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ABSTRACT

Neuroprotective and Neuroregenerative Effect of Secreted Factors
from Human Adipose Stem Cells in a Rat Stroke Model
Han Gil Seo
Department of Rehabilitation Medicine,
Seoul National University College of Medicine

Stem cell therapy is an emerging paradigm of stroke treatment. Recent evidence shows
that stem cells exert their therapeutic effects through the secretion of immune modulatory,
neurotrophic factors. Although potential neuroprotective and neuroregenerative
mediators of stem cells have been previously suggested in both in vitro and in vivo
studies, no study has compared their therapeutic effects with that of a whole stem cell
secretome in an in vivo stroke model. Therefore, the objective of this study is to assess
the neuroprotective and neuroregenerative effect of selected recombinant factors (RFs),
detected in human adipose stem cell (hASC)-conditioned medium (CM), in a rat
ischemic stroke model.
i

The CM was prepared by culturing human adipose stem cells for 72h in serum-free
Dulbecco’s modified Eagle medium (DMEM). Multi-protein analysis using multiplex
bead array and ELISA were used to detect secreted factors in the CM. Ischemic stroke
was induced in Sprague-Dawley rats using 2 h transient middle cerebral artery occlusion
(MCAO). In experiment 1, the vehicle (DMEM), concentrated CM, and selected RFs
mixed with DMEM were administered intracerebroventricularly to each group (n = 14,
15, and 16, respectively) at 1 hr after reperfusion. Rats were sacrificed 24 h after MCAO.
In experiment 2, the appropriate treatment was injected intraventricularly 24 h after
reperfusion (n = 5, 4, and 4, respectively). All animals received daily single
intraperitoneal injections of bromodeoxyuridine (BrdU, 50 mg/kg) from day 1 to day 3.
Then, all animals exercised on a rat treadmill during 2 weeks and were sacrificed 17 day
after reperfusion.
IL-6, VEGF, HGF, and BDNF were detected in hASC-CM. In the experiment 1, the CM
and RF groups both showed significantly better sensorimotor neurological test scores
than the control group at 24 h post-MCAO. The infarct volume was significantly lower in
both the CM and RF groups than in the control group. The number of TUNEL-positive
apoptotic cells were reduced, whereas HSP70 expression was enhanced in the peri-infarct
area in both the CM and RF groups. Moreover, hASC-CM and RFs reduced IκB
phosphorylation and influenced bcl-2 and bax protein expression. In experiment 2, the
RF group showed significantly better recovery of sensorimotor deficits at day 10, and
increased neuronal proliferation in the perilesional area at day 17 after MCAO.
ii

Our results suggest that RFs, selected from hASC-CM, may exert an immediate
neuroprotective effect in an ischemic stroke rat model that is comparable to those effect
of full hASC-CM. The therapeutic effects of the RFs may be mediated by an antiinflammatory mechanism and cell apoptosis inhibition. In addition, the selected RFs may
also exert a neuroregenerative effect when administered after acute phase of stroke .
Hence, treatment with RFs can be considered a feasible substitute for stem cell therapy
after stroke.
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INTRODUCTION

Stem cell therapy in stroke
Stem cell therapy is an emerging paradigm of stroke treatment. Various stem cell types,
with varying therapeutic mechanisms and time windows, have been investigated for
stroke treatment [1]. Although cell replacement was the initial aim of stem cell therapy
for stroke, a growing amount of evidence has suggested that transplanted cells exert
therapeutic effects by modulating the surrounding microenvironment [2, 3]. This
bystander mechanism is known to be mediated by soluble factors, such as growth factors
and cytokines, secreted from transplanted cells that may play a role in the protection and
restoration of injured tissues [4, 5]. Neuroprotection is a therapeutic mechanism during
several hours to days, whereas neuroregeneration is a mechanism persisting several days
to weeks, even months, from stroke onset [1]. Accordingly, mesenchymal stem cells,
which have several mechanisms of action in stroke including immunomodulation,
increased neurogenesis, and angiogenesis, as well as effects on glial cells, have emerged
as one of the most promising types of stem cells due to enhanced safety and more
favorable ethical and legal profile [6]. Hence, mesenchymal stem cells have been most
commonly used in clinical trials for stroke patients [7].
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Stem cell secretome and potential therapeutic mediators
Recent studies have shown that stem cell-conditioned media (CM) has therapeutic effects
in experimental stroke models [8-10]. Jeon et al. [11] also reported that a cell-free extract
derived from human adipose-derived stem cells (hASCs) exerts neuroprotective effects
through its protein components rather than nucleic acid or lipid components in stroke
models. The biologics secreted by stem cells (secretome) have gained increasing
attention for central nervous system repair, and a better understanding of the stem cell
secretome may yield an alternative therapeutic option [5, 12] Proteomic analysis revealed
the presence of 201 unique gene products, which were classified into different biological
processes, such as metabolism, defense response, and tissue differentiation, in the CM of
mesenchymal stem cells [13]. Among them, several growth factors, including brainderived neurotrophic factor (BDNF), insulin-like growth factor 1 (IGF-1), vascular
endothelial growth factor (VEGF), hepatocyte growth factor (HGF), glial cell linederived neurotrophic factor (GDNF), and basic fibroblast growth factor (bFGF), as well
as some inflammatory cytokines, have been suggested to mediate the neuroprotective and
regenerative effects of mesenchymal stem cells in ischemic stroke by activating the
survival and anti-inflammatory pathways [12].

