the primed MSCs led to the rescue of more SN dopaminergic neurons compared with 
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naïve MSCs in the MPTP-treated mice. In addition, mice treated with primed MSCs had decreased 

expression levels of cleaved caspase-3 in the midbrain compared to the mice receiving naïve MSCs. 

Consequently, motor recovery was prominent in MPTP-treated mice receiving both primed and naïve 

MSCs, but with a tendency of a better behavioral outcome with the primed MSCs. In terms of species-

specific differences in the primed MSCs, human MSCs had more neuroprotective effects than mouse 

MSCs. Despite many similarities, MSC species variability affects not only the functional expression 

of various chemokine receptors but also other MSC behaviors67-70. It is possible that species-specific 

differences may influence MSC priming; however, further studies on this topic are needed.  

miRNAs are short non-coding RNAs that post-transcriptionally regulate their target genes71. 

Evidence has demonstrated that miRNAs are involved in apoptosis72, self-renewal73, and 

differentiation74 of MSCs. Here, I found decreased expression levels of miR-137 and miR-145 in UA-

treated MSCs, suggesting that they could promote MSC stemness. Especially, mRNA levels of miR-

137 compared to those of miR-145 levels were markedly decreased in the UA-treated MSCs. 

Decreased expression of miR-137 can lead to increased levels of stemness-related transcriptional 

factors, including OCT4, NANOG, SOX2, and KLF438,75, whereas its overexpression induces 

reduced neural stem cell proliferation, with enhanced neuronal and glial differentiation76. miR-137 

affects cancer stem cell self-renewal, and its downregulation significantly promoted stemness by 

targeting KLF1277. Furthermore, miR-137 has a critical role in MSC proliferation and 

differentiation76. miR-145 expression was low in self-renewing human embryonic stem cells (ESCs), 

but it was highly upregulated during differentiation by regulating OCT4, SOX2, and KLF478. Taken 

together, these results suggest that miR-137 and miR-145 may be closely coupled with MSC stemness 

regulation by UA.  

 

V. CONCLUSION  

MSC priming with UA exerts neuroprotective effects through enhanced stemness and differentiation 

potential in parkinsonian models. Therefore, this could provide a novel strategy to improve MSC use 

for the treatment of parkinsonian disorders. 
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ABSTRACT (IN KOREAN) 

 

요산에 의한 중간엽 줄기세포의 줄기능 조절 
 

< 지도교수 이 필 휴 > 
 

연세대학교 대학원 의과학과 
 

김 하 나 
 
 

파킨슨병은 중뇌 흑질에서 도파민성 뉴런이 점진적으로 손실되고 주로 응집된 알파시뉴클레인

으로 구성된 단백질피브릴라 세포질 포착물인 루이소체가 존재하는 것이 병리학적으로 특징이다. 
질병 치료 전략으로서, 중간엽줄기세포는 신경영양성장인자, 케모카인, 시토카인, 세포외 기질단백

질 등 다양한 세포방성인자를 분비해 신경보호 효과를 발휘하기 때문에 파킨슨병의 세포기반 치
료의 원천으로서 잠재력이 크다. 중간엽 줄기세포 기반 치료의 가장 큰 당면과제는 자연적인 중
간엽 줄기세포 틈새를 모방한 체외 배양 방법을 개발하는 것이다. 세포 프라이밍은 중간엽 줄기

세포 운명, 혈통별 차별화, 기능에 대한 접근방식이 유망하며 치료 잠재력도 강화한다. 요산은 강
력한 항산화 물질로서 활성산소종을 스캐빈다. 세포 신진대사의 결과로 생성된 활성산소종은 줄
기세포를 주성화하고 분화시키는데 중요한 역할을 한다. 본 연구에서 요산이 산화 스트레스에 대
한 활성산소종 수준을 효율적으로 낮출 수 있다고 가정했고, 따라서 중간엽 줄기세포의 상태를 
유지하는 데 중심적인 역할을 한다. 이를 위해 파킨슨 모델을 이용한 중간엽 줄기세포 프라이밍

이 보다 강력한 신경보호 효과를 발휘해 조직공학에서 중간엽 줄기세포 적용을 개선하는 실질적

인 전략을 제공하는지 평가했다. 세포 실험에서 중간엽 줄기세포의 요산 처리는 대조군에 비해 
PPP의 레벨에는 변화가 없었고 PKM과 LDH의 레벨을 증가시켜 당분해를 자극했다. 저농도의 짧
은 요산 배양은 줄기능 조절 관련 전사인자 발현이 현저히 증가했다. 분화배양액으로 중간엽 줄
기세포를 분화시킨 후에 요산 처리는 골형성, 지방형성, 연골형성 관련 유전자의 발현을 증가시켰

다. 마찬가지로, 요산 상승요법을 받은 동물에서 분리되어 배양된 중간엽 줄기세포는 세포 증식이 
증가하였고 세포 노화에는 변화가 없이 줄기능 관련 마커인 OCT4, NANOG, SOX2의 발현이 증가

했다. 요산으로 프라이밍한 중간엽 줄기세포는 신경 유도 세포 모델에서 세포사멸 신호경로를 억
제하여 신경세포에서 세포생존성을 증가시켰다. MPTP 처리된 생쥐의 도파민성 뉴런에 대한 중간

엽 줄기세포의 프로생존 효과는 중간엽 줄기세포가 주입된 생쥐에 비해 프라이밍된 중간엽 줄기

세포를 주입한 생쥐에서 운동결손에서 더 나은 행동회복을 보였다. 마지막으로, miR-137과 miR-
145의 발현은 대조군과 비교하여 요산 처리된 중간엽 줄기세포에서 상대적으로 줄어든다는 것을 
알아냈다. 우리의 데이터는 요산으로 프라이밍한 중간엽 줄기세포가 파킨슨병 모델에서 줄기능과 
분화 잠재력을 향상시킴으로써 신경 보호 특성을 발휘하며, 파킨슨병 치료 시 중간엽 줄기세포 
적용을 개선할 수 있는 실질적인 전략임을 암시한다.  
 

 
 
 

--------------------------------------------------------------------------------------------------------------------------------------- 
핵심되는 말 : 파킨슨병, 중간엽줄기세포, 요산, 프라이밍, 줄기능 
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