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mesenchymal stem cell therapy effectively reduced 
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Abstract: We tested the hypothesis that human induced pluripotent stem cell-derived mesenchymal stem cell (iPSC-
MSC) therapy could effectively reduce brain-infarct volume (BIV) and improve neurological function in rat after acute 
intracranial hemorrhage (ICH) induced by a weight-drop device. Adult-male SD rats (n=40) were equally divided into 
group 1 (sham-operated control), group 2 (ICH), group 3 (ICH + hyaluronic acid (HA)/intracranial injection at 3 h 
after ICH), group 4 [ICH + HA + iPSC-MSC (1.2 × 106 cells/intracranial injection at 3 h after ICH)] and euthanized by 
day 28 after ICH procedure. In vitro study showed that hemorrhagic-brain tissue augmented protein expressions of 
inflammation (HMGB1/MyD88/TLR-4/TLR-2/NF-κB/TNF-α/iNOS/IL-1β) in cultured neurons that were significantly 
inhibited by iPSC-MSC treatment (all P<0.001). By days 7 and 14 after ICH procedure, circulating inflammatory lev-
els of TNF-α/IL-6/MPO expressed were lowest in group 1, highest in group 2 and significantly lower in group 4 than in 
group 3 (all P<0.0001). By day 14 after ICH procedure, neurological function and BIV expressed an opposite pattern, 
whereas protein expressions of inflammation (HMGB1/MyD88/TLR-4/TLR-2/NF-κB/I-kB/TNF-α/iNOS/IL-1β/MMP-
9), oxidative stress (NOX-1/NOX-2/oxidized protein) and apoptosis (mitochondrial-Bax/cleaved-caspase-2/PARP) in 
brain exhibited an identical pattern to circulating inflammation among the four groups (all P<0.001). Microscopy 
demonstrated that the number of vascular remodeling and GFAP+/53BP1+/γ-H2AX+ cells displayed an identical 
pattern of inflammation, whereas the NeuN+ cells displayed an opposite pattern of inflammation among the four 
groups (all P<0.001). In conclusion, iPSC-MSC therapy markedly reduced BIV and preserved neurological function 
mainly by inhibiting inflammatory/oxidative-stress generation.
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Introduction

Intracerebral hemorrhage (ICH) causes 10%-
20% of all strokes, has a mortality rate of app- 
roximately 40%, and results in higher morbidity 
compared to other subtypes of cerebral stroke 
[1]. Expansion of the hematoma resulting in 
brain edema/swelling, compression of cerebral 

tissues with midline shift of the cerebral hemi-
spheres, increased intracranial pressure, and 
brain stem herniation are the crucial contribu-
tors to morbidity and mortality in the acute 
stage. Although early surgical intervention can 
clear the expanding hematoma and ameliorate 
raised intracranial pressure, clinical outcomes 
following ICH have not significantly improved 
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over decades [2-5]. Accordingly, it is imperative 
that new, safe and efficacious treatments are 
sought. 

Abundant reports have revealed that brain 
damage resulted from ischemia, ICH and necro-
sis would often upregulate damage-associated 
molecular pattern (DAMP)-inflammatory signal-
ing, followed by neuroinflammation which is a 
key factor in instituting secondary brain cas-
cades characterized by glial activation, periph-
eral inflammatory cell infiltration, and secretion 
of inflammatory mediators [6-12]. Sustained 
and excessive inflammation can exacerbate 
brain edema, damage the blood-brain barrier 
(BBB), lead to secondary neuronal injury, and 
generate increasing oxidative stress and neuro-
logical impairment through the secretion of pro-
inflammatory mediators [6-11].

Plentiful data have shown that mesenchymal 
stem cell (MSC) therapy effectively improved 
ischemia-related organ dysfunction mainly th- 
rough their anti-inflammatory, immunomodula-
tory and tissue regenerative properties [13-17]. 
Interestingly, MSC therapy reportedly led to re- 
generation of damaged neurons and improved 
long-term outcomes after hemorrhagic stroke 
[18-21].  

Recently, the use of induced pluripotent stem 
cell derived mesenchymal stem cells (iPSC-
MSC) has emerged as an innovative option for 
regenerative medicine [22, 23] and as a thera-
peutic possibility for various disease entities 
[24-26]. Additionally, we have recently demon-
strated that iPSC-MSC therapy significantly pro-
tected kidney against ischemia-reperfusion in- 
jury in rat mainly through inhibiting inflamma-
tion and generation of oxidative stress as well 
as immunomodulation [27]. Two studies have 
demonstrated [28, 29] that transplantation of 
iPSC effectively protected neurological function 
in rat after ICH. However, a full investigation of 
the impact of iPSC-MSC on acute ICH has not 
been undertaken. Furthermore, engineered 
hyaluronic acid (HA) hydrogel-assisted stem cell 
transplantation has been shown by previous 
studies to promote stem cell differentiation and 
improve prognosis after acute ischemic stroke 
[30-32]. In the current study, we investigate the 
therapeutic potential of HA-assisted iPSC-MSC 
on acute ICH, focusing on its effects on brain 
infarct volume (BIV) and neurological outcome. 

