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1 | INTRODUCTION

Chronic kidney disease (CKD) affects approximately 7.7%
of the US population, gradually and persistently decreas-
ing kidney function, which is detrimental to overall health.'
CKD patients fail to emit toxic metabolites and organic waste

Abstract

Although mesenchymal stem cell (MSC)-based therapy is a treatment strategy for
ischemic diseases associated with chronic kidney disease (CKD), MSCs of CKD
patients undergo accelerated senescence, with decreased viability and proliferation
upon uremic toxin exposure, inhibiting their utility as a potent stem cell source for
transplantation therapy. We investigated the effects of melatonin administration in
protecting against cell senescence and decreased viability induced by pathophysio-
logical conditions near the engraftment site. MSCs harvested from CKD mouse mod-
els were treated with H,O, to induce oxidative stress. CKD-derived MSCs exhibited
greater oxidative stress-induced senescence than normal-mMSCs, while melatonin
protected CKD-mMSCs from H,0, and associated excessive senescence. The latter
was mediated by PrPC-dependent mitochondrial functional enhancement; melatonin
upregulated PrP€, which bound PINK1, thus promoting mitochondrial dynamics and
metabolism. In vivo, melatonin-treated CKD-mMSCs survived longer, with in-
creased secretion of angiogenic cytokines in ischemic disease engraftment sites.
CKD-mMSCs are more susceptible to H,O,-induced senescence than normal-
mMSCs, and melatonin administration protects CKD-mMSCs from excessive senes-
cence by upregulating PrP¢ and enhancing mitochondrial function. Melatonin
showed favorable therapeutic effects by successfully protecting CKD-mMSCs from
related ischemic conditions, thereby enhancing angiogenesis and survival. These re-
sults elucidate the mechanism underlying senescence inhibition by melatonin in stem

cell-based therapies using mouse-derived CKD-mMSCs.
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solutes, which are normally eliminated via the healthy kid-
neys, with the accumulation of such toxins in these patients
significantly increasing the risks of comorbidities including
anemia, renal osteolytic disorder, neuropathy, and cardiovas-
cular disease.”* Despite the overbearing burden, currently
available therapies against CKD often lead to adverse side
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effects and malignant pharmacokinetic changes. In response,
the potential of mesenchymal stem cells (MSCs) and their
clinical applicability against CKD have received increasing
attention.”™® MSCs, adult stem cells capable of self-renewal
and multipotent differentiation, constitute a promising cell
source with strong regenerative and modulatory potentials
for targeting numerous chronic diseases and complicated
injuries. MSC transplantation therapy in animal models of
various ischemic diseases, including kidney disease, has en-
hanced recovery and protection from further damage.g

However, one of the major drawbacks of MSC therapy
is the exposure of MSCs harvested from CKD patients to
endogenous uremic toxins that decrease their proliferative
capacity and accelerate senescence, thereby decreasing the
therapeutic potential.lo’11 Cells within these patients report-
edly exhibit dysfunctional mitochondrial-related intracel-
lular machinery and disrupted mitochondrial homeostasis,
rendering CKD-derived MSCs more prone to pathological
damage.lz’13 Clinically, transplantation efficiency of MSCs is
less than 10%, owing to these pathophysiological conditions,
including oxidative stress and inflammation associated with
the engraftment site of the transplanted cells.'* Moreover,
following transplantation, MSCs harvested from CKD model
mice showed decreased proliferation and secretion of the
modulatory angiogenic cytokines facilitating neovascular-
ization." Accordingly, CKD-MSC transplantation in vivo in
ischemic models did not significantly increase the transplan-
tation efficacy or rescue neovascularization.'® Therefore, to
increase the applicability of stem cell transplantation therapy
in patients with CKD, novel approaches are needed to over-
come the pathologic conditions of CKD-MSCs to resist detri-
mental environmental stress induced by the engraftment site.

Furthermore, CKD patients experience various sleeping
disorders, suggesting a potential association between CKD
and sleep and with the regulation of the endogenous sleep-
regulating hormone melatonin.'” Melatonin, a pineal gland
secretion associated with sleep induction, regulates circadian
rhythms and homeostasis.'*** Melatonin reportedly supple-
ments MSC viability and applicability by increasing MSC
motility and proliferation, thereby enhancing the therapeutic
effect of MSC transplantation.21 Previously, we suggested
that melatonin protects against p-cresol (a uremic toxin in
CKD patients)-induced stem cell senescence.? Furthermore,
melatonin-treated stem cell-based therapies have significant
therapeutic effects on ischemic diseases, demonstrating its
potential as a supplemental drug to enhance autologous MSC
transplantation in CKD patients, offering a potent therapeutic
strategy to alleviate the deleterious cardiovascular disease as-
sociated with CKD.>

Herein, we aimed to evaluate the therapeutic effects of
melatonin on autologous CKD-MSCs subjected to H,O,-
induced senescence. In addition, we sought to delineate
the mechanisms by which melatonin rescues senescence

soumal of Pineal Research
‘Molecular, Biological, Physiological and

and CKD-MSC deterioration from oxidative stress via
examination of the PrP“-mitochondrial pathway. Finally,
we assessed the applicability of enhanced stem cell trans-
plantation in an in vivo ischemic model to delineate the
clinical applicability of melatonin-enhanced CKD-MSC
transplantation therapy.

2 | MATERIALS AND METHODS
2.1 | Isolation of bone marrow-derived
MSCs from a CKD mouse model

A murine CKD model was established in BALB/c nude mice
(8-10 weeks old). The mice underwent electrocoagulation of
the left kidney surface with a small portion of the hilum in-
tact, and after 2 weeks, the mice underwent surgical ablation
of the contralateral right kidney. All experiments were rand-
omized and blinded. Bone marrow-derived MSCs were har-
vested from the hind limb long bone.”® Isolated bone marrow
was centrifuged and suspended in primary culture medium,
and bone marrow-derived MSCs were cultured in a humidi-
fied incubator at 37°C and 95% air and 5% CO,. Normal- and
CKD-MSCs were separated from each group by five mice.
All MSCs were characterized for each cell line (Figure S1).
All experimental replicates were performed using normal- or
CKD mouse MSCs (mMSC) derived from different mouse
donors.

2.2 | p-galactosidase staining assay

Senescence was assessed by measuring the number of cul-
tured cells staining positive for the senescence-associated
[B-galactosidase (SA-B-gal). Cells were washed twice with
phosphate-buffered saline (PBS), fixed with 2% formalde-
hyde/0.2% glutaraldehyde (Sigma-Aldrich, St. Louis, MO),
and incubated at 37°C (without CO,) for 12 hours with a
B-gal staining solution (1 mg/mL X-Gal, 40 mmol/L citric
acid-sodium phosphate buffer, 150 mmol/L NaCl, 2 mmol/L
MgCl,, 5 mmol/L potassium ferrocyanide, and 5 mmol/L
potassium ferricyanide; pH 6.0; Sigma-Aldrich). Stained
(blue, positive) and unstained (negative) cells were enumer-
ated via phase-contrast microscopy (Nikon, Tokyo, Japan) in
five independent cultures. Experiments were performed in
triplicate.

