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Abstract: This study tested whether inducible pluripotent stem cell (iPSC)-derived mesenchymal stem cell (MSC)
therapy could effectively protect kidney from acute ischemia (1 h) - reperfusion (5 day) injury (IRI). Male-adult SD-
rats (n = 24) were equally categorized into groups 1 (sham-control), 2 [sham-control + iPSC-MSC (1.2 x 10° cells/
rat)], 3 (IR only) and 4 (IR + iPSC-MSC). Blood urine nitrogen/creatinine levels and ratio of urine protein to creatinine,
kidney weight and expressions of inflammation (TNF-a/NF-kB), oxidative-stress (NOX-1/NOX-2/oxidized protein) and
apoptosis (mitochondrial-Bax/cleaved caspase-3/PARP) were significantly higher in group 3 than in groups 1, 2 and
4 and significantly higher in group 4 than in groups 1 and 2 (all P<0.0001), but showed no differences between
groups 1 and 2, whereas the protein expressions of anti-inflammation (IL-4/IL-10) and endothelial (CD31/vWF)
markers exhibited an opposite pattern to inflammation among the four groups (all P<0.0001). Protein expressions
of angiogenesis (VEGF/CXCR4/SDF-1a) markers progressively increased from groups 1 to 4 (all P<0.0001). Cel-
lular expressions of kidney injury score/DNA-damage (y-H2AX)/apoptotic nuclei and glomerulus-tubular-damage
(KIM/FSP-1) displayed an identical pattern to inflammation, whereas the cellular expressions of glomerulus-tubular-
integrity (dystroglycan/podocin/p-cadherin/synaptopodin/Z0O-1/fibronectin) revealed an opposite pattern to inflam-
mation among the four groups (all P<0.0001). In conclusion, iPSC-derived MSC therapy effectively protected kidney
against IRI.

Keywords: Inducible pluripotent stem cell, mesenchymal stem cell, acute kidney ischemia reperfusion injury,
inflammation, oxidative stress

Introduction

Whilst the kidneys are physiologically critical to
electrolyte, water and pH homeostasis and to
detoxification and excretion of toxins and drug
metabolites, they are also vulnerable to acute
Kidney injury (AKI). AKI is common and is an
independent predictor of morbidity and mortal-
ity in patients hospitalized for any disease enti-
ty [1-5]. AKI can have several etiologies, such
as from cardiac surgery [6-8], burns [5], drugs
[3], myocardial infarction [4], catheter-based

interventions [9, 10], post-transplantation pro-
cedures [11], sepsis [12] and ischemia-reperfu-
sion injury (IRI) [13, 14]. Of these, acute kidney
IRl (AK-IRI) is common, causes unacceptably
high inpatient morbidity and mortality [1, 4-7],
lacks effective treatments and is therefore an
important clinical problem to be solved [1, 13,
15, 16].

The mechanisms underlying AK-IRI are mainly
increased oxidative stress, pro-inflammatory
cytokines, inflammatory reaction and cellular
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apoptosis, as well as inappropriate immune
responses after prolonged or even transient IRI
[17-20]. Accordingly, a single pharmaceutical
intervention is unlikely to abrogate AK-IRI or its
effects, raising the need for investigating alter-
native innovative strategies.

Mesenchymal stem cells (MSCs), especially adi-
pose-derived MSCs, have intrinsic capacity to
alleviate inflammation [20-24] and suppress
innate and adaptive immunity [20-26] throu-
gh reducing immunogenicity [20-27]. In experi-
mental and clinical trials, MSC therapy effec-
tively improved ischemia-related organ dys-
function [18, 20, 21, 24] and clinical outcome
for patients with severe immunological disor-
ders [26]. Furthermore, with the advent of
reprogramming technology, human inducible
pluripotent stem cells (iPSCs) have practically
unlimited proliferation potential and the capa-
bility to differentiate into any cell type, provid-
ing a potential source of tissue-specific progen-
itors for cell therapy [27-31]. Therefore, iPSCs
may be unique tissue regenerative contributors
with greater potential than MSCs for developing
donor-specific personalized cell replacement
therapies [32] for various disease entities,
including AKI/AK-IRI.

Materials and methods
Ethics

All animal experimental procedures were ap-
proved by the Institute of Animal Care and Use
Committee at Kaohsiung Chang Gung Memo-
rial Hospital (Affidavit of Approval of Animal
Use Protocol No. 2016092910) and performed
in accordance with the Guide for the Care and
Use of Laboratory Animals [The Eighth Edition
of the Guide for the Care and Use of Laboratory
Animals (NRC 2011)].

