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Parkinsonian diseases including Parkinson’s disease (PD) and multiple system atrophy
(MSA) are neurodegenerative diseases representative of a-synucleinopathies character-
ized pathologically by a-synuclein-abundant Lewy bodies and glial cytoplasmic inclusions,
respectively. Cell therapy using mesenchymal stem cells (MSCs) is attractive clinically be-
cause these cells are free from ethical and immunological problems. MSCs are present in
adult bone marrow and represent <0.01% of all nucleated bone marrow cells. MSCs are
multipotent, and differentiation under appropriate conditions into chondrocytes, skeletal
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myocytes, and neurons has been demonstrated thus far. According to recent studies, the
neuroprotective effect of MSCs is mediated by the production of various trophic factors
that contribute to functional recovery, neuronal cell survival, and endogenous regenera-
tion of neural tissues. Additionally, MSCs appear to have immunoregulatory properties
that can ameliorate the progression of disease. However, the therapeutic use of MSCs as
neuroprotectives in PD and MSA has seldom been studied. Here we comprehensively re-
view recent advances in clinical strategies using MSCs in PD and MSA, especially focusing
on their neuroprotective properties in preventing or delaying disease progression and

therapeutic potential for providing functional recovery.
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Fig. 1. Neuroprotective effects of human mesenchymal stem cells (hMSCs) in animal model of Parkinson’s disease treated with MG-132. Immu-
nohistochemical analysis showed that hMSC treatment dramatically reduced the decline in the number of TH-ir cells in the SN of MG-132-treat-
ed rats (A). Stereological analysis revealed that the number of TH-ir cells was significantly higher in the hMSC-treatment group than in the group
treated with MG-132 alone (n=5; p < 0.05, B). Dopamine levels in the striatum (as assessed by gas chromatography-mass spectrometry) were
significantly lower in MG-132-treated rats than in controls (p < 0.01); however, h\MSC treatment significantly increased the dopamine level in the
striatum of MG-132-treated rats (n=5; p <0.05, C). MG-132 treatment resulted in the accumulation of polyubiquitinated proteins and a marked
increase in OX-6 immunoreactivity; however, hMSC treatment markedly decreased the accumulation of polyubiquitinated proteins and OX-6
immunoreactivity in MG-132-treated rats (D and E). The level of the cleaved form of caspase-3 was significantly lower in rats treated with hMSCs
(F) than in MG-132-treated rats (n=3, G). Scale bar: 100 um. *p < 0.05, 'p<0.01. SN, substantia nigra: TH-ir, tyrosine-hydroxylase-immunoreac-
tive. Ref. 15 with permission from Wiley.
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Fig. 2. Effects of cell therapy with human mesenchymal stem cells (hnMSCs) on modulation of cell survival and death-signaling pathways in an
animal model of multiple system atrophy-parkinsonism treated with MPTP and 3-NP. Immunohistochemical analysis showed that hMSC treat-
ment significantly decreased the decline in the number of TH-ir and NeuN-ir cells in the substantia nigra (SN) and striatum (ST) of double-toxin
treated animals (A). Stereological analysis revealed that the number of TH-ir and NeuN-ir cells was significantly higher in the hMSC-treated group
than in the group treated with double toxin alone (B; n=5; *p < 0.05). Scale bar: 100 um. Western blot analysis, performed 4 weeks after first
double-toxin injection, showed that the p-Akt expression was significantly decreased in double-toxin-treated mice compared with controls.
However, hMSC administration in double-toxin-treated mice increased p-Akt expression. hMSC treatment significantly decreased Bax expres-
sion in double-toxin-treated mice, whereas hMSC treatment significantly increased the expression of Bcl-2 in these mice. In addition, hMSCs
significantly decreased the expression of cytochrome ¢, which was elevated after double-toxin treatment. (C, D; n=3; 'p<0.01). Ref. 16 with