23 |

Total cellular proteins (20 pg protein) were separated using
10% sodium dodecyl sulfate-polyacrylamide gels. Separated
proteins were electro-transferred to a nitrocellulose mem-
brane. After washing with TBST (10 mmol/L Tris—HCI [pH
7.6], 150 mmol/L NaCl, and 0.05% Tween 20), the mem-
branes were blocked with 5% skim milk for 2 hours and then

Western blot analysis
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incubated with the following primary antibodies: anti-p-P53,
anti-P16INK4A, anti-SMP30, anti-P21, anti—PrPC, anti-
PINK, anti-phospho-DRP-1 (S637), anti-OPA-1, anti-CDK2,
anti-CDK4, anti-Cyclin E, anti-Cyclin D1, and anti-p-actin
antibodies (Santa Cruz Biotechnology, Dallas, TX). After in-
cubating the membranes with primary antibodies, peroxidase-
conjugated secondary antibodies (Santa Cruz Biotechnology)
were applied. Protein bands were detected using enhanced
chemiluminescence (ECL) reagents (Amersham Biosciences,
Little Chalfont, UK) in a dark room. Experiments were per-
formed in triplicate.

2.4 | Mitochondrial morphology

Mitochondria in mMSCs was stained using Mito-Tracker red
(Life Technologies, Carlsbad, CA). Cells were cultivated on
a coverslip, and Mito-Tracker was added to growth media
at a concentration of 25 nmol/L. for 30 minutes at 37°C.
Cells were fixed with 4% formaldehyde for 30 minutes. The
nucleus was stained using 4’,6-diamidino-2-phenylindole
(Vector Laboratories, Burlingame, CA), and images were
taken using the ZEISS LSM 880 microscope.

2.5 | Isolation of mitochondrial fractions

Cells were placed in 1 mL isolation buffer (215 mmol/L
mannitol, 75 mmol/L sucrose, 0.1% bovine serum albumin,
and 20 mmol/L. HEPES; pH 7.2) with 1 mmol/L EGTA. On
adding the protease inhibitor, the mixture was centrifuged at
5000 g for 20 minutes at 4°C. The pellet contained the mito-
chondrial fraction and was resuspended in isolation buffer;
isolated mitochondria were stored at 4°C.

26 |

Lipofectamine 2000 reagent (Thermo Fisher Scientific,
Rockford, IL) and PRNP-specific SMART pool siRNAs
(100 nmol/L) (Dharmacon, Lafayette, CO) were mixed and
incubated for 15 minutes at room temperature. MSCs were
cultured to 70% confluence in culture medium, which was
then changed to medium not containing FBS and antibiotic
regents. The mixture was treated with MSCs and cultured for
48 hours at 37°C. Transfected MSCs were used in experi-
ments after replacing the medium with siRNA-free growth
medium.

siRNA transfection

2.7 |

We disrupted normal-mMSCs and CKD-mMSC via soni-
cation in a co-immunoprecipitation buffer. PINK1-PrP®
complexes were precipitated for 4 hours at 4°C, using
an anti-PINK1 antibody-conjugated agarose bead (Santa
Cruz Biotechnology). Subsequently, PBS washing was

Co-immunoprecipitation
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performed twice and 500 pg of cell lysate in the protein
bead was incubated overnight at 4°C. PrP¢ was detected
using anti-PrP¢ antibodies (Santa Cruz Biotechnology)
via Western blot analysis. The product was reduced with
sodium borohydride, and the absorbance was measured at
550 nm.
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2.8 | Complex I and IV activity

The submitochondrial fractions (0.6 mg/mL) were incubated
for 3 minutes in a medium (250 mmol/L sucrose, 50 mmol/L
potassium-phosphate, 1 mmol/LL. KCN, 50 pmol/L. decy-
lubiquinone, and 0.8 pmol/LL antimycin, pH 7.4). Complex
I activity was measured from the rate of the oxidation of
NADH (100 mm) at 340 nm. Complex IV activity was meas-
ured by adding 75 mL of cytochrome c previously reduced
with sodium borohydride and determining the absorbance at
550 nm.

2.9 | Measurement of extracellular oxygen
consumption rate

We measured the extracellular oxygen uptake (OCR) of
cells using the Extracellular O, Consumption Assay Kit
(cat # ab197243; Abcam, cambridge, MA, USA). Normal-
or CKD-mMSCs with or without siPRNP or siScr (5 X 10°
cells/well in 150 uLL culture media) were plated on 96-well
cell culture plates and incubated in a CO, incubator at 37°C
overnight. The culture medium was removed and replaced
with 150 L of fresh culture medium supplemented with
melatonin (100 pmol/L) and incubated in a CO, incubator
at 37°C for 30 minutes. And, add H,O, (25 pmol/L), and in-
cubated in a CO, incubator at 37°C for 72 hours. A 10 pL
of Extracellular O, Consumption reagent and two drops of
prewarmed high sensitivity mineral oil were added to each
well and measured using a multidetection microplate reader
(Victor3; Perkin Elmer, Billerica, MA, USA). Extracellular
O, Consumption reagent was measured at 37°C for 80 min-
utes at 2-minute intervals using wavelengths of 340 and
650 nm.

210 |

Vascular endothelial growth factor (VEGF), fibroblast growth
factor (FGF), and hepatocyte growth factor (HGF) levels in
the normal and CKD-mMSC lysates or ischemic limb tis-
sue lysates 3 days after cell transplantation were determined
via ELISA using a commercially available ELISA kit (R&D
Systems, Minneapolis, MN) per the manufacturer’s recom-
mendation. Protein quantification was performed using bicin-
choninic acid assay, and absorbance was measured at 450 nm,
using a microplate reader (Tecan Group AG, Minnedorf,
Switzerland).

Assessment of growth factors
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Ischemic tissue was harvested to determine interleukin
(IL)-10 and tumor necrosis factor (TNF)-a levels, using re-
spective ELISA kits (Koma Biotechnology, Seoul, Korea)
per the manufacturer’s instructions. TNF-o and IL-10 lev-
els in the standard solutions and samples were quantified
by measuring the absorbance at 450 nm, using a microplate
reader (Tecan).
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Inflammatory cytokine assay

2.12 | Adhesion assay

After coating 48-well culture plates with collagen 1, cells
were trypsinized and cultured on collagen 1-coated culture
plates for 1 hour. The cells were then washed twice with PBS
and stained with crystal violet. The dye staining the cells was
extracted with 10% acetic acid and measured at ODsg, using
a microplate reader (BMG labtech, Ortenberg, Germany).

