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Induced pluripotent stem cell-derived mesenchymal stem cells
(iMSCs) hold great promise as a cell source for transplantation
into injured tissues to alleviate inflammation. However, the
therapeutic efficacy of iMSC transplantation for ischemic
stroke remains unknown. In this study, we evaluated the
therapeutic effects of iMSC transplantation on brain injury
after ischemia-reperfusion using a rat transient middle
cerebral artery occlusion model and compared its therapeutic
efficacy with that of bone marrow mesenchymal stem cells
(BMMSCs). We showed that iMSCs and BMMSCs reduced
infarct volumes after reperfusion and significantly improved
motor function on days 3, 7, 14, 28, and 56 and cognitive func-
tion on days 28 and 56 after reperfusion compared with the
vehicle group. Furthermore, immunological analyses revealed
that transplantation of iMSCs and BMMSCs inhibited micro-
glial activation and expression of proinflammatory cytokines
and suppressed oxidative stress and neuronal cell death in the
cerebral cortex at the ischemic border zone. No difference in
therapeutic effect was observed between the iMSC and
BMMSC groups. Taken together, our results demonstrate
that iMSC therapy can be a practical alternative as a cell source
for attenuation of brain injury and improvement of neurolog-
ical function because of the unlimited supply of uniform
therapeutic cells.

INTRODUCTION
Ischemic stroke causes severe neurological damage and high mortal-
ity. Recombinant tissue plasminogen activators and endovascular
therapy are clinically effective for treating acute ischemic stroke.
However, the eligibility criteria are narrow, and only a limited num-
ber of patients can receive recanalization therapy.1,2 This therapy is
reserved for patients in the acute phase, within hours of onset, and
aims to recanalize the occluded vessel and rescue the penumbra.
Inflammation and oxidative stress following stroke recanalization
therapy can result in damage and death of neurons and glial cells,
leading to subsequent functional impairment and disability.3 Con-
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ventional neuroprotective therapies targeting these post-infarction
pathophysiological responses are limited to use of edaravone as a
free radical scavenger in the acute phase, which demonstrates highly
limited clinical efficacy.4,5 In contrast, efficacy of stem cell therapy for
acute and chronic cerebral ischemia through multiple channels,
which include anti-inflammatory and neuro-angiogenic effects, has
been reported in animal models.6–9 Therefore, stem cell therapy for
patients with stroke is attracting attention as a new potential
treatment.

The mechanism underlying the therapeutic effect of mesenchymal
stem cells (MSCs) on ischemic stroke has been studied exten-
sively.10–12 MSCs exert their effect through a series of trophic factors
that are stimulated by the damaged surrounding environment and
directly or indirectly promote repair of ischemic brain tissue. MSCs
secrete a variety of neurotrophic factors, including cytokines, chemo-
kines, and extracellular matrix proteins; promote anti-inflammatory
and neuroprotective effects; and have angiogenic effects on ischemic
brain tissue.13–17 We have previously demonstrated the therapeutic
effect of bone marrow MSCs (BMMSCs) or dental pulp stem cells
in transient middle cerebral artery occlusion (tMCAO) model
rats.18,19 In both cases, administration of MSCs to tMCAO model
rats resulted in a reduction of infarct volume and improvement of
neurological signs. We also demonstrated that the therapeutic effects
were mainly mediated by inhibiting neuronal degeneration through
suppression of microglial activity and inhibition of inflammatory
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cytokines, such as tumor necrosis factor alpha (TNF-a) and inter-
leukin-1b (IL-1b). Thus, MSC-based cell therapy holds great promise
for treatment of cerebral infarction in the future. In fact, clinical appli-
cation of BMMSCs is currently being pursued, and clinical trials are
underway. In the clinical trial, BMMSCs were administered intracer-
ebroventricularly to patients with subacute ischemic stroke, and the
preliminary results showed that intracerebroventricular implantation
of autologous BMMSCs was safe and well tolerated.20 It is anticipated
that the demand for MSC-based cell therapy will continue to grow.
However, in clinical practice, intracerebroventricular administration
of autologous cells to patients is time critical for treatment of acute
stroke, and intravenous administration of allogeneic cells is pre-
ferable. In addition, several limitations of somatic stem cell-based
therapies involving BMMSCs have been identified. First, the proced-
ures for collecting BMMSCs are invasive, and the supply is limited.
Second, the properties of BMMSCs vary from donor to donor,
making it difficult to obtain uniform cells. Third, the phenotype of
MSCs can change during their expansion in a two-dimensional cul-
ture.21 Therefore, there remain many concerns to be solved before
clinical use.

Induced pluripotent stem cells (iPSCs) have the inherent properties of
unlimited self-renewal and pluripotency. Because of the infinite self-
renewal capacity of iPSCs, cells with the same characteristics, or uni-
formity, can always be produced. In addition, they can be established
from the somatic cells of any individual.22 Hence, iPSCs could be an
attractive alternative cell source for cell-based therapy. However,
because of the tumorigenic phenotype of iPSCs, it is essential to
have a robust and efficient method to generate some necessary cell
types without contamination of undesirable cells for safe application
of iPSCs for cell therapy.23 To address these concerns, several
methods to differentiate iPSCs into target cells via intermediates
have been established, including induction of epicardial cells via
lateral plate mesoderm, induction of chondrocytes via limb bud
mesenchymal cells, and induction of glomeruli and tubules via
nephron progenitor cells.24–26 For iPSC-derived MSC (iMSC) gener-
ation, a differentiation method through the intermediate of neural
crest cells (NCCs) has been established.27 These iMSCs exhibit the
general mesenchymal features of BMMSCs; they possess multipotent
differentiation potential and express common surface markers of
MSCs.27,28 Furthermore, iMSCs have been reported to have a higher
proliferative potential than BMMSCs,29,30 which suggests that iMSCs
may be more readily available than MSCs as a cell source. Currently,
iMSCs are being used in dosing studies in various animal disease
models, such as lower limb ischemia, inflammatory bowel disease
(IBD), and corneal injury, and have been reported to reduce ischemia
and exhibit anti-inflammatory effects.30–32 In stroke models, there
have been studies on administration of iMSCs to cerebral hemorrhage
model rats and use of iMSC-derived exosomes in rats after ischemic
stroke.33,34 However, the underlying mechanisms of the therapeutic
effects have not been fully established, and there have been no
comparative studies of the therapeutic effects of iMSCs and
BMMSCs following cerebral ischemia-reperfusion injury. Here, we
evaluated the efficacy and mechanism of systemic administration of
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iMSCs in a rat model of focal cerebral ischemia and compared the
efficacy of iMSCs with that of BMMSCs.
RESULTS
Phenotypic comparison of BMMSCs and iMSCs