Materials and methods  

Ethics 

All animal procedures were approved by the 
Institute of Animal Care and Use Committee at 
Kaohsiung Chang Gung Memorial Hospital 
(Affidavit of Approval of Animal Use Protocol No. 
2015093002) and performed in accordance 
with the Guide for the Care and Use of La- 
boratory Animals.

Animals were housed in an Association for 
Assessment and Accreditation of Laboratory 
Animal Care International (AAALAC; Frederick, 
MD, USA)-approved animal facility in our hospi-
tal with controlled temperature and light cycles 
(24°C and 12/12 light cycle).

Brain tissue extraction from healthy and ICH 
animals 

The procedure and protocol have been de- 
scribed in our previous report [12]. Six animals 
were used for the ICH procedure. Animals were 
euthanized 6 hours after ICH induction. The 
brain was first aseptically removed from each 
animal by an expert technician including the 
ICH zone (i.e., cortex region). The brain tissue 
(100 mg) was extracted, homogenized in 1.0 
mL PBS containing a protease inhibitor (539- 
134, Millipore) and vortexed. The crude extracts 
were pelleted by centrifugation (1380 RCF for 5 
minutes at 4°C) and the supernatants used 
immediately for subsequent experiments. Pro- 
tein assay dye (Bio-Rad, Hercules, California, 
USA) was used to quantify the brain extract 
concentration. Preparation of the brain tissue 
extracts in healthy rats was identical.

In vitro study to elucidate the underlying sig-
naling pathway of iPSC-MSC treatment for pro-
tecting neuron from ICH-induced damage and 
preserving neurological function 

To evaluate the effects of iPSC-MSC on reduc-
ing ICH-induced damage-associated molecular 
pattern (DAMP) inflammatory signaling, we us- 
ed the following five groups of neuron cells: (1) 
neuron cells (i.e., 3.0 × 105 NeuC co-cultured 
with the reagent), (2) NeuC + normal brain tis-
sue extracts (NBET) [i.e., neuron cells co-cul-
tured with healthy brain tissue extracts (1.0  
μg/mL) for 24 hours], (3) NeuC co-cultured wi- 
th brain hemorrhagic tissue-derived extracts 
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(HBET) (1.0 μg/mL) for 24 hours, (4) NeuC + 
NBET (1.0 μg/mL)] at the bottom of a Transwell 
and iPSC-MSC (1 × 105 cells) in the upper part 
of the Transwell (i.e., 6-well Transwell, Millipore), 
and (5) NeuN + BHET (1.0 μg/mL)] at the bottom 
of a Transwell and iPSC-MSC (1 × 105 cells) in 
the upper part of the Transwell (Millipore). The 
total cell lysates were harvested for Western 
blotting.

Neuron cells (i.e., the cell line) were bought 
from the manufacturer [i.e., PC12 purchased 
from BCRC (Bioresource Collection and Re- 
search Center, Taiwan)]. Four additional rats 
were utilized for healthy brain tissue extracts 
and hemorrhagic brain tissue-derived extracts. 

Animal grouping and study period 

Pathogen-free, adult male (i.e., 10-12 week old) 
Sprague-Dawley rats (n = 40) weighing 325-
350 g (Charles River Technology, BioLASCO, 
Taiwan) were randomly categorized into four 
groups: sham-operated control (SC) (i.e., group 
1), ICH (group 2), ICH + hyaluronic acid (HA=40 
μL) by intracranial injection 3 h after ICH (group 
3), ICH + HA + iPSC-MSC (1.2 × 106 cells mix 
with 20 μL culture medium and 20 μL of HA) by 
direct intracranial injection 3 h after ICH) (group 
4). All animals were euthanized by day 14 after 
ICH procedure.

The dosage of iPSC-MSCs in the present study 
was based on our previous studies [14, 16, 17]. 
Additionally, HA hydrogel was utilized in the 
present study to provide a scaffold for iPSC-
MSC transplantation, differentiation and sur-
vival as well as brain tissue repair by iPSC-
MSCs after ICH.

Four of the 10 animals in each group were uti-
lized for assessment of the brain infarct area. 
The remainder (i.e., n=6 in each group) were 
utilized for molecular-cellular investigations. 

ICH model using a weight-drop device in rat 

Marmarou weight-drop model was used for the 
rat model of ICH as previously described [33-
35]. Animals in the four groups were anesthe-
tized by inhalational 2.0% isoflurane, placed 
supine on a warming pad at 37°C and then 
transferred to the weight-drop unit. A 1.5 cm 
long midline scalp incision was used to expose 
the skull in each group of animals. The left fron-
tal region (3 mm posterior to the coronal suture, 

1.5 mm lateral to the midline) was selected as 
the impact region. A 200-g weight-drop device 
(a metal ball with 6 mm diameter) was released 
and dropped onto the left frontal bone from a 
2.5-cm height. With this method, an impact 
velocity of 6 m/second, and a dwell time of 150 
msec (moderately severe injury) at an angle of 
10° from the vertical plane produced an orth- 
ogonal impact with respect to the surface of 
the cortex. The scalp incision was then sutured. 
The sham group underwent the same proce-
dure without the impact brain injury. The ani-
mals recovered from anaesthesia in a portable 
animal intensive care unit (ThermoCare®) for 
24 hours.