213 |

Mesenchymal stem cells in culture were dissociated into a
single-cell suspension using trypsin, and their density was
adjusted to 1 cell per 100 pL via a limited-dilution assay.
Suspend MSCs were seeded in 96-well plates at 100 pL per
well and cultured (at one cell per well). After 12 hours, MSCs
adhered to the plate were treated with melatonin. MSCs were
cultured in an incubator with 5% CO, at 37C for 10 days.
Experiments were performed in triplicate.

Single-cell cultivation assay

2.14 |

Normal-mMSCs and CKD-mMSCs treated with H,O,, me-
latonin, and PRNP siRNA were fixed using 70% ethanol
at —20°C for 24 hours. Cells were incubated with RNase
and propidium iodide (PI) for cell cycle analysis (Sysmex
Partec GmbH, Gorlitz, Germany). Cell cycle distribution
was assessed using a FACS analysis (Cyflow Cube 8, Partec,
Munster, Germany). Data analysis was performed using
standard FSC Express (De Novo Software, Los Angeles,
CA).

Cell cycle analysis

2.15 | Carboxyfluorescein succinimidyl
ester (CFSE) staining assay

Carboxyfluorescein succinimidyl ester was used to as-
sess MSC proliferation, as analytical measurements have
shown that CFSE positivity decreases upon enhancing
proliferation but increases when cell proliferation is sup-
pressed. MSCs were washed once in PBS, diluted in 1 mL
of modified Eagle’s medium alpha supplemented with 5%
fetal bovine serum, and then stained with 10 pmol/L CFSE
(Molecular Probes, Eugene, OR) for 10 minutes at room

temperature in the dark during staining. Subsequently,
cells were washed thrice with PBS and stained MSCs were
cultured at 5% CO, at 37°C. After H,0O, and melatonin
treatment, CFSE staining was performed and the sample
was analyzed using the green (FL1) channel of a flow
cytometry (Sysmex Partec, Gorlitz, Germany). Experiments
were performed in triplicate.

2.16 | GFP cell labeling

The pGFP-C-shLenti vector (OriGene Technologies,
Rockville, MD) was used to transfect normal and CKD-
mMSCs. The cells were then incubated in growth medium
supplemented with puromycin (2 pg/mL) for 14 days.
Thereafter, resistant cells were specifically selected, and
each individual cell was incubated in growth media without
puromycin.

2.17 | Murine hind limb ischemia model

The murine hind limb ischemia model was established as
previously described, with minor modifications.?’ Ischemia
was induced by ligation and excision of the proximal femo-
ral artery and boundary vessels of the mice. No later than
6 hours after surgery, MSCs were injected intramuscu-
larly into the ischemic thigh (5 X 10 cells/100 pL PBS
per mouse; five mice per treatment group) in sham-oper-
ated or CKD mice (an acute murine hind limb ischemia
model). Cells were injected into multiple (five) ischemic
sites. Blood perfusion was assessed from the ratio of blood
flow in the ischemic (left) limb to that in the non-ischemic
(right) limb on postoperative days 0, 3, 7, 14, 21, and
28, using laser Doppler perfusion imaging (LDPI; Moor
Instruments, Wilmington, DE).

2.18 | Immunohistochemistry

The ischemic thigh areas were dissected after 3 or 28 days
post-MSC transplantation, fixed with 4% paraformaldehyde
(Affymetrix, Santa Clara, CA), and embedded in paraffin.
For histological analysis, slides were stained with hematoxy-
lin and eosin (H&E) and Sirius red. The range of necrosis
and collagen fibrosis area was quantified as a percentage
using Imagel software. Immunofluorescence was performed
using primary antibodies against TNF-a, IL-10, proliferat-
ing cell nuclear antigen (PCNA), cleaved caspase-3, Ki67,
anti-mouse/human alpha-smooth muscle actin (a-SMA), and
anti-mouse/human CD31 (Santa Cruz Biotechnology), fol-
lowed by secondary antibodies conjugated with Alexa488
and Alexa594 (Life Technologies, Carlsbad, CA). Nuclei
were stained with 4’,6-diaminido-2-phenylindol (Vector
Laboratories, Burlingame, CA). Images were acquired via
confocal microscopy (Olympus, Tokyo, Japan).
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2.19 | Terminal deoxynucleotidyl 3 | RESULTS

transferase-mediated dUTP nick-end labelin

(TUNEL) assay ® 31 | CKD-mMSCs show greater cell

We used a TdT fluorescein in situ apoptosis detection kit
(Trevigen Inc, Gaithersburg, MD). The TUNEL assay was
performed for ischemic tissue at day 3 postsurgery. Stained
sections were visualized using a confocal microscope
(Olympus).

2.20 | Statistical analysis

Results are expressed as the means + standard error of the
mean (SEM). All experiments were analyzed using one-way
analysis of variance, followed by Bonferroni-Dunn test for
post hoc analysis. Differences were considered statistically
significant if P < 0.05.
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senescence upon oxidative stress

We isolated normal-mouse(m)MSCs and CKD-mMSCs
and evaluated their differentiation potential. The charac-
teristics of normal-mMSCs and CKD-mMSCs were not
significantly different (Figure S1). MSCs harvested from
normal and CKD mouse models were treated with low
concentrations of H,O, (25 pmol/L; Figure S2) followed
by p-galactosidase staining to confirm accelerated cell se-
nescence by H,0, of CKD-mMSCs. CKD-mMSCs yielded
a greater number of p-gal-positive cells in 25 pmol/L H,0,
than did normal-mMSCs (Figure 1A,B). In addition, CKD-
mMSCs were larger than normal-mMSCs upon treatment
with H,O, (Figure 1C,D). We further conducted molecular
assays to confirm the promotion of cellular senescence of
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Mesenchymal stem cells in chronic kidney disease (CKD-mMSCs) are susceptible to cell senescence by oxidative stress. A,

MSCs from normal or CKD mouse models treated with H,O, (5-25 pmol/L) for 72 h, and representative images of senescence-associated p-
galactosidase (SA-p-gal) activity staining are shown. Scale bar = 100 pm; B, number of SA-B-gal-positive cells (n = 3; biological replicates). The
values represent the means + standard error of the mean (SEM). *P < 0.05 and **P < 0.01 vs untreated, ##P < 0.01 vs normal-mMSC group.