Selected recombinant factors from stem cell secretome as a cellfree therapeutic agent in ischemic stroke
2

Although potential neuroprotective and neuroregenerative mediators of mesenchymal
stem cells have been previously suggested in both in vitro and in vivo studies, to our
knowledge, no study has compared their therapeutic effects with that of a whole stem cell
secretome in an in vivo stroke model. As a treatment, the stem cell secretome raises
issues, such as the variation in the secretome profiles, the low concentration of secreted
factors, and the biosafety concerns. If the selected mediators have a comparable
neuroprotective and neuroregenerative effects with the full stem cell secretome, they may
serve as an alternative therapeutic option of stem cell therapy in stroke. Therefore, in the
present study, we aimed to assess the neuroprotective and neuroregenerative effects of
selected recombinant factors (RFs), detected in human adipose stem cell (hASC)-CM, in
comparison with that of hASC-CM in a rat ischemic stroke model.
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MATERIALS AND MATHODS
Establishment of animal model and experimental design
The entire study consisted of experiment 1 to investigate the immediate neuroprotective
effect and experiment 2 to investigate the long-term neuroregenerative effect of study
interventions in a rat ischemic stroke model (Fig 1).
In the experiment 1, 65 male Sprague-Dawley rats (7 weeks old; weight, 220–300 g;
Koatech Inc., Gyeonggi-do, Korea) were housed in standard cages with free access to
food and water, and a 12:12 h light/dark cycle. After accommodation in the cages for 1
week, the animals were subjected to 2-h transient middle cerebral artery occlusion
(MCAO), which was a modification of the reversible occlusion model [14]. In brief, the
right common carotid artery was exposed at its bifurcation through a midline incision of
the neck, with the animal under inhalation anesthesia using isoflurane. The proximal
portions of the common carotid artery and the external carotid artery were ligated with 40 silk sutures. The external carotid artery was cut after clamping the internal carotid
artery. Thereafter, a 0.39 mm silicon coated monofilament nylon suture (Doccol, Sharon,
MA, USA) was inserted into the stump of the external carotid artery and the internal
carotid artery clamp was removed. The suture was advanced 19–20 mm into the internal
carotid artery from the bifurcation site. Mild resistance indicated that the suture was
properly lodged in the anterior cerebral artery, and therefore blocked blood flow to the
middle cerebral artery. Body temperature was maintained at 37°C during surgery using a
4

heating blanket (Homeothermic Blanket Control Unit, Harvard Apparatus, Holliston, MA,
USA). For temporary MCAO, reperfusion was achieved by withdrawing the suture
gently after 2 h. The rat MCAO model has been established by measuring cerebral blood
flow using laser Doppler flowmetry (Peri Flux System 5000, Perimed, Stockholm,
Sweden). All animals received 1 mg/kg of meloxicam subcutaneously prior to the
surgery to reduce pain.
In the experiment 1, 53 rats were randomized into 3 different experimental groups
following surgery (mortality = 12 rats): control, CM-treated, and RF-treated. The
appropriate treatment was injected intraventricularly 1 h after reperfusion. All animals
were sacrificed 24 h after reperfusion. A total of 8 rats died during or after the
intervention (4 in the control, 2 in the CM, and 2 in the RF groups), and therefore a total
of 45 rats (14 in the control, 15 in the CM, and 16 in the RF groups) were included in the
analysis.
In the experiment 2, 32 male Sprague-Dawley rats were subjected to 2-h MCAO, which
was the same as in the experiment 1. Twenty-eight rats were randomized into 3 different
experimental groups following surgery (mortality = 4 rats): control, CM-treated, and RFtreated. The appropriate treatment was injected intraventricularly 24 h after reperfusion.
To label dividing cells, all animals received daily single intraperitoneal injections of
bromodeoxyuridine (BrdU, 50 mg/kg) from day 1 to day 3. After that, all animals
exercised on a rat treadmill at moderate intensity (10 to 17 m/min) for 30 min per day, 5
days per week during 2 weeks. All animals were sacrificed 17 day after reperfusion. A
5

total of 4 rats died during or after the intervention (1 in the control, 2 in the CM, and 1 in
the RF groups), 11 rats died during the treadmill training period (1 in the control, 7 in the
CM, and 3 in the RF groups), and therefore a total of 13 rats (5 in the control, 4 in the
CM, and 4 in the RF groups) were included in the analysis.
The experimental protocol was approved by the Institutional Animal Care and Use
Committee of our hospital (IACUC number: 15-0040-C1A1).
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Figure 1. Schematic illustration of the experimental design.