Inclined plane test of hind limb muscle power 
and co-ordination 

To assess the muscle power and co-ordination 
of the hind limbs of the rats, an inclined plane 
test was adopted as previously described with 
slight modifications [36]. During a five-day peri-
od of acclimatization in a temperature- and 
humidity-controlled room with 12-hour light-
dark cycle and free access to water and stan-
dard animal chow, the rats were gently handled 
by laboratory personnel five times a day to let 
them accustom to human manipulation. In the 
following three days, the animals were placed 
on an inclined plane made of cardboard on 
which a horizontal friction strip provided a foot-
hold for the animal’s hind limbs as the inclina-
tion angle increased to prevent the animal from 
sliding down the slope. During the actual 
inclined plane test, each animal was placed on 
the inclined plane so that a secure foothold 
was established between the claws of its hind 
limbs and the friction strip. After confirmation 
of correct body position in the absence of anx-
ious behavior and abnormally tense muscle 
tone of the animal, the inclination angle was 
slowly increased until the animal’s hind limbs 
lost grasp of the friction strip and slid down the 
plane. The inclination angle was then recorded. 
After performing the experiment three times for 
each animal, the mean inclination angle was 
obtained by averaging the three recordings. 
The whole procedure was conducted by two 
independent technicians blinded to grouping of 
the animals.

Brain magnetic resonance imaging (MRI) ex-
amination 

The procedure and protocol for brain magnetic 
resonance imaging (MRI) has been described 
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in our previous study [37]. MRI was assessed 
at days 2, 7 and 14 after ICH induction. Briefly, 
for MRI, rats were anesthetized by 3% inhala-
tional isoflurane with room air and placed in an 
MRI-compatible holder (Biospec 94/20, Bruker, 
Ettingen, Germany). MRI data were collected 
using a Varian 9.4T animal scanner (Biospec 
94/20, Bruker, Ettingen, Germany) with a rat 
surface array. The MRI protocol consisted of 40 
T2-weighted images. Forty continuous slice 
locations were imaged with a field-of-view of 30 
mm × 30 mm, an acquisition matrix dimension 
of 256 × 256 and slice thickness of 0.5 mm. 
The repetition time (TR) and echo time (TE) for 
each fast spin-echo volume were 4200 ms and 
30 ms, respectively. Custom software, ImageJ 
(1.43i, NIH, USA), was used to process the 
region of interest (ROI). Planimetric measure-
ments of images from MRI T2 were performed 
to calculate stroke volumes. Four of 10 animals 
in each group were randomly selected for brain 
MRI examination.

Immunofluorescent (IF) staining 

The procedure and protocol for IF staining has 
been reported in our previous studies [14-17]. 
For IF staining, rehydrated paraffin sections 
were first treated with 3% H2O2 for 30 minutes 
and incubated with Immuno-Block reagent 
(BioSB, Santa Barbara, CA, USA) for 30 minutes 
at room temperature. Sections were then incu-
bated with primary antibodies specifically 
against CD31 (1:100, Bio-Rad), von Willebrand 
factor (vWF) (1:200, Merck Millipore), 53BP1 
(1:1000, Novus Biologicals), γ-H2AX (1:1000, 
Abcam), glial fibrillary acidic protein (GFAP) 
(1:500, Dako) and NeuN (1:100, Merck Milli- 
pore), while sections incubated with the use of 
irrelevant antibodies served as controls. Three 
sections of brain specimen from each rat were 
analyzed. For quantification, three random 
HPFs (200 × or 400 × for ICH and IF studies) 
were analyzed in each section. The mean num-
ber of positively-stained cells per HPF for each 
animal was then determined by summation of 
all numbers divided by 9.

Western blot analysis 

The procedure and protocol for Western blot 
analysis have been reported by our previous 
studies [14-17]. Briefly, equal amounts (50 mg) 
of protein extracts were loaded and separated 
by SDS-PAGE using acrylamide gradients. After 

electrophoresis, the separated proteins were 
transferred electrophoretically to a polyvinyli-
dene difluoride membrane (GE, UK). Nonspecific 
sites were blocked by incubation of the mem-
brane in blocking buffer [5% nonfat dry milk in 
T-TBS (TBS containing 0.05% Tween 20)] over-
night. The membranes were incubated with 
appropriate primary antibodies [cleaved cas-
pase 3 (1:1000, Cell Signaling), cleaved poly 
(ADP-ribose) polymerase (PARP) (1:1000, Cell 
Signaling), mitochondrial Bax (1:1000, Abcam), 
nuclear factor (NF)-κB (1:1000, Abcam), tumor 
necrosis factor (TNF)-α (1:1000, Cell Signaling), 
interleukin (IL)-1b (1:1000, Cell Signaling), 
inducible nitric oxide synthase (iNOS) (1:250, 
Abcam), matrix metalloproteinase (MMP)-9 
(1:1000, Abcam), NOX-1 (1:1500, Sigma), 
NOX-2 (1:750, Sigma), γ-H2AX (1:1000, Cell Si- 
gnaling), high-mobility group protein 1 (HMGB1) 
(1:1000, Cell Signaling), I-κB (1:1000, Abcam), 
myeloid differentiation primary response 88 
(MYD88) (1:1000, Abcam), toll-like receptor 
(TLR)-2 (1:1000, Abcam), TLR-4 (1:1000, 
Abcam) and Actin (1:1000, Millipore)] for 1 hour 
at room temperature. Horseradish peroxidase-
conjugated anti-rabbit immunoglobulin IgG 
(1:2000, Cell Signaling, Danvers, MA, USA) was 
used as a secondary antibody for one-hour 
incubation at room temperature. The washing 
procedure was repeated eight times within one 
hour. Immunoreactive bands were identified by 
enhanced chemiluminescence (ECL; Amersham 
Biosciences, Amersham, UK) and exposed to 
Biomax L film (Kodak, Rochester, NY, USA). For 
quantification, ECL signals were digitized using 
Labwork software (UVP, Waltham, MA, USA).

