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Abstract

Acute kidney injury (AKI) remains a major health problem worldwide. The
reasons include significant mortality, morbidity, and lack of treatment.
During recent decades, studies showed that mesenchymal stem cells (MSCs)
can become an alternative tool for AKI management. However, low survival
rate in vivo due to excessive oxidative stress at the injury site, and poor
homing capacity, limit their clinical therapeutic potentials. Therefore, a
successful strategy in the transplantation of hUC-MSCs would be to prevent
oxidative stress-induced apoptosis. Fenoldopam (FD), which is a selective
dopamine receptor 1 agonist, has been reported that the anti-oxidant effects
of D1-like receptors are exerted by inhibiting the pro-oxidant enzyme,
NADPH oxidase, and stimulate anti-oxidant enzymes, heme oxygenase-1
(HO-1). However, the the effect of FD on UC-MSCs in reducing oxidative
damage remains unexplored.

This study aimed to determine whether the activation of the
dopamine D1 receptor by FD can reduce oxidative damage in MSCs. Further,
the therapeutic effect of FD-primed MSCs in acute renal dysfunction was
assessed in cisplatin-induced AKI model. As results, I found that FD-
stimulated MSCs showed better outcome in proliferation, differentiation
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potential and self-renewal capacity. Moreover, H202-induced cell damage
was reduced by FD treatment, as shown by decreased production of reactive
oxygen species and apoptosis rate. Biochemical analysis showed that the
expression of Bel-2-associated X protein (BAX) was reduced, and that
mitochondria membrane potential (WYm) was maintained through activating
NRF2 and CREB by stimulating PI3K/AKT and ERK1/2 pathway.
Furthermore, After administration of cisplatin, blood urea nitrogen (BUN)
and creatinine (Crea) levels, necrosis of proximal tubules, Ki-67 and 4/80
positive cells increased in mice. However, Cisplatin-induced AKI mice
treated with FD-primed MSCs showed a significant reduction in all the above
index. Conclusively, FD-primed MSCs has potential to become an alternative

way for reducing AKI.

Key words: dopamine receptors, oxidative stress, mesenchymal stem cells,

acute kidney injury

Student number: 2019-20975
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Introduction

1.1 Characteristics and therapeutic potential of MSCs
Mesenchymal stem cells (MSCs) are non-hematopoietic[1], adult stem cells
that have been isolated from Wharton’s jelly from umbilical cord, adipose
tissue[2], bone marrow[3]. According to the minimal criteria of the
International Society for Cellular Therapy (ISCT), human MSC should be
plastic-adherent when maintained in standard culture conditions. Second,
MSC must express CD105, CD73 and CD90, and lack expression of CD45,
CD34, CD14 or CD11b, CD79 o or CD19 and HLA-DR surface molecules.
Third, MSC able to differentiate into mesenchymal lineage, such as
osteoblasts, adipocytes and chondroblasts in vitro[4-6].

MSCs are a promising cell for regenerative medicine due to have
immunosuppressive and anti-oxidant properties, and their tissue regeneration
efficacy has been consistently proven in inflammatory or many degenerative

diseases [7-10].



1.2 Major challenges of MSC therapy

It is reported that the biological characteristics of MSC may differ depending
on the age, gender and health status of the donor as well as the method of cell
isolation and culture [11, 12]. For example, the differentiation potential of
MSCs was not affected by donor age or gender, but there was a difference in
gene expression profile among different donors (e.g., from various donors),
and also in the gender-specific inhibitory role against T cell proliferation
[12]. Other study showed that MSCs derived from human adipose tissue of
lean or obese donors had different potential of proliferation, migration, as
well as their innate immunophenotye profile. This may be resulted from the
different microenvironment within the adipose tissue, such as low oxygen
levels and chronic low-grade inflammation[11].

Despite their beneficial effects, the application of MSCs is limited due to
pathophysiological environmental conditions, including oxidative stress,
inflammation, low oxygen levels, and restricted nutrient supply[13]. Various
stress conditions trigger reduced proliferation and loss of stemness and can
induce senescence, resulting in >99% cell death during the first few days
following MSC transplantation[14-17]. Therefore, protection against several
stress and optimization of MSC culture conditions are required to produce
functional MSCs with high therapeutic efficiency. To address this issue,

culture condition modification (3D culture, hypoxic condition), genetic



modification (pro-survival, anti-apoptotic, migration and anti-oxidant related
gene), preconditioning (cytokine, small molecules), cell-free MSC-based

therapy have been suggested to increase the survival of MSCs[13, 18, 19].

1.3 The mechanism of reactive oxygen species generation

The redox environment regulates many physiological and pathophysiological
mechanisms. The term oxidative stress can be defined as a serious
disturbance of the balance between the production of pro-oxidants, or free
radicals, that oxidize lipids, proteins, and DNA and the ability to detoxify
intermediate metabolites easily and has been shown in a wide range of
studies to contribute to the pathogenesis of many diseases[20]. The most
widley studied free readicals are reactive oxygen species (ROS), which in

clude the superoxide anion (O2 - —), hydroxyl radical (- OH), and hydrogen

peroxide(H202). Mitochondrial complexes I and III, and the NADPH oxidase
isoform NOX4 are major sources of ROS production during MSC

differentiation[21].

1.4 Anti-oxidant defense mechanism of dopamine D1 receptor activation
DIR, D2R, and D5R have been reported to be important in maintaining a
normal redox balance. In the kidney, the anti-oxidant effects of these

receptors are caused by direct and indirect inhibition of pro-oxidant enzymes,



specifically, nicotinamide adenine dinucleotide phosphate, reduced form
(NADPH) oxidase, and stimulation of anti-oxidant enzymes, which can also
indirectly inhibit NADPH oxidase activity[22]. Fenoldopam mesylate, a
benzazepine derivative, is the first selective dopamine-1 receptor agonist
approved for clinical use[23]. Oxidative stress is one of the fundamental
mechanisms responsible for the development of hypertension.

Dopamine, via five subtypes of receptors, plays an important role in the
control of blood pressure by various mechanisms, including the inhibition of

oxidative stress[24].

1.5 Acute Kidney Injury (AKI)

Kidney disease, including acute kidney injury (AKI), is one of the most
significant causes of mortality and morbidity all over the world. AKI is a
condition in which kidney function rapidly deteriorates within hours to days.
AKI occurs in 13 million people per year worldwide[25]. AKI is common in
intensive are units and requires renal replacement therapy (RRT) in severe
cases of AKI, and these patients show 50-70% mortality[26]. The underlying
etiologies of AKI vary significantly, and the causes of AKI can be divided
into three types: pre-renal, intrinsic, and post-renal AKI. Pre-renal AKI is
mainly due to the lack of volume in the body, such as severe hemorrhage,

vomiting, diarrhea, and cardiac output decrease that occurs secondary to



cardiac failure. Intrinsic AKI is mainly caused by the injury to the kidney
cells by nephrotoxic drugs (e.g., anti-cancer drugs and antibiotics), viral and
bacteria infection, or abnormal immune system response. The main
pathological findings include acute tubular necrosis (ATN), acute
glomerulonephritis (AGN), and acute interstitial nephritis (AIN). Post-renal
AKI is caused by the obstruction of ureter or urethra after the kidney,
likewise those found in prostatic hypertrophy, bilateral renal calculi, and
bladder carcinoma[27].