C, Normal and CKD-mMSC:s treated with H,O, (5-25 pmol/L) for 72 h, and representative images for assessment of cellular morphology. Scale
bar = 200 pm. D, Quantification of cell size. (n = 3; biological replicates). The values represent the means + SEM. **P < 0.01 vs untreated,

#pP <0.01 vs normal-mMSC group. E-H, Western blotting for p-P53 (E), pl6INK4A (F), SMP30 (G), and p21 (H) in normal and CKD-mMSCs
treated with H,O, (5-25 pmol/L) for 72 h (n = 3; biological replicates). The values represent the means + SEM. **P < 0.01 vs untreated,

#p < 0.01 vs normal-mMSC group
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FIGURE 3 Melatonin protects against oxidative stress-induced cell senescence via PrP€. A, Western blotting for PrP® in H,0, (25 pmol/L,
for 72 h)-exposed normal and mesenchymal stem cells in chronic kidney disease (CKD-mMSCs) pretreated with melatonin (100 pmol/L;

n = 3; biological replicates). The values represent the means + standard error of the mean (SEM). **P < 0.01 vs untreated, P < 0.01 vs H,0,,
$$p < 0.01 vs normal-mMSC group. B-E, Western blotting for p-P53 (B), p16INK4A (C), SMP30 (D), and p21 (E) in H,0, (25 pmol/L, for

72 h)-exposed PRNP siRNA transfected CKD-mMSCs pretreated with melatonin (100 pmol/L; n = 3; biological replicates). The values represent
the means + SEM. *P < 0.05 and **P < 0.01 vs normal-mMSC, #p <0.01 vs CKD-mMSC, $p <0.01 vs H,0, + CKD-mMSC, &&p < 0.01
vs H,0, + Melatonin + siPRNP-CKD-mMSC. F-I, Western blotting for p-P53 (F), pl6INK4A (G), SMP30 (H), and p21 (I) in H,O, (25 pmol/L,
for 72 h)-exposed PRNP siRNA transfected normal-mMSCs (n = 3; biological replicates). The values represent the means + SEM. *P < 0.05
and **P < 0.01 vs untreated, P < 0.01 vs H,O,, $p < 0.01 vs H,0, + siPRNP. J, SA-B-gal activity stain assay. Representative image of H,O,
(25 pmol/L, for 72 h)-exposed PRNP siRNA transfected normal-mMSCs. Scale bar = 100 pm. K, Number of SA-f-gal-positive cells (n = 3;
biological replicates). The values represent the means + SEM. *#P < 0.01 vs untreated, *P < 0.01 vs H,O,, $p <0.01 vs H,0, + siPRNP
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CKD-mMSCs by H,0,. Low H,0, concentrations upregu-
lated p-P53 and p16INK4A in CKD-mMSCs than in normal
MSCs (Figure 1E.F). SMP30, a marker of cellular senes-
cence, was significantly downregulated upon treatment of
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CKD-mMSCs with 25 pmol/LL H,0, (Figure 1F), whereas
P21 was upregulated (Figure 1H). These results demonstrate
that CKD-mMSCs exhibit cellular senescence at a very low
concentration (25 pmol/L) of H,0,.
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FIGURE 4 Melatonin protects mitochondrial function in mesenchymal stem cells in chronic kidney disease (CKD-mMSCs). A, PINK1
bound to PrP€ in H,0, (25 pmol/L, for 72 h)-exposed PRNP siRNA transfected CKD-mMSCs pretreated with melatonin (100 pmol/L), which was
confirmed via co-immunoprecipitation (co-IP; n = 3; biological replicates). The values represent the means =+ standard error of the mean (SEM).
*P < (.05 and **P < 0.01 vs normal-mMSC, *P < 0.01 vs CKD-mMSC, $p < 0.01 vs Melatonin + siPRNP. B-E, Western blotting for PINK1,
pS637-DRP-1, Mfn-1, and OPA-1 in H,O, (25 pmol/L, for 72 h)-exposed PRNP siRNA transfected CKD-mMSCs pretreated with melatonin

(100 pmol/L; n = 3; biological replicates). The values represent the means + SEM. *P < 0.01 and **P < 0.01 vs normal-mMSC, #P < 0.01 vs
CKD-mMSC, P < 0.01 vs H,0, + CKD-mMSC, 4P < 0.01 vs H,0, + Melatonin + siPRNP-CKD-mMSC. F, Mitochondrial morphology was
evaluated by Mito-Tracker Red staining. Confocal imaging of mitochondria undergoing fusion or fission in normal-mMSCs or CKD cells (n = 3;

Joumal of Pineal Research
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biological replicates). Scale bar = 10 um. G, H, Complex I and IV enzyme activity assay in H,O, (25 pmol/L, for 72 h)-exposed PRNP siRNA
transfected CKD-mMSCs pretreated with melatonin (100 pmol/L; n = 3; biological replicates). The values represent the means + SEM. *P < 0.05
and **P < 0.01 vs normal-mMSC, ¥P < 0.01 vs CKD-mMSC, **P < 0.01 vs H,0, + CKD-mMSC, P < 0.01 vs H,0, + Melatonin + siPRNP-

CKD-mMSC. I, Oxygen consumption ratio in normal and CKD-mMSCs (n = 3; biological replicates). The values represent the means + SEM.

**P <0.01

3.2 | Melatonin alleviates oxidative stress-
induced cellular senescence

To confirm the effect of melatonin on the cell senescence of
CKD-mMSCs from H,0,, MSCs were pretreated with mela-
tonin followed by treatment with H,O,. Melatonin pretreat-
ment restored cellular morphology of H,0,-enlarged cells,
with 100 pmol/L. melatonin most effectively reducing cell
size (Figure 2A,B). In addition, 100 pmol/L melatonin-treated
CKD-mMSCs showed a substantial reduction in the number
of B-gal-positive cells (Figure 2C,D). Furthermore, melatonin
significantly downregulated p-P53 and pl16INK4A (Figure
2E,F), upregulated SMP30 reduced by H,0O,, and signifi-
cantly downregulated P21 (Figure 2G,H). These results dem-
onstrated that while CKD-mMSCs respond more sensitively
to H,0, than normal-mMSCs and are more likely to exhibit
cell senescence, melatonin induces CKD-mMSCs to protect
against H,O,-induced senescence. Therefore, our findings
indicated that melatonin protects CKD-derived MSCs from
H,0,, thereby facilitating cell proliferation and adhesion.

3.3 | Protective effects of melatonin on
cell senescence through the regulation of
PrP€ expression

We quantified PrP© expression in cells to determine how
melatonin protected CKD-MCSs from senescence. CKD-
MCSs treated with H,O, exhibited decreased PrPC, whereas
melatonin pretreatment significantly upregulated PrP©
(Figure 3A). We also used PrPC-specific siRNAs to confirm
the involvement of PrPC in melatonin-mediated protection
against cellular senescence. CKD-mMSCs with siRNA-me-
diated knockdown of PrP® did not protect against the reduc-
tion in SMP30 by H,O, after treatment with melatonin and
did not decrease the H,0,-induced upregulation of p-P53,
pl6INK4A, and P21 (Figure 3B-E). Moreover, the suppres-
sion of PrP€ in normal-mMSCs rendered these cells suscepti-
ble to downregulation of SMP30 and upregulation of p-P53,
pl6INK4A, and P21 by H,0O, (Figure 3F-I). In addition, the

number of pB-gal-positive cells in normal-mMSCs was most
abundant upon suppression of PrP© expression (Figure 3J,K).
Furthermore, overexpression of PrP€ in CKD-mMSC pro-
tected against oxidative stress-induced senescence (Figure
S3). Hence, PrP¢ expression is associated with MSC senes-
cence and melatonin suppresses cell senescence by regulat-
ing PrP© expression in CKD-mMSCs.