Animals were housed in an Association for
Assessment and Accreditation of Laboratory
Animal Care International (AAALAC)-approved
animal facility in our hospital with controlled
temperature and light cycle (24°C and 12/12
light cycle).

Animal grouping, procedure and protocol for
AK-IRI and treatment strategy

Pathogen-free, adult male Sprague-Dawley
(SD) rats (n = 24) weighing 320-350 g (Charles
River Technology, BioLASCO Taiwan Co. Ltd.,
Taiwan) were equally categorized into four
groups (i.e., n = 6 per group): Sham control (SC)
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(laparotomy only), SC + iPSC-derived mesen-
chymal stem cell (MSC) (iPSC-MSC) (1.2 x 10°
cells by intravenous administration 3 h after
laparotomy), IRl only, and IRl + iPSC-MSC (1.2 x
108 cells by intravenous administration 3 h
after IR procedure).

The AK-IRI procedure and protocol have previ-
ously been described [18, 20]. Briefly, animals
in groups 1 to 4 were anesthetized by inhala-
tional 2.0% isoflurane and placed supine on
a warming pad at 37°C for midline laparoto-
mies. SC animals underwent laparotomy only,
while AK-IRI of both kidneys were induced in
all animals in groups 3 and 4 by clamping the
renal pedicles for one hour using non-crushing
vascular clips. The animals in each group were
sacrificed and kidney specimens harvested for
individual study by day 5 after the AK-IRI proce-
dure. The dosage and time points of iPSC
administration to the animals at 3 h after AK-
IRl were based on our recent reports [18, 20].

Assessment of time courses of circulating lev-
els of creatinine and BUN at days O, 3 and 5,

and collection of 24-hour urine for the ratio of
urine protein to creatinine at 72 h after AK-IRI

Blood samples were drawn from all animals in
each group to assess changes in serum creati-
nine and blood urine nitrogen (BUN) levels at
baseline and days 3 and 5 after AK-IRI pro-
cedure.

For the collection of 24-hr urine, for individual
study, each animal was put into a metabolic
cage [DXL-D, space: 19 x 29 x 55 cm, Suzhou
Fengshi Laboratory Animal Equipment Co. Ltd.,
Mainland China] for 24 h with free access to
food and water. Urine in 24 h was collected in
all animals from 48 to 72 h after the AK-IRI pro-
cedure to determine daily urine volume and the
ratio of urine protein to creatinine.

Qualitative analysis of kidney injury scores at
day 5 after AK-IRI procedure

Histopathology scoring of kidney injury was
assessed in a blinded fashion as previously
reported [18, 20]. Briefly, kidney specimens
from all animals were fixed in 10% buffered for-
malin, embedded in paraffin, sectioned at 5 um
and stained with hematoxylin and eosin (H&E)
for light microscopy. The scoring system reflect-
ed the grading of tubular necrosis, loss of brush
border, cast formation, and tubular dilatation in
10 randomly chosen, non-overlapping fields
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(200 x), as follows: O (none), 1 (£ 10%), 2 (11-
25%), 3 (26-45%), 4 (46-75%), and 5 (= 76%).

Western blot analysis

The procedure and protocol for Western blot
analysis have been described in our previous
reports [18, 20-24]. Briefly, equal amounts (50
ug) of protein extracts were loaded and sepa-
rated by SDS-PAGE using acrylamide gradients.
After electrophoresis, the separated proteins
were transferred electrophoretically to a polyvi-
nylidene difluoride (PVDF) membrane (GE, UK).
Nonspecific sites were blocked by incubation
of the membrane in blocking buffer [5% nonfat
dry milk in T-TBS (TBS containing 0.05% Tween
20)] overnight. The membranes were incubated
with the indicated primary antibodies [mito-
chondrial Bax (1:1000, Abcam, Cambridge, MA,
USA), cleaved caspase 3 (1:1000, Cell Signal-
ing, Danvers, MA, USA), cleaved Poly (ADP-
ribose) polymerase (PARP) (1:1000, Cell Sig-
naling, Danvers, MA, USA), NOX-1 (1:1500,
Sigma, St. Louis, Mo, USA), NOX-2 (1:750, Sig-
ma, St. Louis, Mo, USA), mitochondrial Bax (1:
1000, Abcam, Cambridge, MA, USA), tumor
necrosis factor (TNF)-a (1:1000, Cell Signaling,
Danvers, MA, USA), nuclear factor (NF)-kB (1:
600, Abcam, Cambridge, MA, USA), interleukin
(IL)-4 (1:1000, Abcam, Cambridge, MA, USA),
IL-10 (1:1000, Abcam, Cambridge, MA, USA),
CD31 (1:1000, Abcam, Cambridge, MA, USA),
von Willebrand factor (VWF) (1:1000, Abcam,
Cambridge, MA, USA), stromal cell-derived fac-
tor (SDF)-1x (1:1000, Cell Signaling, Danvers,
MA, USA), CXCR4 (1:12000, Abcam, Cambridge,
MA, USA), vascular endothelial growth factor
(VEGF) (1:1000, Abcam, Cambridge, MA, USA),
and actin (1:6000, Chemicon, Billerica, MA,
USA)] for 1 hour at room temperature. Hor-
seradish peroxidase-conjugated anti-rabbit im-
munoglobulin IgG (1:2000, Cell Signaling, Dan-
vers, MA, USA) was used as a secondary anti-
body for one-hour incubation at room tempera-
ture. The washing procedure was repeated
eight times within one hour. Immunoreactive
bands were visualized by enhanced chemilumi-
nescence (ECL; Amersham Biosciences, Amer-
sham, UK) and exposed to Biomax L film (Ko-
dak, Rochester, NY, USA). For quantification,
ECL signals were digitized using Labwork soft-
ware (UVP, Waltham, MA, USA).

