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Abstract

Background: This study tested whether two doses of human umbilical-derived mesenchymal stem cells (hUC-MSCs)
were superior to one dose for protecting the brain against intracranial hemorrhage (ICH) induced by intracranial injec-
tion collagenase and the capacity of ironic-magnetic-nanoparticles (I-MNa) coated hUC-MSCs tracked by MRI.

Methods and results: Adult male SD rats (n =40) were equally categorized into group 1 (sham-operated-control),
group 2 (ICH), group 3 [ICH + Ir-MNa-coated hUC-MSCs/1.2 x 10° cells with an extracorporeal magnet over rat head
(eCMag)/administered by left internal carotid artery (LICA) at post-3 h ICH], and group 4 (ICH + Ir-MNa-coated hUC-
MSCs/1.2 x 10° cells with an eCMag/administered post-3 h ICH by LICA and 24 h by IV) and euthanized by day 28.The
result showed that by day 28 after ICH induction the neurological function was severely impaired in group 2 than in
group 1 that was significantly improved in group 3 and further significantly improved in group 4, whereas ICH volume
exhibited an opposite pattern of neurological impairment among the groups (all p<0.0001). Brain MRI demonstrated
that by 4 h after ICH, I-MNa-coated hUC-MSCs were abundantly identified in ischemic area in group 4. The protein
expressions of inflammatory (TNF-a/MMP-9/1L-1(3/iNOS)/oxidative-stress (NOX-1/NOX-2/oxidized protein)/apoptotic
(caspase-3/mitochondrial Bax/PARP)/fibrotic (Smad3/TGF-R)/mitochondrial-damaged (cytosolic-cytochrome-C)
biomarkers displayed an identical pattern of neurological impairment among the groups (all p<0.0001). The cellular
expressions of inflammation (CD68+/CD11b+)/brain edema (AQP4+) biomarkers exhibited an identical pattern,
whereas the neuronal-myelin (Doublecortin4/NeuN/nestin) biomarkers displayed an opposite pattern of neurologi-
cal impairment (all p < 0.0001).

Conclusion: Two doses of hUC-MSCs were superior to just one dose for protecting the brain against ICH-induced
damage and Ir-MNa-coated hUC-MSCs offered a well adopted method for tracking hUC-MSCs homing into the brain.

Keywords: Intracranial hemorrhage, Mesenchymal stem cells, Brain infarct volume, Inflammatory reaction,
Neurological impairment
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atheroembolic stroke), hemorrhagic stroke usually results
from the rupture of a blood vessel or a vascular structural
abnormality [2]. Despite merely 13-20% of strokes belong
to hemorrhagic stroke [3], the mortality of hemorrhagic
stroke is much higher than that of atheroembolic stroke
[4]. There are two main types of hemorrhagic stroke:
cerebral [i.e., also called intracranial hemorrhage (ICH)]
and subarachnoid hemorrhage [5, 6]. Undoubtedly, once
severe neurologic sequelae develop after cerebrovascular
accident, the disability can cause huge social and family
economic burdens [7].

Current therapy for hemorrhagic stroke [8, 9] includes
medical and surgical management. Medical treatment
focuses on the maintenance of stability of airway, breath-
ing, circulation (i.e., control of appropriate systemic
blood pressure, intracranial pressure), central body
temperature and input/output balance, and prevention
of seizure disorder. On the other hand, the purpose of
emergent/urgent surgery is to reduce the associated com-
plications of hematoma [10, 11]. Unfortunately, despite
current standard method employed, disability is still
unacceptably high in hemorrhagic stroke survivors that
is serious enough to decrease their employability and
social activity [12]. Of importance is that not every victim
of hemorrhagic stroke is suitable for or beneficial from
surgical intervention in clinical practice [13], suggest-
ing the treatment of hemorrhagic stroke is unmet need.
Accordingly, to find a safe and effective way to salvage the
patients with severe ICH who are not candidates for neu-
rosurgery is utmost important to patients and physicians.

The pathophysiologic mechanistic basis of ICH caused
brain injury [14] are elicited by processes of apopto-
sis, tissue necrosis, complex innate immune cascade,
activated matrix metalloproteinases (MMP), vigor-
ous immune reaction, augmentation of reactive oxygen
species (ROS) generation and inflammatory reactions.
Accordingly, strategic management that to target against
the aforementioned molecular-cellular perturbations
may have therapeutic potential for attenuating the ICH-
induced neuron death and brain dysfunction and improv-
ing neurologic functional integrity.