3.4 | Melatonin enhances mitochondrial
activity via PrpP¢ expression in CKD-mMSCs

To confirm that melatonin helps retain mitochondrial function
via PrP¢ expression, we first demonstrated that PrP° binds to
PINK1 in mitochondria in normal-mMSCs, with reduced bind-
ing in CKD-mMSCs. Melatonin treatment increased the bind-
ing of PrP® and PINK1 in the mitochondria of CKD-mMSCs
(Figure 4A). These results suggest that PINK1 in mitochondria
bound to PrP may increase mitochondrial dynamics and pro-
tect against senescence. Furthermore, PINK1 was regulated
via PrP© expression in melatonin-treated cells (Figure 4B).
In addition, melatonin pretreatment downregulated phos-
phorylated (p) S637-Drp-1, the inactive state of a mitochon-
drial fission-associated protein, an effect that was alleviated
via siRNA-mediated knockdown of PrP® in CKD-mMSCs
(Figure 4C), and downregulated H,O,-enhanced Mfnl and
OPA-1 associated with mitochondrial fusion (Figure 4D,E).
In addition, to confirm the mitochondrial morphology, stain-
ing with Mito-Tracker was performed. Mitochondrial fusion
in CKD-mMSCs increased on exposure H,O,, but exposure
to melatonin increased mitochondrial fission. However, the si-
lencing of PrPC did not facilitate melatonin-induced mitochon-
drial fission (Figure 4F). These results indicated that melatonin
pretreatment upregulated PrP¢ and increased mitochondrial
remodeling. Moreover, melatonin pretreatment restored H,O,-
reduced activity of mitochondrial complexes I and IV, which
was dependent on PrP© expression. However, when PrP¢ was
inhibited, the activity of complexes I and IV decreased again
(Figure 4G,H). In addition, melatonin inhibited H,0,-induced
reductions in oxygen consumption in CKD-mMSCs (Figure
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41). Moreover, overexpression of PrP in CKD-mMSC in-
creased the activity of complexes I and IV, thereby augment-
ing mitochondrial oxidative phosphorylation (Figure 4A-C).
Hence, melatonin upregulated PINK1 via regulation of PrP¢,
thereby enhancing mitochondrial dynamics and function.

3.5 | Effect of melatonin on the recovery of
MSC function via PrP¢ regulation

Along with inhibition of H,0,-mediated cell senescence in
CKD-mMSCs, melatonin is involved in the restoration of cell

proliferation. Melatonin pretreatment upregulated CDK2,
CyclinE, CDK4, and Cyclin D1, which comprise cell pro-
liferation-related proteins that are downregulated by H,0,,
whereas inhibition of PrP® expression precluded this effect
(Figure 5A,B). In addition, cell proliferation, as determined
by CFSE staining, was retained upon melatonin pretreatment
in CDK-MSCs with H,0,-reduced proliferation in a PrP-de-
pendent manner (Figure 5C,D). Furthermore, the S phase in
CDK-mMSCs was also restored by the increase in the level
of melatonin-induced PrP® (Figure SE.F), with similar re-
sults obtained in the single-cell assay (Figure 5G,H). These
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FIGURE 5 Melatonin restores the biological activity of mesenchymal stem cells in chronic kidney disease (CKD-mMSCs) via increased
PrP© expression. A and B, Western blotting for CKD2, Cyclin E, CKD4, and Cyclin D1 in H,O, (25 pmol/L, for 72 h)-exposed PRNP siRNA
transfected CKD-mMSCs pretreated with melatonin (100 pmol/L; n = 3; biological replicates). The values represent the means + standard
error of the mean (SEM). #*P < 0.01 vs normal-mMSC, ™P < 0.01 vs CKD-mMSC, **P < 0.01 vs H,0, + CKD-mMSC, P < 0.01 vs
H,0, + Melatonin + siPRNP-CKD-mMSC. C and D, Carboxyfluorescein succinimidyl ester (CFSE)-labeled H,0O, (25 pmol/L, for 72 h)-
exposed PRNP siRNA transfected CKD-mMSCs pretreated with melatonin (100 pmol/L); cell proliferation was assessed by fluorescence-

activated cell sorting (FACS) analysis of the dilution of CFSE in the same number of viable cells (n = 3; biological replicates). The values
represent the means + SEM. #*P < 0.01 vs normal-mMSC, #P < 0.01 vs CKD-mMSC, ¥*P < 0.01 vs H,0, + CKD-mMSC, P < 0.01 vs
H,0, + Melatonin + siPRNP -CKD-mMSC. E, The S phase of the cells was evaluated by flow cytometry using propidium iodide (PI) staining.

(F) Quantification of the percentage of cells in S phase. The values represent the means + SEM. **P < 0.01 vs normal-mMSC, P < 0.01 vs
CKD-mMSC, %P < 0.01 vs H,0, + CKD-mMSC, P < 0.01 vs H,0, + Melatonin + siPRNP-CKD-mMSC. G, Single-cell cultures of H,0,

(25 pmol/L, for 72 h)-exposed PRNP siRNA transfected CKD-mMSCs pretreated with melatonin (100 pmol/L) were stained with Giemsa after 10 d
of culturing. Scale bar = 100 pm; H, images of the number of cells per well in 96-well plates (n = 3; biological replicates). The values represent the
means + SEM. **P < 0.01 vs untreated, P < 0.01 vs H,0,, $5p < 0.01 vs H,0, + Melatonin + siPRNP, “4P < 0.01 vs Normal-mMSC group.

I, Adhesion assay of H,O, (25 pmol/L, for 72 h)-exposed PRNP siRNA transfected CKD-mMSCs pretreated with melatonin (100 pmol/L) was
stained with crystal violet after 1 h of cell incubation and attachment. Scale bar = 100 pm; J, Measurement of extracted stain solution from cells,
OD 560 nm (n = 3; biological replicates). The values represent the means + SEM. **P < 0.01 vs Normal-mMSC, #P < 0.01 vs CKD-mMSC,

$p < 0.01 vs H,0, + CKD-mMSC, P < 0.01 vs H,0, + Melatonin + siPRNP-CKD-mMSC. K, ELISA for vascular endothelial growth

factor (VEGF), fibroblast growth factor (FGF), and hepatocyte growth factor (HGF) levels in H,O, (25 pmol/L, for 72 h)-exposed PRNP siRNA
transfected CKD-mMSCs pretreated with melatonin (100 pmol/L; n = 3; biological replicates). The values represent the means + SEM. *P < 0.05
and **P < 0.01 vs Normal-mMSC, *#P < 0.01 vs CKD-mMSC, **P < 0.01 vs H,0, + CKD-mMSC, 4P < 0.01 vs H,0, + Melatonin + siPRNP-

CKD-mMSC

findings suggest that melatonin regulates PrP€ to support
proliferation of CKD-mMSCs. Furthermore, modulation of
Prp© expression by melatonin is required to increase the cell
attachment capacity of CKD-mMSCs following H,0, expo-
sure (Figure 51,J). Similarly, PrP¢ overexpression in CKD-
mMSCs increased cell proliferation and adhesion (Figure
S4D,E). In addition, melatonin upregulated angiogenic cy-
tokines including VEGF, FGF, and HGF in CKD-mMSCs
(Figure 5K). Hence, melatonin is involved not only in the
cellular senescence of CKD-mMSCs but also in their cell
proliferation and secretion of angiogenic cytokines.