AKI increases the risk of CKD and end-stage renal disease(ESRD)[28, 29].
Current therapies for AKI include regular dialysis and renal replacement
therapy. However, these therapies are no significant impact on overall
mortality[30]. Also, as pharmacologic therapy, Low-dose dopamine for renal
protection has been described. However, it is now clear that is not effective
for the treatment of AKI and may even be harmful[31]. Currently, no single

drug can be used for AKI due to its complex pathophysiology[32].

1.6 Preclinical studies of MSC-based therapy in AKI

A number of studies have demonstrated that various cell types can reduce
AKI induced by ischemia reperfusion injury (IRI)[33, 34] or nephrotoxic
drugs such as cisplatin[35, 36], glycerol[37, 38], or gentamicin[39]. Z Qiu et

al. showed that eGFP-labeled MSCs injected to tail vein localized to the renal



tubule in an IRI-induced AKI model, and it was found that the number of
cells expressing ICAM-1 and PMNLs was decreased, while the proliferating
renal cells were increased. These results indicate that MSCs potently
decreased the inflammation in the kidney, while also promoted the survival of
tubular cells[33]. Other study showed that adipose-derived MSCs was
effective in alleviating alleviated inflammation and oxidative stress, and
senicense-related protein (B-galactosidase, p21WVafl/Cipl ' n16™K42) and micro

RNA(miR-29a, miR-34a) in an IRI-induced AKI model [34].

The secretome of mammalian cells can be altered by active chemical or
biological compound during maintenance, a priming strategy has now being
developed in cell therapy. Pretreating MSCs with resveratrol was able to
reduce the progress of AKI in cisplatin-induced model. Specifically,
resveratrol treatment onto MSCs promoted the secretion of platelet-derived
growth factor-DD(PDGF-DD) in renal tubular cells. Also, ERK signling was
more activated, also showing that vessel growth was stimulated[40]. Other
study showed that systemically injected amniotic fluid stem cells led to renal
regeneration in cisplatin-induced AKI, parcially via anti-oxidant activity as
shown by decreased malondialdehyde (MDA) and increased level of

superoxide dismutase (SOD) and glutathione (GSH)[36].



The ability to recover from acute renal failure (ARF) is largely
dependent on the replacement of damaged tubular cells with functional
tubular epithelium[37]. When MSCs were co-cultured with glycerol-induced
AREF rat kidney tissue, MSCs differentiated into renal tubular epithelial-like
cells expressing the renal markers cytokeratin 18(CK 18) and aquaporin-1
(AQP1), and the homing capacity of MSCs to the injured kidney was also
confirmed. These finding also showed a therapeutic effect in ARF[38]. In
addition, in the gentamicin-induced AKI model, MSC overexpressing insulin-
like growth factor-1 (IGF-1) showed better anti-oxidation, anti-inflammatory,
and migration capacity[41]. As such, the possibility of MSCs as a therapeutic
agent was validated in various AKI models, also supported by molecular and
cellular mechanisms, several among which are the engraftment and
subsequent differerntiation into new renal (e.g., tubular) cells. The main
mechanism underlying the protective effects is commonly regarded to be its
paracrine/endocrine activity that regulates immune cells, attenuate

inflammation, present anti-oxidant, and anti-apoptotic effects[42, 43].
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Figure 1. Mesenchymal stem cells : Mechanism of action.

MSCs can differentiate into various mesenchymal lineages to replace
damaged tissue. Also, MSCs have ability to secrete soluble factors that can
stimulate the growth and differentiation target cells including endothelial
cells. Finally, the unique immunomodulating capacity of MSCs can help to
inhibit excessive immune reaction and inflammation.

(Table adapted from [44])



2. Materials and Methods

2.1 Cell culture

Human Umbilical Cord mesenchymal stem cells (ATTC, Manassas, VA)
were maintained in MEM-a (Thermo Fisher Scientific, Waltham,
Massachusetts, USA) supplemented with 10 % Fetal bovine serum (FBS,
atlas Biologicals, Fort Collins, USA) and 1 % Antibiotics-Antimycotics
(Genedirex, Taoyuan, Taiwan). After cell growth reached 80 % confluence,
hUC-MSCs were split into 1:3 by being treated with TrypLE Express

(Thermo Fisher Scientific, Waltham, Massachusetts, USA).

2.2 Cell treatments
MSCs were treated with or without 3 pg/mL FD in MEM-a for 72 h. Groups
primed with FD will be referred to as FD-primed MSCs, otherwise they will
be referred to as MSCs.

MSCs were seeded into six-well plates or 60mm dish. Once cell
density reached 80 %, H202 (300 uM for 24 h or H202 500 uM for 6 h), was

used to establish an in vitro oxidative stress model.
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2.3 Flow cytometry

hUC-MSCs were harvested at 80 % confluency and then, Cells were
resuspended 1x10° in 100uL of PBS containing 4 % FBS (FACS buffer). For
cell surface labeling, cell suspensions were incubated at 4 °C for 1 h with the
following specific primary antibodies such as CD34 Mouse anti-Human
(100:1) (clone 4H11, Invitrogen, Carlsbad, CA, USA), FITC Mouse Anti-
Human CD90, Clone SE10, RUO (17:1), PE Mouse Anti-Human CD73,
RUO (5:1), PE Mouse Anti-Human CD105, 266, RUO (20:1) (Biosciences,
Franklin Lakes, NJ, USA). After incubation, the samples were washed three
times in ImL FACS buffer. For the unconjugated primary markers, the
secondary antibody goat anti-mouse igG H&L Dylight 488 (Abcam,
Cambridge, UK) was used. Collected data was analyzed by the BD FACS
Canto™ II Cytometer and FACS DIVA software (Ver6.1.3, BD Bioscience,

Franklin Lakes, NJ, USA)

2.4 In vitro differentiation

hUC-MSCs (passages between 7-9) were seeded in 4-well plates (SPL, KOR)
at a density of 8x10%/15 uL in MEM-a with 10 % FBS under 5 % CO2
condition at 37 °C. For chondrogenic differentiation, After 16 h, the culture

medium was replaced with StemPro chondrogenesis medium (Thermo Fisher



Scientific, Waltham, MA, USA). The medium was changed every 3 days. For
Osteogenic differentiation, cells were seeded in 4-well plates at density of
2x10* and maintained at 37 °C and 5 % COz. After 16 h, the culture medium
was removed, and the StemPro osteogenesis differentiation medium (Thermo
Fisher Scientific, Waltham, MA, USA) was added. Their differentiated
potential was examined after 2 weeks of differentiation. Chondrogenic
differentiation was examined by staining with Alcian Blue staining kit
(Lifeline Cell Technology, Frederick, MD, USA) to identify sulfated
proteoglycans deposits. Osteogenic differentiation was examined by staining
with 2 % Alizarin Red staining kit (Lifeline Cell Technology, Frederick, MD,

USA) to identify the Ca®" deposits.

