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Abstract

Intracranial hemorrhage from stroke and head trauma elicits a cascade of inflammatory and immune reactions detrimental
to neurological integrity and function at cellular and molecular levels. This study tested the hypothesis that human umbilical
cord—derived mesenchymal stem cell (HUCDMSC) therapy effectively protected the brain integrity and neurological
function in rat after acute traumatic brain injury (TBI). Adult male Sprague-Dawley rats (n = 30) were equally divided into
group | (sham-operated control), group 2 (TBI), and group 3 [TBI + HUCDMSC (1.2 x 10° cells/intravenous injection at 3
h after TBI)] and euthanized by day 28 after TBI procedure. The results of corner test and inclined plane test showed the
neurological function was significantly progressively improved from days 3, 7, 14, and 28 in groups | and 3 than in group 2,
and group | than in group 3 (all P < 0.001). By day 28, brain magnetic resonance imaging brain ischemic volume was sig-
nificantly increased in group 2 than in group 3 (P < 0.001). The protein expressions of apoptosis [mitochondrial-bax positive
cells (Bax)/cleaved-caspase3/cleaved-poly(adenosine diphosphate (ADP)-ribose) polymerase], fibrosis (Smad3 positive cells
(Smad3)/transforming growth factor-f§), oxidative stress (NADPH Oxidase | (NOX-1)/NADPH Oxidase 2 (NOX-2)/
oxidized-protein/cytochrome b-245 alpha chain (p22phox)), and brain-edema/deoxyribonucleic acid (DNA)-damaged
biomarkers (Aquaporin-4/gamma H2A histone family member X ( (y-H2AX)) displayed an identical pattern to neurological
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function among the three groups (all P < 0.0001), whereas the protein expressions of angiogenesis biomarkers (vascular
endothelial growth factor/stromal cell-derived factor-1a/C-X-C chemokine receptor type 4 (CXCR4)) significantly
increased from groups | to 3 (all P < 0.0001). The cellular expressions of inflammatory biomarkers (cluster of differentiation
14 (4) cells (CD14+)/glial fibrillary acidic protein positive cells (GFAP+-)/ a member of a new family of EGF-TM7 molecules
positive cells (F4/80+)) and DNA-damaged parameter (y-H2AX) exhibited an identical pattern, whereas cellular expres-
sions of neural integrity (hexaribonucleotide Binding Protein-3 positive cells (NeuN+-)/nestin+/doublecortin+) exhibited
an opposite pattern of neurological function among the three groups (all P < 0.0001). Xenogeneic HUCDMSC therapy was
safe and it significantly preserved neurological function and brain architecture in rat after TBI.
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Introduction

Strokes are classified into two major categories: ischemic
and hemorrhagic. Different from ischemic stroke which is
caused by interruption of blood supply to brain parenchyma,
hemorrhagic stroke (HS) usually results from the rupture of a
blood vessel or a vascular structural abnormality'. Only
about 13% to 20% of HS are due to hypertension of trau-
matic brain injury (TBI)®>. However, HS mortality is much
higher than brain infarcts, with an estimated death rate of
26% to 30%°. Once severe neurological sequelae develop
after cerebrovascular accident, the disability can cause huge
social and familial economic burdens®. Current therapy for
HS’ includes medical and surgical management. However,
not every victim of HS is suitable for or can benefit from
surgical intervention in clinical practice. Unfortunately,
despite current standard method employed, it is estimated
that more than 75% of stroke survivors suffered from dis-
ability, leading to decrease in their physical, mental, emo-
tional, or a combination of these three essential elements.
Their employability is also affected by more obvious neuro-
logical impairment®. Accordingly, finding a safe and effec-
tive way to salvage patients with intracranial hemorrhage
(ICH) due to severe acute HS/TBI who are not candidate for
neurosurgery is of utmost importance to patients and
physicians.

The consequences of ICH’ include hematoma expan-
sion, hydrocephalus, cerebral edema, and ischemia.
Besides, the pathophysiologic mechanisms of HS-induced
brain damage’ are mediated by apoptosis, necrosis, com-
plement cascade and matrix metalloproteinases (MMP)
activation, generation of reactive oxygen species (ROS),
inflammatory reactions, inflammatory cell infiltration, and
diverse expressions of molecular and cellular mediators.
Accordingly, strategies that target against the inflammatory
reaction, the generation and propagation of overwhelming
immune responses, ROS, and oxidative stress, as well as
molecular—cellular perturbations may have therapeutic
potential for reducing HS-induced neuron death and brain
dysfunction and improving neurological functional recov-
ery. Additionally, strategies that elicit tissue/neuron regen-
erations (i.e., through intrinsic and extrinsic pathways)

would be of paramount importance for improving the neu-
rological function and outcome after ICH.