Assessment of oxidative stress 

The procedure and protocol for assessing pro-
tein expression of oxidative stress were report-
ed by our previous studies [14-17]. The Oxyblot 
Oxidized Protein Detection Kit was purchased 
from Chemicon, Billerica, MA, USA (S7150). 
DNPH derivatization was carried out on 6 μg of 
protein for 15 minutes according to the manu-
facturer’s instructions. One-dimensional elec-
trophoresis was carried out on 12% SDS/poly-
acrylamide gel after DNPH derivatization. Pro- 
teins were transferred to nitrocellulose mem-
branes which were then incubated in the pri-
mary antibody solution (anti-DNP 1:150) for 2 
hours, followed by incubation in secondary anti-
body solution (1:300) for 1 hour at room tem-
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perature. Immunoreactive bands were visual-
ized by enhanced chemiluminescence (ECL; 
Amersham Biosciences, Amersham, UK) which 
was then exposed to Biomax L film (Kodak, 
Rochester, NY, USA). For quantification, ECL sig-
nals were digitized using Labwork software 
(UVP, Waltham, MA, USA). For Oxyblot protein 
analysis, a standard control was loaded on 
each gel.

Measurement of arterial muscularization and 
dilatation in brain infarct zone 

Immunohistochemical staining of α-smooth 
muscle actin (Sigma) was performed to identify 
arterial muscularization as previously described 
[38]. Briefly, three sections of brain specimen 
from each rat were used and three randomly 
selected high-power fields (HPFs) (400 ×) were 
analyzed in each section. The mean number 
per HPF for each animal was then determined 
by summation of all numbers at each level 
divided by 9. Finally, the mean number of ves-
sels in the brain infarct zone was obtained by 
averaging the mean number of vessels at each 
level. Muscularization of the arterial medial 
layer in brain parenchyma was defined as a 
mean thickness of vessel wall greater than 
50% of the lumen diameter in a vessel of diam-
eter >30 µm, or if the medial layer increased 
more than 50% of the original medial layer. 
Additionally, vessel dilatation was defined when 
the vessel diameter in the brain infarct zone 
was greater than three times that of the normal 
vessel in healthy animals by HPFs.   

Statistical analysis 

Quantitative data were expressed as means ± 
SD. Statistical analysis was adequately per-
formed by ANOVA followed by Bonferroni multi-
ple comparison post hoc test. SAS statistical 
software for Windows version 8.2 (SAS insti-
tute, Cary, NC) was utilized. A probability value 
<0.05 was considered statistically significant.

Results

Time courses of brain MRI findings for identifi-
cation of hematoma volume (Figure 1)

By days 2, 7 and 14 after ICH induction, brain 
hematoma volume was significantly lower in SC 
(i.e., group 1) than in the other groups, signifi-
cantly higher in groups ICH (group 2) and ICH-

HA (group 3) than in ICH-HA-iPSC-MSC (group 
4), but it showed no difference between groups 
2 and 3. 

Time courses of neurological function and 
brain hematoma area (Figure 2)

By days 1 and 7 after acute ICH procedure, the 
inclined plane test for determining limb motor 
function demonstrated that this parameter was 
significantly higher in group 1 than in the other 
groups but not different among groups 2 to 4. 
Additionally, by day 14 after ICH procedure, this 
parameter was significantly higher in group 1 
than in other groups, significantly higher in 
group 4 than in groups 2 and 3, but not differ-
ent between the latter two groups.

By day 14, the brain hematoma area (i.e., iden-
tified by H.E. staining and calculated by sum-
mations of five whole brain cross sections in 
each animal) showed an identical pattern of 
brain infarct volume by MRI among the four 
groups. Importantly, no tumorigenesis was evi-
dent on brain MRI or histopathology (by H.E. 
stain) in iPSC-MSC treated animals.  

iPSC-MSC downregulated the DAMP-signaling 
inflammatory pathway in neurons (Figure 3)