Plentiful evidence has proved that mesenchymal stem
cells (MSCs) can suppress inflammatory reaction and
innate and adaptive immunity via ameliorating those of
immunogenicity and possess immunomodulatory activ-
ity [15, 16]. Additionally, MSCs have a powerful ability
for self-renewal by preserving their pluripotency and
regeneration of the tissue and organ [17, 18]. Studies have
previously further established that allogenic MSC treat-
ment is attractive, safe and promising for those patients
who suffered from autoimmune disorders [19-22]. A
review from Li et al. [23] showed that hUC-MSC ther-
apy is encouraged as a useful candidate for allogenic cell
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therapy for ischemic stroke with unique “immunomod-
ulation and immunoprivilege” characteristic, reposi-
tion/repairment of the injured neurons, upregulation
of endogenous neural cells, secretions of neurotrophic
mediators, initiation of vascularization and angiogenesis,
inhibition of apoptosis, and downregulation of inflamma-
tory response [24].

Surprisingly, when we reviewed the literature, we
found that almost all the preclinical and clinical stud-
ies just administered merely one dose rather than two
doses of the autologous or allogenic stem cells for treat-
ment of different disease entity. One of the main reasons
was to avoid the immune rejection. However, when the
treatment strategies of bacterial infection, diabetes mel-
litus, hypertension or even caners, etc., taken into con-
siderations, we find that continuous/multiple doses of
medications are always superior to single dosage for
controlling these disease entities. More surprisingly,
xenogeneic stem cell therapy is currently rarely reported.
These aforementioned issues raise the hypothesis that
one dose of the stem cell therapy some time may not be
enough for resolving the patient’s disease. Accordingly,
we proposed that (1) hUC-MSCs might be a therapeutic
option for those patients with severe hemorrhagic stroke
and unsuitable for surgical intervention; (2) two doses of
hUC-MSCs not only were safe as one-dose counterpart
but also more effective than one dose on protecting the
brain against ICH. To validate this hypothesis, we per-
formed an animal model of ICH study, followed by hUC-
MSC:s (i.e., xenogeneic MSCs) therapy.

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 Ani-
mal Use Protocol No. 2018082702) and performed in
accordance with the Guide for the Care and Use of Labo-
ratory Animals.

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

Procedure and protocol of ICH animal model induction

by type IV collagenase proteolytic enzyme (refer

to Additional file 1: Fig. S1)

Pathogen-free, adult male Sprague Dawley (SD) rats,
300-320 g (Charles River Technology, BioLASCO Tai-
wan Co. Ltd., Taiwan) were utilized in the present study.
The procedure and protocol were based on our recent
report [25]. In detail, the stereotactic apparatus was set
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up and animals were anesthetized by inhalational 2.0%
isoflurane, placed in a prone position on a warming pad
at 37 °C for acute ICH induction. To ensure the depth of
anesthesia, the rats were tested by the pinch. After loss
of consciousness, the rats were fixed on the stereotactic
frame using a nose clamp and two ear bars. After shav-
ing the fur, the superior surface of rat head was prepared
by sterile iodophor wipes as surgical field. A longitudi-
nal incision was made on the surface of head to expose
the bregma. Using the stereotactic apparatus, a left
point, 3 mm lateral to the bregma of the coronal suture,
was marked. A burr hole through the skull (1 mm) was
drilled at the marked point by a high-speed stereotaxic
drill. Then, 1.0 pL collagenase type IV (0.125 IU/mL) was
then carefully injected into corpus/dorsal striatum (5 mm
below the skull) by Hamilton syringe 26 G at a rate of
0.2 pL/min (coordinates: 0.2 mm anterior, 5.5 mm ven-
tral, and 3.5 mm lateral to bregma). The sham control
rats only received a needle insertion. The syringe was
removed slowly after the injection is completed and ster-
ile bone wax is used to plug the hole quickly. The skin on
the surface of head will be closed by using 4—0 monocryl.
The rats were removed from the stereotactic apparatus
and then allowed to recover in a warmed cage with free
access to food and water. The recovery period was about
30 min. Finally, the animals were cared for in a portable
animal intensive care unit (ThermoCare®) with food and
water for 24 h.