To compare the therapeutic efficacy of BMMSCs and iMSCs, human
iPSCs (hiPSCs) were differentiated into iMSCs via iPSC-derived
NCCs (iNCCs). During induction of iPSCs to iNCCs, the cells grew
slowly and showed a morphological change from the typical iPSC
shape to a spindle shape (Figure S1A). To enrich iNCC populations
from differentiated iPSC cultures, we isolated CD271-positive cells
using fluorescence-activated cell sorting (FACS). The morphology
of enriched cells was similar to the iNCC morphology, with high
expression of CD271, which is a positive marker for NCCs, as
described previously (Figures S1B and S1C).27 The iNCCs were
further differentiated into iMSCs by replacing the iNCC medium
with an iMSC induction medium. The morphology, expression of
surface antigens, and differentiation potential were compared
between BMMSCs and iMSCs. The iMSCs showed a fibroblast-
like morphology similar to BMMSCs, as described previously
(Figure 1A).35 Immunophenotyping revealed that both MSCs were
positive for MSC surface markers (CD73/90/105) (Figure 1B) and
negative for surface markers of the hematopoietic lineage (Figure S2).
Pluripotent stem cell markers for iPSCs (TRA-1-60, TRA-1-81, and
OCT-4) were negative in iMSCs (Figure S3). However, there was a
difference in tissue factor CD142 expression, which is a risk factor
for thrombus formation in MSC transplantation. A small population
of iMSCs showed weak CD142 expression, whereas BMMSCs showed
almost no CD142 expression (Figure S4). We investigated the profiles
of secreted cytokines from MSCs, and the results are shown in Fig-
ure S5. While there were some slight differences in each secreted
cytokine, the overall secretion profile was similar between BMMSCs
and iMSCs. The differentiation potential of both MSCs into osteo-
blasts, chondrocytes, and adipocytes was confirmed (Figure 1C).
We also performed karyotype analysis for MSCs (Figure S6). Almost
all karyotypes were normal in most cases, but instances of non-
diploidy were identified in one cell (2%) in BMMSCs and six cells
(12%) in iMSCs. These results indicate that iMSCs are almost similar
to BMMSCs, with some differences in their properties.
BMMSC and iMSC administration reduces cerebral infarct

volumes in a rat tMCAO model

To assess the therapeutic potential of iMSCs for ischemia-reperfusion
(I/R) injury and compare it with that of BMMSCs, BMMSCs and
iMSCs were administered intravenously to a rat tMCAO model,
and infarct volume was evaluated (Figure 2). The infarct volumes
were determined from 2,3,5-triphenyltetrazolium chloride (TTC)-
stained sections 3 days after tMCAO (Figure 2A). The results revealed
that the mean (±SD) infarct volumes 3 days post tMCAO were signif-
icantly lower in the BMMSC (189.1 ± 27.7 mm3, p = 0.011) and iMSC
(188.8 ± 25.3 mm3, p = 0.010) groups than in the vehicle group
(241.9 ± 16.2 mm3) (Figure 2B), whereas there was no significant dif-
ference between the BMMSC and iMSC groups. The data show that
mber 2023



Figure 1. Characterization of induced mesenchymal stem cells (iMSCs) and bone marrow mesenchymal stem cells (BMMSCs)

(A) Cell morphology of BMMSCs and iMSCs. Scale bar, 200 mm. (B) Surface marker analyses of iMSCs using flow cytometry. The blue histogram represents the isotype

control, and the red overlay represents each antigen. The MSC-positive markers CD90, CD73, and CD105 were measured. (C) Comparison of the differentiation potential

between BMMSCs and iMSCs. MSCs were differentiated into osteogenic (left), chondrogenic (center), and adipogenic (right) lineages and stained by alizarin red for os-

teocytes, Alcian blue for chondrocytes, and oil red O for adipocytes. Scale bar, 200 mm.
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BMMSCs and iMSCs can reduce infarct volume in the tMCAO
model.

BMMSC and iMSC delivery improves neurological outcomes

We next examined whether iMSC transplantation could improve
neurological outcomes after I/R injury (Figure 3). Neurological scores
and motor function were investigated 3, 7, 14, 28, and 56 days after
tMCAO. On all days analyzed, the BMMSC and iMSC groups showed
significant improvements in posture score (Figure 3A; BMMSCs
3 days, p = 0.021; BMMSCs 7 days, p = 0.003; BMMSCs 14 days,
p = 0.029; BMMSCs 28 days, p = 0.003; BMMSCs 56 days, p =
0.017; iMSCs 3 days, p = 0.013; iMSCs 7 days, p = 0.005; iMSCs
14 days, p = 0.005; iMSCs 28 days, p = 0.013; iMSCs 56 days, p =
0.003) and palsy score (Figure 3B; BMMSCs 3 days, p = 0.003;
BMMSCs 7 days, p = 0.017; BMMSCs 14 days, p = 0.006; BMMSCs
28 days, p = 0.002; BMMSCs 56 days, p = 0.017; iMSCs 3 days, p =
0.003; iMSCs 7 days, p = 0.001; iMSCs 14 days, p = 0.006; iMSCs
28 days, p = 0.002; iMSCs 56 days, p = 0.001) compared with the
Molecular The
vehicle group. Motor function was also ameliorated in the BMMSC
and iMSC groups compared with the vehicle group, as assessed using
rotarod performance (Figure 3C; BMMSCs 3 days, p = 0.031;
BMMSCs 7 days, p = 0.035; BMMSCs 14 days, p = 0.016; BMMSCs
28 days, p = 0.01; BMMSCs 56 days, p = 0.032; iMSCs 3 days, p =
0.033; iMSCs 7 days, p = 0.017; iMSCs 14 days, p = 0.049; iMSCs
28 days, p = 0.007; iMSCs 56 days, p = 0.029) and forelimb grip
strength (Figure 3D; BMMSCs 3 days, p = 0.005; BMMSCs 7 days,
p = 0.005; BMMSCs 14 days, p = 0.006; BMMSCs 28 days, p 0.024;
BMMSCs 56 days, p < 0.001; iMSCs 3 days, p = 0.002; iMSCs
7 days, p < 0.001; iMSCs 14 days, p < 0.001; iMSCs 28 days, p =
0.002; iMSCs 56 days, p < 0.001), whereas no significant difference
in neurological improvement was observed between the BMMSC
and iMSC groups. To assess the effect of MSC administration on
spatial memory, we also examined cognitive function 30 and
56 days after tMCAO using the Y-maze test (Figure 3E). On both
days post administration of MSCs, there was a significant improve-
ment in spatial memory in the BMMSC and iMSC groups compared
rapy: Methods & Clinical Development Vol. 30 September 2023 335
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Figure 2. Reduction of infarct volume by

administration of BMMSCs and iMSCs

(A) 2,3,5-Triphenyl tetrazolium chloride (TTC) staining of

rat brains in the vehicle-treated (left), BMMSC-treated

(center), and iMSC-treated (right) groups. Sprague-

Dawley rats were subjected to transient middle cerebral

artery occlusion (tMCAO) and then injected intravenously

with BMMSCs, iMSCs, or PBS. The infarct volumes

were analyzed by TTC staining 3 days after tMCAO. In

TTC staining, normal tissue is stained red, and the

infarcted area is unstained. Six sections from one rat

brain divided into sections of 2 mm each are shown.