3.6 | Melatonin-mediated increase in
PrP€ levels enhances MSC survival at the
ischemic site

To investigate whether the transplanted melatonin-pretreated
GFP-transfected CKD-mMSCs exhibited increased survival
at the ischemic site via PrP® expression, ischemic tissues were
harvested on postoperative day 3 and subjected to assessment
of inflammatory cytokines and immunofluorescence staining.
Melatonin-treated CKD-mMSCs had upregulated IL-10, an
anti-inflammatory cytokine, and downregulated TNF-alpha,
a proinflammatory cytokine (Figure 6A-D). The expression
of cleaved caspase-3 was significantly decreased in tissue in-
jected with melatonin-pretreated GFP-positive CKD-mMSCs,
compared to other groups (Figure 6E,F). TUNEL staining
also showed the significant reduction in apoptosis in tissues
injected with melatonin-pretreated CKD-mMSCs (Figure
6G,H). However, this effect was inhibited upon pretreatment
of CKD-mMSCs with the PRNP siRNA (Figure 6E-H). In

addition, cell proliferation increased in tissue transplanted
with melatonin-pretreated GFP-positive CKD-mMSCs;
however, in cells with PrP inhibition, the proliferating cell
numbers decreased (Figure 61-L). Furthermore, PrP€ overex-
pression in CKD-mMSC:s also yielded similar effects (Figure
4F-I). Hence, melatonin increases proliferation by increasing
the survival rate of transplanted CKD-mMSCs.

3.7 | Melatonin enhances neovascularization
via PrP€ expression in ischemic tissue

To determine whether neovascularization occurred follow-
ing the enhancement of vascular repair upon transplantation
of melatonin-pretreated CKD-mMSCs in vivo, angiogenic
cytokine expression, blood perfusion, and tissue repair were
assessed. On day 3 after cell transplantation, the secretion of
angiogenic cytokines (VEGF, FGF, and HGF) was signifi-
cantly increased at the ischemic site (Figure 7A). On day 28
after cell transplantation, CKD-MSC:s elicited lesser vascular
repair than normal-mMSCs. However, the melatonin-treated
CKD-mMSC group exhibited significantly increased blood
flow compared to that in the CKD-mMSC group, although the
therapeutic effect of melatonin treatment was precluded upon
inhibition of PrP® expression (Figure 7B,C). Similarly, trans-
plantation of melatonin-treated CKD-mMSCs salvaged the
entire mouse paw, whereas the group with inhibited PrP€ ex-
pression developed necrosis even in the presence of melatonin
(Figure 7D). Furthermore, to evaluate the effects of melatonin
pretreatment of MSCs on neovascularization, we performed
immunofluorescence staining for CD31 (capillary marker) and
aSMA (arteriole marker) within the ischemic tissues of mice in
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each group on postoperative day 28 (Figure 7E-H). The mela- 4 |
tonin-treated CKD-mMSC group exhibited greater blood ves-
sel density than the other groups. In addition, transplantation
of melatonin-pretreated CKD-mMSCs inhibited necrosis in
the ischemic area and reduced the formation of collagen fibers
(Figure 7I-L). Hence, melatonin-treated CKD-mMSCs pro-
mote angiogenesis via expression of PrP® in ischemic tissues.

DISCUSSION

This study aimed to elucidate the precise mechanism by which
melatonin inhibits H,O,-induced CKD-mMSC senescence
via PrP%induced mitochondrial dynamics. CKD-mMSCs
are more susceptible than normal-mMSCs to H,0,-induced
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FIGURE 6 Melatonin increases the survival of transplanted mesenchymal stem cells in chronic kidney disease (CKD-mMSCs) via PrP®
expression. A and B, ELISA for IL-10 and TNF-a expression levels in ischemic limb tissues on postoperative day 3. The values represent

the means =+ standard error of the mean (SEM). **P < 0.01 vs PBS, #P < 0.01 vs Normal-mMSC, **P < 0.01 vs CKD-mMSC, %P < 0.01

vs Melatonin + siPRNP-CKD-mMSC. C and D, Immunofluorescence staining for IL-10 and TNF-« in ischemic limb tissues on day 3 after
ischemia (n = 5; biological replicates). Scale bar = 50 um. E and F, Immunofluorescence staining for cleaved caspase-3 (Caspase-3; red) and

GFP (labeled for MSCs; green) in ischemic limb tissues on day 3 after ischemia (n = 5; biological replicates). Scale bar = 50 pm. Arrows indicate
double-positive cells. Apoptosis of transplanted MSCs was assessed via cleaved caspase-3 and GFP double-positive cells. The values represent

the means + SEM. N.D, no detection, **P < 0.01 vs Normal mMSC, #p <0.01 vs CKD-mMSC, $p < 0.01 vs CKD-mMSC + Melatonin,

&&p < 0.01 vs siPRNP + CKD-mMSC + Melatonin. G and H, TUNEL staining in ischemic limb tissues on day 3 after ischemia (n = 5; biological
replicates). Scale bar = 50 um. The values represent the means + SEM. **P < 0.01 vs PBS, #p < 0.01 vs Normal-mMSC, P < 0.01 vs
CKD-mMSC, &&p < 0.01 vs siPRNP + CKD-mMSC + Melatonin. I and J , Immunofluorescence staining for Ki67 (red) and GFP (labeled for
MSCs; green) in ischemic limb tissues in ischemic limb tissues on day 3 after ischemia (n = 5; biological replicates). Scale bar = 50 um. Arrows
indicate double-positive cells. Proliferation of transplanted MSCs was assessed on the basis of Ki67 and GFP double-positive cells. The values
represent the means + SEM. **P < 0.01 vs Normal mMSC, ¥P < 0.01 vs CKD-mMSC, **P < 0.01 vs CKD-mMSC + Melatonin, ¥*P < 0.01 vs
siPRNP + CKD-mMSC + Melatonin. K and L, Immunofluorescence staining for PCNA (red) and GFP (labeled for MSCs; green) in ischemic limb
tissues in ischemic limb tissues on day 3 after ischemia (n = 5; biological replicates). Scale bar = 50 um. Arrows indicate double-positive cells.
Proliferation of transplanted MSCs was assessed via the PCNA and GFP double-positive cells. The values represent the means + SEM. **P < 0.01
vs Normal mMSC, #P < 0.01 vs CKD-mMSC, *P < 0.01 vs CKD-mMSC + Melatonin, ““P < 0.01 vs siPRNP + CKD-mMSC + Melatonin
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senescence, and the preemptive administration of melatonin
protects the CKD-mMSCs from excessive senescence via
PrP© upregulation and enhanced mitochondrial function. In
addition, melatonin successfully protects CKD-mMSCs from
the detrimental effects related to ischemic conditions in vivo,
thereby increasing angiogenesis and survival of the injury.