In vitro study demonstrated that the protein 
expression of HMGB1, an indicator of DAMP, 
was significantly increased NeuN + BHET than in 
other groups, significantly higher in NeuN + 
BHET + iPSC-MSC than in NeuN, NeuN + NBET 
and NeuN + NBET + iPSC-MSC, but they showed 
no difference among the latter three groups. 
Additionally, the protein expressions of TLR-2 
and TLR-4, two indicators of inflammation that 
indicate the down-stream signaling pathway of 
HMGB1, exhibited an identical pattern to 
HMGB1 among the five groups. Furthermore, 
the protein expressions of MyD88 and I-κB/
NF-κB, three inflammatory biomarkers that act 
in the down-stream signaling pathway of TLR-2/
TLR-4, also exhibited an identical pattern to 
HMGB1 among the five groups. Finally, the pro-
tein expressions of TNF-α, iNOS, IL-1β and 
MMP-9, four indicators of inflammation and the 
translated products (by the nuclear system) 
resultant from DAMP stimulation, displayed an 
identical pattern to NF-κB among the five 
groups.
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Figure 1. Time courses of brain magnetic resonance imaging (MRI). A-D. Illustrating brain MRI by day 2 after ICH induction (white color). E. Analysis of brain hema-
toma volume, * vs. other groups with different symbols (†, ‡), P<0.0001. F-I. Illustrating brain MRI by day 7 after acute ICH induction (white color). J. Analysis of 
brain hematoma volume, * vs. other groups with different symbols (†, ‡), P<0.0001. K-N. Illustrating brain MRI by day 14 after acute ICH induction (white color). O. 
Analysis of brain hematoma volume, * vs. other groups with different symbols (†, ‡), P<0.0001. All statistical analyses were performed by one-way ANOVA, followed 
by Bonferroni multiple comparison post hoc test (n=4 for each group). Symbols (*, †, ‡) indicate significance (at 0.05 level). SC = sham control; HA = hyaluronic acid; 
ICH = intracranial hemorrhage; iPSC-MSC = human induced pluripotent stem cell-derived mesenchymal stem cell. 
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Serial changes of circulatory levels of inflam-
matory biomarkers (Figure 4)

By day 0, circulating levels of TNF-α, IL-6 and 
myeloperoxidase (MPO), three indicators of in- 
flammation, did not differ among the four gr- 
oups. However, by days 1, 3, 7, and 14 after ICH 
induction, these parameters were highest in 
group 2, lowest in group 1 and significantly 
lower in group 4 than in group 3.

Protein expressions of DAMP-inflammatory sig-
naling pathway in brain tissue by day 14 after 
ICH procedure (Figure 5)

As expected, protein expressions of HMGB1, 
TLR-2, TLR-4, MyD88, I-κB, NF-κB, six indica-
tors of inflammation, were significantly lowest 
in group 1, highest in group 2 and significantly 
lower in group 4 than in group 3. Additionally, 
protein expressions of IL-1β, MMP-9, TNF-α, 
iNOS, another four indicators of inflammation, 

displayed an identical pattern to HMGB1 
among the four groups. 

The protein expressions of oxidative stress and 
apoptosis in brain tissue, and the numbers of 
arterial muscularization/dilatation, and endo-
thelial cell markers in brain hematoma zone by 
day 14 after ICH procedure (Figure 6)

The protein expressions of mitochondrial Bax, 
cleaved caspase 3 and cleaved PARP, three 
indices of apoptosis, were highest in group 2, 
lowest in group 1, and significantly higher in 
group 3 than in group 4. Additionally, the pro-
tein expressions of NOX-1, NOX-2 and oxidized 
protein, three indicators of oxidative stress, 
revealed an identical pattern to apoptosis. 

The number of arterial muscularizations, an 
indicator of arterial remodeling, was significant-
ly higher in group 2 than in other groups, signifi-
cantly higher in group 3 than in groups 1 and 4, 

Figure 2. Brain hematoma area (BHA) at day 14 and serial changes of inclined plane test for assessment of limb 
motor function after ICH. A-D. Illustrating the H.E stain (100 ×) of whole brain cross section for identification of BHA 
(the yellow dotted line indicates the boundary of BHA) by day 3 after ICH procedure (n=4). E. Statistical analysis 
of summated (five cross section in each animal) BHA, * vs. other groups with different symbols (†, ‡), P<0.0001. 
F. Illustrating the inclined plane test for determining limb motor function among days 0, 7 and 14 after acute ICH 
procedure. G. Statistical analysis by day 0, P=1. H. Statistical analysis by day 1, * vs. †P<0.0001. I. Statistical 
analysis by day 7, * vs. †P<0.0001. J. Statistical analysis by day 14, * vs. other groups with different symbols (†, 
‡), P<0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison 
post hoc test (n=10 for inclined plane test in each group). Symbols (*, †, ‡) indicate significance (at 0.05 level). SC 
= sham control; ICH = intracranial hemorrhage; HA = hyaluronic acid; iPSC-MSC = human induced pluripotent stem 
cell-derived mesenchymal stem cell.
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and significantly higher in group 4 than in group 
1. Additionally, the number of arterial dilata-
tions (relative to the reference of arterial diam-
eter of the SC), another indicator of arterial 
remodeling, exhibited an identical pattern to 
arterial muscularizations among the four gr- 
oups.

Furthermore, IF microscopy demonstrated that 
the number of positively stained CD31/vWF 
cells in vessels, an endothelial cell surface 

marker, also exhibited an identical pattern to 
arterial dilatations, suggesting that this finding 
correlated with the result of arterial dilatation.