Assessment the homing of intracarotid administration

of Ir-MNa-coated hUC-MSCs in ICH area

To elucidate whether Ir-MNa-coated hUC-MSCs were
early homing into the ischemic and peri-ischemic areas,
intracranial injection of collagenase 1uL (0.125U/ml)
(Collagenase 1V, Sigma-Aldrich, catalog number: C5138)
was performed for induction of ICH. For this purpose,
the brain MRI was carried out early at 4 h after ICH
induction. To perform the brain MRI at this time point
was mainly due to the fact that a delayed time interval of
this examination would find large amount of blood accu-
mulated in the brain, resulting in rapid accumulation of
the iron in the ICH area (i.e., resulted from lysis of red
blood cells) that distorted the accurate interpretation of
Ir-MNa-coated hUC-MSCs homing to the brain (refer to
Fig. 1).

Animal grouping and the purpose of Ir-MNa utilized

in the present study

The study utilized the ironic magnetic nanoparticles (Ir-
MNa) coating on the surface of MSCs for cell tracking in
living body, i.e., the Ir-MNa served as a contrast agent for
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precise cell trafficking by MR molecular imaging to assess
the final fate of the stem cells.

The animals (#=40) were equally categorized into
group 1 (sham-operated control, i.e., SC), group 2 (ICH),
group 3 [ICH+Ir-MNa-coated hUC-MSCs (1.2 x 10°
cells) with an extracorporeal magnet over the rat head for
tracking the cell into the brain/administered by left inter-
nal carotid artery (LICA) at 3 h after ICH induction], and
group 4 (ICH+Ir-MNa-coated hUC-MSCs (1.2 x 10°
cells) also with an extracorporeal magnet over rat head
for each time of the cell administration/administered
by LICA at 3 h and at 24 h by tail vein with an identical
dosage). Animals in each group were euthanized by day
28 after ICH induction and the brain specimen was har-
vested from each animal for individual study.

Inclined plane test of hind limb muscle power

and coordination (refer to Additional file 1: Fig. S1)

To evaluate the muscle power and coordination of hind
limbs of the animals, an inclined plane test (i.e., to meas-
ure the muscle tone and stamina) was conducted as we
recently described [26]. In detail, during a 3-day period
of acclimatization in a temperature- and humidity-con-
trolled room with 12-h light-dark cycle and free access
to water and standard animal chow, the rats were gently
handled by laboratory personnel five times a day to let
them be accustomed to human manipulation. In the fol-
lowing three days of training, the animals were placed
on an inclined plane made of cardboard on which a
horizontal friction trip provided a foothold for the ani-
mal’s hind limbs as the inclination 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 estab-
lished between the claws of its hind limbs and the fric-
tion trip. After confirmation of correct body position in
the absence of anxious behavior and abnormally tense
muscle tone of the animal, the inclination angle was
slowly increased till the animal’s hind limbs lost grasp of
the friction trip and slid down the plane. The inclination
angle was then recorded. After performing the experi-
ment 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.

Corner turn test (refer to Additional file 1: Fig. S1)

The procedure and protocol were based on our recent
reports [27, 28]. Briefly, each rat was allowed to pro-
ceed into a 30-degree corner. To exit the corner, the rat
could turn either to the left or right. This procedure was
repeated 10-15 times, with at least 30 s between tri-
als, and the percentage of right turns was calculated.
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Fig. 1 The capacity of Ir-MNa coated in the hUC-MSCs during co-culture and identification of Ir-MNa by brain MRI at 4 h and 24 h after ICH
induction. A-D at time point of 4 h and E-H at time point of 24 h lllustrated the microscopic finding (200 x). Prussian Blue Stain for identifying the
expression of stepwise increased dosages of ironic magnetic nanoparticles (Ir-MNa)-coated in human umbilical cord-derived mesenchymal stem
cells (hUC-MSCs) (blue color). The result showed that the Prussian Blue Stain for Ir-MNa in hUC-MSCs demonstrated more stronger expression as
the concentration of Ir-MNa was increased. Additionally, the time point of 24 h was better than 4 h for Ir-MNa coating into the hUC-MSCs. Group

1 (G1)=hUC-MSCs coated with Ir-MNa (0 uM); group 2 (G2) =hUC-MSCs coated with I-MNa (50 uM); group 3 (G3) =hUC-MSCs coated with
I-MNa (75 pM); group 4 (G4) = hUC-MSCs coated with Ir-MNa (100 uM). I-L lllustrating the brain magnetic resonance imaging (MRI) finding (i.e.,
for tracking and visualizing cells by MRI) at 4 h after acute ICH induction. As compared with normal (I) and ICH (yellow dotted line) +hUC-MSCs
without Ir-MNa coating (J), the Ir-MNa coated hUC-MSCs (expressed as dark color area) without magnet over the rat head (K) was clearly identified
in ICH area (green dotted line). On the other hand, as compared with (K) picture, more spacious dark-color area (in red dotted line area) of Ir-MNa
coated hUC-MSCs with magnet over the rat head (L) were observed, suggesting that cells already homing in the hemorrhagic and ischemic regions
even at a short time interval (i.e, 4 h) after they were administered. ICH = intracranial hemorrhage; hUC-MSCs =human umbilical cord-derived

mesenchymal stem cells

Only turns involving full rearing along either wall were
included (i.e., ventral tucks or horizontal turns were
excluded). The rats were not picked up immediately after
each turn to prevent from developing an aversion for
their prepotent turning response.