One representative rat brain per vehicle, BMMSC, and

iMSC group is displayed. (B) Quantitative analysis of the

infarct volumes 3 days post tMCAO in each group. The

data presented are the means and SDs (*p < 0.05, n = 5

for each group).
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with the vehicle group (BMMSCs 28 days, 0.785 ± 0.125, p = 0.002;
iMSCs 28 days, 0.784 ± 0.076, p = 0.002; vehicle 28 days, 0.581 ±

0.101; BMMSCs 56 days, 0.762 ± 0.133, p = 0.017; iMSCs 56 days,
0.740 ± 0.126, p = 0.038; vehicle 56 days, 0.581 ± 0.093), whereas there
was no significant difference between the spatial memory of the
BMMSC and iMSC groups. Together, our results suggest that admin-
istration of iMSCs significantly improved neurological and motor
function in the short and long term and cognitive function in the
long term, showing effects similar to BMMSCs.

BMMSC and iMSC administration suppresses microglial

activation and proinflammatory cytokine levels

To explore the mechanism by which transplantation of iMSCs im-
proves neurological outcomes after I/R injury, we examined the activ-
ity ofmicroglia in the cerebral cortex at the ischemic border zone (IBZ)
as an evaluation of the anti-inflammatory effect of iMSCs (Figure 4A).
Ionized calcium-binding adaptor molecule 1 (Iba-1) is a microglial
marker, and its expression is associated with microglia activated by
ischemic brain injury. Therefore, we analyzed the localization of
Iba-1 in the cortical IBZ to assess microglial activation after MSC
transplantation (Figure 4B). We observed that the numbers of Iba-
1-positive cells in the BMMSC and iMSC groups were significantly
lower than those in the vehicle group 3 days post tMCAO
(BMMSCs, p < 0.001; iMSCs, p < 0.001) (Figure 4C), whereas the num-
ber of Iba-1-positive cells in the iMSC groupwas comparable with that
in the BMMSC group, demonstrating that iMSCs exerted a significant
inhibitory effect onmicroglial activation in the penumbra region of the
ischemic side of the brain cortex, comparable with that of BMMSCs.
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To further explore the anti-inflammatory effects
of iMSCs in the tMCAO model, proinflamma-
tory cytokine levels were assessed in the whole
ischemic side of the brain and cortical IBZ (Fig-
ure 4D). To this end, we evaluated the distribu-
tion of TNF-a in the ischemic brain and the
levels of IL-1b and IL-6 in the ischemic side of
the brain. On day 3 post tMCAO, the BMMSC
and iMSC groups showed a significant reduction in the number of
TNF-a-positive cells compared with the vehicle group (BMMSCs,
p = 0.018; iMSCs, p = 0.013) (Figure 4E). There was no significant dif-
ference in the number of TNF-a-positive cells in the BMMSC and
iMSC groups. Furthermore, IL-1b (BMMSCs, p = 0.046; iMSCs
3 days, p = 0.024) and IL-6 levels (BMMSCs, p = 0.048; iMSCs, p =
0.027) in the brain in the BMMSC and iMSC groups were significantly
lower than in the vehicle group (Figures 4F and 4G), whereas no
notable differences were observed in terms of IL-1b and IL-6 levels
between the BMMSC and iMSC groups.We also identified TNF-a-ex-
pressing cells in the cerebral cortex of the IBZ using fluorescent stain-
ing. Neurons were identified with neuronal nuclei (NeuN), microglia
withOX42, blood vessels with RECA-1, and astrocytes with glial fibril-
lary acidic protein (GFAP), plus multiple staining for TNF-a for each
specimen in the brain sections (Figure S7A). TNF-a was significantly
expressed in NeuN- andOX42-positive cells compared with RECA-1-
and GFAP-positive cells (NeuN, p < 0.001; OX42, p < 0.001;
Figure S7B). There was no significant difference in TNF-a expression
between NeuN- and OX42-positive cells. The number of NeuN/TNF-
a-positive cells was significantly lower in the BMMSC group (p =
0.027) and tended to be lower in the iMSC group compared with the
vehicle group (Figures 5A and 5B), whereas there was no significant
difference between the BMMSC and iMSC groups. The number of
OX-42/TNF-a-positive cells was not significantly different between
the vehicle, BMMSC, and iMSC groups (Figures S8A and S8B). Over-
all, these observations indicate that iMSC administration results in a
significant reduction in proinflammatory cytokine expression in the
tMCAO model.



Figure 3. Improvement of neurological score, motor function, and cognitive function by administration of BMMSCs and iMSCs

(A and B) Abnormal posture (A) and hemiparesis (B) assessment 3, 7, 14, 28, and 56 days after tMCAO in vehicle-, BMMSC-, and iMSC-transplanted reperfusion groups.

Boxplots indicate the median and IQR, and whiskers indicate the maximum andminimum values (*p < 0.05, **p < 0.01; n = 8 for each group). (C and D) Rotarod performance

(C) and forelimb grip strength (D) assessment 3, 7, 14, 28, and 56 days after tMCAO in vehicle-, BMMSC-, and iMSC-transplanted reperfusion groups. Data are presented as

mean ± SD (*p < 0.05, **p < 0.01; n = 8 for each group). (E) Improvement of spatial working memory 28 and 56 days after tMCAO. Shown is the alternation rate in the Y-maze

spontaneous test in the vehicle-, BMMSC-, and iMSC-treated groups. Data are presented as mean ± SD (*p < 0.05, **p < 0.01; n = 8 for each group).
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BMMSC and iMSC administration inhibits oxidative stress

Given that iMSC administration yielded anti-inflammatory effects
in the tMCAO model, we hypothesized that iMSCs might also
reduce oxidative stress in the whole ischemic brain and the cortical
IBZ. Hence, we examined the distribution of 4-hydroxynonenal (4-
HNE) and 8-hydroxy-20-deoxyguanosine (8-OHdG), which are
markers of lipid peroxidation and oxidative DNA damage, respec-
tively, in the ischemic brain and the activity of superoxide dismutase
(SOD), a type of antioxidant enzyme, throughout the ischemic
side of the brain. We assessed the localization of 4-HNE-positive
cells in the cortical IBZ using immunohistochemical staining (Fig-
ure 6A), which revealed that the number of 4-HNE-positive cells
(BMMSCs, p = 0.005; iMSCs, p < 0.001; Figure 6B) was significantly
reduced in the BMMSC and iMSC groups compared with the
vehicle group 3 days post tMCAO. Similarly, the localization of
8-OHdG-positive cells in the cortical IBZ on day 3 post tMCAO
Molecular The
was examined (Figure 6C) and was significantly lower in both
cell-treated groups than in the vehicle group (BMMSCs, p =
0.003; iMSCs, p = 0.002; Figure 6D). Consistent with the reduction
in 4-HNE and 8-OHdG distribution, the overall SOD activity was
significantly higher in the BMMSC and iMSC groups compared
with the vehicle group (BMMSCs, p = 0.012; iMSCs, p = 0.030; Fig-
ure 6E). No major differences in 4-HNE and 8-OHdG distribution
and SOD activity were observed between the BMMSC and iMSC
groups. Collectively, these results demonstrate the suppressive effect
of BMMSCs and iMSCs on I/R injury-induced oxidative stress in
the rat brain.

BMMSC and iMSC administration inhibits ischemia-induced

neuronal damage

We further confirmed the inhibition of apoptosis and neuroprotective
effect of iMSCs in the tMCAO model by performing terminal
rapy: Methods & Clinical Development Vol. 30 September 2023 337
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Figure 4. Evaluation of microglial activity and proinflammatory

cytokine levels in the ischemic side of the brain

(A) Schematic of the cortical IBZ. The red-lined square on the brain map

shows the cortical IBZ. The black area represents the ischemic lesion.