2.5 Analysis of differentiation potential of MSCs

MSCs were prepared as described above in the presence or absence of FD.
GAG content with ECMs was quantified using an Alcian blue stain. Briefly,
MSCs were rinsed in distilled H20, and then incubated overnight in 0.1N HCI
containing 0.1 % Alcian blue. The ECM rinsed three times in distilled H20,
extracted using 200 pL of 0.1 N HCl, and absorbance was measured at 620 nm.
The presence of mineral in enzymes[45]. Quantitative analysis of Alizarin Red
staining was performed. Briefly, 10 % acetic acid was added and agitated

gently for 30 min, and the supernatant was collected. After washing with 200

12



uL of 10 % acetic acid, they were collected in the same tube. After adding 250
uLof mineral oil to the tube, the samples were incubated at 85°C for 10 min,
followed by being incubated in ice. After spin down at 12000 rpm for 15 min,
250 pLof supernatant was mixed with 100 pLof ammonium hydroxide. The

Absorbance was measured at 405 nm.

2.6 Assessment of cytotoxicity using CCK-8 assay

Cell viability was analyzed using CCK-8 (Dojindo Laboratories, Kumamoto,
Japan) according to the manufacturer’s instruction. Briefly, hUC-MSCs were
plated into 96 wells. For detecting the cytotoxicity of FD or H202, hUC MSCs
were incubated with FD (0-50 pg/mL) or H202 (300-400 uM) in MEM-a
medium for 24 h-96 h. Thereafter, the medium was replaced with 100 pLfresh
medium and 10 pL CCK-8 solution was added. After further incubation for 2-
3 hours at 37 °C, the amount of formazan generated by cellular dehydrogenases
activity was measured 450 nm by a microplate reader (TECAN, Mannedorf,

Swotzerland).

2.7 Analysis of apoptosis
Cell apoptosis induced by H2O2 was analyzed using the Annexin V-FITC
Apoptosis Detection Kit I (BD Bioscience, Franklin, NJ, USA). In brief,

hUC-MSCs were seeded at 1x10°cells/ml in 6-well culture plates and

13



incubated w/wo FD for 3 day and incubated with 500 pM H20O: for 6 h.
Following treatment, both adherent and floating cells were harvested, washed
twice in cold PBS, and resuspended in 500 pL of binding buffer. The number
of cells was counted and divided into 4 groups by 1x103/100 uL. The four
groups are divided into (PI-, FITC-), (PI+, FITC-), (PI-, FITC+), (PI+,
FITC+), Annexin V-FITC solution (5 pL) and PI (5 uL) were added to each
group and the cell were incubated for 30min in the dark. The cells were
analyzed BD FACS DIVA software (Ver 6.1.3, BD Biosciences, Franklin,

NJ, USA)

2.8 Detection of mitochondrial membrane potential (Ym)

JC-1 was used to measure the change in ¥m. Briefly, following treatment,
Cells were washed with cold PBS, stained with 4 uM JC-1 and incubated for
45min at 37 °C. Subsequently, cells were washed twice with ice-cold PBS
and resuspended 1x Imaging Buffer solution. Analysis was performed using a
BD FACS canto TM II Cytometer and FACS DIV A software (Ver6.1.3, BD

Bioscience, Franklin Lakes, NJ, USA)

2.9 Measurement of ROS.

In microscopic analysis, cells were washed and incubated with 10 pM DCF-

DA for 30min. After incubation, cells were washed twice with PBS.

14



Fluorescent intensity (excitation / emission = 495 / 520 nm) was measured by
Cytation 5 (BioTek, VT, USA). In flow cytometry, intracellular ROS was
evaluated using 2',7'-Dichlorofluorescin diacetate (Sigma-Aldrich, Merck
Millipore). Briefly, following treatment, both adherent and floating cells were
harvested, the cells were washed and then incubated with 20 uM DCF-DA in
serum-free culture medium for 30 min at 37 °C in the dark. The cells were
washed and then analyzed BD FACS DIVA software (Ver 6.1.3, BD

Biosciences, Franklin, NJ, USA).

2.10 qRT-PCR

hUC-MSCs were harvested and then lysis at Trizol (Invitrogen, Carlsbad,
CA, USA). The concentration of total RNA was measured using DeNovix
DS-11 (Denovix, Wilmington, DE, USA). RNA was reverse transcribed with
cDNA synthesis Kit (Philekorea, Daejeon-si, Korea), and qPCR was
performed using the Accupower 2X GreenStar gPCR Master Mix (Bioneer,
Daejon-si, Korea) in CFX96 Touch Real-Time PCR Detection System (Bio
RAD, Hercules, California). After the expression of each gene was
normalized against Gapdh, their relative expression was analyzed by the 2-

MACt method[46].

15



Table 1. The sequences of primers used for confirming anti-oxidant effects of

hUC-MSCs

Target gene Sequences

Gapdh F:5°-GAGTCAACGGATTTGGTCGT-3’
R:5’-TTGATTTTGGAGGGATCTCG-3’

Nrf-2 F:5’- TACTCCCAGGTTGCCCACA-3’
R:5’-CATCTACAAACGGGAATGTCTGC-3’

HO-1 F:5’-TCTCTTGGCTGGCTTCCTTAC-3’
R:5’-GCTTTTGGAGGTTTGAGACA-3’

NQOI F:5°-AGGCTGGTTTGAGCGAGTTC-3’
R:5’-ATTGAATTCGGGCGTCTGCTG-3’

SOD F:5°-TGGCCGATGTGTCTATTGAA-3’
R:5’-GGGCCTCAGACTACATCCAA-3’

GPx1 F:5’-CTCTTCGAGAAGTGCGAGGT-3’
R:5’-TCGATGTCAATGGTCTGGAA-3’

GPx4 F:5’-GCACATGGTTAACCTGGACA-3’
R:5’-CTGCTTCCCGAACTGGTTAC-3’

Catalase F:5°-GCCTGGGACCCAATTATCTT-3’

R:5’-GAATCTCCGCACTTCTCCAG-3’




2.11 Western blot analysis.

Cells were washed with ice-cold PBS, lysed with RIPA lysis buffer and
centrifuged at 12,000 x g for 15min at 4°C. The protein concentration was
evaluated by the Pierce™ BCA Protein Assay Kit (Thermo Fisher Scientific,
Waltham, MA, USA). Equal amounts of total protein samples (15-20 pg)
were separated by 10% sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PA GE) and transferred to nitrocellulose membranes.
After being blocked with 5% non-fat dry milk in Tris-buffered saline and
Tween-20 buffer, The primary antibodies for anti-phosphorylated (p)-
AKT1/2/3, AKT1/2/3, (p)-ERK1/2, ERK1/2, (p)-CREB, CREB, BAX, HO-1
(SantaCruz, Dallas, TX, USA; 1:1000), CD-9 (1:2000), B-Actin (Abcam,
Cambrige, UK; 1:10000) were incubated with the membrane at 4 °C
overnight. After the membrane was washed three times with TBST (0.1 %
Tween 20) the membranes were incubated for 1 h at room temperature with
horseradish peroxidase-conjugated anti-rabbit or mouse secondary antibody
(Abcam, Cambrige, UK; 1:10000). After being washed three times with
TBST, the reactivity was examed by an enhanced chemiluminescence kit
(Thermo Fisher Scientific, Waltham, MA, USA). The image of the
membrane was taken using chemiluminescence on a Davinci-K Gel Imaging
System (Davinch-K, Seoul-si, Korea). The blots were quantified using Image

J (Version1.50, National Institutes of Health, Bethesda, MD, USA).