Expressions of glial cells and NeuN cells in 
brain tissue by day 14 after ICH procedure 
(Figure 7)

The cellular expression of positively stained 
GFAP, an indicator of inflammation in brain 
parenchyma, was highest in group 2, lowest in 

Figure 3. iPSC-MSC suppressed the DAMP-signaling inflammatory pathway in neuron cell line. A. Protein expression 
of high-mobility group protein 1 (HMGB1), * vs. other groups with different symbols (†, ‡), P<0.0001. B. Protein 
expression of toll-like receptor (TLR)-2, * vs. other groups with different symbols (†, ‡), P<0.0001. C. Protein ex-
pression of TLR-4, * vs. other groups with different symbols (†, ‡), P<0.0001. D. Protein expressions of myeloid 
differentiation primary response 88 (MyD88), * vs. other groups with different symbols (†, ‡), P<0.0001. E. Protein 
expression of I-κB, * vs. other groups with different symbols (†, ‡), P<0.0001. F. Protein expression of nuclear factor 
(NF)-κB, * vs. other groups with different symbols (†, ‡), P<0.0001. G. Protein expression of tumor necrosis factor 
(TNF-α), * vs. other groups with different symbols (†, ‡), P<0.0001. H. Protein expression of inducible nitric oxide 
synthase (iNOS), * vs. other groups with different symbols (†, ‡), P<0.0001. I. Protein expression of interleukin 
(IL)-1β, * vs. other groups with different symbols (†, ‡), P<0.001. J. Protein expression of matrix metalloproteinase 
(MMP)-9, * vs. other groups with different symbols (†, ‡), P<0.0001. All statistical analyses were performed by 
one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n=4 for each group). Symbols (*, †, ‡) 
indicate significance (at 0.05 level). NeuN = neuron cell line treated by reagent; NBEX = indicated NeuN treated by 
normal brain tissue extracts (NBEX); HBEX = hemorrhagic brain tissue-derived extracts; iPSC-MSC = induced pluripo-
tent stem cell-derived mesenchymal stem cell.  
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Figure 4. Time courses of circulatory levels of inflammatory biomarkers prior to and after acute ICH. A. By day 0, 
analytical result of circulating level of tumor necrosis factor (TNF)-α, P>0.5. B. By day 0, analytical result of circu-
lating level of interleukin (IL)-6, P>0.5. C. By day 0, analytical result of circulating level of myeloperoxidase (MPO), 
P>0.5. D. By day 1, analytical result of circulating level of TNF-α, * vs. other groups with different symbols (†, ‡), 
P<0.0001. E. By day 1, analytical result of circulating level of IL-6, * vs. other groups with different symbols (†, ‡), 
P<0.0001. F. By day 1, analytical result of circulating level of MPO, * vs. †, P<0.0001. G. By day 3, analytical result 
of circulating level of TNF-α, * vs. other groups with different symbols (†, ‡, §), P<0.0001. H. By day 3, analytical 
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result of circulating level of IL-6, * vs. other groups with different symbols (†, ‡, §), P<0.0001. I. By day 3, analytical 
result of circulating level of MPO, * vs. other groups with different symbols (†, ‡, §), P<0.0001. J. By day 7, analyti-
cal result of circulating level of TNF-α, * vs. other groups with different symbols (†, ‡, §), P<0.0001. K. By day 7, 
analytical result of circulating level of IL-6, * vs. other groups with different symbols (†, ‡, §), P<0.0001. L. By day 7, 
analytical result of circulating level of MPO, * vs. other groups with different symbols (†, ‡, §), P<0.0001. M. By day 
14, analytical result of circulating level of TNF-α, * vs. other groups with different symbols (†, ‡, §), P<0.0001. N. By 
day 14, analytical result of circulating level of IL-6, * vs. other groups with different symbols (†, ‡, §), P<0.0001. O. 
By day 14, analytical result of circulating level of MPO, * vs. other groups with different symbols (†, ‡, §), 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 (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated control; ICH 
= intracranial hemorrhage; HA = hyaluronic acid; ICH = intracranial hemorrhage; iPSC-MSC = induced pluripotent 
stem cell-derived mesenchymal stem cell.

Figure 5. Protein expressions of DAMP-inflammatory signaling pathway in brain tissue by day 14 after ICH proce-
dure. A. Protein expression of high-mobility group protein 1 (HMGB1), * vs. other groups with different symbols (†, ‡, 
§), P<0.0001. B. Protein expression of toll-like receptor (TLR)-2, * vs. other groups with different symbols (†, ‡, §), 
P<0.0001. C. Protein expression of TLR-4, * vs. other groups with different symbols (†, ‡, §), P<0.0001. D. Protein 
expressions of myeloid differentiation primary response 88 (MyD88), * vs. other groups with different symbols (†, 
‡, §), P<0.0001. E. Protein expression of I-κB, * vs. other groups with different symbols (†, ‡, §), P<0.0001. F. Pro-
tein expression of nuclear factor (NF)-κB, * vs. other groups with different symbols (†, ‡, §), P<0.0001. G. Protein 
expression of tumor necrosis factor (TNF-α), * vs. other groups with different symbols (†, ‡, §), P<0.0001. H. Protein 
expression of inducible nitric oxide synthase (iNOS), * vs. other groups with different symbols (†, ‡, §), P<0.0001. 
I. Protein expression of interleukin (IL)-1β, * vs. other groups with different symbols (†, ‡, §), P<0.0001. J. Protein 
expression of matrix metalloproteinase (MMP)-9, * vs. other groups with different symbols (†, ‡, §), 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 (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated control; ICH = 
intracranial hemorrhage; HA = hyaluronic acid; iPSC-MSC = induced pluripotent stem cell-derived mesenchymal 
stem cell.  
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group 1 and significantly lower in group 4 than 
in group 3. Additionally, the cellular expression 
of positively stained NeuN, an indicator of 
integrity of neurons, displayed an opposite pat-
tern to GFAP+ cells among the four groups.