permission from Cognizant Communication Corporation.
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Fig. 3. Modulation of neuroinflammation by human mesenchymal stem cells (hMSCs) in co-culture systems. To identify soluble factors associat-
ed with modulation of microglial activation, we analyzed expression of IL-6, IL-10, and TGF-f3 in hMSCs co-cultured with LPS-stimulated microg-
lia and hMSCs alone. The introduction of hMSCs significantly decreased the number of process-bearing activated microglia at 6 and 24 h follow-
ing hMSC treatment (A). When hMSCs were co-cultured with LPS-stimulated microglia, IL-6 expression was significantly increased at 3and 12 h,
and IL-10 and TGF- expressions were significantly increased at 12 h compared with hMSCs alone (B; n=5). Microglia from primary cultures
were treated with LPS for 4 h and then co-cultured with vehicle or hMSCs in a Transwell. After 24, 48, and 72 h, culture supernatants and cells
were collected for RT-PCR. LPS treatment significantly induced mRNA expression of TNF-acand iNOS compared with the control group, whereas
co-culture with hMSCs showed significant reductions in TNF-o and iNOS mRNA expression (C) when compared with those treated with LPS
alone at 24, 48, and 72 h. Co-cultures of microglia and mesencephalic neurons were treated with LPS for 4 h and then co-cultured with vehicle
or hMSCs in a Transwell. LPS treatment resulted in a significant loss of TH-ir cells, whereas co-culture with hMSCs significantly decreased the loss
of TH-ir cells (D). Stereological analysis revealed that the number of TH-ir cells was significantly higher in the hMSC-treated group than in the
group treated with LPS alone (E; n=>5, *p < 0.05. 'p < 0.01). Scale bar: 100 um. Ref. 17 with permission from Wiley.
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Fig. 4. The protective effect of human mesenchymal stem cells (hMSCs) against lipopolysaccharide (LPS) and MPTP-induced damage to dopa-
minergic neurons in the substantia nigra (SN). The hMSCs treatment considerably reduced the loss of TH-ir cells and microglial activation induced
by LPS stimulation in the SN (A). On stereological analysis, h\MSC treatment significantly decreased the loss of TH-ir cells at 7 and 14 days follow-
ing LPS stimulation (B; n=5, *p < 0.05). The hMSC administration significantly downregulated the LPS-induced increase in the expression of
TNF-acand iNOS mRNA at 3 days after LPS stimulation (C). Ref. 17 with permission from Wiley.
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Fig. 5. Effect of human mesenchymal stem cells (hMSCs) on neurogenesis in Parkinsonian model. hMSC treatment prominently increased the
number of BrdU-ir cells in the subventricular zone (SVZ) and substantia nigra (SN) of MPTP-treated PD animal models (A, C). Stereological analy-
sis revealed that the number of BrdU-ir cells in the SVZ was significantly greater in the hMSCs-treated group compared with the MPTP-only-treat-
ed group at 30 days after MPTP injection (B, D; *p < 0.05, 'p < 0.01). Brain tissue in the SN areas was double immunostained with Ki67 and TH at
22 days after last BrdU injection. Ki67 and TH-ir cells were not detected in the SN of MPTP-induced PD animal model; however, double-stained
cells were notably observed in the SN of hMSCs-treated PD animals (E). On stereological analysis, the number of double-stained cells in the SN
was 189+ 52, which roughly corresponded to 10% of the total number of Ki67-ir cells (F). To investigate the effect of hMSCs on the survival of
NPCs obtained from the SVZ, the NPCs were cocultured with hMSCs using a Transwell after MPP* treatment. The MPP* administration induced
marked loss of NPCs compared with the controls, whereas coculture with hMSCs resulted in a significant reduction in the loss of NPCs (G). The
level of EGF in the medium of NPCs cotreated with hMSCs was significantly higher compared with that of MPP*-only treatment (H; n=3; 'p<
0.01). Scale bar: 100 um. Ref. 24 with permission from Cognizant Communication Corporation.
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Fig. 6. Neuroprotective effects of autologous mesenchymal stem cells in patients with multiple system atrophy. Changes in unified multiple
system atrophy rating scale (UMSARS) scores from baseline through the follow-up period, according to treatment group. The graphs demon-
strate a significant interaction effect between treatment group and time, indicating that the MSC-treated group had a much lesser increase in
total UMSARS (A) and UMSARS |l scores (B) compared with the placebo-treated group. Change in cerebral glucose metabolism and gray matter
density from baseline (D0) to day 360 (D360) in the mesenchymal stem cell (MSC) and the placebo groups. Areas of decreased cerebral metab-
olism and gray matter density at D360 relative to DO are illustrated in the MSC group (C-a and c) and placebo group (C-b and d). In both groups,
cerebral glucose metabolism and gray matter density in the cerebellum were significantly decreased at 360 days compared with baseline. How-
ever, the placebo group showed more extensive areas of decreased cerebral glucose metabolism and gray matter density in the cerebellum
and also in various cerebral cortex regions, particularly the frontal lobe, compared with the MSC group. The bars indicate the standard error. Ref.

25 with permission from Wiley.
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