Immunohistochemical (IHC) and immunofluo-
rescent (IF) staining

The procedure and protocol for IHC and IF st-
aining have been described in our previous
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reports [18, 20-24]. For IHC and IF staining,
rehydrated paraffin sections were first treated
with 3% H,0, for 30 minutes and incubated
with Immuno-Block reagent (BioSB, Santa Bar-
bara, CA, USA) for 30 minutes at room tem-
perature.

Sections were then incubated with primary
antibodies specifically against zonula occlu-
dens-1 (Z0-1) (1:500, Novus), kidney injury mol-
ecule (KIM)-1 (1:500, R&D system), fibroblast
specific protein (FSP)-1 (1:200, Abcam), P-ca-
dherin (1:200, Novus), snail (1:500, Abcam),
podocin (1:50, Abcam), dystroglycan (1:50,
Abcam), fibronectin (1:200, Abcam), synaptopo-
din (1:500, Santa Cruz) TUNEL assay (In Situ
Cell Death Detection Kit, Fluorescein, Roche),
y-H2AX (1:500, Abcam), while sections incu-
bated with the use of irrelevant antibodies
served as controls. Three sections of kidney
specimen from each rat were analyzed. For
quantification, three random HPFs (200 x or
400 x for IHC and IF studies) were analyzed in
each section. The mean number of positively-
stained cells per HPF for each animal was then
determined by summation of all numbers divid-
ed by 9.

An IHC-based/IF-based scoring system was
adopted for semi-quantitative analyses of ZO-
1, synaptopodin, podocin, dystroglycan, P-cad-
herin, KIM-1 and FSP-1 in the kidneys as a per-
centage of positive cells in blinded fashion
(score of positively-stained cell for these bio-
markers as: O = negative staining; 1 < 15%; 2 =
15-25%; 3 = 25-50%; 4 = 50-75%; 5 > 75%-
100%/per HPF).

Assessment of oxidative stress

The procedure and protocol for evaluating the
protein expression of oxidative stress have
been described in our previous reports [18,
20-24]. The Oxyblot Oxidized Protein Detection
Kit was purchased from Chemicon, Billerica,
MA, USA (§7150). DNPH derivatization was car-
ried out on 6 pg of protein for 15 minutes
according to the manufacturer’s instructions.
One-dimensional electrophoresis was carried
out on 12% SDS/polyacrylamide gel after DN-
PH derivatization. Proteins were transferred to
nitrocellulose membranes that were then incu-
bated in the primary antibody solution (anti-
DNP 1:150) for 2 hours, followed by incubation
in secondary antibody solution (1:300) for 1
hour at room temperature. The washing proce-

Am J Transl Res 2018;10(10):3053-3067



iPS-MSC against kidney IR injury

dure was repeated eight times within 40 min-
utes. Immunoreactive bands were visualized by
enhanced chemiluminescence (ECL; Amersham
Biosciences, Amersham, UK) which was then
exposed to Biomax L film (Kodak, Rochester,
NY, USA). For quantification, ECL signals were
digitized using Labwork software (UVP, Wal-
tham, MA, USA). For oxyblot protein analysis, a
standard control was loaded on each gel.