Abundant data have shown that mesenchymal stem cells
(MSCs) can inhibit inflammation and both innate and adap-
tive immunity through downregulating immunogenicity;
they possess immunomodulatory function®® as well as have
a great capacity for self-renewal by maintaining their multi-
potency and tissue regeneration'®!'!'. A review from Li
et al.'? demonstrated that human umbilical cord—derived
MSC (HUCDMSC) therapy is advised to be an important
candidate for allogenic cell treatment for ischemic stroke
with unique “immunosuppressive and immunoprivilege”
property. The potential therapeutic mechanisms comprise
replacement of damaged neural cells, promotion of endogen-
ous neural cells, secretion of neurotrophic factors, induction
of vascularization and angiogenesis, reduction of apoptosis,
and prevention of inflammatory effect'>. However, the
majority of MSC sources for TBI are derived from autolo-
gous or allogenic tissues which, therefore, cannot answer
how reliable the immune privilege of the MSCs is'*!>. Addi-
tionally, genetic manipulation of the MSC prior to implanta-
tion has frequently used in reported studies thus raising
another serious issue of tumorigenesis formation'*'>. These
aforementioned issues show that xenogeneic source of
HUCDMSC therapy for animals after TBI may provide
stronger evidence to answer the above two concerns. How-
ever, a previous such study is only limited'®. Importantly,
the underlying mechanism of HUCDMSC therapy for
improving the neurological function in animals after TBI has
not been clearly investigated by the study'®.

Interestingly, our recent studies'”*'® have further demon-
strated that not only was HUCDMSC therapy safe but it also
effectively reduced brain infarct volume and preserved neu-
rological function in rat after acute ischemic stroke as well as
protected the heart against postheart transplant acute rejec-
tion in rodent. Accordingly, this study tested the hypothesis
that HUCDMSC therapy effectively protected the brain
integrity and neurological function in rat after TBI, espe-
cially focusing on investigation of the underlying mechan-
ism involved in improvement of neurological function and
presence or absence of tumorigeneses after HUCDMSC
therapy. This result will encourage the use of HUCDMSC
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for those patients with severe HS and who are unsuitable for
surgical intervention.

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. 2018102601) and performed in accordance
with the Guide for the Care and Use of Laboratory Animals.

Animals were housed in an animal facility in our hospital
approved by the Association for Assessment and Accredita-
tion of Laboratory Animal Care International (Frederick,
MD, USA), with free access to water and standard animal
chow and temperature controlled at 24 C and 12-h light—dark
cycles.

Traumatic Brain Injury Model by a Weight-Drop
Device in Rat

Marmarou’s weight-drop model was adopted for the rat
model of TBI to induce ICH as previously described'® 2!,
In detail, animals in the three groups were anesthetized
by inhalational 2.0% isoflurane (Rhodia Organique Fine
Ltd., Bristol, UK.), placed supine on a warming pad (Rio-
goo, USA) 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
frontal 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/s and a dwell time of 150
ms (moderately severe injury) at an angle of 10° from
the vertical plane produced an orthogonal impact with
respect to the surface of the cortex. The scalp incision
was then sutured. The sham group underwent the same
procedure without the impact brain injury. The animals
recovered from anesthesia in a portable animal intensive
care unit (ThermoCare®, Daisy Products LLC, Paso
Robles, CA, USA) for 24 h.

Although this method has been validated by previous
studies'®!, we still performed a pilot study to prove how
consistent the brain injuries are from animal to animal. The
results showed that the TBI with Marmarou’s weight-drop
model was quite comparable in the three animals (refer to
supplemental Fig. 1). Accordingly, this method was confi-
dently utilized in the present study.

Animal Grouping and Study Period

Pathogen-free, adult male (i.e., 10- to 12-wk old) Sprague-
Dawley rats (n = 30) weighing 325 to 350 g (Charles River
Technology, BioLASCO, Taipei, Taiwan) were randomly

categorized into three groups: sham-operated control (SC;
group 1), TBI (group 2 + 3.0 cc culture medium), and TBI
+ HUCDMSC (1.2 x 10° cells by intravenous injection at 3
h after TBI; group 3). All animals were euthanized by day 28
after TBI procedure.

Our previous studies'”'® have found that intravenous
administration of 1.2 x 10° adipose-derived mesenchymal
stem cells (ADMSCs) was the suitable/optimal dose for
effective protection of ischemia-related organ dysfunction.
Based on the validation of this regimen, the dosage of
HUCDMSC in the present study was, therefore, based on
our previous studies'"'®. Four of the 10 animals in each
group were utilized for assessment of the immunofluorescent
(IF) staining. The remainder (i.e., » = 6 in each group) were
utilized for western blotting.