7

Preparation and analysis of CM
hASCs (Cat. No: ADMSC-004, CEFO Co. Ltd., Seoul, Korea) were grown to 90–100%
confluency in 100 mm petri dishes in Dulbecco’s modified Eagle medium (DMEM;
Welgene Inc., Daegu, Korea). The stem cells from passage 5 were used in this study.
After the growth medium was removed and the cells were rinsed 3 times with phosphatebuffered saline (PBS), CM was prepared by culturing the stem cells on 100 mm petri
dishes for 24, 48, and 72 h in serum-free DMEM. Five independent samples of each CM
were prepared for the analysis. The concentrations of inflammatory cytokines, including
IL-1b, 2, 4, 5, 6, 10, 12p70, and 13; granulocyte-macrophage colony-stimulating factor
(GM-CSF); interferon gamma (IFN-γ); and tumor necrosis factor alpha (TNF-α); as well
as growth factors, including BDNF, IGF-1, VEGF, HGF, bFGF, and platelet-derived
growth factor BB (PDGF-BB), were analyzed in the CM at 24, 48, and 72 h. All the
secreted factors, except for BDNF and IGF-1, were analyzed using a multiplex protein
analysis (Bio-Plex 2000, Bio-Rad, Hercules, CA, USA). The levels of BDNF and IGF-1
were analyzed using an enzyme-linked immunosorbent assay (ELISA) kit (Abcam,
Cambridge, UK) according to the manufacturer’s protocol.
For intraventricular injection, the 72 h CM was concentrated by centrifugation for 90 min
at 2739 g, using Amicon Ultra-15 centrifugal filter units (Millipore, Billerica, MA, USA).
The protein concentration in the CM sample, measured by the Bradford assay, was
increased from 3.076 to 286.903 μg/ml (~95-fold). The concentrated CM was
immediately frozen and stored until needed.
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Intraventricular injection
Under inhalation anesthesia, an intraventricular injection was administered to each rat
using a 10 μl Hamilton syringe on a stereotaxic frame. To reach the lateral ventricle of
the lesioned hemisphere, the needle was inserted through a burr hole at 0.8 mm posterior
to the bregma, 1.8 mm lateral to the midline, and 3.7 mm below the pial surface. A
volume of 10 μl was injected over 10 min using a microdialysis syringe pump (CMA 402,
CMA Microdialysis, Stockholm, Sweden) according to group: vehicle (DMEM only),
concentrated CM, and RFs mixed with DMEM. For the RF group, 4 factors were
selected from the CM analysis: recombinant human BDNF (PeproTech #450-02, Rocky
Hill, NJ, USA), VEGF (PeproTech #100-20), HGF (PeproTech #100-39), and IL-6
(PeproTech #200-06). These factors (0.2 μg each) were mixed with 10 μl of DMEM at
room temperature 10 min prior to injection.

Behavioral tests
Behavioral tests included the Garcia scale test, foot fault test, and Rotarod test. The
Garcia scale is a neurological test for sensorimotor deficits, with a maximum score of 18
points [15]. The scale contains 6-items: spontaneous activity, symmetry in the movement
of limbs, forepaw outstretching, climbing, body proprioception, and response to vibrissae
touch. The foot fault test assesses locomotor function on a horizontal ladder (120 cm
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long, 13 cm wide, 30 cm high, and 3 cm space between two ladder beams) by counting
the number of paw misplacements per 10 steps on each side [16]. The mean of 3 trials
was calculated. The Rotarod test evaluates motor coordination and balance on a rotating
cylinder by measuring the maximum rpm [16]. After a 5 minute adaptation period, the
speed of the cylinder is increased from 2 to 40 rotations per minute (rpm) over a period
of 20 minutes. The highest rpm was recorded by repeating 3 times.
In the experiment 1, the Garcia scale was measured at baseline, 1 h, and 24 h after
reperfusion. Other tests were evaluated at baseline and 24 h after reperfusion. In the
experiment 2, all tests were evaluated at baseline, day 1, day 3, day 10, and day 17 from
transient MCAO.

Infarct volume
In the experiment 1, infarct volume was measured in 5 rats in each experimental group in
the experiment 1. After decapitation under inhalation anesthesia, the rat brains were
carefully removed and sectioned coronally into 7 slices (2 mm-thickness) from the
frontal pole. The infarcted areas were identified using 2, 3, 5-triphenyl tetrazolium
chloride staining and scanned into digital images [17]. The infarcted volume was
calculated by a blinded researcher using ImageJ software (NIH, Bethesda, MD, USA)
based on the trapezoidal rule. Both the corrected infarct volume, excluding brain edema
[18], and the ratio of the infarct volume to the volume of the contralateral hemisphere [19]
10

were estimated.

Immunohistochemistry
In the experiment 1, the detection of heat shock protein 70 (HSP70), known to be
expressed in an ischemic penumbra [20], was performed using immunohistochemical
staining to evaluate the change in the lesion border zone according to experimental group
in the experiment 1. The rats were transcardially perfused with 50 mL of heparinized
saline, followed by 50 mL of 4% paraformaldehyde. Brains were removed and fixed in 4%
paraformaldehyde for 24 h, cryoprotected in a series of the cold sucrose solutions of
increasing concentration, and frozen in OCT compound. Then, rat brains were sectioned
into 10 μm coronal sections at 2 mm-intervals from the frontal pole and were mounted on
slides. Six brain sections of each animal were stained using the Discovery XT automated
immunohistochemistry stainer (Ventana Medical Systems, Inc., Tucson, AZ, USA).
Detection was performed using the Ventana Chromo Map Kit (Ventana Medical Systems).
CC1 standard (pH 8.4 buffer containing Tris/Borate/EDTA) was used for antigen
retrieval. Inhibitor D (3% H2O2, endogenous peroxidase) was blocked for 4 min at 37°C.
Slides were incubated with an anti-HSP70 mouse monoclonal antibody (1: 5000; Abcam,
ab47455) for 32 min at 37 °C, then with a secondary antibody (OmniMap anti-Mouse
HRP) for 20 min at 37 °C. Slides were incubated in DAB + H2O2 substrate for 8 min at
37 °C. Reaction buffer (pH 7.6 Tris buffer) was used as a washing solution. The area of
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HSP70 expression was measured, using ImageJ software, as the ratio to the whole brain
area in the 6 brain sections by a blinded researcher. The area was defined from binary
images based on an automated or manually adjusted threshold, after converting the color
images into an 8-bit grayscale. The number of analyzed animals was 5 in the control, 5 in
the CM, and 6 in the RF groups.
In the experiment 2, rat brains were prepared using the same method of experiment 1 for
BrdU, and doublecortin (DCX), the marker of immature neurons, immunohistochemical
staining. The brains were sectioned into 10 μm coronal sections at 400 μm-intervals
between 6 mm and 8 mm from the frontal pole to include the subventricular zone and
were mounted on slides. After fixation in 3.7% paraformaldehyde for 15 min, the brain
sections were rinsed twice with ice cold PBS. For tissue permeabilization, the sections
were incubated for 10 min with PBS containing 0.25% Triton X-100 and rinsed 3 times
with PBS for 5 min. The sections were additionally incubated in 1.5 M HCL for 30 min
in room temperature for DNA denaturation and then rinsed twice with PBS for 5 min.
After blocking of unspecific binding of the antibodies by incubating in 1% BSA in PBS
with 0.05% Tween 20 for 30 min, the sections were incubated with mouse monoclonal
anti-BrdU antibody (1:100; Cell signaling, #5292) and rabbit polyclonal anti-DCX