(B) Iba-1 staining in rat brain sections treated with vehicle (left),

BMMSCs (center), and iMSCs (right). Scale bar, 100 mm. (C)

Quantification of Iba-1-positive cells in the rat brain with or without

MSC treatment. Data are presented as mean ± SD (**p < 0.01, n = 5

for each group). (D) TNF-a staining in rat brain sections treated with

vehicle (left), BMMSCs (center), and iMSCs (right). Scale bar, 100 mm.

(E) Quantification of TNF-a-positive cells in the rat brain with or

without MSC treatment. Data are presented as mean ± SD

(*p < 0.05; n = 5 for each group). (F and G) Quantification of IL-1b

(F) and IL-6 (G) expression in ischemic hemisphere extracts. Data are

presented as mean ± SD (*p < 0.05, n = 5 for each group). Sprague-

Dawley rats were treated with tMCAO and injected intravenously with

BMMSCs, iMSCs, or PBS. Three days after tMCAO, brain sections

were stained with anti-Iba-1 or anti-TNF-a antibodies. The ischemic

hemisphere extracts were also analyzed using ELISA.
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Figure 5. Localization of TNF-a expression in the ischemic side of the brain

(A) Localization of TNF-a (green) and NeuN (red) expression in rat brain sections

treated with vehicle (left vertical column), BMMSCs (center vertical column), and

iMSCs (right vertical column). Scale bar, 100 mm. Nuclei were stained in blue with

DAPI. Merge overlays of three fluorescence images are shown in the bottom row. (B)

Quantification of TNF-a-positive neurons in the rat brain. Data are shown as mean ±

SD (*p < 0.05, n = 6 for each group).
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deoxynucleotidyl transferase (TdT)-mediated deoxyuridine triphos-
phate (dUTP) nick end labeling (TUNEL) staining and Fluoro-Jade
C (FJC) staining in the cortical IBZ 3 days post tMCAO. Analysis
of TUNEL-positive cells in the cortical IBZ (Figure 7A) showed
that the number of TUNEL-positive cells was significantly lower in
the iMSC group than in the vehicle group (p = 0.038). The number
of TUNEL-positive cells was also lower in the BMMSC group than
in the vehicle group (Figure 7B). We also analyzed FJC-positive cells
in the cortical IBZ (Figure 7C) and found that treatment with
BMMSCs and iMSCs similarly decreased the number of FJC-positive
Molecular The
cells compared with the vehicle group (BMMSCs, p = 0.027; iMSCs,
p = 0.038) (Figure 7D). These results support the neuroprotective
effect of BMMSCs and iMSCs in the rat brain.

Biodistribution and quantification of engrafted MSCs

The biodistribution and quantification of transplanted MSCs at 72 h
using real-time PCR with human-specific Alu sequences are shown in
Figure 8. In both cases, a considerably small amount of human DNA
was detected in the investigated tissues. BMMSCs and iMSCs were
mainly distributed in the liver; however, iMSCs were detected more
in the liver than BMMSCs (p < 0.001). MSCs were also detected in
other organs, such as the lungs for BMMSCs and the femur for
iMSCs, although in smaller amounts than in the liver. This result in-
dicates that iMSCs remained predominantly distributed in the liver
more than BMMSCs.

DISCUSSION
In the present study, we compared the therapeutic potential of iMSCs
in focal cerebral ischemic rats with that of BMMSCs and found that
iMSCs significantly reduced infarct volumes and enhanced motor
and cognitive function recovery, similar to BMMSCs. We also
demonstrated the anti-inflammatory effects of iMSCs via suppression
of microglial activity and decreased expression of anti-inflammatory
cytokines (TNF-a, IL-1b, and IL-6) and antioxidant stress effects,
based on the decreased expression of 4-HNE and 8-OHdG and
increased SOD activity in a rat cerebral ischemic model. Together,
our results showed that iMSCs can be a new therapeutic source to
replace BMMSCs for cellular therapy of cerebral infarction.

Stem cell therapy using humanMSCs (hMSCs) is being considered as
a new treatment for cerebral infarction because of the time constraints
of conventional therapy and the limited number of patients who can
be treated. hMSCs, especially BMMSCs, have previously shown effi-
cacy and safety in vivo in a rat model of cerebral infarction,36–41

and clinical trials are currently underway worldwide.1,42–44 However,
BMMSCs are problematic because they require invasive techniques
for isolation, and expansion of sufficient numbers of BMMSCs for
cell therapy remains a challenge. Moreover, the quality of BMMSCs
is affected by the age and health of the donor, making it difficult to
obtain cells with uniform characteristics.45–47 MSCs also deteriorate
rapidly during the expansion process in in vitro culture48–50; thus,
their therapeutic effects are not always stable. iMSCs generated
from iPSCs, which are cells with unlimited self-renewal capacity
and pluripotency, have the potential to improve upon BMMSCs in
terms of uniformity of properties and proliferative capacity. Hence,
it is worth considering the potential of iMSCs as a new source of cells
to replace BMMSCs in cell therapy for cerebral infarction.

MSCs, including BMMSCs, are defined by the following three basic
criteria proposed by the International Society for Cell Therapy.51

First, they adhere to plastic when maintained under standard culture
conditions. Second, they express the surface antigen markers CD105,
CD73, and CD90 and are negative for CD45, CD34, CD14 or CD11b,
CD79a, or CD19 and human leukocyte antigens-DR (HLA-DR).
rapy: Methods & Clinical Development Vol. 30 September 2023 339
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Figure 6. Evaluation of oxidative stress in the ischemic side of the brain

(A and C) 4-Hydroxynonenal (4-HNE) (A) and 8-hydroxy-20-deoxyguanosine (8-

OHdG) (C) staining in rat brain sections treated with vehicle (left), BMMSCs

(center), and iMSCs (right). Scale bar, 100 mm. (B and D) Quantification of

4-HNE-positive (B) and 8-OHdG-positive (D) cells in the rat brain with or without

MSC treatment. Data are presented as mean ± SD (**p < 0.01, n = 5 for each

group). (E) Total SOD activity in ischemic hemisphere extracts. Data are pre-

sented as mean ± SD (*p < 0.05, n = 5 for each group). SD rats were treated

with tMCAO and injected intravenously with BMMSCs, iMSCs, or PBS. Three
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Third, MSCs exhibit differentiation potential for three lineages
in vitro: osteoblasts, adipocytes, and chondroblasts. In the present
study, we demonstrated that iMSCs, through iNCC intermediates,
showed a similar surface profiles and adipogenic, osteogenic, and
chondrogenic differentiation potential (Figures 1 and S1). In addition,
previous studies have reported that unique markers of pluripotent
stem cells in iPSCs, such as Oct-4, TRA1-60, and TRA-1-81, are nega-
tive in iMSCs,52,53 which was partly consistent with the results of the
present study. Thus, iMSCs used in this study fulfill the critical
criteria. Notably, there are a few differences in secreted cytokines be-
tween iMSCs and BMMSCs, such as the inflammation-related IL-1,
stress-responsive mitogen-activated protein kinase 1/2 signaling,54