Isolation and Characterization of HUCDMSCs

The procedures of isolation and culture were based on our
previous report®®. Briefly, the HUCDMSCs were provided
by BIONET Corp. (Taipei City, Taiwan). The umbilical
cords were collected, cut into small pieces, washed with
phosphate-buffered saline (PBS) ( Merck, USA), and then
any contaminating blood and blood vessels removed. The
small pieces were cultured in minimum essential medium
eagle-alpha modification (alpha-MEM) (GIBCO, Grand
Island, NY, USA) supplemented with 5% UltraGROTM
(AventaCell, USA) and antibiotics (penicillin/streptomy-
cin/amphotericin (PSA) antibiotics, GIBCO, Grand Island,
NY, USA) to expand HUCDMSCs. Cells were replenished
with fresh medium every 3 to 4 d at 37°C in a humidified
atmosphere containing 5% CO,. Umbilical cord MSCs were
characterized by surface markers for flow cytometric analy-
sis: cluster of differentiation (CD)13, CD14, CD29, CD31,
CD34, CD44, CD45, CD73, CD90, human leukocyte
antigen—-DR isotype (HLA-DR), and CD105 (BD Pharmin-
gen, San Diego, CA, USA). Additionally, umbilical cord
MSCs possessed the differentiation probabilities of adipo-
genesis, osteogenesis, and chondrogenesis.

Brain Magnetic Resonance Imaging (MRI)
Examination or Brain Hematomal/Brain Ischemic
Volume (BIV)

The procedure and protocol for brain MRI have been
described in our previous study®>. MRI was assessed on day
28 after TBI induction. Briefly, for MRI, rats were anesthe-
tized by 3% inhalational isoflurane with room air and placed
in an MRI-compatible holder (Biospec 94/20, Bruker, Ettin-
gen, Germany). MRI data were collected using a Varian 9.4T
animal scanner (Biospec 94/20, Bruker) 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 X 30 mm, an acquisition matrix
dimension of 256 x 256, and slice thickness of 0.5 mm. The
repetition time and echo time for each fast spin-echo volume
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were 4,200 and 30 ms, respectively. Custom software, Ima-
geJ (1.43i, NIH, Bethesda, MD, USA), was used to process
the region of interest. Planimetric measurements 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.

Corner Test for Assessment of Neurological Function

The sensorimotor functional test (Corner test; i.e., for detec-
tion of unilateral abnormalities of sensory and motor func-
tions after stroke) was conducted for each rat at baseline and
on days 3, 7, 14, and 28 after acute ischemic stroke (IS)
induction as we previously described®***. Briefly, the rat
was allowed to walk through a tunnel and then into a 60°
corner. To exit the corner, the rat could turn either left or
right. The results were recorded by a technician who was
blind to the study design and treatment strategy. This test
was repeated 10 to 15 times with at least 30 s between each
trial. We recorded the number of right and left turns from 10
successful trials for each animal and used the results for
statistical analysis.

Inclined Plane Test of Hind Limb Muscle Power and
Coordination

To assess the muscle power and coordination of hind
limbs of the rats, an inclined plane test (i.e., a measure
of muscle tone and stamina) was adopted as previously
described with slight modifications®®. In detail, during a
5-d period of acclimatization in a temperature- and
humidity-controlled 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 following 3 d of training, the animals were placed on
an inclined plane made of cardboard on which a horizon-
tal friction trip provided a foothold for the animal’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 established
between the claws of its hind limbs and the friction 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 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. The quantitative data were
expressed as means + SD. Intra-assay variability based
on repeated measurement of the same animals was low

with a mean coefficient of variance of 3.2% study
subjects.

Western Blot Analysis

The procedure and protocol for western blot analysis have
been described in our previous studies'"'®**-* In detail,
equal amounts (50 pg) of protein extracts were separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis
(SDS-PAGE). After electrophoresis, the separated proteins
were transferred onto a polyvinylidene difluoride mem-
brane (Amersham Biosciences, Amersham, UK). Nonspe-
cific sites were blocked by incubation of the membrane in
blocking buffer (5% nonfat dry milk in TBS containing
0.05% Tween 20) at room temperature for 1 h. Then the
membranes were incubated with the indicated primary anti-
bodies [endothelial nitric oxide synthase (1:1,000, Abcam,
Cambridge, MA, USA), CD31 (1:1,000, Abcam), vascular
endothelial growth factor (VEGF; 1:1,000, Abcam), stro-
mal cell-derived factor (SDF)-1a (1:1,000, Cell Signaling,
Danvers, MA, USA), cleaved caspase 3 (1:1,000, Cell Sig-
naling), cleaved-poly(adenosine diphosphate (ADP)-
ribose) polymerase (PARP; 1:1,000, Cell Signaling), B-cell
lymphoma (Bcl)-2 (1:1,000, Abcam), MMP-9 (1:3,000,
Abcam), mitochondrial bax positive cells (Bax) (1:1,000,
Abcam), Smad3 positive cells (Smad3) (1:1,000, Cell Sig-
naling), Smadl/5 (1:1,000, Cell Signaling), hypoxia-
induced factor-1a (1:750, Abcam), and actin (1:10,000,
Chemicon, Billerica, MA, USA)] for 1 h at room tempera-
ture. Horseradish peroxidase-conjugated antirabbit immu-
noglobulin G (IgG; 1:2,000, Cell Signaling) was used as a
secondary antibody for 1-h incubation at room temperature.
After washing, immunoreactive membranes were visua-
lized by enhanced chemiluminescence (ECL; Amersham
Biosciences) and exposed to Biomax L film (Kodak,
Rochester, NY, USA). For quantification, ECL signals
were digitized using Labwork software (UVP, Waltham,
MA, USA).