Procedure and protocol of brain magnetic resonance
imaging (MRI) study for measuring the brain hemorrhagic
volume (BHV) (refer to Additional file 1: Fig. S1)

The procedure and protocol for brain MRI study were
based on our recent report [29]. In detail, the MRI was
performed at 16 h and day 28 after acute ICH induc-
tion. Briefly, during MRI measurements, rats were anes-
thetized by 3% inhalational isoflurane with room air and
were placed in an MRI-compatible holder (Biospec 94/20,
Bruker, Ettingen, Germany). Rectal temperature and

respiration were monitored throughout the procedure to
ensure normal physiological conditions were maintained.
MRI data were collected using a Varian 9.4T animal scan-
ner (Biospec 94/20, Bruker, Ettingen, Germany) with a
rat surface array. The MRI protocol was consisted of 40
T2-weighted images. Forty continuous slice locations
were imaged with a field-of-view of 30 mm x 30 mm,
an acquisition matrix dimension of 256 x 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, Image] (1.43i,
NIH, USA), was used to process the region of interest
(ROI). Planimetric measurement of images from MRI T2
was performed to calculate the stroke volumes of cortex.
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Western blot analysis

The procedure and protocol for Western blot analy-
sis were based on our recent reports [27-29]. Briefly,
equal amounts (50 pg) of protein extracts were
loaded and separated by SDS-PAGE using acryla-
mide gradients. After electrophoresis, the separated
proteins were transferred electrophoretically to a poly-
vinylidene difluoride membrane (GE, UK). Nonspe-
cific sites were blocked by incubation of the membrane
in blocking buffer [5% nonfat dry milk in T-TBS (TBS
containing 0.05% Tween 20)] overnight. The mem-
branes were incubated with the indicated primary
antibodies [Caspase 3 (1: 1000, Cell Signaling), Poly
(ADP-ribose) polymerase (PARP) (1: 1000, Cell Sign-
aling), mitochondrial Bax (1: 1000, Abcam), tumor
necrosis factor (TNF)-« (1: 1000, Cell Signaling), inter-
leukin (IL)-1f3 (1: 1000, Cell Signaling), inducible nitric
oxide synthase (iNOS) (1: 1000, Abcam), interleukin
(IL)-10 (1: 1000, Abcam), NOX-1 (1: 1500, Sigma),
NOX-2 (1: 750, Sigma), transforming growth factor
(TGF)-f3 (1: 3000, Abcam), phosphorylated (p)-Smad3
(1: 1000, Cell Signaling) and Actin (1: 1000, Millipore)]
for 1 h at room temperature. Horseradish peroxidase-
conjugated anti-rabbit immunoglobulin IgG (1: 2000,
Cell Signaling, Danvers, MA, USA) was used as a sec-
ondary antibody for one-hour incubation at room tem-
perature. The washing procedure was repeated eight
times within one hour. Immunoreactive bands were
visualized by enhanced chemiluminescence (ECL;
Amersham Biosciences, Amersham, UK) and exposed
to Biomax L film (Kodak, Rochester, NY, USA). For the
purpose of quantification, ECL signals were digitized
using Labwork software (UVP, Waltham, MA, USA).

Immunofluorescent (IF) staining of brain specimens

The procedure and protocol of IF staining were based
on our previous reports [27-29]. In detail, frozen sec-
tion (4 pm thick) was obtained from the brain hem-
orrhagic area/at risk area of each animal, permeated
with 0.5% Triton X-100, and incubated with antibod-
ies against NueN (1:100, Sigma-Aldrich), nestin (1:200,
Abcam), CD68 (1:500, Abcam) and CD11b (1:100,
Abcam) at 4 °C overnight. Alexa Fluor 488, Alexa Fluor
568, or Alexa Fluor 594-conjugated goat anti-mouse
or rabbit IgG was used to localize signals. Sections
were finally counterstained with DAPI and observed
with a fluorescent microscope equipped with epifluo-
rescence (Olympus IX-40). Three brain sections were
analyzed for each rat. For quantification, three ran-
domly selected high-power fields (HPFs; 400 x for IF
study) were analyzed in each section. The mean num-
ber of positively stained cells per HPF for each animal
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was then be determined by summation of all numbers
divided by 9.