Mesenchymal stem cell transplantation has gained sig-
nificant interest as a therapeutic intervention for patients
with CKD-associated cardiovascular diseases. In particular,
autologous MSC transplantation therapy using a patient’s
own MSCs is preferred over allogenic therapy to overcome
the immune rejection of transplanted MSCs.?® However, the
therapeutic feasibility of autologous MSC transplantation
among CKD patients is significantly attenuated by uremic
toxins that deteriorate endogenous MSC viability and func-
tionality.26 This study investigated whether CKD-mMSCs
have greater susceptibility toward oxidative conditions in
vitro, similar to conditions at the recipient engraftment isch-
emic site. We found that MSCs from a CKD mouse model
experience increased senescence under externally induced
H,0, compared with normal-mMSCs. In particular, treat-
ment of CKD-mMSCs with relatively low concentrations
of H,0, (5-25 pmol/L) induced greater positive staining of
SA-B-gal activity, increased cell size, downregulated SMP30,
and upregulated P21 at 25 pmol/L H,O, than that in nor-
mal-mMSCs, suggesting that the CKD-mMSCs are more
susceptible to H,O, and progression to cell senescence com-
pared to the control. These results suggest a supplementary
approach to potentiate weakened CKD-mMSCs to withstand
pathophysiological conditions occurring during clinical
transplantation.

We previously reported that melatonin enhances MSC vi-
ability and motility, stemness, and proliferation and inhibits
senescence induced by uremic toxins accumulated in CKD,
thereby inducing the proliferation of MSC.?"* In addition,
melatonin treatment of MSCs also effectively allows cells
to withstand the pathophysiological conditions of the envi-
ronment near the ischemic engraftment site” %
mechanisms such as the induction of antioxidant enzymes and
proangiogenic cytokjnes.30 In the present study, we hypothe-
sized that melatonin serves as a potent supplemental drug to
rescue the CKD-mMSCs from the increased senescence and
damage consequent to H,O,. Similar to the effects in normal
cells, our results showed that melatonin inhibits the acceler-
ated cell senescence observed in the CKD-mMSCs following
treatment with 25 pmol/L. H,0,. Specifically, pretreatment
with 100 pmol/L melatonin inhibited cell senescence mark-
ers including positive staining of SA-f-gal activity, reduced
cell size, upregulated SMP30 protein, and downregulated
P21 protein via H,0,.

PrPC, expressed ubiquitously, is critical for MSC viabil-
ity and survival and is closely associated with senescence.’!
Owing to increasing reports, we aimed to determine whether

via precise

PrP© expression is relatively lower in CKD-mMSCs than in
normal-mMSCs, and whether PrP® expression plays an im-
portant role in CKD-mMSC viability against oxidative stress.
Our results demonstrated that CKD-mMSCs had downregu-
lated PrP© compared to normal-mMSCs, suggesting that PrP©
downregulation may be directly associated with increased
susceptibility. Furthermore, we observed that inhibition of
PrPC expression by PRNP siRNA nullified the protective ef-
fects of melatonin against the senescence induced by H,0O,
in the CKD-mMSCs. Specifically, our results showed that
SMP30 was downregulated, whereas P21 was upregulated,
and that positive staining of SA-p-gal activity was increased
when PrP® expression was knocked down via siPRNP. Our
findings thus suggest that melatonin protects against senes-
cence induced by H,0, in CKD-mMSCs in a PrPC-dependent
manner. Despite existing studies on melatonin treatment of
MSCs, including our own, which provide evidence for the
potential applicability of melatonin-treated MSC transplan-
tation for targeting CKD, the precise mechanism underlying
the protection of CKD-mMSCs against senescence by mela-
tonin is unclear. Recent studies have reported that melatonin
prevents oxidative stress via regulation of sirtuin 1 (SIRT1)
and 3.°>** Melatonin upregulates SIRT1 and SIRT3, which
increase antioxidant enzyme levels, superoxide dismutase,
thereby protecting against oxidative stress-induced apopto-
sis.*3* Furthermore, knockdown of SIRTI downregulated
the prion protein.35 We previously reported that melatonin
increases stem cell proliferation and prevents apoptosis in-
duced by oxidative stress via a PrPC-dependent pathway.27
These findings suggest that the melatonin-mediated protec-
tive effect of PrP® on oxidative stress might be regulated by
the SIRT family; however, the detailed correlation between
PrP€ and SIRT family is needed to be investigated.
Mitochondria are essential cell organelles that play an im-
portant role in cell homeostasis.***” Mitochondrial dysfunc-
tion induced by oxidative stress is directly related to stem cell
senescence and reduced cellular function.”® Specifically, Lee
et al reported that mitochondrial fusion may represent a major
mechanism underlying senescence-related cellular dysfunc-
tion,39 and Chandana et al reported that PINK1 increases mi-
tochondrial activation.*’ Herein, administration of melatonin
to CKD-mMSCs increased the binding of PrP® and PINK1 in
the mitochondria. In addition, the level of PINK1 in the mi-
tochondria increased, whereas that of p-Drpl, and Mfn-1 and
OPA-1, associated with inactive mitochondrial fission and
of mitochondrial fusion, respectively, decreased. In addition,
mitochondrial complexes I and IV increased. Furthermore,
expression of PRNP, encoding PrP© protein, increased mi-
tochondrial fusion and oxidative stress.*! Concurrently, we
found that inhibition of PrP® expression by PRNP siRNA
in the CKD-mMSCs increased Drpl phosphorylation and
decreased the activity of complexes I and IV in the mito-
chondria despite melatonin treatment. Our results therefore
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delineate that mitochondrial regulation involves a path- results suggested that melatonin protects against H,O,-in-

way, wherein melatonin protects CKD-mMSCs through the
upregulation of PrPC.

Mitochondrial dynamics and regulation are precisely as-
sociated with not only cellular senescence but also with the
overall function and fate of the cell, including both prolifer-
ation and ultimate survival. We therefore evaluated the pro-
tective effect of melatonin via regulation of PrP€ toward the
proliferation and survival of CKD-mMSCs exposed to H,O..
We found that melatonin markedly upregulated cell cycle
activators, which were downregulated by H,O, in CKD-
mMSCs. Furthermore, the adhesiveness of CKD-mMSCs
was restored in a PrPC-dependent manner. Therefore, our

duced senescence along with decreased proliferation and
survival via PrPC-dependent protection of mitochondrial
function, ultimately enhancing the proliferation and adhesion
of treated CKD-mMSCs.