Immunofluorescent Staining

The procedure and protocol of IF staining were based on our
previous reports'*'®2*2% In detail, for IF staining, rehy-
drated paraffin (GIBCO, Grand Island, NY, USA) sections
were first treated with 3% H,0, (GIBCO, Grand Island, NY,
USA) for 10 min and incubated with Immuno-Block reagent
(BioSB, Santa Barbara, CA, USA) for 30 min at room tem-
perature. Sections were then incubated with primary antibo-
dies specifically against gamma H2A histone family
member X (y-H2AX) (1:500, Abcam), VEGF (1:400,
Abcam), and von Willebrand Factor (1:200, Merck Milli-
pore, Taipei, Taiwan). Sections incubated with the use of
irrelevant antibodies served as controls. Three sections of
brain specimen from each rat were analyzed. For quantifica-
tion, three randomly selected high power fields (HPFs)
(200x or 400x for immunohistochemistry (IHC) and IF
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Fig. 1. The time courses of neurological function after TBI. (A) The mortality rate did not differ among the three groups, P > 0.1. (B)
lllustrating the inclined plane test for determining limb motor function on days 0, 3, 7, 14, and 28 after acute TBI procedure. (C) Statistical
analysis by day 0, P = |. Statistical analysis by day 3 (*) vs. other groups with different symbols (T, 1), P < 0.001. Statistical analysis by day 7 (¥)
vs. other groups with different symbols (f, ), P < 0.001. Statistical analysis by day 14 (*) vs. other groups with different symbols (f, 1), P <
0.001. Statistical analysis by day 28 (*) vs. other groups with different symbols (f, 1), P < 0.001. (D) lllustrating the corner test for determining
limb motor function on days 0, 3, 7, 14, and 28 after TBI procedure. (E) Statistical analysis by day 0, P > 0.5. Statistical analysis by day 3 (¥) vs.
other groups with different symbols (f, 1), P < 0.001. Statistical analysis by day 7 (*) vs. other groups with different symbols (1, 1), P < 0.001.
Statistical analysis by day 14 (¥) vs. other groups with different symbols (T, 1), P < 0.001. Statistical analysis by day 28 (*) vs. other groups with
different symbols (7, 1), P < 0.001. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple comparison
post hoc test (n = 10 for each group). Symbols (¥, 1, 1) indicate significance (at 0.05 level). ANOVA: analysis of variance; HUCDMSC: human
umbilical cord—derived mesenchymal stem cell; SC: sham control; TBI: traumatic brain injury.

studies) were analyzed in each section. The mean number of  Institute, Cary, NC, USA) was utilized. A probability value
positive-stained cells per HPF for each animal was then = <0.05 was considered statistically significant.
determined by summation of all numbers divided by 9.

Results
Statistical Analysis The Time Courses of Neurological Function After TBI
Quantitative data were expressed as means + SD. Statistical We first evaluated the mortality rate among the three groups
analysis was adequately performed by analysis of variance, during the study period and the result showed that the mortality