Procedure and protocol of Prussian blue staining, flow
cytometry and ELISA

To verify the circulating level of Ly6G+, CD11b/c+or
myeloperoxidase (MPO) + cell populations, whole blood
cells were stained and performed to flow cytometric anal-
ysis (FC500, Beckman) by day 28 after ICH induction.
The 1.0 x 10° cells were stained with Ly6g-Alexa Fluor
488 (Abcam), CD11b/c-PE (BD bioscience) or MPO-PE
(Abcam) antibodies to detect cell surface markers.

In addition, to analyze circulatory levels of inflamma-
tory biomarkers, serum tumor necrosis factor (TNF)-a
and interleukin (IL)-6 concentration were assessed by
days 2 and 28 after ICH induction in duplicate with a
commercial ELISA kits (R&D Systems).

Furthermore, prior to sacrificing the animals (i.e., by
day 28 after ICH induction), the percentages of viable
and apoptotic peripheral blood mononuclear cells (PBM-
NCs) were determined by flow cytometry using double
staining with annexin V and propidium iodide (PI) which
is a simple and popular method for the identification
of apoptotic cells (i.e., early [annexin V+/PI—] and late
[annexin V+4/PI+] phases of apoptosis).

Finally, to investigate whether the Iron coated in the
hUC-MSCs [i.e., ironic-magnetic-nanoparticles (Ir-
MNa)- coated hUC-MSCs], the Iron Stain Kit (Prussian
Blue Stain) (Abcam, ab150674) was utilized in the pre-
sent. The procedure and protocol were according to the
manufactory instructor.

Statistical analysis

Quantitative data were expressed as mean =+ SD. Statisti-
cal analysis was adequately performed by ANOVA, fol-
lowed by Bonferroni multiple-comparison post hoc test.
SAS statistical software for Windows version 8.2 (SAS
Institute, Cary, NC, USA) was utilized. A P value less
than 0.05 was considered statistically significant.

Results

The capacity of I-MNa coated with the hUC-MSCs

during co-culture and identification of Ir-MNa by brain MRI
at 4 h after ICH induction (Fig. 1)

To create a reproducible method of Ir-MNa coating in
the MSCs to facilitate cell tracking in living body, we
first performed an in vitro study. Additionally, to test the
Whether stem cells could be coated by Ir-MNa, the opti-
mal administration time point and the suitable dose of
Ir-MNa, two-time intervals of co-cultures (i.e., at 4 h and
24 h) and Prussian Blue Stain were utilized. The result
of the in vitro study demonstrated that 24 h was better
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than 4 h for much greater amount of Ir-MNa coated in
the hUC-MSCs. Additionally, as for the dose of Ir-MNa
(i.e., stepwise increased from, 0, 50, 75 to 100 pM), we
found that the 100 uM Ir-MNa was much better than the
other lower dose counterparts for coating on the stem
cells. Thus, the dose of 100 uM Ir-MNa was utilized for
the in vivo study.

Next, we carefully examined the result of brain MRI
and identified that the Ir-MNa was clearly observed as
a dark color that appeared in the ICH and ischemia-risk
areas at a very early time point of 1 h after the cells were
administered, suggesting that Ir-MNa-coated hUC-MSCs
migrated into the damaged brain regions and was ready
for initiating the tissue repairmen and regeneration.
Additionally, an extracorporeal magnet over the rat head
could accelerate the cells into the brain injured zone.

The neurological function and the brain hemorrhagic
volume (BHV) (Figs. 2, 3)

To assess whether the hUC-MSCs treatment would
improve the neurological function and reduce the BHYV,
the corner test, inclined plane test and brain MRI were
performed. The inclined plane test (i.e., for determining
limb motor function) demonstrated that by day 0, this
parameter did not differ among the four groups. How-
ever, by day 3 after ICH induction, this parameter was
significantly lower in groups 2, 3 and 4 as compared with
the SC group (Fig. 2). Additionally, there was a trend of
statistical non-significant improvement of neurologi-
cal function in groups 3 and 4 as compared with group
2 (Fig. 2). By days 14 and 28 after ICH induction, this
parameter was highest in group 1, lowest in group 2, and
significantly higher in group 4 than in group 3, suggest-
ing that the consecutive administration of two doses of
hUC-MSCs might be better than one dose counterpart
for improving limb motor function after ICH (Fig. 2).