17



2.12 Immunocytochemistry.

7000 cells were seeded in a Poly-D-Lysine-coated Cell Culture Slide 8 well
(SPL) and cultured for 24 hours. After washing for 3 times with cold PBS,
cells were fixed using 4 % paraformaldehyde in PBS (pH 7.4) for 10 min at
RT. For the permeabilization, the cells were incubated for 10 min with PBS
containing 0.1% Triton X-100 and then washed 3 times with cold PBS,
followed by blocking in 1 % BSA in PBST (PBS + 0.1 % Tween20) for 30
min. Samples were then incubated with primary antibodies overnight at 4 °C,
washed 3 times with cold PBS, and then incubated with secondary antibody
for 1 hour. After washing 3 times with PBS, samples were stainied with 0.1
pug/mL DAPI for 1 minute. The images were analyzed and recorded under a

confocal microscope (Leica TCS SP8 STED, Wetazlar, Germany).

2.13 Animal model of AKI

All animal experiments were approved by the Insititutional Animal Care and
Use Committee (no. SNU-190413-6-1). BALB/c mice weighing 19-23g were
obtained from Koatech (PyeongTaek, Korea) and maintained under specific
pathogen free conditions. The mice were randomly divided into several
groups. After i.p. injection of 12mg/kg cisplatin, 5x10> hUC-MSCs (w/wo

FD) were retro-orbitally injected. Saline-injected mouse was used as control.
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Amifostine is known to prevent cisplatin-induced nephrotoxicity by
scavenging ROS[47]. Therefore, amifostine was used as a control drug. All

animals were sacrificed at 96 h after cisplatin injection.

2.14 Kidney histology and measurement of injury

Kidney tissues were fixed in 4 % paraformaldehyde and routinely processed
for paraffin embedding. Sections were stained with hematoxylin and eosin
for histological assessment. For quantification of renal injury, injury score
was analyzed as described in a previous study[48]. Briefly, viable (intact
tubular morphology) or necrotic (totally disrupted tubule with loss of
cuboidal cells) were marked and counted in stained tissue in a 200x
magnification. With these two extremes, tubules with a thin cytoplasm
containing less nuclei was counted as injured ones. Tubules showing more
nuclei with normal cells were counted as recovering ones. Finally, the

percentage (%) of each pattern in total number of tubules was calculated.

2.15 Immunohistochemistry and evaluation of immunostaining
Immunohistochemistry was used for detection of Ki-67 and f4/80 in vivo.
The kidney tissue slices were deparaffinized in xylen and rehydrated in
descending ethanol series from 100-70 %. Then, antigen retrieval was

performed according to the product description of Antigen Retrieval Buffer
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(100X citrate Buffer pH 6.0) (Abcam, Cambridge, UK). The UltraVison LP

Detection System HRP DAB kit (Thermo Fisher Scientific, Waltham,

Massachusetts, USA) was used according to manufactures’s protocol.
Briefly, Slides were immersed in UltraVision Hydrogen Peroxide Block for
10 min at RT, washed four times in PBST (0.05 % Tween20), and incubated
with UltraVision Protein Block for 5 min at RT. After washing four times
with PBST, the slides were incubated with F4/80 (D2S9R) XP® Rabbit mAb
(1:250), Ki-67 (D2H10) Rabbit mAb (1:1000) (Cell Signaling Technology,
London, UK) overnight at 4°C. The slides were washed four times with
PBST and incubated with Primary Antibody Enhancer for 10 min at RT,
followed by an incubation with HRP Polymer for 15 min at RT. The slides
were washed four times with PBST and the color was developed following
incubation with 1:33 dilution of DAB Quanto Chromogen in DAB Quanto
Substrate for 1 min at RT. The slides were subsequently washed four times
with distilled water and counterstained in Mayer's hematoxylin (4science,
Kor) for 1 min 30sec at RT, washed in running tap water and mounted. Then,
slices were hydrated in ascending to ethanol series from 70-100%. Images
from representative fields were obtained using an Olympus BX43 light

microscope (magnification, x200; Olympus Corporation, Tokyo, Japan).
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2.16 In vivo MSCs-homing studies.

To confirm the in vivo biodistribution of MSCs, MSCs and FD-primed MSCs
were stained with lipophilic carbocyanine DiOC18(7) ('DiR") (Invitrogen,
Carlsbad, CA, USA). Briefly, MSCs incubated with 10 pg/mL of DiR for

30 min at 37°C. The unbound DiR was removed by washing three times with
ice cold PBS and labeled cells were resuspend in 100uL ice-cold PBS.
Prepared cells were transplanted into AKI mouse via retro orbital injection.
Fluorescence images were monitored at 24h, 48h, 72h and 96h after cisplatin

administration using IVIS lumina bioimaging system.

2.17 Statistical analysis

Statistical analysis was performed using analysis of variation (ANOVA).
Where statistical significance was found, an unpaired Student’s #-test was
conducted between two groups. All analysis was performed by using
GraphPad Prism (GraphPad, San Diego, CA, USA). Significance was defined

as p <0.05.



Results

3.1 Effects of FD on MSC viability.

First, an optimal concentration of FD was determined, since ROS production
can be increased due to autogenous enzymatic oxidation under higher
concentration (>10uM) [49, 50]. When MSCs were treated with 0.1 to 1.0
ug/mL of FD, the viability was increased. On the other hand, when FD was
treated at a concentration of 50.0 pg/mL, it was judged that it was toxic
because the survival rate decreased rather than control group (Figure 1b). In
addition, to find the optimal concentration, I experimented for 24-72 h at
more detailed concentrations of 1,3 and 5 pg/mL. In the FD-treated group,
cell viability increased at all concentrations as time increased. It showed
similar results. Therefore, it was determined as the intermediate

concentration of 3 pg /ml (Figure 1c-e).

—
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Figure 2. Chemical structure of FD and effects of FD on MSC viability. a) chemical structure of FD. b) hUC-
MSCs were treated with various concentrations of FD for 0-96h. To determine the optimal concentration, we proceeded
with a more detailed concentration for ¢) 24 h, d) 48 h, e) 72 h. All data are expressed as mean + standard deviation

(SD) from three replications *: p < 0.05, **: p < 0.01 and ***: p <0.005



3.2 Comparison of characteristics of mesenchymal stem cell.

Immunophenotypic characterization.