expression levels of certain surface markers,55,56 and differentiation
potential.52,57 It will be of interest to determine whether these differ-
ences affect the neuroprotective and therapeutic effects of iMSCs. In
contrast, several studies have also developed induction methods for
iMSCs derived from iPSCs and compared iMSCs with BMMSCs
in vitro53,58–60; iMSCs are similar to BMMSCs in morphology and
MSC-specific gene expression, regardless of differences in induction
methods.55,61–63 In this study, we enriched iMSCs by flow cytometry
sorting to eliminate the potential risk of tumor formation by undiffer-
entiated iPSCs in the process of iMSC induction. Moreover, although
several iMSC inductionmethods without cell sorting have been devel-
oped,64,65 iMSCs generated by these methods showed varied MSC
marker expression64,65 and might include residual undifferentiated
iPSCs. It remains to be elucidated whether induction and culture
methods affect the properties and cell therapeutic effect of iMSCs
against inflammatory diseases. A previous study has demonstrated
that repeated passaging of iMSCs resulted in decreased expression
levels of MSC markers,27 which is consistent with our preliminary re-
sults. Therefore, further investigation is required to determine the ef-
fect of passage number on the properties and therapeutic efficacy of
iMSCs. While we established that iMSCs cause a reduction of cerebral
infarct volume and exhibit anti-inflammatory effects, iMSCs gener-
ated using our method included a few non-diploid cells (Figure S6).
However, karyotypic abnormalities in cell therapy can pose a safety
risk and affect the therapeutic efficacy of cell therapy.66 Therefore,
future efforts to improve genomic instabilities could further expand
the therapeutic potential of iMSC-based cell therapy.

Because of the advantages of iMSC use for cell therapy, we and other
groups have hypothesized that iMSCs could be harnessed as an
alternative source of hMSCs to overcome the existing concerns with
MSC-based therapy for brain injury. Chen et al.33 have reported the
effect of iMSC administration in a rat model of cerebral hemorrhage.
They reported that iMSCs can reduce the volume of cerebral infarc-
tion after cerebral hemorrhage through anti-inflammatory effects
and antioxidant stress, although no comparative studies with hMSCs
have been conducted. To the best of our knowledge, our study is the
first report clearly comparing the therapeutic effects of iMSCs and
days after tMCAO, brain sections were stained with anti-4-HNE or anti-8-OHdG

antibodies. The ischemic hemisphere extracts were also analyzed using a SOD

assay kit.
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Figure 7. Evaluation of apoptosis and neuronal degeneration in the cortical

ischemic boundary zone

(A) Apoptosis was detected by TdT-mediated dUTP nick end labeling (TUNEL)

staining (top panels) in the vehicle (left vertical column), BMMSC (center vertical

column), and iMSC groups (right vertical column). Nuclei were stained in blue with

DAPI (center panels). Merge overlays of two fluorescence images are shown in the

bottom panels. (B) Quantification of TUNEL-positive neurons in the rat brain. Data

are shown as mean ± SD (*p < 0.05, n = 6 for each group). (C) Fluoro-Jade C (FJC)

staining in rat brain sections treated with vehicle (left), BMMSCs (center), and iMSCs
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BMMSCs in a rat cerebral ischemic model and revealing that the ther-
apeutic effects were comparable between iMSCs and BMMSCs. Our
findings contribute to accelerating the clinical application of iMSCs
for treatment of cerebrovascular diseases. In addition, the therapeutic
effects of iMSCs have been confirmed not only using cerebral
ischemia models but also various other disease models.30,31,67 In the
mouse IBD model, administration of iMSCs has been shown to
improve intestinal inflammation by increasing the number of regula-
tory T cells and decreasing infiltration of macrophages and neutro-
phils into the colonic submucosa, with the therapeutic effects of
iMSCs demonstrated to be mediated via anti-inflammatory and
anti-apoptotic effects.31 In mouse models of chemical andmechanical
damage to the cornea, iMSC treatment markedly reduced the inflam-
matory infiltrate of the cornea and decreased the levels of TNF-a, IL-
1b, and IL-6 in the cornea.32 Thus, iMSCs have been reported to
exhibit anti-inflammatory effects not only in cerebral infarction but
also in a variety of other inflammatory diseases, and the scope of clin-
ical application of iMSCs is expected to expand further in the future.

It was previously thought that the administered MSCs migrate
directly to and are mainly biodistributed in damaged organs; howev-
er, it has been confirmed that the rate of differentiation into damaged
organs is extremely low.68 In the present study, we evaluated the bio-
distribution of BMMSCs and iMSCs on the third day after adminis-
tration and confirmed that they were mainly distributed in the organs
of the body, such as the liver. Although many previous reports have
examined biodistribution 24 h after administration, the tendency to
distribute to internal organs rather than the brain remains the
same.69,70 These findings suggest that the therapeutic effect of MSC
administration in cerebral infarction is not primarily due to their
biogenesis and differentiation in the damaged brain. Previous studies
have shown that mechanisms related to the therapeutic effects of
intravenous administration of BMMSCs in the acute phase of stroke
may be due to direct secretion of paracrine factors by stem cells; accu-
mulation of stem cells in the spleen; paracrine effects of various tro-
phic and fluidity factors, such as growth factors and cytokines, via the
spleen; and subsequent suppression of inflammatory cytokines.71–74

Furthermore, a number of mechanisms have been proposed to sup-
port a role of BMMSCs administered for neurological diseases,
including stroke. SDF-1 is a member of the chemokine subfamily
that acts protectively against apoptosis and promotes cell mobiliza-
tion.75,76 BMMSCs express SDF-1 and exert neuroprotective ef-
fects.77,78 They also act in various disease modifications with diverse
functions, such as promoting remyelination via janus kinase (JAK)/
STAT3,79 intra-neural angiogenesis via vascular endothelial growth
factor A, nerve regeneration, and neurotrophic potential.80,81 Treat-
ment of rats with BMMSCs resulted in decreased expression and
secretion of proinflammatory cytokines, such as TNF-a, IL-1b, and
(right). Scale bar, 100 mm. (D) Quantification of FJC-positive cells in the rat brain with

or without MSC treatment. Data are presented as mean ± SD (*p < 0.05, n = 6 for

each group). Sprague-Dawley rats were treated with tMCAO and injected intrave-

nously with BMMSCs, iMSCs, or PBS. FJC staining was performed 3 days after

tMCAO.
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Figure 8. Biodistribution and quantification of engrafted MSCs

Shown are biodistribution and quantification of viable BMMSCs (n = 7) and iMSCs

(n = 8) 72 h after tMCAO using Alu-based real-time PCR. Values represent the

amount of human DNA in 100 ng of total DNA per organ sample. Data are presented

as mean ± SD (*p < 0.01).
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IL-6, in the ischemic side of the brain as well as decreased microglial
activity.18,82 We investigated the diverse profile of iMSC-secreted fac-
tors, including SDF-1, and found trends similar to the secretion pro-
file of BMMSCs. Additionally, our study revealed that iMSCs also
suppressed inflammatory cytokines, such as TNF-a, and microglial
activity in the cortical IBZ and inhibited secretion of inflammatory
cytokines, such as IL-1b and IL-6, in the ischemic side of the brain.
Therefore, iMSCs have, at least in part, a therapeutic effect on neuro-
logical disorders via neuroprotective cytokine secretion.