To further evaluate the recovery of neurological func-
tion, we utilized corner test (i.e., sensorimotor func-
tional test) in the present study. The result of corner test
again exhibited an opposite pattern of inclined plane test
among the four groups, once gain suggesting the con-
secutive administration of two doses of hUC-MSCs was
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better than one dose counterpart for improving neuro-
logical function after ICH (Fig. 2).

To examine the therapeutic effect of hUC-MSCs on
reduction of BHYV, the brain MRI was utilized in the pre-
sent study. As our expected, by 16 h after ICH, the BHV
was significantly increased in groups 2 to 4 than in group
1, but it showed no difference among the former three
groups (Fig. 3). However, by day 28 after ICH induction,
the BHV was lowest in group 1, highest in group 2 and
significantly higher in group 3 than in group 4, implicat-
ing two doses of hUC-MSCs therapy might be better than
the one dose counterpart for reducing the brain architec-
tural damage after ICH induction (Fig. 3).

The hUC-MSCs treatment effectively suppressed
inflammatory reaction and generation of oxidative stress
in brain by day 28 after ICH induction (Fig. 4)

The protein expressions of TNF-a, MMP-9, IL-1f3, and
iNOS, four indicators of inflammatory reaction, were
lowest in group 1, highest in group 2 and significantly
higher in group 3 than in group 4. Additionally, the pro-
tein expressions of NOX-1, NOX-2, and oxidized protein,
three indices of oxidative stress, displayed an identical
pattern of inflammation among the four groups. On the
other hand, the protein expression of IL-10, an indicator
of anti-inflammation, exhibited an opposite pattern of
inflammation among the groups.

The hUC-MSCs treatment effectively downregulated
apoptosis, fibrosis and generation of oxidative stress

as well as notably preserved the mitochondrial integrity

in brain by day 28 after ICH induction (Fig. 5)

As expected, the protein expressions of caspase-3, mito-
chondrial Bax and PARP, three indicators of apoptosis,
were lowest in group 1, highest in group 2 and signifi-
cantly higher in group 3 than in group 4. Additionally, the
protein expressions of TGF-f§ and Smad3, two indicators
of fibrosis, and cytosolic cytochrome C, an indicator of
mitochondrial damaged marker, exhibited an identical
pattern of apoptosis among the groups.

(See figure on next page.)

human umbilical cord-derived mesenchymal stem cells

Fig. 2 The time courses of neurological function assessment. A lllustrating the inclined plane test for determining limb motor function on days
0,3, 14 and 28 after acute ICH induction. B Statistical analysis by day 0, p>0.5. C Statistical analysis by day 3, *versus other groups with different
symbols (t, ), p<0.0001. D Statistical analysis by day 14, *versus other groups with different symbols (1, #, §), p <0.0001. E Statistical analysis by day
28, *versus other groups with different symbols (t, 4, §), p <0.0001. F lllustrating the corner test for determining limb motor function on days 0, 3,
14 and 28 after ICH procedure. G Statistical analysis by day 0, p>0.5. H Statistical analysis by day 3, *versus other groups with different symbols (t,
$), p<0.0001. I Statistical analysis by day 14, *versus other groups with different symbols (1, #, §), p <0.0001. J Statistical analysis by day 28, *versus
other groups with different symbols (t, %, §), p <0.0001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n= 10 for each group). Symbols [(*, t, %, §) indicate significance (at 0.05 level). IA=intra-carotid arterial administration;
IV intravenous (i.e,, tail vein) administration; SC= sham control; ICH = intracranial hemorrhage; Ir-MNa-hUC-MSC = Ironic Magnetic Nanoparticles/
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Fig. 4 The hUC-MSCs treatment effectively suppressed inflammatory reaction and generation of oxidative stress in brain by day 28 after ICH
induction. A Protein expression of tumor necrosis factor (TNF)-q, *versus other groups with different symbols (1, , §), p <0.0001. B Protein
expression of matrix metalloproteinase (MMP)-9, *versus other groups with different symbols (1, $, §), p<0.0001. C Protein expression of interleukin
(ID-18, *versus other groups with different symbols (1, #, §), p <0.0001. D Protein expression of inducible nitric oxide synthase (iNOS), *versus other
groups with different symbols (1, #, §), p <0.0001. E Protein expression of NOX-1, *versus other groups with different symbols (1, $, §), p <0.0001.