In vitro study of cell culturing for differentia-
tion of human iPSC into MSCs (Supplementary
Figure 1)

The procedure and protocol of human iPSC cul-
ture for differentiation into MSCs were as per
the manufacturer’s instructions. By day 1,
human iPSCs [mTeSR™1; StemCell, #28315)
were first washed by 5 mL PBS, followed by 2
mL Accutase (Gibco, #A1110501; Accutase:
PBS = 1:1); the incubator reaction continued
for 1 min. Then 2 mL KO DMEM/F12 (Gibco,
#12660012) was added and the cells were
collected in 15 mL centrifuge tubes for 5 mins
centrifuge (x 200 g). The cells were then cul-
tured in a 10 cm dish for 24 h in mTeSR™1 cul-
ture medium.

By day 2, the cells (mMTeSR™1) were collected
and washed by 5 mL PBS. STEMdiff™-ACF
Mesenchymal Induction Medium (StemCell,
#05241) was added and then incubator culture
proceeded for 24 h. The STEMdiff™M-ACF
Mesenchymal Induction Medium was exchang-
ed once/day from days 1 to 3. This procedure
was repeated on days 3 to 6. On days 7 to 21,
the procedure was repeated but the culture
medium was refreshed every 3 alternative
days.

Human iPSC-derived MSCs were instructed to
differentiate into adipocytes, chondrocytes,

and osteoblasts (Supplementary Figure 2)

For differentiation of adipocytes, chondrocyt-
es, and osteocytes, human iPSC-derived MSCs
were cultured in MesenCult™ Adipogenic
(StemCell, #05412; 21 days culture), Chond-
rogenic (StemCell, #05455; 21 days culture),
and Osteogenic (StemCell, #05465; 15 days
culture) differentiation medium, respectively,
exchanging culture media once every 3 days.

Statistical analysis

Quantitative data are expressed as mean * SD.
Statistical analysis was adequately performed
by ANOVA followed by Bonferroni multiple-com-
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parison post hoc test. Statistical analysis was
performed using SPSS statistical software for
Windows version 22 (SPSS for Windows, ver-
sion 22; SPSS, IL, U.S.A.). A value of P<0.05
was considered as statistically significant.

Results

Human iPSC differentiated into MSCs and
MSCs differentiated into adipocytes, chondro-

cytes and osteocytes (Supplementary Figures
land2)

As per the manufacturer’s instructors, plentiful
MSCs were found in the -culture discs
(Supplementary Figure 1). Flow cytometry dem-
onstrated that the typical MSC surface markers
were identified by 21-day culturing, implicating
that human iPSCs were successfully differenti-
ated into MSCs (Supplementary Figure 1).

To determine whether iPSC-derived MSCs dif-
ferentiated into adipocytes, osteocytes and
chondrocytes, iPSC-derived MSCs were cul-
tured in three culture media that were specific
for these three different cell types. The results
showed that iPSC-derived MSCs had success-
fully differentiated into adipocytes, osteocytes
and chondrocytes, respectively (Supplementary
Figure 2).

Time courses of circulating levels of creatinine
and BUN, ratios of urine protein to creatinine
and at day 3, and total left and right kidney
weight and histopathological findings of kidney
injury score at day 5 after AK-IRI procedure
(Figure 1)