In addition, expression of 4-HNE and 8-OHdG in the cortical IBZ
was decreased in the present study, and activity of SOD, an antioxi-
dant enzyme, was higher in the cell-treated group than in the vehicle
group in the ischemic side of the brain, indicating that iMSCs have
antioxidant stress effects in the same manner as BMMSCs. In a rat
model of cerebral infarction, administration of BMMSCs reduced
superoxide and lipid peroxide by-products in the ischemic brain,83

suggesting that MSCs inhibit cerebral I/R injury through their antiox-
idant stress effects. Similar anti-inflammatory and antioxidant stress
effects of iMSCs were observed in a rat model of cerebral hemor-
rhage.33 These observations confirm that iMSCs have neuroprotective
effects on the brain through anti-inflammatory and anti-oxidative
stress effects via the same mechanism as that of hMSCs. Such inflam-
matory and antioxidant stress effects can be further enhanced by gene
transfer into MSCs. We have demonstrated previously that introduc-
tion of IL-10 and hepatocyte growth factor into hMSCs can extend
their anti-inflammatory effects.18,19 Therefore, it may be possible to
further increase the therapeutic effect of iMSCs derived from geneti-
cally engineered iPSCs.

We successfully demonstrated that administration of iMSCs reduced
cerebral infarct volume after tMCAO and significantly improved mo-
342 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
tor and cognitive functions and that the therapeutic effects of iMSCs
were equivalent to those of BMMSCs. Although the neuroprotective
effects on the rat brain by iMSCs have been investigated, to the best
of our knowledge, only short-term effects have been shown.33 Our
study clearly showed that iMSCs and BMMSCs similarly improved
motor and cognitive functions after cerebral infarction, and the ther-
apeutic effects were sustained over the long term, up to at least 56 days
(Figure 3). Previous studies have also shown long-term therapeutic
effects of BMMSCs in rat and mouse tMCAO models.84–86 Adminis-
tration of hBMMSCs to the tMCAO model improves motor and
cognitive function from the early phase of administration to
28 days afterward and promotes neurogenesis associated with angio-
genesis in the late stages of stroke85 and proliferation of intrinsic
endogenous neural stem cells and neural maturation of neuroblasts
in the subventricular zone of the hippocampus.84 Although promo-
tion of angiogenesis and neurogenesis may contribute to the long-
term improvement of neurological function after cerebral infarction,
the underlying mechanism remains unclear. Recent studies suggest
that extracellular vesicles secreted from BMMSCs and iMSCs pro-
mote angiogenesis in a rodent tMCAOmodel34,87,88 and can function
in iMSCs to improve long-term prognosis through a mechanism
similar to that of hBMMSCs. However, further investigation is
required to explore the therapeutic mechanism.

We found that the therapeutic effects of iMSCs were equivalent to
those of BMMSCs in the tMCAO model in this study. BMMSCs
have limitations in expansion culture because the cells deteriorate
in vitro, as discussed above. Another report has compared the immu-
nomodulatory potential of iMSCs and BMMSCs via natural killer
(NK) cells in vitro.89 iMSCs and BMMSCs were co-cultured with
IL-2-activated NK cells to examine their immunomodulatory
potential, and iMSCs were found to be more effective than
BMMSCs. Similarly, iMSCs decreased the cytotoxicity of NK cells
by decreasing the expression of inflammatory markers and inhibiting
the secretion of cytotoxic granules. Notably, iMSCs maintain immu-
nomodulatory activity at a higher number of passages compared with
BMMSCs, suggesting that iMSCs could be superior over long-term
passage.

Recently, it has been reported that the risk of thromboembolism from
infusion of MSC products expressing hypercoagulable tissue factor
(TF/CD142) should be examined90 and that the expression level of
TF/CD142 varies in MSCs derived from different human sources.
BMMSCs have the lowest TF/CD142 expression, perinatal tissue-
derived MSCs show intermediate expression, and adipose tissue-
derived MSCs display the highest expression.91 Thus, to use MSC
products safely, it has been advocated to evaluate whether TF/
CD142 is expressed. However, the risk of thromboembolism from
MSC products can be reduced by use of appropriate anticoagulants
and removal of TF/CD142-positive cells.89 iMSCs generated in this
study contained a small number of CD142-positive cells. Therefore,
although future studies should determine whether CD142 is the
sole determinant of thromboembolism risk, use of anticoagulants or
removal of CD142-positive cells should be considered for safe
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clinical application of iMSCs. Ongoing efforts in one of our labs aim
to generate CD142-negative iMSCs by alternative differentiation
strategies.

In addition, although serum-containing medium was used for MSC
preparation in this study, it is necessary to use xeno-free medium
for clinical application of MSCs. Recently, xeno-free media have
been developed for MSC culture, and characterization of MSCs has
also been conducted, showing that the phenotype, differentiation abil-
ity, and immunomodulatory capacity of MSCs are maintained.92

Moreover, MSCs cultured in a serum-free medium showed more
significant anti-inflammatory effects than MSCs cultured in a serum
medium.93While we suspect that iMSCs can be expanded using xeno-
free mediumwithout losing their neuroprotective effects, this remains
to be demonstrated.

In conclusion, iMSC transplantation in the acute phase of ischemic
stroke provides neuroprotective effects via anti-inflammatory and
antioxidant stress effects equivalent to BMMSCs. Hence, iMSCs could
be an attractive alternative to BMMSCs as a source of cells for cell
transplantation for treatment of stroke.

MATERIALS AND METHODS
Ethics statement

The experimental protocols dealing with human or animal subjects
were approved by the Ethics Committee of the Department of Med-
icine and Graduate of Nippon Medical School.

Cells

The hiPSC cell line Nips B2 (HPS0223)94 was purchased from
the Institute of Physical and Chemical Research (RIKEN) Bio
Research Resource Center through the National Bio-Resource Project
of theMinistry of Education, Culture, Sports, Science and Technology
(MEXT)/ Japan Agency for Medical Research and Development
(AMED), Japan. hiPSCs were cultured in essential 8 medium
(Thermo Fisher Scientific, Waltham, MA, USA) in six-well plates
coated with Matrigel (Corning, Corning, NY, USA). The BMMSCs
were provided by Kaneka (Tokyo, Japan), and the manufacturing
process of BMMSCs was as follows. Human bone marrow was pur-
chased from AllCells (Emeryville, CA, USA); 50 mL of bone marrow
was diluted 4-fold with minimum essential medium a (MEM a) (Life
Technologies, Carlsbad, CA, USA) supplemented with 10% fetal
bovine serum (FBS; Cytiva, Tokyo, Japan) and 1% antibiotic-antimy-
cotic (Thermo Fisher Scientific). The culture-containing bone
marrow solution was cultured using CellStack (Corning). The culture
medium was changed every 3–4 days, and BMMSCs were collected
and cryopreserved after 2 weeks of incubation. BMMSCs were
cultured in MSCGM (Lonza, Basel, Switzerland) at 37�C in 98% hu-
midity and 5% CO2.