According to the International Society of Cellular Therapy(ISCT), in general,
human MSCs show positive expression of more than 95 % of human markers
CD73, CD90 and CD105, and CD11b, CD14, CD19, CD79a, CD34,
Mesenchymal stem cells showing a negative expression of 2 % or less for
CD45 and HLA-DR are defined as the minimum criterion requirement [4].
The surface markers of MSCs were identified by flow cytometry. Both MSCs
and FD-primed MSCs were showed positive expression patterns for CD73,
CD90, and CD105, and negative expression patterns for CD34. Through this,
it was confirmed that the immunophenotyping of hUC-MSCs did not change

even after treatment with FD.

Differentiation potential

Stem cells can differentiate into more specialized cells[51, 52]. To examine
the multilineage differentiation potentials of MSCs, in vitro differentiation of
7-9 passage MSCs and FD-primed MSCs into the osteogenic and
chondrogenic lineages. After 14days, we stained for analyzing the deposition
of proteoglycan (Alcian blue), calcium (Alizarin Red) (Figure 2b). Compared

to the MSCs, when FD-primed MSCs were differentiated into chondrocytes,
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the deposition of proteoglycan, a glycosylated protein, was increased. As the
proteoglycan increases, it becomes darker when stained with Alcian Blue. As
a result of measuring absorbance at a wavelength of 620 nm, FD-primed
MSCs were about 2.16 times higher than that MSCs group (Figure 2e).
Compared to the MSCs, when FD-primed MSCs were differentiated into
osteocytes, the calcium deposition was increased. Accordingly, the degree of
dyeing with alizarin red became darker. As a result of measuring absorbance
at a wavelength of 405 nm, the measured value was approximately 1.6 times
higher than that of the MSCs group (Figure 2f). Through this, quantitatively
confirmed results showed that FD-primed MSCs improved the ability to

differentiated into chondrocytes and osteocytes.

CFU assay

Hemopoietic contamination, the presence of macrophages, endothelial cells,
and lymphocytes, which also adhere to plastic, is often present in the early
BM monolayer[52]. However, only fibroblast-like spindle-shaped cells
proliferate and form colonies termed colony-forming unit-fibroblasts (CFU-
Fs), which are representative of the more highly proliferative cells in
MSCs[53]. To evaluate the self-renewal ability of cells, a colony-forming
unit assay (CFU assay) was performed (Figure 2d). FD-primed MSCs group

showed a higher value by about 1.90 times than the MSCs group (Figure 2g).
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Through this, it was confirmed that pretreatment with FD increased the self-

renewal ability of hUC-MSC.
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Figure 3. phenotype, multilineage differentiation and CFU-F colony
formation of MSCs and FD-primed MSCs. a) Flow cytometric analysis of
MSC and FD-primed MSCs. Panels were selected based on previous
literature describing positive and negative markers for MSC. b) An optical
micrograph after staining of cells that did not induce differentiation and
induced differentiation. Magnification, unstained %100, stained x40. ¢) CFU-
F assay in MSCs and pMSCs. The degree of differentiation into d)
chondrocytes and e) osteocytes in Figure b was quantitively shown. f) colony
forming unit in Figure d was quantitatively measured. All data are expressed
as mean + standard deviation (SD) from 3-6 replications *: p < 0.05, ***: p

<0.005, ****: p <0.0001
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3.3 FD-primed MSCs alleviated H>0:-induced apoptosis
Oxidative stress caused by hydrogen peroxide H20:2 leads to cell death and
has been implicated in the pathogenesis. However, regulation of the
NRF2/HO-1 pathway can reduce H202-induced oxidative damage in human
melanocytes[54]. Therefore, to determine whether MSCs can also protect
against H202 induced apoptosis through the NRF2/HO-1 pathway, and the
experiment was conducted through CCK-8.
H202 has been reported to induce apoptosis of MSCs at various
concentrations and time-points[55]. To find an appropriate concentration,
H20: was treated for 24-72 hours by concentration (300-400 pM) to evaluate
the cell viability (Figure 3a). After inducing cell damage of hUC-MSC with
300 uM of H20: and treating it with FD, the viability of cells was measured.
The absorbance results showed that (-/+) group decrease in cell viability at
12h, 24 h, and 48 h. however, After 24 h, viability was recovered as much as
(-/-) group by FD treatment (Figure 3b-d). Through this, it was confirmed
that when 1.0 pg/mL or 3.0 pg/mL of FD was treated, damaged cells were
recovered. (-/-) group was not treated with FD and H202, (-/+) group was
treated with only H202, In the (+/1) and (+/3) groups, the concentration of FD
1 or 3pg/mL and hydrogen peroxide were administered simultaneously.

To confirm whether the FD pretreatment group reduced cell

apoptosis, viability was observed by flow cytometry (Figure 3¢). The (-/-)
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group showed a survival rate of about 80 %. In the (-/+), The proportion of
early apoptotic cells (Annexin V+/PI-) was significantly increased following
treatment with 300 uM H2O:2 for 6 h. However, we confirmed that the (+/+)
group increased cell viability to a level similar to that of the (-/-) group
(Figure 3f). Based on these results, it was concluded that FD pretreatment
could also protect cells from ROS damage.

(-/-): no H202, no FD, (-/+): only H202, (3/+): after FD pre-conditioning at 3

pug/mL for 72 h, H202 500 uM for 6 h.
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Figure 4. FD significantly reduced H20: induced apoptosis in hUC-MSCs. Effect of FD and H202 on cell viability
detected by CCK-8. a) The viability of cells treated with 300-400 uM H20:2. b) hUC-MSCs were treated simultaneously
with lor 3 pg/mL FD and H202 300 uM for b) 12 h ¢) 24 h d) 48 h. Effect of FD and H20: on cell viability detected by
flow cytometry e) Cells were primed w/wo 3 pg/mL FD for 72 h prior to exposure to H202. The stage of cell death was
assessed by Annexin V-FITC/PI staining kit. These plots can be divided in four regions corresponding to : 1) viable cells
which are negative to both probes (PI/FITC -/-; Q3); 2) apoptotic cells which are PI-negative and Annexin positive
(PI/FITC -/+; Q1); 3) late apoptotic cells which are PI and Annexin positive (PI/FITC +/+; Q2); 4) necrotic cells which
are PI-positive and Annexin negative (PI/FITC +/-; Q4). f) flow cytometry analysis is shown quantitatively. All data are

expressed as mean + standard deviation (SD) from 3 replications *: p <0.05, **: p <0.01, ****: p <0.0001
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3.4 FD-primed MSCs maintain ¥m in ROS