Prior to the IR procedure, the serum levels of
creatinine and BUN did not differ among the
four groups. However, by day 3 after the IR pro-
cedure, the serum levels of creatinine and BUN
were significantly higher in group 3 (IRI) than in
group 1 (SC), group 2 (SC + iPSC-MSC) and
group 4 (IRl + iPSC-MSC), significantly higher in
group 4 than in groups 1 and 2, and not signifi-
cantly different between groups 1 and 2. By day
5 after IR procedure, these two parameters
expressed similar pattern to day 3, but they
showed no difference among groups 1, 2 and
4. The ratio of urine protein to urine creatinine
(i.e., 24 h urine to be collected from 48 hto 72
after IR procedure) was significantly higher in
group 3 than in groups 1, 2 and 4, but showed
no difference among the latter three groups.
The total weight of the right and left kidneys
exhibited an identical pattern to the day-5 cre-
atinine level among the four groups. These find-
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Figure 1. Serial changes of circulating levels of creatinine and BUN, ratios of urine protein to creatinine and at day
3, and total left and right kidney weight and histopathological findings of kidney injury score at day 5 after AK-IRI
procedure. (A) Time courses of circulating levels of creatinine: (a) prior to IR procedure, P>0.5; (b) by day 3 after
IR procedure, * vs. other groups with different symbols (f, ¥), P<0.001; (c) by day 5 after IR procedure, * vs. T,
P<0.001. (B) Time courses of circulating levels of blood urea nitrogen (BUN): (a) prior to IR procedure, P>0.5; (b) by
day 3 after IR procedure, * vs. other groups with different symbols (1, $); (c) by day 5 after IR procedure, * vs. other
groups with different symbols (1, 1). (C) Ratio of urine protein to urine creatinine by day 3 after IR procedure, * vs.
1, P<0.01. (D) The total kidney weight (i.e., combined left and right kidney) at day 5 after IR procedure, * vs. other
groups with different symbols (1, 1). (E-H) Light microscopic findings (400 x; H&E stain) showing significantly higher
loss of brush border in renal tubules (yellow arrows), tubular necrosis (green arrows), tubular dilatation (red asterisk)
protein cast formation (black asterisk), and dilatation of Bowman’s capsule (blue arrows) in IR group than in other
groups. (I) Analytical result of kidney injury score, * vs. other groups with different symbols (1, f), P<0.0001. Scale
bars in right lower corner represent 20 pum. All statistical analyses were performed by one-way ANOVA, followed
by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, t, $) indicate significance (at
0.05 level). SC = sham control; IR = ischemia reperfusion; iPS-MSC = human inducible pluripotent stem cell-derived
mesenchymal stem cell.
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Figure 2. Protein expressions of inflammation, oxidative stress, apoptosis and anti-inflammation at day 5 after IR
procedure. A. Protein expression of tumor necrosis factor (TNF)-c, * vs. other groups with different symbols (1, ),
P<0.001. B. Protein expression of nuclear factor (NF)-kB, * vs. other groups with different symbols (1, f), P<0.0001.
C. Protein expression of NOX-1, * vs. other groups with different symbols (1, f), P<0.0001. D. Protein expression of
NOX-2, * vs. other groups with different symbols (1, 1), P<0.0001. E. Oxidized protein expression, * vs. other groups
with different symbols (1, £), P<0.0001. (Note: left and right lanes shown on the upper panel represent protein mo-
lecular weight marker and control oxidized molecular protein standard, respectively). M.W = molecular weight; DNP
= 1-3 dinitrophenylhydrazone. F. The protein expressions of mitochondrial (mito)-Bax, * vs. other groups with differ-
ent symbols (T, F), P<0.001. G. Protein expression of cleaved caspase 3 (c-Csp3), * vs. other groups with different
symbols (T, £), P<0.001. H. Protein expression of cleaved Poly (ADP-ribose) polymerase (c-PARP), * vs. other groups
with different symbols (1, $), P<0.001. I. Protein expression of interleukin (IL)-4, * vs. other groups with different
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symbols (1, £), P<0.0001. J. Protein expression of IL.-10, * vs. other groups with different symbols (1, £), P<0.0001.
All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n = 6 for each group). Symbols (*, 1, f) indicate significance (at 0.05 level). SC = sham control; IR = ischemia
reperfusion; iPS-MSC = human inducible pluripotent stem cell-derived mesenchymal stem cell.
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Figure 3. Protein expressions of endothelial and angiogenesis biomarkers at day 5 after IR procedure after IR
procedure. A. Protein expressions of CD31, * vs. other groups with different symbols (1, ), P<0.0001. B. Protein
expression of von Willebrand factor (vWF), * vs. other groups with different symbols (t, 1), P<0.0001. C. Protein
expressions of stromal cell-derived factor (SDF)-1a, * vs. other groups with different symbols (T, 1), P<0.0001. D.
Protein expression of CXCR4, * vs. other groups with different symbols (1, ), P<0.0001. E. Protein expression of
vascular endothelial growth factor (VEGF), * vs. other groups with different symbols (1, f), P<0.0001. All statistical
analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for
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each group). Symbols (*, T, ) indicate significance (at 0.05 level). SC = sham control; IR = ischemia reperfusion;
iPS-MSC = human inducible pluripotent stem cell-derived mesenchymal stem cell.

ings suggest that human iPSC-derived MSC
therapy effectively protected against AK-IRI.

H&E microscopy showed that the kidney injury
score was significantly higher in group 3 than in
groups 1, 2 and 4 and significantly higher in
group 4 than in groups 1 and 2, but it was not
different between groups 1 and 2. These find-
ings again suggest human iPSC-derived MSC
therapy effectively protected against AK-IRI.

Protein expressions of inflammation, oxidative
stress, apoptosis and anti-inflammation at day
5 after IR procedure (Figure 2)

The protein expressions of TNF-a and NF-kB,
two indicators of inflammation, were signifi-
cantly higher in group 3 than in groups 1, 2 and
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4, and significantly higher in group 4 than in
groups 1 and 2, but not different between
groups 1 and 2. Protein expressions of NOX-1,
NOX-2 and oxidized protein, three indicators of
oxidative stress, exhibited a similar pattern to
inflammation among the four groups.