antibody (1:1000; Abcam, #ab18723). After washing 4 times with PBS for 5 min,
they were treated with secondary antibodies against anti-mouse Alexa Fluor® 594
(1:200; Abcam, #ab150112) and anti-rabbit Alexa Fluor® 488 (1:200; Abcam,
#ab150061). After washing 4 times with PBS for 5 min in dark, they were
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incubated on DAPI for 1min for counter staining. The immunopositive cells for
BrdU+ and BrdU+/DCX+ were counted in 5 fields in the perilesional areas under
×200 magnification by a blinded researcher in each brain section. The number of
analyzed animals was 5 in the control, 4 in the CM, and 4 in the RF groups.

TUNEL staining
In experiment 1, DNA fragmentation in cells undergoing apoptosis was detected in the
cryosections of brain tissue (10 μm) (same as immunohistochemical staining for HSP70),
by using terminal deoxynucleotidyl transferase–mediated deoxyuridine triphosphate nick
end labeling (TUNEL), according to the manufacturer’s recommendations (ApopTag®
peroxidase kit, Cat. No: S7100, Millipore, Schwalbach, Germany) in the experiment 1.
After tissue preparation, endogenous peroxidase activity was quenched by placing
sections into a solution of 3% H2O2 in PBS for 5 min. Equilibration buffer was applied,
and sections were incubated with reaction buffer containing TdT enzyme at 37°C for 1 h.
After washing with stop/wash buffer, the sections were treated with anti-digoxigenin
conjugate for 30 min, and color was subsequently developed with peroxidase substrate
for 5 min. The nuclei were counterstained with 1% methyl green for 10 min.
TUNEL-positive cells with apoptotic nuclear features were counted manually in 5
random microscopic fields in the perilesional areas, which were identified by HSP70
expression, under ×400 magnification by a blinded researcher. The number of analyzed
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animals were 5 in the control, 5 in the CM, and 6 in the RF groups.

Western blot
In the experiment 1, rats were euthanized in a chamber pre-charged with carbon dioxide
(4 in the control, 5 in the CM, and 5 in the RF group), and cortical samples were obtained
from the perilesional area. Isolated tissues were homogenized with 350 μl lysis buffer
(Pro-Prep protein extract solution, iNtRON biotechnology, Seoul, Korea) on ice. Samples
of the homogenate were placed on ice for at least 1 h. After 1 h, each sample of the
homogenate was centrifuged at 4 °C, 15000 rpm, for 30 min, and the upper solution of
the tube, without any surface residual, was obtained. The Bradford assay was used to
measure the protein concentration. An equal amount of sample (40 μg) was
electrophoresed on an SDS-PAGE (Mini-PROTEAN, Bio-Rad, Zurich, Switzerland) 10%
Tri-glycine gel. After the electrophoresis protein bands were transferred to
polyvinylidene fluoride membranes membranes using a Mini-PROTEAN apparatus, they
were blocked for 1 h at room temperature with 5 % bovine serum albumin. Thereafter,
they were incubated with rabbit anti-phospho-Akt (Ser 473) (1:1000; Cell Signaling,
#4060), Akt (1:10000; Cell Signaling, #4691), bcl-2 (1:5000; Cell Signaling, #2870), bax
(1:1000; Cell Signaling, #14796), iNOS (1:200; Abcam, ab15323), COX-2 (1:1000; Cell
Signaling, #12282), β-actin (1:10000; Abcam, #ab8227), mouse anti-phospho-IκB (Ser
32/36) (1:500; Cell Signaling, #9246), and IκB (1:1000; Cell Signaling, #4812).
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Horseradish peroxidase-conjugated anti-rabbit IgG (1:2000, Cell Signaling) and antimouse IgG (1:2000, Cell Signaling) were used as secondary antibodies. The
chemiluminescence of the secondary antibody was developed with ECL Prime Western
Blotting Detection Reagent (GE Healthcare, Biosciences, Piscataway, NJ, USA).
Normalized optical densities were measured with ImageJ software for quantification,
with β-actin used for normalization. The p-Akt and p-IκB levels were expressed as the
ratio to Akt and IκB, respectively.

Statistical analysis
Values are expressed as means ± standard error of the mean. The differences among the 3
experimental groups were evaluated using the Kruskal-Wallis test. For comparison
between the 2 groups, the Mann-Whitney test was used. The changes in the behavioral
tests in each group were also evaluated using the Wilcoxon signed rank test. The
estimated number of animals per group was 5 for each statistical analysis. A P-value less
than 0.05 was considered signiﬁcant.
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RESULTS
Experiments 1
hASC-CM and RFs ameliorate neurologic deterioration after experimental stroke
IL-6, VEGF, HGF, and BDNF were detected in the CM (Table 1). The concentrations of
the detected factors increased with an increase in culture time. These factors were
selected for intraventricular injection in the RF group.
There was no significant difference in the weight between the groups (Fig 2). The Garcia
scale score was significantly different between the groups at 24 h after reperfusion (P =
0.029). In particular, both CM and RF groups showed better scores as compared to the
control group (P = 0.029 and P = 0.034, respectively). Although the number of foot faults
on the left side increased after MCAO in all groups, there was no significant difference in
these values between groups. In contrast, the maximum rpm on the Rotarod significantly
decreased after MCAO only in the control group (P = 0.003), and the RF group showed
significantly better results as compared to the control group at 24 h after reperfusion (P =
0.038).