The accumulation of ROS beyond the anti-oxidant function in the cell
decreases the mitochondrial membrane potential (MMP), which is an
indicator of the homeostasis of the electron transport chain, leading to a
decrease in ATP production and apoptosis[56]. The maintenance of ¥Ym is
related to scavenging efficiency of ROS [57]. Therefore, JC-1 dye was used
to confirm whether FD-primed MSC could prevent the loss of ¥Ym. JC-1 dye
penetrates the mitochondrial membrane well, which aggregates in the
mitochondrial matrix and exhibits red fluorescence in normal cells. However,
when the Wm is reduced, JC-1 is converted to its monomer state, which exists
green fluorescence in cytoplasm. After treatment with H2O2 at a
concentration of 100-500 uM for 24 h, it was confirmed that green
fluorescence (Figure 4a) increased depending on the concentration. Based on
these results, H202 at a concentration of 300 uM was selected, which showed
that the ¥m was a moderately reduced level. After appropriate treatment, the
(-/-), (-/+) and (3/+) group were JC-1 stained (Figure 4b). in (-/-) grup, the red
aggregate/green ratio decreased to about 2.26 according to the decrease in
¥Ym. On the other hand, the red agglutination/green ratio of the (3/+) group
was about 2.9, showing an increase in mitochondrial membrane potential at a
level similar to that of (-/-) group (about 2.84) (Figure 4c). Through this, it

was confirmed that FD-primed MSCs were not affected by the oxidative
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stress of H2O2 and the ¥m was not changed.
(-/-): no H202, no FD, (-/+): only H202, (3/+): after FD pre-conditioning at

3.0 pg/mL for 72 h, H202 300 uM for 24 h
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Figure 5. FD-primed MSCs maintain H202-mediated ¥m. a) Alteration in
Wm after H202 was treated at various concentrations. b-¢) hUC-MSCs were

pre-conditioned with 3pg/mL FD and then exposed to 300 uM H20: for 24 h.
The ratio of R/G fluorescence intensity was quantified. All data are expressed

as mean =+ standard deviation (SD) from 3 replications *: p <0.05
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3.5 FD prevents intracellular ROS formation in MSCs

To examine the potential mechanisms underlying the protection of FD
following H202 treatment, Dichlorofluorescin diacetate was used as a
fluorescent probe to measure the change in the concentration of active
oxygen in cells. DCF-DA, a non-fluorescent substance, enters the cell and is
oxidized to DCF by ROS in the presence of peroxides related to hydrogen
peroxide, resulting in green fluorescence. The result of A is a picture
observed with a fluorescence microscope (Figure 5a), and the graph of
(Figure 5b) is analyzed by FACS for quantification. It was confirmed that the
DCEF fluorescence intensity was increased by H20: treatment. However, the
intensity was lowered in FD-primed MSC. Through quantitative analysis, it
was found that the FD-primed MSCs group showed similar values to the

normal group by scavenging intracellular ROS.
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Figure 6. FD-primed MSCs scavenge intracellular ROS produced by H20:2 in MSCs. Cells were primed w/wo 3
png/mL FD for 72 h before exposure to H202. a) ROS production induced by H20:2 detected by H2DCFH-DA assay. The
higher the ROS level, the lighter the fluorescence in the typical photos acquired by a fluorescence microscope.
Magnification, x40. b) Quantitative analysis of DCF fluorescent intensity by flow cytometry. All data are expressed as

mean + standard deviation (SD) from 3 replications *: p < 0.05, **: p <0.01



3.6 FD-primed MSCs stimulate the expression of HIF-1o., HO-1, NRF?2
Activation of dopamine 1-like receptor is associated nitric oxide (NO)
release[58]. NO stabilizes HIF-1a protein. It also induces downstream genes
of HIF-1a under normoxia[59]. Enhanced HIF-1a and HO-1 expression are
two factors that participate in the renoprotective roles[60]. The anti-oxidant
effects of D1-like receptors are eventually exerted by stimulating the anti-
oxidant enzyme, heme oxygenase-1(HO-1), involves NRF2[61, 62]. To
analyze the genes in which FD has an anti-oxidant effect on hUC-MSCs,
gene candidates were identified through qRT-PCR. The anti-oxidant gene
HO-1 was increased dose and time-dependently compared to the negative
control group. The expression of HO-1 increased 31.96 and 57.81 times when
3 and 5 pg /ml of FD was treated and cultured for 72 hours compared to the
negative control (Figure 6a). Also, the expression of HO-1 protein is
increased in FD-primed MSCs (Figure 6d).

In addition, the expression of NRF2, HIF-1a was confirmed that the
expression level of the group treated with FD increased to a certain level
compared to the negative control group (Figure 6b-c). Through the
measurement of the increased expression of HO-1, NRF2, and HIF-1a, it was
confirmed that the activity of the D1-like receptor stimulates anti-oxidant

related gene.
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Figure 7. expression of hypoxia-inducible factor (HIF)-1a, heme oxygenase (HO)-1, Nuclear factor erythroid-2-
related factor 2 (NRF2). A-c) gene expression of HO-1, HIF-1a, and NRF2. d) Immunoblot analysis of HO-1. -
ACTIN was used as loading control. e) The NRF2 stained positive cells were shown by immunofluorescence. All data

are expressed as mean + standard deviation (SD) from 3 replications **: p <0.01, ***: p <0.005, ****: p <0.0001
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3.7 translocation of NRF?2 into the nucleus by FD.

Nuclear factor erythroid 2-related factor 2 (NRF2) is the key transcription
factor regulating anti-oxidant defense systems. Under normal conditions,
Kelch-like ECH-associated protein 1 (Keapl) that represses NRF2
transcriptional activity[63]. During exposure to oxidative stress and
Bardoxolone methyl (CDDO-me), the NRF?2 is stabilization, following which
NRF2 is translocated to the nucleus[64]. The accumulation of NRF2 in the
nucleus induced expression of the downstream enzyme HO-1 that exert
beneficial effects through the protection against oxidative stress, regulation of
apoptosis, modulation of inflammation[65]. According to the results of
markedly increased HO-1 gene expression and protein expression in Figure a,
we confirmed through immunocytochemistry to observe whether the
upstream protein, NRF2, translocation into the nucleus, a lot of accumulated

in the nucleus when FD 24 h treatment was performed (Figure 6¢).
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Table 2. The antibody list used in this study

Target Primary antibody Secondary antibody
Protein
HOM Heme Oxygenase 1 antibody Rabbit Anti-Mouse IgG H&L (HRP)
(A-3): Santa Cruz (1:500) (ab6728), abcam (1:10000)
B-Actin Anti-beta Actin antibody Goat Anti-Rabbit IgG H&L (HRP) (ab721),
(ab8227), abcam (1:2000) abcam (1:10000)
BAX BAX antibody (B-9): Santa Rabbit Anti-Mouse IgG H&L (HRP)
Cruze (1:250-500) (ab6728), abcam (1:10000)
B-Actin Anti-beta Actin antibody Goat Anti-Rabbit [gG H&L (HRP) (ab721),
(ab8227), abcam (1:2000) abcam (1:10000)
p-CREB- p-CREB-1 (10E9), Santa Rabbit Anti-Mouse IgG H&L (HRP)
1 cruz (1:500) (ab6728), abcam (1:10000)
CREB.1 CREB-1 (D-12), Santa cruz Rabbit Anti-Mouse IgG H&L (HRP)
(1:500) (ab6728), abcam (1:10000)
B-Actin Anti-beta Actin antibody Goat Anti-Rabbit IgG H&L (HRP) (ab721),
(ab8227), abcam (1:2000) abcam (1:10000)
p-ERK 1/2 antibody (12D4):
Rabbit Anti-Mouse IgG H&L (HRP)
p-ERK1/2 sc-81492, Santa cruz (ab6728). abeam (1:10000)
(1:1000)
ERKL/2 ERK 1/2 antibody (C-9): sc- Rabbit Anti-Mouse IgG H&L (HRP)
514302, Santa cruz (1:1000) (ab6728), abcam (1:10000)
B-Actin Anti-beta Actin antibody Goat Anti-Rabbit IgG H&L (HRP) (ab721),
(ab8227), abcam (1:2000) abcam (1:1000)
p- p-AKT1/2/3 antibody (B-5): Rabbit Anti-Mouse IgG H&L (HRP)
AKT1/2/3 sc-271966 (ab6728), abcam (1:10000)
B-Actin Anti-beta Actin antibody Goat Anti-Rabbit [gG H&L (HRP) (ab721),

