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Abstract

There is currently no effective therapy for prion diseases. The glymphatic system is an organized system of
perivascular spaces that facilitates the removal of metabolic waste from the brain. This study demonstrates the
therapeutic potential of a combination therapy of adipose-derived mesenchymal stem cells (AdMSCs) and a
glymphatic system-activated drug, clonidine, against prion disease. The therapy has the potential to clear PrP>
accumulation, ameliorate astrocytosis, and prolong the survival time of ME7-infected mice.

Prion diseases are incurable, irreversible neurodegenera-
tive disorders caused by misfolding of the normal form of
the prion protein (PrPC) into the pathological form (PrP5°)
[1]. Despite efforts to find a therapy, prion diseases pose
significant challenges due to neuroinflammation and irre-
versible neurological damage [2, 3]. One currently avail-
able therapeutic strategy is based on compounds that
can inhibit or clear PrP5 accumulation [4, 5]. Targeting
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the glymphatic system for the treatment of neurological
diseases has emerged as a potential therapy [6]. In prion
diseases, the perivascular waste-clearing system has been
observed to upregulate the key protein of the glymphatic
system, aquaporin-4 (AQP4) [7, 8], suggesting the thera-
peutic potential of the glymphatic system. We recently
attempted to treat prion-infected mice using glymphatic
system activation molecules, including clonidine, and
found that they led to significant PrP3¢ clearance [8].
However, it did not show a substantial increase in sur-
vival time, probably due to the neurotoxicity induced by
early PrP5¢ deposition. Mesenchymal stem cells (MSCs)
have been used as a potential cell-based therapy for neu-
rodegenerative disorders such as stroke, traumatic brain
injury, multiple sclerosis, and Alzheimer’s and Parkinson’s
diseases [9, 10]. Previous attempts were made to use MSC
transplantation to treat animal models of prion infection
[11-13]. Those attempts showed some recovery, including
prolonged survival and reduced gliosis in prion-infected
mice. However, they did not achieve a complete cure or
reduce the accumulation of PrP%. A main challenge in
MSC-based prion therapies is the infectivity of MSCs iso-
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lated from bone marrow or adipose tissue, as validated by
tissue-derived homogenate-inoculated mice [14]. Thus,
allogeneic transplantation of MSCs is highly recom-
mended. A synergistic combination of a drug that can
clear PrP5¢ deposition and a cell-based therapy to rescue
neuronal loss and damage is required. Therefore, the ther-
apeutic potential of the combination therapy (clonidine
and adipose-derived MSCs (AdMSCs)) in ME7-infected
mice was evaluated through the survival time, detection
of PrP5¢ deposition, and amelioration of astrocytosis and
microgliosis. Protein markers for neuronal loss and dif-
ferentiation were also assessed.