In addition, melatonin also protects adipose-derived
MSCs from oxidative stress in myocardial infarction
through induction of antioxidant enzymes and proangio-
genic cytokmes Therefore, we investigated the role of
the melatonin-PrP¢ pathway in the cytoprotective effects
of melatonin and the therapeutic effect on ischemic dis-
ease during CKD-mMSC-based therapy. We found that
melatonin-treated CKD-mMSCs transplanted into a hind
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FIGURE 7 Assessment of functional recovery by mesenchymal stem cell (MSC) transplantation in a murine hind limb ischemia model. A,
ELISA for vascular endothelial growth factor (VEGF), fibroblast growth factor (FGF), and hepatocyte growth factor (HGF) levels in ischemic sites
of mice injected after 3 d with PBS, normal-mMSCs, CKD-mMSCs, CKD-mMSCs with melatonin, PRNP siRNA transfected CKD-mMSCs with
melatonin, and Scramble siRNA transfected CKD-mMSCs with melatonin. The values represent the means =+ standard error of the mean (SEM).
*P < 0.05 and **P < 0.01 vs PBS, P < 0.01 vs Normal mMSC, %P < 0.01 vs CKD-mMSC, “*P < 0.01 vs siPRNP + CKD-mMSC + Melatonin.
B, Laser Doppler imaging-based evaluation of the blood flow recovery in ischemic sites of mice injected with PBS, normal-mMSCs, CKD-
mMSCs, CKD-mMSCs with melatonin, PRNP siRNA transfected CKD-mMSCs with melatonin, and Scramble siRNA transfected CKD-mMSCs
with melatonin. Blood flow was measured on days 0, 3, 7, 14, 21, and 28 (n = 5; biological replicates). C, The ratio of blood perfusion (blood
flow in the left ischemic limb/blood flow in the right non-ischemic limb) was measured in each group. The values represent the means + SEM.
#5P < 0.01 vs PBS, ¥P < 0.01 vs Normal-mMSC, **P < 0.01 vs CKD-mMSC. D, Representative image illustrating the various outcomes (foot
necrosis, toe loss, and limb salvage) of mouse ischemic limbs on postoperative day 28, and distribution of the different outcomes on postoperative
day 28 in each group (n = 5; biological replicates). E, The capillary density in ischemic tissues was evaluated 28 d after MSC transplantation, via
CD31 immunostaining. Scale bar = 50 um. F, Capillary density was quantified as the CD31—positive/mm2. The values represent the means + SEM.
#tP < 0.01 vs PBS, #P < 0.01 vs Normal-mMSC, **P < 0.01 vs CKD-mMSC, ““P < 0.01 vs Melatonin + siPRNP-CKD-mMSC. G, Arteriole
density in ischemic tissues was evaluated 28 d after MSC transplantation, using aSMA immunostaining. Scale bar = 50 um. H, Arterioles density
was quantified as the number of (x—SMA—positive/mmz. The values represent the means + SEM. **P < 0.01 vs PBS, *P < 0.01 vs Normal-mMSC,
$$p < 0.01 vs CKD-mMSC, P < 0.05 and P < 0.01 vs Melatonin + siPRNP-CKD-mMSC. 1, Hematoxylin and eosin staining to evaluate

tissue necrosis in the ischemic hind limb (n = 5; biological replicates). Scale bar = 100 um. J, Necrosis area was quantified as the percentage of
necrosis. The values represent the means + SEM. **P < 0.01 vs PBS, #p <0.01 vs Nor-mMSC, $p <0.01vs CKD-mMSC, &&p 001 vs
siPRNP + CKD-mMSC + Mela. K, Sirius red staining to evaluate collagen fibers in the ischemic hind limb (n = 5; biological replicates). Scale
bar = 100 um. L, Collagen fibrosis area was quantified as the percentage of Sirius red-stained area. The values represent the means + SEM.

#P < 0.01 vs PBS, "P < 0.01 vs Nor-mMSC, **P < 0.01 vs CKD-mMSC, ““P < 0.01 vs 5iPRNP + CKD-mMSC + Mela
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limb ischemic area decreased apoptosis and increased cell
proliferation, whereas when PrP© expression was inhib-
ited, while apoptosis and proliferation decreased. Thus,
melatonin could increase engraftment via PrP¢ expression
in CKD-mMSCs. In addition, melatonin-treated CKD-
mMSCs transplanted into the ischemic site significantly
increased angiogenesis and blood flow, thus enhancing its
therapeutic effect on ischemic disease. However, angio-
genesis and blood flow were not restored in CKD-mMSCs
with inhibited PrP¢ expression despite treatment with
melatonin.

A murine hind limb ischemia model is essentially an
acute ischemic limb model which characterized by sudden
reduction in blood perfusion of the limb, thereby threaten-
ing limb viability.*** In chronic ischemia, collateral blood
vessels may compensate blood perfusion when arteries
are occluded, whereas acute ischemia induced limb necro-
sis because of limited time for angiogenesis. Therefore,
several studies involved the injection of stem/progeni-
tor cells in a murine hind limb ischemic tissues within
0-24 hours.***> A recent study reported that injection of
human embryonic stem cell-derived endothelial cells in-
creased the ratio of blood perfusion in an established isch-
emia model (transplantation of cells on postoperation day
3).* However, capillary formation did not increase signifi-
cantly upon injection of cells in the established ischemia
model; however, it increased significantly upon injection of
cells in the acute ischemia model (transplantation of cells
after limb ischemia operation).45 These results indicate that
early injection of cell-based therapeutic agents is import-
ant for patients with acute limb ischemia. However, further
investigation is warranted to determine the timing of trans-
plantation of stem/progenitor cell-based therapeutics in an
acute and chronic limb ischemia model for application in
clinical trials.

In conclusion, we confirmed that CKD-mMSCs are
more sensitive than normal-mMSCs to H,0, and pro-
gression to cell senescence. H,O,-mediated senescence
resulted from decreased mitochondrial activity because
of increased mitochondrial fusion consequent to the low
PrP€ expression of CKD-mMSCs. However, melatonin
upregulated PrP¢ in CKD-mMSCs and promoted mito-
chondrial fission, resulting in mitochondrial activity,
thereby inhibiting senescence upon H,O, treatment. In
particular, transplantation of melatonin-treated CKD-
mMSCs into an animal model of ischemic disease exhib-
ited a highly therapeutic effect (Figure 8). Moreover, to
investigate the possibility for clinical trials, the present
results verified the protective effects of melatonin in
human MSCs harvested from CKD patients, against ox-
idative stress (Figure S5). Therefore, this study suggests
that the mechanism underlying the inhibition of senes-
cence by melatonin in stem cell-based therapies using

MSCs derived from CKD patients might depend on en-
hancements in mitochondrial functional activity through
regulation of PrP® expression.
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