Cellular expressions of DNA-damaged bio-
markers by day 14 after ICH procedure (Figure 
8)

The cellular expression of positively stained 
γ-H2AX, an indicator of single-strand DNA-da- 
maged biomarker, was highest in group 2, low-
est in group 1, and significantly lower in group 4 
than in group 3. Additionally, the cellular expres-
sion of positively stained 53BP1, an indicator 
of double-stranded DNA, displayed an identical 
pattern to γ-H2AX among the four groups.  

Discussion

This study investigated the therapeutic impact 
of human iPSC-MSC on ICH in rat and yielded 
several striking implications. First, no immune 
rejection or tumorigenesis was identified in this 
preclinical ICH study, suggesting that xenoge-
neic MSC therapy could be safe and has im- 
mune privilege. Second, brain infarct volume/
area was remarkably reduced and neurological 
function was significantly improved in the cur-
rent study, highlighting that this regimen may 
be a therapeutic option for ICH patients who 
prove refractory to conventional therapy.

Although preclinical studies [28, 29] have 
shown that iPSC significantly preserved neuro-

logical status in the setting of ICH, the issue of 
immune rejection has not previously been ade-
quately addressed. Furthermore, the therapeu-
tic impact of iPSC-MSC on ICH remains un- 
known. The most important finding in the pres-
ent study was that, compared with ICH only 
animals, brain infarct volume (measured by 
brain MRI) and brain infarct area (measured by 
histopathology) were substantially reduced in 
ICH animals after receiving iPSC-MSC therapy. 
Our findings, in addition to strengthening those 
of previous limited studies [28, 29], could 
explain why neurological function was better 
preserved in ICH animals with, than in ICH ani-
mals without, iPSC-MSC treatment. Of impor-
tance, neither brain MRI nor histopathology 
could identify tumorigenesis. Intriguingly, our 
recent study [16] showed that xenogeneic 
human umbilical cord-derived mesenchymal 
stem cell therapy did not cause immune rejec-
tion, but also protected the lung from acute 
respiratory distress syndrome complicated by 
sepsis in rat. In this way, our present findings, in 
addition to being comparable to those of our 
recent report [16], highlight that iPSC-MSC 
therapy could be considered as a last resort 
option for severe ICH patients who are refrac-
tory to current therapy.

An essential finding in the present study was 
that, as compared with SC group, the molecu-
lar-cellular levels of oxidative-stress, apoptosis, 
GFAP, inflammatory and DNA-damaged bio-
markers were remarkably increased in ICH ani-
mals. However, these molecular-cellular pertur-
bations were markedly suppressed in ICH ani-

Figure 6. The protein expressions of oxidative-stress and apoptotic biomarkers in brain tissue, and the numbers of 
arterial muscularization/dilatation and endothelial cell markers in brain hematoma zone by day 14 after ICH pro-
cedure. A. The protein expressions of mitochondrial (Mito) Bax, * vs. other groups with different symbols (†, ‡, §), 
P<0.0001. B. Protein expression of cleaved caspase 3 (c-Csp-3), * vs. other groups with different symbols (†, ‡, §), 
P<0.0001. C. Protein expression of cleaved Poly (ADP-ribose) polymerase (c-PARP), * vs. other groups with different 
symbols (†, ‡, §), P<0.0001. D. Protein expression of NOX-1, * vs. other groups with different symbols (†, ‡, §), 
P<0.0001. E. Protein expression of NOX-2, * vs. other groups with different symbols (†, ‡, §), P<0.0001. F. Oxidized 
protein expression, * vs. other groups with different symbols (†, ‡, §), P<0.0001. (Note: left and right lanes shown 
on the upper panel represent protein molecular weight marker and control oxidized molecular protein standard, re-
spectively). M.W = molecular weight; DNP = 1-3 dinitrophenylhydrazone. G-J. Illustrating microscopic finding (400 ×) 
of α-smooth muscle actin (α-SMA) staining for identification of arterial muscularization (red arrows) and arterial dila-
tation (yellow arrows). K. Analytical result of number of arterial muscularizations, * vs. other groups with different 
symbols (†, ‡, §), P<0.0001. L. Analytical result of number of arterial dilatations, * vs. other groups with different 
symbols (†, ‡, §), P<0.0001. M-P. Illustrating immunofluorescent (IF) microscopy (400 ×) for identification of posi-
tively stained CD31/von Willebrand factor (CD31/vWF+) cells in vessels, i.e., double stain of green-yellow color. Q. 
Analytical result of number of CD31/vWF+ cells, * vs. other groups with different symbols (†, ‡, §), P<0.001. Scale 
bars in the right lower corner represent 20 µm. All statistical analyses were performed by one-way ANOVA, followed 
by Bonferroni multiple comparison post hoc test (n=6 for each group). Symbols (*, †, ‡, §) indicate significance (at 
0.05 level). SC = sham-operated control; ICH = intracranial hemorrhage; HA = hyaluronic acid; iPSC-MSC = induced 
pluripotent stem cell-derived mesenchymal stem cell.
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mals by HA treatment and further markedly 
suppressed by HA + iPSC-MSC. Interestingly, 
previous studies have revealed that HA pos-
sesses anti-inflammatory properties and also 
acts as a scaffold for stem cell transplantation, 
improving prognosis after acute ischemic 
stroke [30-32]. In this way, our findings are 
comparable those of previous studies [30-32]. 
Of further interest in the present study was that 
arterial remodeling (i.e., muscularization and 