The protein expressions of mitochondrial Bax,
cleaved caspase 3 and cleaved PARP, three
indicators of apoptosis, were significantly high-
er in group 3 than in other groups, significantly
higher in group 4 than in groups 1 and 2, and
similar between groups 1 and 2. On the other
hand, the protein expressions of IL.-4 and IL-10,
two indicators of anti-inflammation, exhibited
an opposite pattern to apoptosis among the
four groups.

Am J Transl Res 2018;10(10):3053-3067
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Figure 4. Cellular expressions of apoptotic and DNA-damaged markers in kidney parenchyma at day 5 after IR pro-
cedure. A-D. lllustrating the microscopic finding (400 x) of TUNEL assay for identification of apoptotic nuclei (gray
color). E. Analytical result of apoptotic nuclei, * vs. other groups with different symbols (f, 1), P<0.0001. F-l. Showing
the immunofluorescent microscopic finding (400 x) for identification of y-H2X+ cell (pink color). J. Analytical result
of number of y-H2X+ cells, * vs. other groups with different symbols (1, F), P<0.0001. Scale bars in right lower
corner represent 20 uym. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n = 6 for each group). Symbols (*, 1, 1) indicate significance (at 0.05 level). HPFs = high-
power field; SC = sham control; IR = ischemia reperfusion; iPS-MSC = human inducible pluripotent stem cell-derived
mesenchymal stem cell.

Protein expressions of endothelial and an-
giogenesis biomarkers at 72 h after AK-IRI
procedure (Figure 3)

The protein expressions of CD31 and vWF, two
endothelial cell biomarkers, were significantly
lower in group 3 than in other groups, signifi-
cantly lower in group 4 than in groups 1 and 2,
and similar between groups 1 and 2. Protein
expressions of SDF-1a, CXCR4 and VEGF sig-
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nificantly and progressively increased from
groups 1 and 2 to 4, suggesting in intrinsic
response to IRl, enhanced by human iPSC-
derived MSC therapy.

Cellular expressions of apoptotic and DNA-
damage markers in kidney parenchyma at 72
h after AK-IRI procedure (Figure 4)

The IHC microscopic TUNEL assay showed that
the number of apoptotic nuclei was significantly
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Figure 5. Identification of the expressions of ZO-1 and synaptopodin in glomeruli at day 5 after IR procedure. A-D.
Immunofluorescent (IF) microscopic finding (400 x) for identification of the expression of positively-stained ZO-1 in
glomeruli (green color). E. Analytical results of ZO-1 expression, * vs. other groups with different symbols (*, T, 1),
P<0.0001. F-l. IF microscopic finding (400 x) for identification of expression of positively-stained synaptopodin in
glomeruli (green color). J. Analytical results of synaptopodin expression, * vs. other groups with different symbols
(*, T, ), P<0.0001. Scale bars in right lower corner represent 20 ym. All statistical analyses were performed by
one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, t,
I) indicate significance (at 0.05 level). SC = sham control; IR = ischemia reperfusion; iPS-MSC = human inducible
pluripotent stem cell-derived mesenchymal stem cell.

higher in group 3 than in other groups, signifi-
cantly higher in group 4 than in groups 1 and 2,
butsimilar between groups 1 and 2. Additionally,
IF microscopy demonstrated that the number
of y-H2AX+ cells, an indicator of DNA-damage,
displayed an identical pattern to apoptosis
among the four groups.
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IHC and IF microscopic findings for identifica-
tion of the integrity of glomerulus and renal
tubules in kidney parenchyma at 72 h after
AK-IRI procedure (Figures 5-8)

Microscopy showed that the expression of
Z0-1, a tight junction-associated protein, which

Am J Transl Res 2018;10(10):3053-3067
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Figure 6. Identification of the expressions of podocin and dystroglycan in glomeruli at day 5 after IR procedure. A-D.
Illustrating the microscopic finding (400 x) of immunohistochemical (IHC) staining for identification of positively-
stained podocin in glomerular apparatus (gray color). E. Analytical results of podocin expression, * vs. other groups
with different symbols (*, 1, F), P<0.0001. F-I. lllustrating microscopic findings of IHC staining for identification of
positively-stained dystroglycan (400 x) in glomerular apparatus (gray color). J. Analytical results of dystroglycan ex-
pression, * vs. other groups with different symbols (*, t, £), P<0.0001. Scale bars in right lower corner represent 20
pm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc
test (n = 6 for each group). Symbols (*, 1, f) indicate significance (at 0.05 level). SC = sham control; IR = ischemia

reperfusion; iPS-MSC = human inducible pluripotent stem cell-derived mesenchymal stem cell.

provides a link between the integral membrane
proteins and the filamentous cytoskeleton in
podocytes, was significantly higher in groups 1
and 2 than in groups 3 and 4, and significantly
higher in group 4 than in group 3, but it showed
no difference between the former two groups
(Figure 5). The expression of synaptopodin, a
component of podocyte foot processes, dis-
played an identical pattern to ZO-1 among the
four groups (Figure 5).
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Additionally, IHC microscopy demonstrated that
the expressions of podocin (Figure 6) and dys-
troglycan (at the base of foot processes; Figure
6), two other components of podocyte foot pro-
cesses, exhibited a similar pattern to ZO-1.