F Protein expression of NOX-2, *versus other groups with different symbols (1, $, §), p <0.0001. G The oxidized protein expression, *versus other
groups with different symbols (1, #, §), p <0.0001 (Note: the left and right lanes shown on the upper panel represent protein molecular weight
marker and control oxidized molecular protein standard, respectively). M.W.=molecular weight; DNP = 1-3 dinitrophenylhydrazone. H Protein
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0.05 level). IA=intra-carotid arterial administration; IV intravenous (i.e,, tail vein) administration; SC=sham control; ICH =intracranial hemorrhage;
I-MNa-hUC-MSC =ironic magnetic nanoparticles/human umbilical cord-derived mesenchymal stem cells

Cellular expressions of inflammation and neuronal
structure in brain hemorrhagic zone by day 28 after ICH
induction (Figs. 6, 7)

When we looked into the IF microscopic finding, we
found that the cellular expressions of CD68 and CD11b,
two indicators of inflammation in brain hemorrhagic
zone, were lowest in group 1, highest in group 2 and
significantly higher in group 3 than in group 4 (Fig. 6).
Additionally, positively stained NeuN cells, an indicator
of neurons, and positively stained Nestin, an indicator
of type VI intermediate filament of axon, exhibited an
opposite pattern of inflammation among the four groups
(Fig. 7).

Brain edema and neuronal precursor cell biomarkers

in brain hemorrhagic zone by day 28 after ICH induction
(Fig. 8)

The expression of positively stained doublecortin cells,
a microtubule-associated protein expressed by neu-
ronal precursor cells and immature neurons, was high-
est in group 1, lowest in group 2 and significantly higher
in group 4 than in group 3. Additionally, the expression
of positively stained AQP4 cells, an indicator of brain
edema, exhibited an opposite pattern of doublecortin
among the four groups.

Time courses of circulatory, inflammatory and apoptotic
biomarkers (Fig. 9)
The flow cytometric analysis demonstrated that the cir-
culatory levels of Ly6G+, MPO+and CD11b/c+cells,
three inflammatory biomarkers, were highest in group 2,
lowest in group 1 and significantly higher in group 3 than
in group 4, whereas the early (i.e., AN-V+/PI— cells) and
late (i.e., AN-V+/PI+ cells) apoptosis displayed an identi-
cal pattern of inflammatory biomarkers among the four
groups by day 28 after acute ICH procedure.
Furthermore, the ELISA examination demonstrated
that the circulatory levels of IL-6 and TNF-a, two indica-
tors of soluble proinflammatory cytokines, exhibited an
identical pattern of apoptosis by days 2 and 28 after ICH
induction.

Discussion

Our previous study has demonstrated that autologous
adipose-derived mesenchymal stem cells (ADMSCs)
[28] and xenogeneic ADMSCs [27] therapies effectively
reduced brain infarct size and improved the neurologi-
cal function in rat after acute IS. Of importance was that
there was no immunologic rejection [28] after xenoge-
neic ADMSC therapy. The most important finding in the
present study was that as compared with ICH animals,
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Fig. 5 The hUC-MSCs treatment effectively downregulated apoptosis, fibrosis and generation of oxidative stress in brain by day 28 after ICH
induction. A Protein expressions of caspase-3 (Csp3), *versus other groups with different symbols (t, 4, §), p <0.0001. B Protein expression of
mitochondrial (Mit)-Bax, *versus other groups with different symbols (1, #, §), p <0.0001. C Protein expression of cleaved poly [ADP-ribose]
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the BHV was significantly reduced in those of animals
after receiving the hUC-MSCs treatment. Additionally,
the neurological function was significantly impaired in
ICH animals than in those control subjects that were
substantially reversed in ICH group after receiving the
hUC-MSCs therapy. In this way, our findings were con-
sistent with findings of the previous studies [27, 28].
Interestingly, our previous study has identified that
two consecutive doses of allogenic ADMSCs were better
than that of merely one dose on attenuating brain death-
caused remote organ injury and acute heart-transplant
immune rejection [30]. Additionally, our study recently
illustrated that two consecutive doses of endothelial pro-
genitor cells were superior to just one dose at preserving
left ventricular function in setting of ischemia-reper-
fusion procedure in rodent [31]. Intriguingly, in a Con-
trolled Randomized Phase I/II Trial, Matas et al. also

demonstrated that repeated hUC-MSC dosing was supe-
rior to just a single hUC-MSC dose and to hyaluronic
acid for treatment of knee osteoarthritis [32].