vessel dilatation) was markedly increased in 
ICH animals compared to SC, inhibited by HA, 
and further inhibited by HA + iPSC-MSC treat-
ment. This finding suggests that HA acted as a 
scaffold to occupy the infarcted empty space, 
resulting in less arterial remodeling in the 
infarct zone. 

The underlying mechanisms of stem cell thera-
py for improving ischemia-related organ dys-

Figure 7. Expressions of glial cells and NeuN cells in brain tissue by day 14 after ICH procedure. A-D. Illustrating 
immunofluorescent (IF) microscopy (400 ×) for identification of glial fibrillary acid protein (GFAP)+ cells (red color). 
E. Analytic result of number of GFAP+ cells, * vs. other groups with different symbols (†, ‡, §), P<0.0001. F-I. Il-
lustrating IF microscopy (400 ×) for identification of NeuN+ cells (pink color). J. Analytic result of number of GFAP+ 
cells, * vs. other groups with different symbols (†, ‡, §), P<0.0001. Scale bars in right lower corner represent 20 
µm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc 
test (n=6 for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated control; ICH 
= intracranial hemorrhage; HA = hyaluronic acid; iPSC-MSC = induced pluripotent stem cell-derived mesenchymal 
stem cell.
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function have been keenly investigated by pre-
vious studies [39, 40]; however, the exact me- 
chanisms remain controversial. Intriguingly, DA- 
MPs have been established to play an essential 
role that elicits the inflammatory reaction in 
response to tissue damage [41, 42]. DAMPs 
include endogenous intracellular molecules lib-
erated by activated or by necrotic cells and 
extracellular matrices [42]. DAMPs commence 

signaling cascades that activate TLRs and 
MyD88, and further activate the downstream 
signaling of I-κB, nuclear factor-κB and inter-
feron regulatory factors for transcription of 
interferon gene [42-44]. These factors stimu-
late the production of proinflammatory cyto-
kines in damaged organs [42-46] which, in turn, 
further damage the organs and worsen their 
functions. A principal finding of our in vitro study 

Figure 8. Cellular expressions of DNA-damaged biomarkers by day 14 after ICH procedure. A-D. Illustrating immuno-
fluorescent (IF) microscopy (400 ×) for identification of positively-stained γ-H2AX cells (pink color). E. Analytic result 
of number of γ-H2AX+ cells, * vs. other groups with different symbols (†, ‡, §), P<0.0001. F-I. Illustrating IF micros-
copy (400 ×) for identification of positively-stained 53BP1 cells (green color). J. Analytic result of number of 53BP1+ 
cells, * vs. other groups with different symbols (†, ‡, §), P<0.0001. Scale bars in right lower corner represent 20 
µm. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc 
test (n=6 for each group). Symbols (*, †, ‡, §) indicate significance (at 0.05 level). SC = sham-operated control; ICH 
= intracranial hemorrhage; HA = hyaluronic acid; iPSC-MSC = induced pluripotent stem cell-derived mesenchymal 
stem cell.
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was that the protein expressions of HMGB1 (an 
indicator of DAMPs), TLR-2/TLR-4 and MyD88 
were significantly increased in the neuron cell 
line-co-cultured with brain hemorrhagic tissue-
derived extracts. Interestingly, when we also 
looked at the downstream signaling of MyD88, 
we found that the protein expressions of I-κB, 
NF-κB, TNF-α, IL-β and iNOS were also signifi-
cantly increased in the neuron cell line with the 
same stimulating condition. However, these 
inflammatory molecular perturbations were sig-
nificantly suppressed by iPSC-MSC released 
components. A distinctive finding in the in vivo 
study was that the DAMP signaling pathway 
also existed identically in the damaged brain 
tissues and were also ameliorated by HA + 
iPSC-MSC treatment. Accordingly, the findings 
of our in vitro and in vivo studies were consis-
tent and provided novel explanations for the 
underlying mechanism of iPSC-MSC therapy 
when protecting brain tissue/neurons (i.e., 
NeuN cells) against ICH-induced injury. 

Study limitations

This study has limitations. First, although short-
term outcomes were promising, the long-term 
outcome of iPSC-MSC therapy in the setting of 
ICH remains uncertain due to the fact that the 
study period was relatively short (14 days). 
Second, although extensive work has been 
done in the present study, the underlying me- 
chanisms of iPSC-MSC therapy for improv- 
ing prognosis in rodent after ICH remain un- 
certain.

In conclusion, the results of the present stu- 
dy demonstrated that HA-scaffold-supported 
iPSC-MSC therapy reduced brain infarct vol-
ume and improved prognosis in rat after ICH 
mainly by inhibiting the DAMPs-signaling pa- 
thway. 
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