followed by Bonferroni multiple comparison post hoc test. rate did not differ among the three groups, that is, 0% (0/10) in
SAS statistical software for Windows version 8.2 (SAS group 1 versus 16.7% (2/12) in group 2 and 0% (0/10) in group
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Fig. 2. Brain MRI findings and protein inflammatory biomarkers at day 28 after TBI induction. (A, B) lllustrating the brain MRI findings for
identification of brain ischemic region (whitish color). The yellow dotted lines indicated the brain ischemic region. A-1 to A-4 indicated serial
coronal sections of MRI findings in one TBI animal. B-| to B-4 indicated serial coronal sections of MRI findings in one TBI animal treated by
HUCDMSC:s. (C) Analytical result of ratio of left brain ischemic volume (BIV) to left hemispheric brain volume by day 28 after TBI procedure
(n = 4 for each group), * vs. {, P < 0.001. (D) Analytical result of ratio of left BIV to whole brain volume by day 28 after TBI procedure (n = 4
for each group), * vs. 1, P < 0.001. (E) Analytical result of ratio of left brain volume to right brain volume by day 28 after TBI procedure (n =4
for each group), * vs. T, P < 0.001. (F) Protein expression of high-mobility group protein | (HMG-I; *) vs. other groups with different symbols
(f, 1), P<0.001. (G) Protein expression of toll-like receptor (TLR)-4 (*) vs. other groups with different symbols (f, ), P < 0.001. (H) Protein
expression of interleukin (IL)-1f (¥) vs. other groups with different symbols (}, 1), P < 0.001. (I) Protein expression of induced nitric oxide
synthase (iNOS; *) vs. other groups with different symbols (, 1), P < 0.001. All statistical analyses were performed by one-way ANOVA,
followed by Bonferroni multiple comparison post hoc test (n = 4 or 6 for each group). Symbols (¥, T, 1) indicate significance (at 0.05 level).
ANOVA: analysis of variance; HUCDMSC: human umbilical cord—derived mesenchymal stem cell; MRI: magnetic resonance imaging; SC:
sham control; TBI: traumatic brain injury; vol: volume.

3 (P>0.1; Fig. 1A). Due to 2 rats were dead by day 10 after the Next, the inclined plane test for determining limb motor
procedure, 12 rats were used in group 2. For the purpose of 10 function was performed for each rat at baseline and on days
animals were required in each group for the complete follow- 3,7, 14, and 28 after TBI induction (Fig. 1B, supplemental

up of neurological functional test at the study period. Accord-  Table 2). On day 0, this parameter did not differ among the
ingly, totally 12 animals were utilized in group 2. three groups (Fig. 1C). However, by days 3, 7, 14, and 28, this
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Fig. 4. Protein expressions of apoptotic, fibrotic, and antifibrotic biomarkers by day 28 after TBI. (A) Protein expression of mitochondrial
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0.0001. (E) Protein expression of transforming growth factor (TGF)-f (*) vs. other groups with different symbols (}, 1), P < 0.0001. (F)
Protein expression of Smad|/5 (*) vs. other groups with different symbols (f, 1), P < 0.0001. (G) Protein expression of bone morphogenetic
protein (BMP-2; *) vs. other groups with different symbols (, 1), P < 0.0001. All statistical analyses were performed by one-way ANOVA,
followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (¥, 1, 1) indicate significance (at 0.05 level). ADP:
denosine diphosphate; ANOVA: analysis of variance; Bax: BCL2-associated X protein; DNP: |,3-dinitrophenylhydrazone; HUCDMSC:
human umbilical cord—derived mesenchymal stem cell; SC: sham control; Smad: Smad3 positive cells; TBI: traumatic brain injury.

parameter was significantly lower in group 2 than in groups 1
and 3, and significantly lower in group 3 than in group 1
(Fig. 1C).

Further, the sensorimotor functional test (Corner test)
was performed for each rat at baseline and on days 3, 7,
14, and 28 after TBI induction (Fig. 1D). By day 0, the
neurological function did not differ among the three groups
(Fig. 1E). However, the Corner test indicated the attain-
ment of a steady state of neurological functional impair-
ment from days 3 to 28 following TBI procedure among
groups 2 and 3 as compared with group 1 (Fig. 1E). A
significant improvement in neurological function was
found in group 3 as compared with group 2 by days 3, 7,
14, and 28 after TBI induction (Fig. 1E).

Measurement of BIV by Brain MRI and Protein
Inflammatory Biomarkers on Day 28 After TBI
Induction

To assess BIV, the brain MRI was performed for groups 2

and 3 by day 28 after TBI (Fig. 2: Al to A4, Bl to B4).
As expected, by day 28, the BIV was significantly

increased in group 2 than in group 3 (Fig. 2C-E), sug-
gesting early administration of xenogeneic HUCDMSC to
rodent was safe and also effectively protected the brain
against TBI. Of importance was that no tumorigenesis
was detected by brain MRI.

To clarify whether TBI would elicit prompt responses
of inflammatory reaction, the western blot was examined.
The results showed that the protein expressions of high
mobility group box 1 protein (HMGB1)(Fig. 2F), toll-like
receptor-4 (Fig. 2G), interleukin-1p (Fig. 2H), and
induced nitric oxide synthase (Fig. 2I), four indices of
inflammatory biomarkers, were significantly increased
in group 2 than in group 1, while significantly reduced
in group 3, implicating that HUCDMSC therapy would
notably suppress the inflammatory signaling.