In the present study, we also found that two consecu-
tive doses of xenogeneic hUC-MSCs were superior to
only one dose of this cell therapy for preserving the
integrity of brain architecture and neurologic function.
In this way, the results of the present study were com-
parable with the findings of our previous studies [30,
31].

Numerous studies have revealed that tissue/organ in
circumstances of ischemia and necrosis always drew forth
of large amount of inflammation and oxidative stress,
which in turn, stimulated cell stress signaling, resulting
in DNA/mitochondrial damage and cell apoptosis and
death [25-27, 30, 31, 33, 34]. An essential finding in the
present study was that the inflammation and circulation
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and oxidative stress biomarkers in the brain tissue were
found to be substantially increased, followed by remark-
ably increased in the apoptotic, fibrotic, DNA-damaged
and mitochondrial damage biomarkers in hemorrhagic
brain tissues. In this way, our findings, in addition to
corroborating with the findings of the previous studies
[25-27, 30, 31, 33, 34], could, at least in part, explain why

the BHV was markedly increased in ICH animals. Para-
mount importance was that these molecular-cellular per-
turbations were notably reversed by one dose and more
notably reversed by two consecutive doses of cell therapy.

Intriguingly, to successfully track the stem cells hom-
ing from circulation into kidney parenchyma using MRI
in acute kidney ischemia—reperfusion injury of living
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rodent has been reported by our recent study [35]. How-
ever, to the best of our knowledge, no tracking of stem
cell homing into the brain either from intra-arterial or
intravenous transfusion in living animals by brain MRI
was reported. Although one recent study [36] from Kang
et al. also demonstrated that delivery of iron oxide nan-
oparticle-coated in human embryonic stem cell-derived

spherical neural masses for treatment of ICH in rat could
be clearly identified in the brain tissue, the identification
of iron oxide nanoparticle-coated stem cells in the brain
was only by the histopathological examination rather
than by brain MRI in living animals. One interesting find-
ing in the present study was that the brain MRI exami-
nation could identified the Ir-MNa-coated hUC-MSCs in
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the ischemic area of living animals by 4 h after ICH, sug- stem cells into the ICH region for tissue/neuronal
gesting a rapid mobilization of stem cells from circulation  regenerations. This finding would provide an essential
into brain damage area could be, at least in part, due to  information for the future clinical practice for pur-
the effect of magnet over the rat head during cell therapy.  pose of more administered stem cell homing into the

Based on the results of the present study, we pro- patient’s organs/tissues, including the brain for tissue
posed that our findings contained several novelties. regeneration. Second, the study did not find any side
First, to put a magnet to the head might quickly attract  effect or immune rejection phenomenon (i.e., enough
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safety) in ICH rats, highlighting that xenogeneic MSCs
also have the property of immune privilege even for
two-dose strategic management, and therefore, sug-
gesting that allogenic MSCs therapy for the patients
could be safe. Third, we developed a novel method of
utilizing non-invasive brain MRI for living animals
could easily track the destination of transfused Ir-
MNa-coated hUC-MSCs in rat after ICH, suggesting
that this method could be utilized in our future daily
clinical practice. Fourth, two consecutive doses of cell
therapy were better than single dose counterpart for
improving the neurological function and preserving

the integrity of brain architecture, suggesting that two
doses of therapeutic regimen should be considered
for the clinical application for those patients who will
receive cell therapy. Finally, of importance was that
there was no tumorigenesis to be found by brain MRI
and histopathological study within a study period of
28 days.

Study limitation

Our study has limitations. First, the study period was
relative short (i.e., only 28 days) that could not pro-
vide information regarding the long-term impact of
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hUC-MSCs on neurological outcome regarding the pres-
ence or absence of tumorigenesis. Second, without step-
wise increase in dosage of hUC-MSCs, we did not know
which dosage of this cell therapy was optimal for ICH.
Third, although extensive works have been done by the
present study, the exactly underlying mechanism for UC-
MSCs treatment on protecting neurological outcomes in
rat after ICH is currently unclearly. Thus, we could only
be based on our findings to provide a schematically pro-
posed mechanism of hUC-MSCs treatment on protect-
ing the neurological function and brain architectural
integrity in rat after ICH (Fig. 10).

Conclusions

In conclusion, consecutive administration of two doses of
hUC-MSCs might be better than merely one dose coun-
terpart for protecting the brain and neurological func-
tion from ICH-induced damage. The Ir-MNa-coated
hUC-MSC:s can serve as a suitable tool for tracking hUC-
MSC:s to the destination.
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