Induction of iNCCs from iPSCs

The differentiation method for hiPSC-derived iMSCs was applied as
described previously.27 Briefly, as pre-induction, hiPSCs were
cultured in an mTESR1 medium (STEMCELL Technologies, Van-
Molecular The
couver, BC, Canada) in cell culture plates coated with growth fac-
tor-reduced Matrigel (Corning) for a few days. Post preincubation,
hiPSCs were differentiated into iNCCs by replacing the mTESR1 me-
dium with a chemically defined medium (CDM)95 supplemented
with 10 mM SB431542 (Sigma-Aldrich, St. Louis, MO, USA) and
1 mM CHIR99021 (Fujifilm Wako, Osaka, Japan). CDM contained
Iscove’s modified Dulbecco’s medium/Ham’s F-12 1:1, 1� chemically
defined lipid concentrate (Gibco, Grand Island, NY, USA), 15 mg/mL
apo-transferrin (Sigma-Aldrich), 450 mM monothioglycerol (Sigma-
Aldrich), 5 mg/mL purified BSA (99% purified by crystallization,
Sigma-Aldrich), 7 mg/mL insulin (Fujifilm Wako), and penicillin/
streptomycin (Invitrogen, Carlsbad, CA, USA). Differentiated hiPSCs
were subsequently sorted for CD271 (BioLegend, San Diego, CA,
USA) (iNCCs). iNCCs were maintained in CDM supplemented
with SB431542, 20 ng/mL epidermal growth factor (EGF) (R&D Sys-
tems, Minneapolis, MN, USA), and 20 ng/mL FGF2 (Fujifilm
Wako).96

Induction of iMSCs from iNCCs

iNCCs were seeded in cell culture plates coated with fibronectin
(Millipore Sigma, Bedford, CA, USA) in CDM supplemented with
10 mM SB431542 and 1 mM CHIR99021. The day before passage,
the medium was replaced with MSC induction MEM (Nacalai
Tesque, Tokyo, Japan) supplemented with 10% FBS (Nichirei, Tokyo,
Japan).97 The next day, iMSCs were passaged on cell culture dishes
using an iMSC induction medium. The cells were induced for
7 days and then passaged. The cells were cultured with mesenchymal
stem cell growth medium (MSCGM) (Lonza) and then used as exper-
imental iMSCs.

Surface and intracellular antigen analysis of iPSCs, iNCCs, and

iMSCs

Cell surface antigens for BMMSCs and iMSCs were analyzed using
flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) as
described previously.98 Approximately 1.5� 105 cells were incubated
with the following conjugated monoclonal antibodies: TRA-1-60/
BUV395 (BD Biosciences), TRA-1-81/Alexa Fluor 674, CD271/fluo-
rescein isothiocyanate (FITC), CD90-phycoerythrin (PE)/Cy7,
CD105-allophycocyanin (APC), CD73-BV421, CD11b-PE, CD14-
PE, CD19-PE, CD34-PE, CD79a-PE, CD45-PE, CD142-PE, and
HLA-DR-PE (BioLegend). Nonspecific fluorescence was determined
using isotype-matched mouse monoclonal antibodies (BioLegend).
Data were analyzed by collecting 10,000 events on a BD FACSAria us-
ing FlowJo 8.8.4 software (BD Biosciences). Intracellular antigens for
iPSCs and iMSCs were analyzed using immunohistochemistry. Cells
were plated on 24-well plates, fixed with 4% paraformaldehyde, and
blocked with 2% FBS-0.2% Triton X-100 in phosphate-buffered saline
(PBS) for 1 h at room temperature. After blocking, the cells were incu-
bated with anti-Oct3/4 antibody (1:100, Santa Cruz Biotechnology,
Dallas, TX, USA) overnight at 4�C and then incubated with Alexa
Fluor 568-conjugated anti-mouse immunoglobulin G (IgG; Thermo
Fisher Scientific) as secondary antibody at room temperature for 1
h. Fluorescent signals were imaged using an inverted microscope
(IX83; Olympus, Tokyo, Japan).
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Mesenchymal differentiation of BMMSCs and iMSCs

Differentiation of MSCs into osteocytes, chondrocytes, and adipo-
cytes was carried out using an MSC osteogenic differentiation
medium, chondrogenic differentiation medium (Takara-bio, Shiga,
Japan), and the StemPro Adipogenesis Differentiation Kit (Thermo
Fisher Scientific), respectively, according to the manufacturer’s
instructions.

Cytokine array analysis of BMMSCs and iMSCs

BMMSCs and iMSCs were incubated in MSC medium with or
without 10 ng/mL of TNF-a for 2 days, and the culture medium
was collected for cytokine array analysis. The relative expression of
cytokines and chemokines in the culture medium was quantified us-
ing Proteome Profiler Array (Human Cytokine Array, Panel A; R&D
Systems), as described previously.99 To achieve maximum assay
sensitivity, the blots were incubated overnight with plasma. Enhanced
chemiluminescence incubation was performed for 5 min using the
Super Signal West Femto Chemiluminescence Kit (Thermo Scientific
Pierce), and the samples were imaged and analyzed using the Image
Quant LAS 4000 coupled with Image Quant TL software (GE Health-
care, Chicago, IL, USA) and ImageJ software (NIH, Bethesda,
MD, USA).

Karyotyping analysis

All karyotyping analyses were performed by Chromocenter (Tottori,
Japan).

tMCAO model

All experimental procedures were performed according to guidelines
approved by the Nippon Medical School Animal Ethics Committee.
Male Sprague-Dawley rats (8 weeks, 250–300 g) were purchased
from Sankyo Labo Service (Tokyo, Japan). Rats were fasted overnight
before and after surgery and had free access to tap water. Anesthesia
was initially induced with 5% isoflurane and then maintained with
1.5% isoflurane in a mixture of 70% N2O and 30% O2 under sponta-
neous breathing. A polyethylene PE-50 catheter (BD Biosciences) was
inserted into the tail artery to monitor the arterial blood gas condi-
tion, blood glucose, and mean arterial blood pressure. The levels
were measured immediately before, during, and after ischemia. Rats
were subjected to 90-min tMCAO using an intraluminal suture tech-
nique.100 Briefly, the left common, internal carotid, and external ca-
rotid arteries were carefully exposed through a midline incision.
The common and external carotid arteries were double ligated using
4-0 silk sutures. Focal cerebral ischemia was induced by insertion of
4-0 Medium tMCAO Suture L56 Reusable PK10 (Doccol, Sharon,
MA, USA) through the left internal carotid artery for 90 min, which
caused reperfusion upon withdrawal. Temporal muscle temperature
was maintained at 37�C ± 0.5�C during the procedure.

Intravenous transplantation of MSCs

A PE-50 catheter was inserted into the tail vein during ischemia.
BMMSCs (passage number 4), iMSCs (passage number 1), or vehicle
(1 mL of PBS) were injected intravenously through the catheter
immediately after I/R. Cell concentration was 1 � 106 cells in 1 mL
344 Molecular Therapy: Methods & Clinical Development Vol. 30 Septe
of PBS. Cell doses were determined as described previously,18,19

and the dosing rate was 0.1 mL/min. No immunosuppressive drugs
were used.