16

Table 1. Factors detected in the hASC-CM (pg/ml)
24 h

48 h

72 h

IL-6

6.73 ± 1.40

91.27 ± 29.06

293.86 ± 73.51

VEGF

163.76 ± 8.24

376.78 ± 18.22

682.50 ± 40.78

HGF

2.52 ± 0.42

4.75 ± 0.40

42.04 ± 14.30

BDNF

Not detected

89.00 ± 10.88

255.80 ± 58.57

IL-1b, 2, 4, 5, 10, 12p70, and 13; GM-CSF; IFN-γ; TNF-α; IGF-1; bFGF; and PDGF-BB
were not detected.
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Figure 2. hASC-CM and RFs ameliorate neurologic deterioration after experimental
18

stroke. Following MCAO, an intraventricular injection was administered to each rat after
1 h of reperfusion according to experimental group: vehicle (DMEM), concentrated CM,
and RFs mixed with DMEM. The weight (A) and Garcia scale scores (B) were evaluated
at baseline, 1 h, and 24 h after reperfusion. The number of foot faults on the left (C) and
right (D) sides during a horizontal ladder walk, and the maximum rpm on the Rotarod (E)
were evaluated at baseline and 24 h after reperfusion.
Note: n = 14 in the control, 15 in the CM, and 16 in the RF groups; *P < 0.05, among the
3 groups by the Kruskal-Wallis test; †P < 0.05, compared to the control group by the
Mann-Whitney test; ‡P < 0.05, between before and after 24 h by the Wilcoxon signed
rank test.
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hASC-CM and RFs reduce the infarct volume in the ischemic brain
The corrected infarct volumes were 258.86 ± 62.20, 62.28 ± 25.85, and 90.79 ± 38.62
mm3 in the control, CM, and RF groups, respectively (P = 0.048) (Fig 3). The ratios of
the infarct volume to the volume of the contralateral hemisphere were 35.90% ± 8.10%,
8.74% ± 3.69%, and 11.80% ± 5.05% in the control, CM, and RF groups, respectively (P
= 0.036). Between-group comparisons indicated that the corrected infarct volume was
significantly lower in the RF group than in the control group (P = 0.036); however, the
difference in the infarct volume was only marginally significant in the CM group, as
compared to that in the control group (P = 0.056). The ratio of the infarct volume to the
volume of the contralateral hemisphere was significantly lower in both the CM and RF
groups than in the control group (P = 0.032, respectively).
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Figure 3. hASC-CM and RFs reduce the infarct volume in the ischemic brain. The rat
brains were sectioned coronally into 7 slices (2 mm-thickness) from the frontal pole, and
the infarcted areas were identified using 2, 3, 5-triphenyl tetrazolium chloride staining
(A). Both the corrected infarct volume (B) and the ratio of the infarct volume to the
volume of the contralateral hemisphere (C) were estimated using scanned digital images
after 24 h of reperfusion.
21