Protein Expressions of Oxidative Stress and
Mitochondrial Damage by Day 28 After TBI

To elucidate the protein level of oxidative stress, western blot-
ting was conducted in the present study. As expected, the pro-
tein expressions of nicotinamide adenine dinucleotide
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Fig. 5. Protein expressions of angiogenesis, brain edema, and deoxyribonucleic acid-damaged biomarkers by day 28 after TBI. (A) Protein
expression of vascular endothelial progenitor cell (VEGF; *) vs. other groups with different symbols (}, 1), P < 0.0001. (B) Protein expression
of stromal cell-derived factor (SDF)-1a (¥) vs. other groups with different symbols (T, 1), P < 0.0001. (C) Protein expression of CXCR4 (*)
vs. other groups with different symbols (7, 1), P < 0.0001. (D) Protein expression of y-H2AX (*) vs. other groups with different symbols (1, 1),
P <0.0001. (E) Protein expression of Aquaporin-4 (AQP4; *) vs. other groups with different symbols (7, 1), P < 0.001. All statistical analyses
were performed by one-way ANOVA, followed by Bonferroni multiple comparison post hoc test (n = 6 for each group). Symbols (¥, 1, 1)
indicate significance (at 0.05 level). ANOVA: analysis of variance; CXCR4: C-X-C chemokine receptor type 4; y-H2AX: gamma H2A histone
family member X; HUCDMSC: human umbilical cord—derived mesenchymal stem cell; SC: sham control; TBI: traumatic brain injury.

phosphate reduced form with the H ion (NADPH) Oxidase 1
(NOX-1) (Fig. 3A), NADPH Oxidase 2 (NOX-2) (Fig. 3B),
and oxidized protein (Fig. 3C), three indicators of oxidative-
stress biomarkers, were significantly higher in group 2 than in
groups 1 and 3, and significantly higher in group 3 than in group
1. Consistently, the protein expression of cytochrome b-245
alpha chain (p22phox) (Fig. 3D), a membrane component of
NADPH oxidase, displayed an identical pattern of NOX-1
among the three groups.

On the other hand, the protein expression of mitochon-
drial cytochrome C (Fig. 3E), an indicator of mitochondrial
integrity, exhibited an opposite pattern of oxidative stress.

Protein Expressions of Apoptotic, Fibrotic, and
Antifibrotic Biomarkers by Day 28 After TBI

Next, we performed the western blotting to determine the
apoptotic and fibrotic protein levels in the brain ischemic
region. The result showed that the protein expressions of
mitochondrial Bax (Fig. 4A), cleaved caspase 3 (Fig. 4B),
and cleaved PARP (Fig. 4C), three indices of apoptosis, were
significantly higher in group 2 than in groups 1 and 3, and

significantly higher in group 3 than in group 1. Additionally,
the protein expressions of p-Smad3 (Fig. 4D) and transform-
ing growth factor (TGF)-B (Fig. 4E), two indicators of fibro-
sis, exhibited an identical pattern, whereas the protein
expressions of p-Smad1/5 (Fig. 4F) and bone morphogenetic
protein-2 (Fig. 4G), two indicators of antifibrosis, showed an
opposite pattern of apoptosis among the three groups.

Protein Expressions of Angiogenesis, Brain Edema, and
Deoxyribonucleic Acid (DNA)-Damaged Biomarkers
by Day 28 After TBI

The protein expressions of VEGF (Fig. 5A), SDF-1a (Fig.
5B), and C-X-C chemokine receptor type 4 (CXCR4) (Fig.
5C), three indices of angiogenesis factors, were significantly
progressively increased from groups 1 to 3, suggesting an
intrinsic response to ischemia that was enhanced by
HUCDMSC therapy.

The protein expressions of y-H2AX (Fig. 5D), a DNA-
damaged biomarker, and Aquaporin-4 (Fig. 5E), a brain
edema biomarker, were significantly increased in group 2