(ab8227), abcam (1:2000)

abcam (1:1000)
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3.8 Identification of the signaling pathways

It is well known that the phosphorylation of CREB is quickly and temporarily
increased by stimulation of the dopamine D1 receptor (D1DR) by
dopamine[66]. The degree of phosphorylation of p-CREB-1 and CREB-1
over time of hUC-MSC:s treated with FD (3.0 pg/mL) was measured by
Western blot. hUC-MSCs treated with FD (3.0 ng/mL) showed the highest
degree of phosphorylation of p-CREB-1 and CREB-1 after 0.5 hours. In
addition, Western blot was performed to determine what the activity of the
dopamine receptor is mediated through NRF2/HO-1 pathway. It was reported
that DGMI (Diterpene ginkgolides meglumine injection ) ameliorates I/R
injury in rats by stimulating the PI3K/AKT-mediated NRF2 and CREB
signaling pathway[67]. Another study reported that Eckol protect V79-4 cells
against oxidative stress-induced cell death via activation of ERK and
PI3K/AKT, which induce translocation NRF2[68]. Based on these literatures,
Western blot was performed to determine what the activity of the dopamine
receptor is mediated through NRF2/HO-1 pathway. The PI3K/AKT/CREB
signaling pathway is to be an important regulator of neuron cell survival [69].
Referring to these results, Western blot was performed to confirm the
phosphorylation of AKT and ERK. It was confirmed that both p-AKT/AKT
and p-ERK/ERK significantly increased at 0.5 h (Figure 8a-b).

Phosphorylation of CREB was also confirm (Figure 8c). Based on these
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results, It implies that phosphorylation of AKT and ERK mediates the
activation of NRF2 (Figure 6¢) and CREB (Figure 8c) to reduced cell
damage caused by ROS. H20: led to reduction of A¥Ym and mitochondrial
translocation of BAX and BAD[70]. BAX protein downregulated according
to the expression of the Bcl-X1 protein by NRF-2[71]. I am confirmed that
BAX expression was increased depending on the concentration of H202
(Figure 7a). However, BAX was downregulated by pretreatment with
FD(Figure 7b-c).

In summary, our study showed that FD mitigated H2O2-induced
damage on MSCs. Acting via the generation of cyclic AMP, upregulated
ERK/CREB/BCL2 signaling. Another pathway activates PI3K/AKT, which
promotes translocation of NRF2 into the nucleus, thereby increasing the
expression of HO-1. Both pathways are involved in blocking the expression
of BAX protein. It was confirmed that FD-primed MSCs prevented the

reduction of MMP and eventually suppressed ROS and apoptosis (Figure 9).

49



BAX 23kDa | o — ——

B-actin 42kDaI T —— — — — |
H,0,(uM) ¢ e "o ~e
C = 2.5 22
B *
g 204 .
BAX 23kDa| — e | goi 1.5+ —
B-actin 42kDaI w ﬁ bl
2 05-
&
FD(ug/ml) - 3 - 0.0
H,0, (5001M) + + - FD(ug/ml) - 3 -
HZOI(SOOHM) + + -

50 2 A&t st

e



Figure 8. Effects of FD on H,O:-induced apoptosis related protein in mesenchymal stem cells. a) MSCs were treated with
300, 500, 700 uM H20: for 6 h, and the expression levels of BAX (B-cell lymphoma 2 associated X protein) was
detected by Western blot analysis. b) MSCs and FD-primed MSCs were treated with 500uM H20: for 6 h, and
expression levels of BAX were detected by Western blotting. ¢) The relative expression of BAX against f-ACTIN

(n=3). All data are expressed as mean =+ standard deviation (SD) from 3 replications *: p <0.05, **: p <0.01
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Figure 9. effects of FD on the phosphorylation of AKT, ERK, and CREB
in MSCs. a) p-AKT/AKT (n=3). b) p-ERK/ERK(n=1). ¢) p-CREB/CREB
(n=3). Cell lysates were prepared and analyzed by Western blot analysis to
measure the relative amount of phosphorylated and total protein. d-f) The
relative expression of BAX against B-ACTIN. All data are expressed as mean

+ standard deviation (SD) from 3 replications *: p <0.05, ****: p <0.001
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Figure 10. Schematic diagram describing the mechanism of FD in

reducing ROS in MSCs.
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3. FD-primed MSCs alleviates cisplatin-induced AKI

The cisplatin rodent model was used to investigate the effect of FD-primed
MSCs on acute kidney injury. The kidney morphology and histologic
structures were significantly altered by cisplatin administration (Figure 11d-
e). I discovered that the cortex of the injured kidney in FD-primed MSCs
treated mice have a richer blood supply than that of the PBS-treated mice
(Figure 11d). Cisplatin-treated animals showed an increased level of BUN
and creatinine (Figure 10b-c), indicating that AKI had occurred. Notably,
FD-MSCs-treated animals had an improved function in reducing AKI-
induced renal dysfunction over those treated with MSCs (Figure 10b-c).
Proliferation of interstital fibroblasts is considered the feature of AKI[72]. I
analyzed the expression of Ki-67 using IHC. The results demonstrated that
proliferation of interstital fibroblasts was increased in 4 days after cisplatin
injection, and mice receving FD-primed MSCs reduced the Ki-67" cells
(Figure 10f-g). I analyzed the effect of FD-primed MSCs in maccophages
(F4/807) to renal tissue at 4 days after cisplatin injection. Macrophage levels
was significantly increased in mice treated PBS after cisplatin injection.
Interestingly, mice receving FD-primed MSCs treatment demonstrated
limited infiltration macrophages (Figure 10i-j). Figure 10k shows fluorescent
signal of MSCs and FD-primed MSCs after 24h-96h of cisplatin

administration. No lethality was found up to 96h.
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Figure 11. FD-primed MSCs improve renal recovery in an AKI. a)
Schematic representation of cisplatin-induced acute kidney injury and
treatment with MSCs, FD-primed MSCs and amifostine. Renal function was
evaluated by measuring b) serum creatinine and ¢) BUN (blood urea
nitrogen). d) Representative macroscopic changes in kidney at 4 days after
cisplatin injection. ) H&E staining. Arrowhead, asterisk and thin arrow
indicate tubular epithelial recovering, injured and necrotic, respectively. f)
Assessment of injury score in renal tubules. g) Immunohistochemical
analysis of renal macrophages by staining with anti-F/480 antibody. h)
Immunohistochemical staining of proliferating tubular cells by staining with
anti-Ki-67 antibody. Graph summarizing the F4/80 i) and Ki-67 j) positive
cells. (original magnification x200, scale bar -100 pm). k) In vivo hUC-
MSCs bio-distribution. All data are expressed as mean + standard deviation
(SD) from 5 replications *: p <0.05, **: p <0.01, ***: p <0.05, ****: p