Note: n = 5 in each group; *P < 0.05, †P = 0.056, compared to the control group by the
Mann-Whitney test.
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hASC-CM and RFs reduce cell apoptosis and enhance HSP 70 expression in the lesion
border zone
There was a significant difference in the number of TUNEL-positive apoptotic cells in
the peri-infarct area among the experimental groups (P = 0.008) (Fig 4). The RF group
showed a significantly lower number of such cells as compared to the control group (P =
0.030). The number of such cells in the CM group was fewer than that in the control
group, with borderline significance (P = 0.056).
HSP70 expression was mostly detected in the capillaries and bipolar cells in the
ipsilateral perilesional cortex (Fig 5). A greater number of neuronal cells expressed
HSP70 immunoreactivity in the CM and RF groups than in the control group. There was
a significant difference in the area expressing HSP70 among the groups (P = 0.028). This
area was significantly larger in the RF group than in the control group (P = 0.004).
Although the difference between the CM and control groups was not significant (P =
0.095), the area was larger in the CM group than in the control group.
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Figure 4. hASC-CM and RFs reduce cell apoptosis in the lesion border zone. DNA
fragmentation in cells undergoing apoptosis was detected using TUNEL staining after 24
h of reperfusion. The arrows indicate the apoptotic cells (brown staining) in the
perilesional area of the control (A), CM (B), and RF (C) groups (×400; scale bar, 100
μm). (D) A number of apoptotic cells were counted manually in 5 random microscopic
fields in the perilesional areas.
Note: n = 5 in the control, 5 in the CM, and 6 in the RF group; *P < 0.05, †P = 0.056
compared to the control group by the Mann-Whitney test.
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Figure 5. hASC-CM and RFs enhance HSP70 expression in the lesion border zone. The
detection of HSP70 was performed using immunohistochemical staining to evaluate the
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change in the lesion border zone. HSP70 expression was mostly detected in the
capillaries and bipolar cells in the ipsilateral perilesional area of the control (A, B), CM
(C, D), and RF (E, F) groups (×200; scale bar, 100 μm), and was not detected in the
contralateral cortex (G). The ratio of the area of HSP70 expression to the whole brain
area was measured in each brain section (H).
Note: n = 5 in the control, 5 in the CM, and 6 in the RF group; *P < 0.05, compared to
the control group by the Mann-Whitney test.
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hASC-CM and RF reduce IκB phosphorylation and influence bcl-2 and box protein
expression
The ratio of phospho-IκB to total IκB was significantly different among the experimental
groups (P = 0.018) (Fig 6). IκB phosphorylation was lower in both the CM and RF
groups than in the control group (P = 0.016, respectively). The bcl-2 and bax protein
expression was significantly different between the groups (P = 0.016, respectively). Bcl2 expression was greater in the CM and RF groups than in the control group (P = 0.016
and P = 0.032, respectively); whereas, bax expression was lower in the CM and RF
groups than in the control group (P = 0.016 and P = 0.032, respectively). There was no
significant difference in the ratio of phospho-Akt to total Akt between the groups.
Although iNOS and COX-2 expressions were relatively low in the CM and RF groups,
respectively, the differences in the expressions were not significant.
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Figure 6. hASC-CM and RF reduce IκB phosphorylation and influence bcl-2 and box
protein expression. The cortical samples were obtained from the perilesional area after 24
h of reperfusion and subjected to Western blot analysis (A) for detecting p-Akt/Akt (B),
p-IκB/ IκB (C), bcl-2 (D), bax (E), iNOS (F), and COX-2 (G). The band density was
normalized to β-actin.
Note: n = 4 in the control, 5 in the CM, and 5 in the RF group; *P < 0.05, compared to
the control group by the Mann-Whitney test.
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Experiments 2
RFs improve the recovery of sensorimotor deficits
There was no significant difference in the weight between the groups until day 17 (Fig 7).
The Garcia scale score was significantly different between the groups at day 10 (P =
0.031). In particular, the RF group showed better score as compared to the control group
at day 10 (P = 0.016). Both foot fault test and Rotarod test showed no significant
difference between the groups throughout the experimental period.
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Figure 7. RFs improve the recovery of sensorimotor deficits. Following MCAO, an
intraventricular injection was administered to each rat after 24 h of reperfusion according
to experimental group: vehicle (DMEM), concentrated CM, and RFs mixed with DMEM.
The weight (A), Garcia scale scores (B), number of foot faults on the left (C) and right
sides (D) during a horizontal ladder walk, and the maximum rpm on the Rotarod (E)
were evaluated from baseline to day 17.
Note: n = 5 in the control, 4 in the CM, and 4 in the RF groups; *P < 0.05, among the 3
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groups by the Kruskal-Wallis test.
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RFs increase the neuronal proliferation in the lesion border zone
Fig 8 shows the results of immunohistochemistry for BrdU and DCX in the perilesional
areas. Although the number of BrdU+ cells and BrdU+/DCX+ cells was greater in the CM
and RF groups than the control group, the difference between the groups was marginally
significant only in the number of BrdU+/DCX+ cells (P = 0.074). Between-group
comparisons indicated that the number of BrdU+/DCX+ cells was significantly higher in
the RF group than in the control group (P = 0.016).
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Figure 8. RFs increase the neuronal proliferation in the lesion border zone. The detection
of BrdU+ and DCX+ cells was performed using immunohistochemical staining to
evaluate the neuronal proliferation in the lesion border zone of the control (A), CM (B),
and RF (C) groups (×200; scale bar, 100 μm) at 17 day after MCAO . The representative
image shows a BrdU staining of nuclei with DCX staining of cytoplasm (D). The