Adipose tissue from the inguinal region of C57BL/6]
mice at 6-8 weeks of age was collected for isolation of
MSCs as previously shown [15, 16]. AAMSCs were char-
acterized by their ability to adhere to the tissue culture
dish, proliferation rate and forming a colony unit, tri-
lineage differentiation, and the expression of different
MSC-specific surface markers using flow cytometry
analysis (Fig. S1A). To investigate the therapeutic effect
of AdMSC transplantation combined with clonidine
on prion disease pathologies, mice were intraperitone-
ally injected with the ME7 scrapie strain. All mice were
inoculated on the same day. Our previous study demon-
strated typical characteristics of prion disease through a
reduction in body weight, abnormal behaviors, and death
of ME7-infected mice [14]. Beginning 7 days post-injec-
tion (dpi), the mice received weekly clonidine treatments
(100 pg/kg) as previously explained [8], which contin-
ued for 18 weeks. Cultured AAMSCs were collected and
resuspended in PBS at a concentration of 1 x 10° cells per
30 pl and transplanted intracranially at 70 dpi. Prior to
intracranial injection, all mice were anesthetized with 2%
isoflurane (Hana Pharm Co., Ltd; Seoul, South Korea)
in an induction chamber. The mice were subsequently
observed. The negative control (CTL) mice were injected
with 30 pl of PBS. After 150 dpi, a cohort of mice (n=4/
group) were sacrificed for the detection of PrP% and
astrocytosis by western blotting. To perform survival
analysis, the remaining mice (n=6/group) were moni-
tored and sacrificed at 373 dpi. Mice were euthanized
at 373 dpi due to the development of atopic dermatitis.
Mice in the CTL group, which also developed atopic
dermatitis, were sacrificed after all mice in the ME7 and
treated groups had been euthanized. Figure 1A provides
a schematic diagram of the study design. ME7-infected
mice treated with the combination therapy of clonidine
and AdMSCs did not show any disease symptoms for
up to 373 dpi, unlike non-treated ME7-infected mice
(230.7 + 1.4 dpi; n=6, Fig. 1B). The misfolding and aggre-
gation of PrP¢ into amyloid fibrils are strongly linked
with prion disease [17]. Thus, brain tissues were homog-
enized and examined using western blotting to identify
the total PrP and PrP¢ levels to establish the present
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treatment’s therapeutic effect. Equivalent quantities of
protein (30 pg) were loaded, and the band intensity was
analyzed in Image]. Results showed that the band inten-
sity of total PrP from the brain samples did not differ
among the three groups (Fig. 1C). Notably, the group that
received combination therapy of clonidine and AdMSC
transplantation demonstrated lower PrP%¢ expression
than the non-treated ME7-infected group at 150 dpi
(Fig. 1C), and the CTL mice showed no PrP%¢ expression.
Next, we examined the expression of PrP>¢ at 373 dpi of
the disease. A clear difference in PrP%¢ deposition was
observed between the treated and non-treated groups
(Fig. 1C).

Inflammation involves reactive astrogliosis and microg-
liosis plays a significant role in the development of neuro-
inflammatory and neurodegenerative conditions in prion
disease [18]. An increase in GFAP, an astrocyte activation
marker, was linked to PrP%¢ in the brain tissues of prion-
infected mice [18]. Therefore, we assessed the effect of
the combination therapy on the level of GFAP. We exam-
ined GFAP expression by immunofluorescence of brain
sections from the thalamus region and by immunoblot
analysis using whole brain homogenates. The ME7 strain
induces significant thalamic pathology, including neuro-
inflammation and neuronal degeneration [19], highlight-
ing importance of the thalamus in prion disease. The
immunofluorescence analysis showed that AAMSC trans-
plantation with clonidine significantly decreased GFAP
levels at 150 dpi, compared with the non-treated group
(Fig. 1D, E; p<0.001). These findings were supported by
western blot analysis, which demonstrated that the pro-
tein level of GFAP in brain homogenates was significantly
inhibited by the combination therapy compared with
in the non-treated group (Fig. 1F, G; p<0.01). Next, we
tested the effect of the combination therapy on the reduc-
tion of microglial activation of ME7-infected mice brain
homogenates using Iba-1, a marker for activated microg-
lia. We found that our treatment significantly reduced the
elevated level of Iba-1 in ME7-infected mice as compared
to non-treated mice at 150 dpi (Fig. 1H, I; p<0.001).