10 Cell Transplantation

8- t
64
44 ¥
2- *
oL |
.
154
t
54
*
o-LL L

o t
64
4 3
s i oot P O —
Dsc .TBI |:|:|:[|TBI+HUGDMSC

Fig. 6. Inflammatory cell expressions in brain ischemic zone by day 28 after TBI. (A—C) lllustrating the immunofluorescent (IF) microscopic
finding (400x) for identification of cellular expression of CD1 | (green color). Blue color indicated DAPI staining for identifying the nuclei.
Red color in (C) indicated the implanted dye-tracking HUCDMSC and fragmentations. (D) Analytical results of the number of CDI | + cells
(*) vs. other groups with different symbols (f, 1), P < 0.0001. (E-G) lllustrating the IF microscopic finding (400 ) for identification of cellular
expression of F4/80 (green color). Blue color indicated DAPI staining for identifying the nuclei. Red color in (G) indicated the implanted dye-
tracking HUCDMSC and fragmentations. (H) Analytical results of the number of F4/80+ cells (¥) vs. other groups with different symbols (T,
1), P<0.0001. (I-K) lllustrating the IF microscopic finding (400 ) for identification of cellular expression of glial fibrillary acid protein (GFAP;
green color). Blue color indicated DAPI staining for identifying the nuclei. Red color in (K) indicated the implanted dye-tracking HUCDMSC
and fragmentations. (L) Analytical results of the number of GFAP+ cells (¥) vs. other groups with different symbols (f, 1), P < 0.0001. Scale
bars in right lower corner represent 20 um. All statistical analyses were performed by one-way ANOVA, followed by Bonferroni multiple
comparison post hoc test (n = 6 for each group). Symbols (¥, {, 1) indicate significance (at 0.05 level). ANOVA: analysis of variance; CD:
cluster of differentiation; DAPI: 4',6-diamidino-2-phenylindole; F4/80: a member of a new family of EGF-TM7 molecules positive cells;
HUCDMSC: human umbilical cord—derived mesenchymal stem cell; SC: sham control; TBI: traumatic brain injury.

CD11+ cells (%)

F4/80+ cells (%)
?

GFAP+ cells (%)

than in groups 1 and 3, and significantly increased in group 1
than in group 3.

Cellular Expressions of DNA-Damaged and Neural
Integrity Biomarkers in Brain Ischemic Zone by Day 28
After TBI

The cellular expression of y-H2AX (Fig. 7A-D), a DNA-

Inflammatory Cell Expressions in Brain Ischemic Zone damaged marker, was significantly increased in group 2 than

by Day 28 After TBI

The cellular expressions of CD11 (Fig. 6A-D), a member of
a new family of EGF-TM7 molecules positive cells (F4/80)
(Fig. 6E-H) and glial fibrillary acidic protein positive cells
(GFAP) (Fig. 61-L), three indicators of inflammation, were
significantly higher in group 2 than in groups 1 and 3, and
significantly increased in group 3 than in group 1.

Interestingly, even at day 28 after TBI, we still found
abundant implanted HUCDMSCs (red-color dye-tracking;
i.e., Fig. 6C, G, K) with intact morphology in the brain
tissues, implicating that these cells still survived.

in groups 1 and 3, and significantly increased in group 3
than in group 1. On the other hand, the numbers of hexar-
ibonucleotide Binding Protein-3 positive cells (NeuN+)
(Fig. 7E-H), nestin+ (Fig. 7I-L), and doublecortin+ (Fig.
7M-P) cells, three indicators of neuron integrity, displayed
an opposite pattern of y-H2AX among the three groups.
Again, by day 28 after TBI, abundant implanted
HUCDMSCs (red-color dye-tracking; i.e., Fig. 7C, G, K)
were observed by IF microscope with intact morphology in
the brain tissues, once again implying that these cells still
survived.
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Discussion improved the neurological functions and effectively pro-
tected the brain architecture against the TBI. Third, the
results of this study showed that the underlying mechan-
isms of HUCDMSC therapy for improving the outcomes
are mainly through inhibiting the inflammatory-immune
and oxidative-stress reaction, augmenting the angiogen-
esis/restoring the blood flow and preserving the axonal/
neural functional integrity (refer to Fig. 8).

This study which investigated the therapeutic impact of
HUCDMSC on protecting the brain architecture and neu-
rological function yielded several striking preclinical
implications. First, HUCDMSC therapy was safe without
any immunological side effect or tumorigenesis to the
rodent. Second, HUCDMSC therapy significantly
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Our recent study'’ has shown that HUCDMSC therapy
effectively preserved the brain structural integrity and neu-
rological function in rat after acute ischemic stroke. The
most important finding in the present study was that the
mortality rate of HUCDMSC-treated animals was 0% and
the neurological function was notably improved in
HUCDMSC-treated TBI animals than TBI-only counter-
parts. Additionally, by day 28 after TBI procedure, the brain
MRI demonstrated that the BIV was substantially reduced in
HUCDMSC-treated TBI animals than in TBI animals with-
out treatment. Accordingly, our findings, in addition to cor-
roborating our recent study'’, could partially explain why
the brain architecture and neurological function were mark-
edly preserved in TBI animals after receiving HUCDMSC
treatment.

Abundant data have demonstrated that MSCs act as a
powerful inhibitor of inflammation and both innate and
adaptive immunity through downregulating immunogenicity
and possessing immunomodulatory function® 1718 Intrigu-
ingly, even in xenogeneic species of rodent, HUCDMSC
therapy still has strong immunomodulatory capacity'®,
called “immunosuppressive and immunoprivilege” prop-
erty'?. An essential finding in the present study was that the
cellular and protein levels of inflammation and protein level
of oxidative stress were significantly increased in TBI-only
animals as compared with the SC. However, these molecu-
lar—cellular perturbations were substantially suppressed in
TBI animals after receiving HUCDMSC therapy. Besides,
the protein levels of the fibrotic, apoptotic, DNA/
mitochondria-damaged biomarkers also corresponded to the

levels of inflammation and oxidative stress in the brain
ischemic zone of TBI-only animals but were remarkably
reversed in HUCDMSC-treated TBI animals. These find-
ings, in addition to strengthening the results of previous
studies®?'#17-1% " could once again explain why the
HUCDMSC therapy effectively preserved the brain integrity
and neurological function in TBI rats.