number of BrdU+ (E) and BrdU+/DCX+ cells (F) were counted in 5 fields in each
brain sections.
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Note: n = 5 in the control, 4 in the CM, and 4 in the RF group; *P < 0.05, compared to
the control group by the Mann-Whitney test
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DISCUSSION
The hASC-CM and selected RFs, administered intraventricularly 1 h after reperfusion
injury, exerted neuroprotective effects in an ischemic stroke rat model. Both the CM and
RF groups demonstrated better neurological outcomes and a reduced infarct volume as
compared to the control group. Moreover, reduced cell apoptosis and enhanced HSP70
expression, which indicates a promising prognosis for neuronal survival [20], in the periinfarct area were observed in the CM and RF groups. As the results were comparable
between the RF and CM groups, selected RFs may be considered to exert a comparable
neuroprotective effect to hASC-CM, and may even harness the therapeutic potential of
hASCs. In addition, the selected RFs, administered intraventricularly 24 h after
reperfusion injury, improved the recovery of sensorimotor deficits and increased the
neuronal proliferation in the perilesional areas after treadmill exercise in the stroke rat
model. Although the results were preliminary, the selected RFs may also exert a
neuroregenerative effect for ischemic stroke.
The profile of stem cell secretome has been widely investigated using cytokine arrays
and liquid chromatography with mass spectrometry in previous studies [21, 13, 22, 23].
The secretome contains factors related to neuroprotection and angiogenesis [23-25], and
has demonstrated neuroprotective effects in both in vitro [22, 23, 26] and in vivo models
[8-10]. Therefore, the stem cell secretome has been suggested as a potential cell-free
treatment that may overcome the limitations and risks associated with cell-based
therapeutics [5, 24]. However, as a treatment, the stem cell secretome raises several
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issues, such as the variation in the secretome profiles between studies and the lack of
standardized methods for its production [27]. The development of secretome therapy may
be difficult due to the very low concentration of the secreted factors. In the present study,
the estimated concentration of the detected factors in the concentrated CM (~95-fold)
was about 4.0-64.8 ng/ml. On the other hand, the concentration of each recombinant
factor was 20 μg/ml. Moreover, human stem cells are required for secretome use, and the
safety aspect of using cell-based therapeutics remains a concern.
The neuroprotective and neuroregenerative mediators in the stem cell secretome have
been assessed via measurement or inhibition of selected factors in most studies. VEGF
[28-30], HGF [28, 31], BDNF [32, 33], and IL-6 [29, 30], which were detected in the
hASC-CM in the present study, are the mediators secreted from mesenchymal stem cells.
Nakano et al. [22] reported that individual trophic factors contained in the bone marrow
stromal cell-CM, including IGF-1, HGF, VEGF, TGF-β1, or their combinations, were
effective at promoting neuronal survival and neurite outgrowth in vitro, but at a lesser
extent than that promoted by the CM itself. Although these factors have been assessed
individually for their neuroprotective and neuroregenerative effects in in vivo ischemic
stroke models [19, 34-41], the simultaneous administration of several factors may be
necessary to harness the therapeutic potential of stem cells [5]. However, no study has
assessed the therapeutic effect of multiple secreted factors from human stem cells in an in
vivo stroke model until now.
BDNF is one of the most abundant growth factors in the brain. BDNF acts through
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tropomyosin-related kinase receptor type B, has major roles in supporting neuronal
survival and function in the normal adult brain, and has been shown to mediate
neuroprotective and neuroregenerative effects in models of various neurological diseases
[42]. In rat models of ischemic stroke, intraventricular BDNF has been found to reduce
the infarct size and apoptosis in the penumbra [39], and ameliorate neurological deficits
[34]. The intravenous infusion of BDNF also improved functional recovery by increasing
neuronal remodeling [37] and by upregulating the binding densities of excitatory
glutamate receptors [43] after cortical ischemia in rats. As BDNF is an intriguing
candidate for the development of neurological disease indications, peptide analogues of
BDNF have been developed with molecular weights that enable the crossing of the
blood-brain barrier [44].
VEGF is a growth factor that stimulates the formation of blood vessels; it also exerts
neuroprotective effects directly via neural cells and indirectly via brain perfusion [45].
VEGF has been found to be a neuroprotective mediator of stem cells in most studies [2830]. In fact, previous studies have reported that intraventricularly delivered VEGF
decreased the infarct size in ischemic stroke models [36, 19, 38]. The effect of VEGF
administration has been suggested to involve anti-apoptosis [38] and anti-inflammatory
mechanisms [46]. Although the therapeutic use of VEGF should be carefully considered,
as it could aggravate tissue damage through an increase in blood-brain-barrier leakage
[45], it may serve as an essential component for harnessing the therapeutic potential of
stem cells for ischemic stroke.
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In addition, HGF, which was originally discovered as a mitogen of hepatocytes, exerts
protective effects on multiple organs, including the brain, via anti-apoptotic and antiinflammatory signals [47]. HGF reportedly plays an important role in the therapeutic
potency of stem cells, particularly hASCs [31, 48]. HGF treatment reduced infarct
volume, apoptotic neuronal cell death, and glial scar formation, and enhanced
neurogenesis, angiogenesis, and synaptogenesis after ischemic stroke [35, 49]. In
addition, acute HGF treatment after stroke induced long-term neuroprotection and
neurological recovery [50].
IL-6 is part of the family of IL-6-type cytokines that are involved in the regulation of the
acute-phase response to injury and infection [51]. IL-6 induces a signal via glycoprotein
130, which then activates the Janus kinase/signal transducers and activators of
transcription (JAK/STAT) pathway and the mitogen-activated protein kinase (MAPK)
cascade. Although upregulated IL-6 is considered to increase harmful mediators and lead
to the aggravation of cerebral ischemic damage via inflammatory cascades [52], there is
no direct evidence showing detrimental effect of IL-6 in acute phase of cerebral ischemia.
IL-6 is also involved in the controlling the level of acute inflammatory responses by
decreasing the pro-inflammatory and increasing anti-inflammatory cytokines [53]. On the
other hand, IL-6 has an aspect of a neurotrophic cytokine which reduces excitotoxic
neuronal damage against NMDA-mediated injury and protects neurons against apoptosis
[53]. Despite the ambivalent roles of IL-6 between inflammatory and neurotrophic
aspects, its neuroprotective effect after ischemic brain injury has been reported in several
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studies [40, 41, 54, 55]. Moreover, mesenchymal stem cell-induced neuronal recovery
and immune modulation are reportedly mediated by the secretion of IL-6 and VEGF [29].
The role of IL-6 after ischemic stroke may depend on the stages of cerebral ischemia and
the pathologic context. Further studies are warranted to elucidate the precise role of IL-6
over a longer period after cerebral ischemia.
The neuroprotective effects of the hASC-CM and the selected RFs appear to be mediated
by an anti-inflammatory mechanism and cell apoptosis inhibition. NF-κB, a redoxsensitive transcription factor, mediates the transcription of various inflammatory genes
involved in the pathophysiology of cerebral ischemic/reperfusion injury [56, 57]. As IκB
phosphorylation leads to the activation and migration of NF-κB into the nucleus [58],
reduced IκB phosphorylation indicates the suppression of the NF-κB pathway by hASCCM and RFs in the present study. Moreover, enhanced HSP70 expression in the periinfarct area may contribute to this suppression, because HSP70 has been reported to bind
to the NF-κB:IκB complex, thus preventing IκB phosphorylation by IκB kinase [59].
Although the changes in iNOS and COX-2 expression were not significant, the
neuroprotective effect observed in the CM and RF groups is deemed to be mediated, at
least in part, via an anti-inflammatory mechanism. Moreover, increased bcl-2 and
decreased bax expression, which are well known regulators of cell apoptosis [60], could
also be involved in the mechanism of neuroprotection by hASC-CM and selected RFs. In
contrast, the PI3k/Akt signaling pathway was not directly involved in this process,
although the activation of this pathway is known to prevent neuronal apoptosis after
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cerebral ischemic/reperfusion injury [61, 62].
Our study has several limitations. First, hASC-CM was analyzed using the multipleprotein analysis method with selected inflammatory cytokines and growth factors.
Considering the numerous factors secreted from stem cells [13], there may be other
factors that were not included in our analysis that are responsible for stem cell-mediated
neuroprotection and neuroregeneration after ischemic stroke. However, this study
showed that some key factors could exert a therapeutic effect similar to that of the whole
stem cell secretome, so that it could be used as a therapeutic agent without revealing all
the trace elements secreted by the stem cells. Second, the different concentrations of the
secreted factors and their temporal variations in the hASC-CM were not considered when
preparing the RFs. Although there is no evidence that the temporal variation in the stem
cell secretome has an effect on their therapeutic effect, specific temporal variations in the
composition of the CM may trigger different effects on the neurons and distinct glial cell
populations [63]. The synergistic effects of multiple factors may require specific
concentrations and time points of administration to achieve an optimal therapeutic effect.
Third, although this study also evaluated the long-term neuroregenerative effect, most
results focused on the immediate neuroprotective effect at 24 h after cerebral
ischemic/reperfusion injury. The results of neuroregenerative effect were quiet
preliminary and suggest no underlying mechanism. Further studies are warranted to
elucidate the long-term effect of the RFs in ischemic stroke.
In conclusion, selected RFs, detected in the hASC-CM, exerted a neuroprotective effect
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in an ischemic stroke rat model when administered intraventricularly at 1 h after
reperfusion. The effect may be comparable to that exerted by the hASC-CM. Moreover,
these therapeutic effects exerted by the RFs seem to be mediated by an anti-inflammatory
mechanism and cell apoptosis inhibition. In addition, the selected RFs may also exert a
neuroregenerative effect when administered intraventriculary at 24 h after reperfusion.
Thus, the therapeutic use of RFs can be considered a feasible substitute for stem cell
therapy after stroke.
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국문초록