<0.001

63



4. Discussion

Acute kidney injury is characterized by a rapid reduction of renal function,
mostly due to sudden blood hypoperfusion, toxic drugs, or microbiological
infections[73]. If left untreated or etiologies are recurring, this condition can
progress to chronic renal failure, which can lead to high morbidity.
Therefore, a therapeutic tool for resolving this disease is needed. Recent
studies demonstrated that diuretics, dopamine, FD, EPO (Erythropoetin), and
IGF-1 have produced promising results in preclinical studies, but evidence
for use in humans is limited[28]. Due to its complex pathophysiology, one
pharmacological agent often fails to improve outcomes. Thus, MSCs that can
target various causes may become a promising measurement for AKI with
such complex pathophysiology[74]. There have been many attempts to apply
MSCs in AKI. For example, MSCs can stimulate renal recovery through
engraftment and differentiation into renal cells[37]. Other study showed that
kidney repair relied on the paracrine action of MSCs[75]. Despite its
potential to rebuild renal function, poor cell survival in vivo limits its
potential[76]. Accordingly, efforts to enhance the survival rate of MSCs are

needed for successful cell therapy.
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In mice lacking the dopamine D1 like receptor, hypertension
appears, and it has been reported that the main cause for such phenotype is
related to abrupt redox state in target cells[77]. A low concentration of
dopamine D1 agonists has been demonstrated to have anti-oxidant effects in
diverse cells[78-81]. Based on these results, we hypothesized that the anti-
oxidant effect of MSCs could be increased by activating dopamine D1 like
receptor by decreasing ROS.

Since previous studies showed that a high concentration of dopamine
receptor agonist rather promotes the production of ROS[49, 50], I attempted
to determine the optimal concentration of FD that can increase the overall
performance of MSCs during in vitro culture. Thereafter, single protocols
was established, e.g., treatment of 3 pg/mL of FD for 72 hours. This protocol
led to an invariable expression profile of MSC markers. Moreover,
differentiation study revealed that osteogenic and chondrogenic
differentiation capacity was improved by FD. This results is in line with
previous study that showed an increased osteogenic differentiation in
MSCs[82].

To assess their physiological role in vivo, oxidative stress injury was
given to MSC by H20:. I found that treatment of simultaneous treatment of
H20: and FD led to an enhanced recovery of apoptosis, compared with those

are treated only with H205:.
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NRF?2 is a transcription factor that promotes the expression of genes
encoding anti-oxidant enzymes as well as cytoprotective effects[65]. HO-1 is
one of the genes regulated by this gene[83]. This cytoprotective enzyme
catalyzes the breakdown of heme, producing iron ion, CO and biliverdin.
Biliverdin is then converted to bilirubin by the action of biliverdin reductase
(BVR), which has anti-oxidant and anti-inflammatory effects[84]. In
addition, Fe** and CO, the metabolites of heme by HO-1, also play an anti-
apoptotic anti-inflammatory[65]. In our study, NRF2 protein was translocated
to nucleus by FD. Also, the expression of HO-1, which is a well-known
downstream gene of NRF2, was significantly upregulated. It was also
confirmed that the well-known cytoprotective mechanism of NRF2/HO-1 is
actually involved in the mitochondrial(intrinsic) pathway, which is consistent
with the present study that confirmed a constant level of MMP(¥m) by FD-
priming. The maintenance of Wm is related to scavenging efficiency of ROS
[57]. FD-primed MSCs group showed similar values to the normal group by
scavenging intracellular ROS.

Phosphorylation of CREB is known to stimulate the expression of
the anti-apoptotic protein, BCL-2[85]. Conventionally, it is well known that
the phosphorylation of CREB is quickly and temporarily increased by
stimulation of the dopamine D1 receptor (D1DR) by dopamine[66]. Although

the BCL-2 protein has not yet been identified, the reduction of the BAX
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protein by FD was confirmed. These results suggest that BAX was reduced
through the expression of BCL-2 by phosphorylated CREB. In addition,
phosphorylation of AKT1/2/3 and ERK1/2 by FD was confirmed. Similarly,
previous study showed that eckol protect V79-4 cells against oxidative stress-
induced cell death via activation of ERK and PI3K/AKT, which induce
translocation NRF2[68]. Another study showed that Kallikrein alleviates IRI
through the ERK1/2-CREB-BCL2 pathway, while ERK1/2 inhibitor (U0126)
inhibited this effect. Therefore, activation of ERK1/2 can ultimately activate
CREB-BCL2 axis[85]. Based on these previous studies, it was possible to
reduce the damage of cells through activation of CREB and NRF2 by
phosphorylation of ERK1/2 or AKT1/2/3. In summary, Agonist of Dopamine
D1 receptor, acting via the generation of cyclic AMP, upregulated
ERK/CREB/BCL2 signaling. Another pathway activates PI3K/AKT, which
promotes translocation of NRF2 into the nucleus, thereby increasing the
expression of HO-1.

The present study demonstrated that stimulation of dopamine D1
receptor in MSCs reduced H202-induced cell damage by reducing
intracellular ROS and maintaining of Wm. This led to the downregulation of
BAX protein involved in the intrinsic (mitochondria) pathway. As a result,
apoptosis was significantly reduced in MSCs by activating NRF2 and CREB

induced by PI3K/AKT and ERK. In addition, when FD-primed MSCs was
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applied to cisplatin-induced AKI, it showed a better effect compared to the
animals treated with non-primed MSCs.

Our results show that the expression of Ki-67 was increased by
cisplatin, but significantly decreased by administration of FD-primed MSCs.
Ki-67 is a nuclear antigen expressed during all phases except GO in the cell
cycle[86]. He et al. found that Ki-67 co-localization with Wnt4, whose
function is known to be related to tubular repair[87]. Others found that
kidney mononuclear phagocytes are implicated in pathogenesis and healing
in mouse models of AKI[88]. Thus it can be assumed that the decreased
expression of Ki-67 may represent a recovery phase in the mice model of
cisplatin-induced AKI, albeit further study is needed to better confirm this
finding.

Although the present study showed the feasibility of FD-primed
MSCs in AKI, several issues should be addressed. Most of all, other
biological mechanisms such as interaction with renal parenchymal tissue, the
potential to differentiating into renal cells, should be clarified. Since MSCs
produce diverse paracrine factors including extracellular vesicles and growth
factors, analyzing change of their secretome is of importance to better

understand the effect of dopamine D1 activation in MSCs.
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