IHC staining revealed change in the expression
of P-cadherin (predominantly in the renal glom-
erulus and colocalized with Z0O-1; Figure 7), and
IF microscopy demonstrated expression of fib-
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Figure 7. |dentification of the expressions of P-cadherin and fibronectin in renal-glomerulus apparatus at day 5 after
IR procedure. A-D. Demonstrating microscopic findings (200 x) from immunohistochemical staining for identifica-
tion of positively-stained P-cadherin in renal glomerular apparatus (gray color). Scale bars in right lower corner
represent 50 uym. E. Analytical results of P-cadherin expression, * vs. other groups with different symbols (*, t,
1), P<0.0001. F-I. Demonstrating immunofluorescent microscopic findings (400 x) for identification of positively-
stained fibronectin in renal glomerular apparatus (green color). Scale bars in right lower corner represent 20 pm. J.
Analytical results of fibronectin expression, * vs. other groups with different symbols (*, 1, f), P<0.0001. All statisti-
cal analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for
each group). Symbols (*, T, ) indicate significance (at 0.05 level). SC = sham control; IR = ischemia reperfusion;
iPS-MSC = human inducible pluripotent stem cell-derived mesenchymal stem cell.

ronectin in the glomerulus (Figure 7), also pre-
dominantly in the renal glomerulus, which
exhibited an identical pattern to ZO-1 in the
four groups.

IF microscopy showed that change in KIM-1, a
kidney injury biomarker predominantly express-
ed in renal tubules, was significantly higher in
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group 3 than in the other groups, significantly
higher in group 4 than groups 1 and 2, but simi-
lar between groups 1 and 2 (Figure 8). IHC anal-
ysis consistently demonstrated that change in
the expression of fibroblast specific protein 1
(FSP-1), predominantly situated in the renal in-
terstitial space, showed an identical pattern to
that of KIM-1 among the four groups (Figure 8).
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Figure 8. Identification of the expressions of KIM-1 predominantly in renal tubules and FSP-1 predominant in kidney
interstitials at day 5 after IR procedure. A-D. Microscopic findings (200 x) of immunofluorescent staining for iden-
tification of kidney injury molecule (KIM)-1 in renal tubules (green color). E. Analytical results of KIM-1 expression,
* vs. other groups with different symbols (*, T, £), P<0.0001. F-I. lllustrating the microscopic finding (200 x) of im-
munofluorescent staining for identification of fibroblast specific protein 1 (FSP-1) predominantly situated in kidney
interstitials (gray color). J. Analytical results of FSP-1 expression, * vs. other groups with different symbols (*, t,
F), P<0.0001. Scale bars in right lower corner represent 50 um. All statistical analyses were performed by one-way
ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (*, 1, ) indicate
significance (at 0.05 level). SC = sham control; IR = ischemia reperfusion; iPS-MSC = human inducible pluripotent
stem cell-derived mesenchymal stem cell.

Discussion

This study examined the impact of human iPSC-
derived MSC therapy on AK-IRI and several
striking implications emerged. First, anatomi-
cal, molecular and cellular features of kidney
parenchyma and renal function as well as the
ratio of kidney weight to body weight did not dif-
fer between SC animals and SC + iPSC-derived
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MSC animals, suggesting that human iPSC-
derived MSC therapy is safe. Second, as com-
pared with AK-IRI only animals, the renal func-
tion and kidney injury score were significantly
preserved in AK-IRI animals treated with iPSC-
derived MSCs. Third, the molecular-cellular
(i.e., inflammation, oxidative stress, apoptosis
and glomerulus-renal tubular biomarkers) per-
turbations were significantly suppressed in
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iPSC-derived MSC treated AK-IRI animals than
in AK-IRI only animals, highlighting that the cell
therapy effectively preserved kidney parenchy-
ma from AK-IRI injury.