Plentiful data have revealed that MSCs maintained their
multipotency and tissue regeneration'®'" and augmented
angiogenesis/neovascularization' 7?2 as well as restored the
blood flow in ischemic organs®’. Additionally, our previous
study has further shown that ADMSC treatment enhanced the
neurogenesis in rodent after acute ischemic stroke*®. A prin-
cipal finding in the present study was that, as compared with
TBI-only animals, not only the protein level but also the cel-
lular level of angiogenesis biomarkers was remarkably
increased in the TBI animals after receiving HUCDMSC ther-
apy. Another principal finding in the present study was that
the neurogenesis markers (i.e., NeuN+, nestin+, and
doublecortin+ cells) were also substantially increased in TBI
animals with than without HUCDMSC treatment. In this way,
our findings, in addition to being consistent with the findings
of previous studies'*'""'""*>28 suggest that HUCDMSC ther-
apy could restore the blood flow in ischemic area, resulting in
tissues regeneration and neurogenesis.

Although the mortality rate did not differ among the
groups (i.e., Fig. 1A), the neurological functional recovery
was still severely impaired at day 28 after traumatic neu-
rological function in TBI animals (refer to Fig. 1B, H)
without than in those of TBI animals with HUCDMSCs
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treatment. On the other hand, even underwent early
HUCDMSCs treatment, the neurological function was still
not total recover in these animals, highlighting that this
neurological damage is permanent that raises the need to
consider furthermore new innovative treatment for the TBI
patients.

The kind of stem cells, the number of cells, and the route
of stem cell administration have been well accepted as three
key roles for successful improvement of organ dysfunction
after cell therapy. Currently, both intravenous and intra-
arterial administration of stem cells are commonly applied
in either experimental studies”® 2 or clinical trials®>* . The
advantage of intravenous administration of stem cells is that
it is simple, early, and less noninvasive. However, quite a
number of cells will be trapped in the lung, raising concern
regarding the number of cells that could enter the target
organ. On the other hand, the intra-arterial administration
of stem cells in more invasive that sometimes it would need
a guiding catheter for cell transfusion. In this way, surely,
adequate numbers of cells would get into the target organ.
Intriguingly, one previous study has established that intra-
arterial delivery is not superior to intravenous delivery of
stem cells in acute ischemic stroke in adult*®. In the present
study, even by day 28 after TBI procedure, abundant intra-
venous administration of HUCDMSCs was observed in brain
parenchyma. In this way, the previous findings support the
result of the present study>®.

We mentioned in the introduction section that the possi-
ble molecular mechanism by which UCDMSCs are amelior-
ating the TBI is the mission of the present study.
Undoubtedly, our results clearly displayed that the underly-
ing mechanisms of HUCDMSC therapy for improving neu-
rological function and the integrity of brain architecture are
mainly through four independent signaling pathways: (1)
inhibiting the inflammatory-immune reactions, (2) suppres-
sing the generation of oxidative stress, (3) augmenting the
angiogenesis/restoring the blood flow in brain region, and
(4) preserving the axonal/neural functional integrity (Fig. 8).

Study Limitation

This study has limitations. First, although the short-term
results (i.e., the study period was 28 d) were attractive and
promising, the long-term prognostic outcome of HUCDMSC
therapy in TBI rat remains uncertain. Second, the early time
point of brain MRI was not performed as a “reference
image” for comparison among the groups after TBI proce-
dure and the effect of TBI and UCDMSCs transplantation on
rodent memory was not assessed in the present study. Third,
the dosage of HUCDMSC to be utilized in the present study
was simply based on our previous studies'*!® without testing
the efficacy of applying different dosages. Accordingly, this
study was void of providing the optimal dosage of
HUCDMSC for TBI therapy in rodent. Fourth, this study did
not test whether single dosage is superior to multiple dosages
or vice versa for improving the prognostic outcome in TBI

rodent. Finally, although extensive works had been done to
the present study, the exact mechanism of action directly
attributable to HUCDMSC was neither deeply investigated
nor clearly identified.

In conclusion, the results of the present study proved that
xenogeneic HUCDMSC therapy for TBI rat was safe and
effectively protected the brain against TBI, resulting in pre-
servation of the neurological function in rat.
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