뇌졸중 백서 모델에서 지방유래 줄기세포 분비인자의
신경보호 및 신경재생 효과

줄기세포 치료는 뇌졸중 치료의 새로운 패러다임으로 떠오르고 있다.
최근의 근거에 따르면 줄기세포는 면역조절인자 및 신경영양인자의 분비를
통해

치료

효과를

나타낸다.

비록

줄기세포의

잠재적인

신경보호

및

신경재생성 매개체가 시험관 내 및 생체 내 연구에서 제안된 바 있지만, 생체
내

뇌졸중

모델에서

그

분비인자들의

치료

효과를

전체

줄기세포

분비인자군(secretome)의 치료 효과와 비교한 연구는 없다. 따라서 본
연구의 목적은 허혈성 뇌졸중 백서 모델에서 인간 지방유래 줄기세포(human
adipose stem cell; hASC)의 조건화 배지(conditioned media; CM)에서
검출된 선택된 재조합 인자들(recombinant factors; RFs)의 신경보호 및
신경재생 효과를 평가하는 것이다.
CM은 혈청이 없는 Dulbecco’s modified Eagle medium (DMEM)에서
72시간

동안

hASC를

배양하여

제조하였다. Multiplex

bead

array와

ELISA를 이용한 다중 단백질 분석을 통해 CM 내에 포함된 분비인자를
검출할 수 있었다. 허혈성 뇌졸중은 Sprague-Dawley 백서에서 2시간의
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일시적인 중간 대뇌 동맥 폐쇠(middle cerebral artery occlusion; MCAO)를
사용하여 유도되었다. 실험 1에서 재관류 1시간 후 매개체(DMEM), 농축된
CM, DMEM과 혼합된 선택된 RFs를 각 그룹(각각 n=14, 15, 16)에
뇌실내로 투여하였다. MCAO 후 24시간 후에 백서를 희생시켰다. 실험
2에서는 재관류 24시간 후 해당하는 중재를 각 군에 시행하였다(각각 n=5,
4, 4). 모든 동물들은 1일부터 3일까지 매일 bromodeoxyuridine (BrdU,
50mg/kg)을 복강 내 주사하였다. 이후, 동물들은 백서 트레드밀을 이용해
2주간 운동을 시행하였고 재관류 17일에 희생되었다.
다중 단백질 분석결과 hASC-CM에서 IL-6, VEGF, HGF, BDNF가
검출되었다. 실험 1에서 CM군과 RF군 모두 MCAO 후 24시간에 대조군보다
유의하게

우수한

감각운동

신경검사

점수를

나타냈다.

뇌경색

부피는

CM군과 RF군 모두 대조군보다 유의하게 작았다. CM군과 RF군에서 TUNEL
양성인 사멸 세포의 수가 감소된 반면, HSP70의 발현은 경색 주위 영역에서
강화되었다. 또한, hASC-CM과 RFs는 IκB 인산화를 감소시키고 bcl-2 및
bax 단백질 발현에 영향을 주었다. 실험 2에서, RF군은 MCAO 후 10일째에
대조군에 비해 감각운동 장애의 회복이 유의하게 양호한 것으로 나타났고,
17일째에 시행한 면역형광염색에서 경색 주변부에서 증가된 신경세포 증식을
보였다.
본 연구결과는 허혈성 뇌졸중 백서 모델에서 hASC-CM에서 선택된
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RFs가 전체 hASC-CM와 유사한 뇌졸중 직후의 신경보호 효과를 나타낼 수
있음을 시사한다. RFs의 신경보호 효과는 항염증 기전 및 세포사멸 억제에
의해 매개될 수 있다. 또한, 선택된 RFs는 급성기 이후 투여되었을 때
신경재생 효과를 나타낼 수 있다. 그러므로 RFs를 이용한 치료는 뇌졸중에서
줄기세포 치료의 실현 가능한 대체물로 고려될 수 있을 것이다.
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