Finally, to examine the protective effect of the combina-
tion therapy on neurons, we evaluated the extent of neu-
rogenesis. Our immunohistochemistry findings for beta
III-tubulin and NeuN, markers of neuronal health, show
that the level of NeuN (Fig. 1], K, Fig. S2) but not beta
III-tubulin (Fig. S3) increased significantly in the treated
group, compared with the non-treated ME7-infected
mice at 230 dpi (p <0.001). Therefore, our results validate
the potential of clonidine and AdMSCs as a treatment for
prion and this combination is also a potentially promising
therapy for other degenerative brain diseases. While our
therapy proved effective in the ME7 scrapie strain, the
distinct biochemical and neuropathological profiles of
different prion strains may require tailored interventions
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Fig. 1 Evaluation of the therapeutic potential of combining clonidine with adipose-derived mesenchymal stem cells (AdMSCs) transplantation in ME7-
infected mice. A Prion-infected mice were treated with clonidine (100 pg/kg) weekly and received AAMSCs once, 70 days post-infection (dpi). B A Kaplan-
Meier survival curve was generated to show how combining clonidine and AdMSCs affected the survival of ME7-infected mice. ME7-infected mice that
received the combination of clonidine and AdMSCs did not show any symptoms of the disease for up to 373 dpi, unlike the non-treated ME7-infected
mice (230.7 1.4 dpi; n=6 per group). Thus, the combination therapy extended the average survival by at least 140 days (p <0.0001, log-rank test). C Ef-
fects of the combination therapy on the expression of total PrP and PrP>® accumulation in ME7-infected mice at 150 and 373 dpi, as shown by western
blotting. D Immunofluorescence micrographs of the thalamus region from mouse treated or untreated with clonidine and AAMSCs at 150 dpi. The tissues
were stained with GFAP-specific antibody and developed with anti-mouse Alexa 647 (red) (n=3 per group). Cell nuclei are stained with DAPI (blue). Scale
bar: 50 um. E Quantitative analyses of GFAP using immunofluorescence staining from the experiments panel. *p <0.05, ***p < 0.001. F GFAP expression
by western blotting (n=4 per group) at 150 dpi. HSP90 served as a loading control. G Quantitative analyses of GFAP immunoblots from the experiments
panel. *p <0.05, **p <0.01, and ***p < 0.01. H Photomicrographs of immunohistochemistry staining for Iba-1 in the thalamus of mice from each group at
150 dpi, scale bar: 50 um. I Quantification of the number of Iba-1-positive cells. ***p<0.001. J Photomicrographs of immunohistochemical staining for
NeuN in the thalamus of mice from each group at 373 dpi, scale bar: 50 um. Immunohistochemistry was used in cryosections from the three treatment
groups. K Quantification of the number of NeuN-positive neurons in the thalamus of mice from each group (n=3 per group). *p <0.05 and **p <0.001.
All data are shown as the mean +SD and were analyzed using one-way ANOVA with post-hoc Tukey's test

[20]. Further studies using other prion strain models are [ Supplementary Material 1 J
needed to elucidate the specific mechanisms underlying
the combination of AAMSCs with clonidine.

Author contributions
M.Z. designed and performed experiments, analyzed data, and wrote the
Supplementary Information manuscript; Y-C K. designed experiments, performed animal experiments,

The online version contains supplementary material available at https://doi.or and h,e‘ped in analysis and writing t,he manuscrpt; B-HJ. designed.the
9/10.1186/513024-025-00835-. experiments, analyzed the data, reviewed and edited the manuscript, and

supervised experiments. All authors discussed the results and contributed to
the editing.


https://doi.org/10.1186/s13024-025-00835-y
https://doi.org/10.1186/s13024-025-00835-y

Zayed et al. Molecular Neurodegeneration

(2025) 20:42

Funding

This work was supported by National Research Foundation of Korea (NRF)
grants funded by the Korean government (MSIT) (RS-2025-00517133,
2022R1C1C2004792). This research was supported by the Basic Science
Research Program through the NRF of Korea funded by the Ministry of
Education (2017R1A6A1A03015876, 2021R1A6A3A01086488). This research
was supported by a Korea Basic Science Institute (National Research Facilities
and Equipment Center) grant funded by the Ministry of Education (grant no.
2021R1TA6CT101C369).

Data availability

The data used to generate the results that support the findings are all
included in the manuscript. Source data can be requested from the
corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate

All experiments related to animals in this study were approved by Jeonbuk
National University (JBNU 2020-080). Human samples were not used in this
study.

Consent for publication
All authors read and approved the final manuscript for publication.

Conflict of interest
The authors declare that they have no competing interests.

Received: 12 November 2024 / Accepted: 5 April 2025
Published online: 17 April 2025

References

1.
2.

3.

Prusiner SB.The prion diseases. Brain Pathol. 1998;8:499-513.

Li B, Chen M, Zhu C. Neuroinflammation in prion disease. Int J Mol Sci 2021,
22.

Zayed M, Kook SH, Jeong BH. Potential Therapeutic Use of Stem Cells for
Prion Diseases. Cells 2023, 12.