Measurement of infarct volumes

To measure infarct volumes, rats were decapitated 3 days after
tMCAO (n = 5 for each group). The brains were cut into 2-mm-
thick coronal sections and stained with TTC (Fujifilm Wako). The
infarct areas were determined separately using ImageJ software
(NIH). The infarct area was calculated by subtracting the area of
the non-infarcted portion of the ischemic side of the brain from the
area of the non-ischemic side of the brain.101 The infarct areas of
each slice were summed separately and multiplied by the interval
thickness to obtain infarct volumes.101

Behavioral tests

Neurological symptoms were assessed 3, 7, 14, 28, and 56 days after
tMCAO by an observer blinded to the study protocol (n = 8 for
each group). Hemiparesis and abnormal posture were evaluated using
a previously described scoring system.102 The right hindlimb of each
rat was gently extended with round-tipped forceps, and the flexor
response was scored as normal (0), slight deficit (1) moderate deficit
(2), or severe deficit (3). For posture assessment, rats were suspended
by the tail, and forelimb flexion and body twisting were scored as
normal (0), slight twisting (1), marked twisting (2), or marked
twisting and forelimb flexion (3). The rotarod test was performed us-
ing a rotarod device (model 7750; Ugo Basile, Gemonio, Italy) to
examine locomotor coordination ability. The rotation speed of the
rod was started at 4 rpm and accelerated to 40 rpm over 5 min
with an increase in speed every 30 s. The average reading (in seconds)
of three successive trials was obtained for each rat. Preoperative rats
that fell repeatedly were placed back onto the rod until they could bal-
ance for 150 s. Forelimb grip strength was determined using a grip
strength meter (Chatillon DFIS 10; Ametek, Berwyn, PA, USA).
The average reading (in newtons) of three successive trials was ob-
tained for each rat. The spontaneous alternation test using the
Y-maze apparatus (Muromachi Kikai, Tokyo, Japan) was used to
examine spatial working memory.103,104 Briefly, rats were placed in
the start arm and allowed to habituate to the maze environment for
15 min. After 1 h, the rats were placed again in the start arm and al-
lowed to explore the maze freely for 8min. The number of entries into
the arms was counted by an observer blind to the treatment condi-
tions. The percentage of spontaneous alternations was calculated as
the ratio of the number of alternations to the total number of arm
entries.

Immunohistochemistry

Rats were deeply anesthetized and transcardially perfused with hepa-
rinized saline followed by 4% paraformaldehyde in PBS 3 days after
tMCAO (n = 5 for each group). The brains were removed rapidly,
and coronal cryosections (12 mm) were cut. The sample sections
were incubated with 10% goat serum (Thermo Fisher Scientific) in
PBS to block nonspecific reactions, followed by overnight incubation
at 4�C with rabbit polyclonal antibodies against Iba-1 (1:125, Fujifilm
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Wako), rabbit polyclonal antibody against TNF-a (1:100, Abbiotec,
Escondido, CA, USA), mouse monoclonal antibody against 4-HNE
(1:250, Japan Institute for the Control of Aging [JaICA], Shizuoka,
Japan), and mouse monoclonal antibody against 8-OHdG (1:250,
JaICA). Next, the sections were processed with biotinylated goat
anti-polyvalent antibody (Thermo Fisher Scientific) at room temper-
ature for 1 h, followed by avidin-biotin-peroxidase complex (Vector
Laboratories, Newark, CA, USA) for 30 min. The labeled secondary
antibodies were visualized using diaminobenzidine (Vector Labora-
tories). The protocols for fluorescent staining were as follows. The
brain sections were treated with 0.2% Triton X-100 (Sigma-
Aldrich) in blocking solution (1:9, UKB80; KAC, Kyoto, Japan), fol-
lowed by a rabbit polyclonal antibody against TNF-a (1:250; Abcam,
Cambridge, UK), a mouse monoclonal antibody against OX42
(CD11b and CD11c) (1:250, Abcam), a mouse monoclonal antibody
against GFAP (GA5, 1:250; Cell Signaling Technology, Danvers, MA,
USA), a mouse monoclonal antibody against NeuN (Millipore Sima),
and a mouse monoclonal antibody against RECA-1 (Abcam) and
incubated overnight. The sections were then treated with Alexa Fluor
430 goat anti-rabbit IgG (Molecular Probes, Eugene, OR, USA) or
Alexa Fluor 594 goat anti-mouse IgG (Molecular Probes) for 1 h at
room temperature under light shielding. The sections were then
encapsulated using Vibrance Antifade Mounting Medium with
DAPI (Vector Laboratories). To determine the effect of each treat-
ment on neuronal apoptosis and degeneration, the In Situ Apoptosis
Detection Kit (Takara) or FJC Ready-to-Dilute Staining Kit for Iden-
tifying Degenerating Neurons (Biosensis, Thebarton, SA, Australia)
commercial kits were used. TUNEL and FJC staining was performed
using these kits according to the manufacturer’s protocol. Immuno-
fluorescence images were obtained using an all-in-one fluorescence
microscope (BZ-X800; Keyence, Osaka, Japan), and otherwise using
an optical microscope (Eclipse E500W; Nikon, Tokyo, Japan). Five
randomly selected fields of the IBZ adjacent to the ischemic core
(0.5 mm2) were counted.

Enzyme-linked immunosorbent assay (ELISA)

Concentrations of IL-1b and IL-6 in brain tissue extracts from the
ischemic hemisphere were measured using the Rat IL-1b/IL-1F2
Quantikine ELISA Kit and Rat IL-6 Quantikine ELISA Kit (R&D Sys-
tems) according to the manufacturer’s instructions. Colorimetric
absorbance was recorded at a wavelength of 450 nm.

SOD activity assay

Total SOD activity in brain tissue extracts from the ischemic hemi-
sphere was measured using a commercial kit (Cayman Chemical,
Ann Arbor, MI, USA) with tetrazolium salt for detection of superox-
ide radicals generated by xanthine oxidase and hypoxanthine. Color-
imetric absorbance was measured at a wavelength of 450 nm.

Alu-based real-time PCR

The biodistribution and relative amount of engrafted MSCs were
determined using Alu-based real-time PCR 3 days after transplanta-
tion as described previously.105 Genomic DNAwas prepared from the
brain, spleen, lungs, liver, kidneys, and femora of MSC-transplanted
Molecular The
rats using the Dneasy Blood & Tissue Kit (QIAGEN, Hilden, Ger-
many). The human Alu-specific primers and TaqMan probe utilized
were 50-GGTGAAACCCCGTCTCTACT-30 (forward), 50-GGTTCA
AGCGATTCTCCTGC-30 (reverse), and 50-FAM-CGCCCGGCTAA
TTTTTGTAT-BHQ1-30 (probe). Real-time PCR for each sample
was performed in triplicate using the 7500 Fast Real-Time PCR Sys-
tem (Applied Biosystems, Foster City, CA, USA).

Statistical analysis

Data are represented as the mean ± SD or the median and interquar-
tile range (IQR). A one-way analysis of variance, followed by a post
hoc Tukey honest significant difference test, was used for compari-
sons of infarct volume, rotarod test riding time, forelimb grip
strength, Y-maze alternation rate, immunohistochemical cell counts,
and ELISA data. Additionally, to compare neurological scores, a
Kruskal-Wallis test was used. Differences were considered significant
at p < 0.05. SPSS software v.22 (SPSS, Chicago, IL, USA) was used for
all statistical analyses.
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