While abundant data have shown that MSC
therapies, especially adipose-derived MSC the-
rapies, significantly protected against AK-IRI
[18, 20, 33, 34], research investigating the
therapeutic impact of human iPSC-derived
MSC on AK-IRI is lacking [35-37]. The most
important finding in the present study was that
the circulating levels of creatinine and BUN, the
ratio of urine protein to creatinine (i.e., indices
of renal function), the ratio of kidney weight to
body weight (i.e., indicator of gross anatomy),
and kidney injury score (i.e., indicates histo-
pathological finding) were significantly higher in
AK-IRI animals than in SC animals, and were
significantly reduced in iPSC-derived MSC tre-
ated AK-IRI animals. Importantly, no side ef-
fects of iPSC-derived MSC therapy were found
in SC or AK-IRI animals after receiving iPSC-
derived MSC therapy. Our findings strengthen
those of previous studies [35-37] and highlight
that iPSC-derived MSC therapy was safe and
efficacious for animals with AK-IRI.

The essential findings in the present study were
that, as compared with SC group, the inflamma-
tion, oxidative stress, cellular apoptosis and
DNA damaged biomarkers were substantially
augmented in the AK-IRI group. Of importance
was that these molecular-cellular perturbations
were alleviated in AK-IRI animals after receiving
iPSC-derived MSC therapy. These findings
could partially explain why renal function was
preserved and kidney injury score was amelio-
rated in AK-IRI animals treated by iPSC-derived
MSCs.

The kidney is vulnerable to damage in various
disease states [3-8, 10-14]. The present study
indicated that glomerular and renal tubular
architectures, and the integrity of podocyte
components, were devastated in AK-IRI ani-
mals compared to SC animals, which is consis-
tent with previous studies [3-8, 10-14]. The
present study distinctly demonstrated that the
architectures of glomeruli, renal tubules and
podocyte components were preserved in AK-IRI
animals treated by iPSC-derived MSCs. These
findings could again explain why the kidney in-
jury score and proteinuria were markedly atten-
uated in animals treated by iPSC-derived MSCs.
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Although the angiogenesis capacity of MSCs is
believed to be inferior to endothelial progenitor
cells, this capacity in adipose-derived MSCs
has been clearly identified by previous studies
[18, 20]. Consistent with previous studies [18,
20], we found that iPSC-derived MSC therapy
restored endothelial cell markers (i.e., CD31,
VWF) and enhanced the expression of angio-
genesis biomarkers in kidney parenchyma. Our
findings again indicated that renal function was
preserved by iPSC-derived MSC therapy, possi-
bly through restoring microvasculature and/or
blood flow in the IRI-injured kidney.

Study limitations

This study has limitations. First, although the
results of the present study were promising,
the study period was only for 72 h, so the long-
term effects of iPSC-derived MSC therapy for
AK-IRI remains uncertain. Second, the possibil-
ity of tumorigenesis is outside the scope of this
study.

In conclusion, the present study demonstrated
that iPSC-derived MSC therapy appears safe
and effective for preserving renal function and
the integrity of kidney parenchyma in rodents in
the setting of AK-IRI.
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Supplementary Figure 1. lllustrating that human inducible pluripotent stem cells (iPSC) differentiated into mesenchymal stem cells (MSCs). Upper panel: (A-D) Mi-
croscopic findings (200 x) at different time courses (i.e., at days 1, 7, 14 and 21) for culturing iPSC, showing morphology and colony. (E and F) Microscopy (100 x and
200 x, respectively) showing morphologic features of iPS-derived MSCs (i.e. P2 cells ready for subculture). Middle panel: (G-1) lllustrating flow cytometric analyses
for identification of iPS specific surface markers (i.e., SSEA-4, Nanog, and Oct3/4). Lower panel: (J-N) Showing flow cytometric analyses for identifying iPS-derived
MSC specific surface markers, i.e., high population of CD90+, CD44+, CD105+, CD73+, and CD217+ cell surface makers.
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Supplementary Figure 2. lllustrating cell-culture results of iPSC derived MSCs differentiated into adipocytes, chon-
drocytes and osteocytes. A and B. Microscopic findings (100 x, 200 x) for culturing matured adipocytes derived from
iPS-MSC (i.e., adipogenic differentiation). C and D. Microscopic findings (200 x, 400 x) of positively oil-red O stained
adipocytes. E and F. Microscopic findings (100 x, 200 x) of culturing matured chondrocytes derived from iPS-MSC
(i.e., chondrogenic differentiation). G, H. Microscopic findings (40 %, 100 x) for positively Alcian-Blue stained chon-
drocytes. | and J. Microscopic findings (100 x, 200 x) for culturing matured osteocytes derived from iPS-MSC (i.e.,
osteogenic differentiation). K, L. Microscopic findings (100 %, 200 x) of positively Alizarin-Red S stained osteocytes.
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Supplementary Figure 3. Raw material of Western blot.