Zayed M, Kim YC, Jeong BH. Assessment of the therapeutic potential of
Hsp70 activator against prion diseases using in vitro and in vivo models.
Front Cell Dev Biol. 2024;12:1411529.

Krance SH, Luke R, Shenouda M, Israwi AR, Colpitts SJ, Darwish L, Strauss M,
Watts JC. Cellular models for discovering prion disease therapeutics: progress
and challenges. J Neurochem. 2020;153:150-72.

Ding Z, Fan X, Zhang Y, Yao M, Wang G, Dong Y, Liu J, Song W. The glymphatic
system: a new perspective on brain diseases. Front Aging Neurosci 2023, 15.

20.

Page 4 of 4

Hablitz LM, P& V, Giannetto M, Vinitsky HS, Staeger FF, Metcalfe T, Nguyen

R, Benrais A, Nedergaard M. Circadian control of brain glymphatic and lym-
phatic fluid flow. Nat Commun. 2020;11:4411.

Kim Y-C, Won S-Y, Jeong B-H. Altered expression of glymphatic system-related
proteins in prion diseases: implications for the role of the glymphatic system
in prion diseases. Cell Mol Immunol. 2021;18:2281-3.

Wang Z-B, Wang Z-T, Sun Y, Tan L, Yu J-T. The future of stem cell therapies of
Alzheimer’s disease. Ageing Res Rev. 2022;80:101655.

Andrzejewska A, Dabrowska S, Lukomska B, Janowski M. Mesenchymal stem
cells for neurological disorders. Adv Sci (Weinh). 2021;8:2002944.

Hay AJD, Latham AS, Mumford G, Hines AD, Risen S, Gordon E, Siebenaler C,
Gilberto VS, Zabel MD, Moreno JA. Intranasally delivered mesenchymal stro-
mal cells decrease glial inflammation early in prion disease. Front NeuroSci
2023,17.

Shan Z, Hirai Y, Nakayama M, Hayashi R, Yamasaki T, Hasebe R, Song CH, Hori-
uchi M. Therapeutic effect of autologous compact bone-derived mesenchy-
mal stem cell transplantation on prion disease. J Gen Virol. 2017,98:2615-27.
Song CH, Honmou O, Ohsawa N, Nakamura K, Hamada H, Furuoka H, Hasebe
R, Horiuchi M. Effect of transplantation of bone marrow-derived mesenchy-
mal stem cells on mice infected with prions. J Virol. 2009,83:5918-27.

Sim H-J, Kim Y-C, Bhattarai G, Won S-Y, Lee J-C, Jeong B-H, Kook S-H. Prion
infection modulates hematopoietic stem/progenitor cell fate through cell-
autonomous and non-autonomous mechanisms. Leukemia. 2023;37:877-87.
Zayed M, Jeong BH. Adipose-Derived mesenchymal stem cell secretome
attenuates prion protein peptide (106-126)-Induced oxidative stress via Nrf2
activation. Stem Cell Rev Rep; 2024.

Zayed M, Kim YC, Jeong BH. Biological characteristics and transcriptomic pro-
file of adipose-derived mesenchymal stem cells isolated from prion-infected
murine model. Stem Cell Res Ther. 2025;16:154.

Moore RA, Taubner LM, Priola SA. Prion protein misfolding and disease. Curr
Opin Struct Biol. 2009;19:14-22.

Makarava N, Chang JC-Y, Kushwaha R, Baskakov IV. Region-Specific response
of astrocytes to prion infection. Front NeuroSci 2019, 13.

Makarava N, Chang JC-Y, Molesworth K, Baskakov IV. Region-specific glial
homeostatic signature in prion diseases is replaced by a uniform neuro-
inflammation signature, common for brain regions and prion strains with
different cell tropism. Neurobiol Dis. 2020;137:104783.

Carta M, Aguzzi A. Molecular foundations of prion strain diversity. Curr Opin
Neurobiol. 2022;72:22-31.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Therapeutic effects of adipose-derived mesenchymal stem cells combined with glymphatic system activation in prion disease
	﻿Abstract
	﻿References


