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Abstract

Emerging evidence suggests that bone marrow-derived mesenchymal stem cell transplantation improves neurological function after car-
diac arrest and cardiopulmonary resuscitation; however, the precise mechanisms remain unclear. This study aimed to investigate the effect
of bone marrow-derived mesenchymal stem cell treatment on expression profiles of multiple cytokines in the brain after cardiac arrest and
cardiopulmonary resuscitation. Cardiac arrest was induced in rats by asphyxia and cardiopulmonary resuscitation was initiated 6 minutes
after cardiac arrest. One hour after successful cardiopulmonary resuscitation, rats were injected with either phosphate-buffered saline
(control) or 1 x 10° bone marrow-derived mesenchymal stem cells via the tail vein. Serum S100B levels were measured by enzyme-linked
immunosorbent assay and neurological deficit scores were evaluated to assess brain damage at 3 days after cardiopulmonary resuscitation.
Serum S100B levels were remarkably decreased and neurological deficit scores were obviously improved in the mesenchymal stem cell
group compared with the phosphate-buffered saline group. Brains were isolated from the rats and expression levels of 90 proteins were
determined using a RayBio Rat Antibody Array, to investigate the cytokine profiles. Brain levels of the inflammatory mediators tumor
necrosis factor-a, interferon-y, macrophage inflammatory protein-1a, macrophage inflammatory protein-2, macrophage inflammatory
protein-3a, macrophage-derived chemokine, and matrix metalloproteinase-2 were decreased > 1.5-fold, while levels of the anti-inflam-
matory factor interleukin-10 were increased > 1.5-fold in the mesenchymal stem cell group compared with the control group. Donor
mesenchymal stem cells were detected by immunofluorescence to determine their distribution in the damaged brain, and were primarily
observed in the cerebral cortex. These results indicate that bone marrow-derived mesenchymal stem cell transplantation attenuates brain
damage induced by cardiac arrest and cardiopulmonary resuscitation, possibly via regulation of inflammatory mediators. This experi-
mental protocol was approved by the Institutional Animal Care and Use Committee of Fujian Medical University, China in January 2016
(approval No. 2016079).

Key Words: antibody array; asphyxia; brain damage; cardiac arrest; cardiopulmonary resuscitation; global cerebral ischemia; inflammatory
mediator; mesenchymal stem cell; neurological deficit score; S100B

Chinese Library Classification No. R459.9; R363; R364

324



Lin QM, Tang XH, Lin SR, Chen BD, Chen F (2020) Bone marrow-derived mesenchymal stem cell transplantation attenuates overexpression of
inflammatory mediators in rat brain after cardiopulmonary resuscitation. Neural Regen Res 15(2):324-331. doi:10.4103/1673-5374.265563

Introduction

Cardiac arrest is one of the major causes of death in adults,
especially among patients with heart disease. Despite prog-
ress in cardiopulmonary resuscitation, the average survival
rate of patients with cardiac arrest is < 10% (Berdowski et al.,
2010). Neurological outcomes are also disappointing in pa-
tients with a return of spontaneous circulation after cardiac
arrest, as a result of cardiac arrest-induced global cerebral
ischemia/reperfusion injury (Caltekin et al., 2016). Only
10-30% of patients with initially successful cardiopulmonary
resuscitation have subsequently favorable neurological out-
comes (Ragoschke-Schumm et al., 2007). There have been
no recent effective pharmacological treatments to improve
neuroprotection in patients with cardiac arrest.

Bone marrow (BM)-derived mesenchymal stem cells
(MSCs) represent a promising approach for cell therapy. BM-
MSCs differentiate into fat, bone, and cartilage, and also into
neuronal- and glial-lineage cells under certain experimental
circumstances (Kassis et al., 2011; Cheng et al., 2019; Zhang
et al,, 2019). BM-MSCs have proven effective in neurological
function in preclinical and clinical studies of brain ischemia
(Bang et al., 2005; Pavlichenko et al., 2008; Lee et al., 2010;
Lin et al., 2013) and peripheral nerve injury (Fernandes et
al., 2018; Seo et al., 2018). The mechanisms of action of BM-
MSCs transplanted into the damaged brain may include
neuroprotection (Jung et al., 2016), regulation of cytokine
expression (Gu et al., 2014), and vascular effects (Nam et al.,
2015). The neuroprotective effects of transplanted MSCs have
been strongly associated with cytokine expression (Li et al.,
2010, 2018; Alhazzani et al., 2018; Guan et al., 2018), and Li
et al. (2010) also found that MSC treatment increased expres-
sion of the anti-inflammatory cytokine interleukin-10 (IL-10)
and improved neurological function in Macacafascicularis.
However, they focused on observations of one or several
cytokines. In the field of cardiopulmonary resuscitation, no
studies on the expression profiles of brain cytokines have
been found after BM-MSC transplantation. Importantly, sev-
eral novel cytokines can now be detected using protein chip
analysis and their interactions can thus be further examined.

In this study, we simulated human cardiac arrest and ex-
plored the possible neuroprotective mechanisms of MSCs in
brain resuscitation by establishing an experimental rat mod-
el of cardiac arrest-induced global cerebral ischemia, and
determining the effects of BM-MSC transplantation on the
expression profiles of multiple cytokines in the brain.

Materials and Methods

Animals

Twenty-seven male specific-pathogen-free Sprague-Dawley
rats (license No. SCXK (Jing) 2012-0001) were purchased
from Beijing Vital River Laboratory Animal Technology
Co., Ltd., Beijing, China. Three 5-week-old rats (100-120
g) were used for culture of stem cells and 24 10-week-old
rats (350-450 g) were used for in vivo experiments. Animals
were housed at 22-25°C under a 12-hour light/dark cycle.
The experimental protocol was approved by the Institutional

Animal Care and Use Committee of Fujian Medical Univer-
sity, China in January 2016 (approval No. 2016079).

Preparation of BM-MSCs

Rat BM-MSCs were isolated and cultured as described pre-
viously (Lin et al., 2013). Briefly, BM was obtained from rat
femurs and tibias by washing the cavity with Dulbecco’s mod-
ified Eagle’s medium-F12 (DMEM-F12; Gibco, Grand Island,
NY, USA). The cell suspension was collected, washed with
phosphate-buffered saline (PBS), and centrifuged at 310 x g for
5 minutes. The cells were then re-suspended in DMEM-F12
containing 10% fetal bovine serum (Hyclone, South Logan,
UT, USA), 100 IU/mL penicillin, and 100 pg/mL streptomy-
cin, plated in plastic flasks, and cultured in an incubator (Sanyo,
Osaka, Japan) at 37°C with 5% CO,. The medium was removed
after 3 days and adherent cells were then cultured for a further
4 to 6 days until they reached approximately 90% confluence.
The cells were then trypsinized with 0.25% trypsin (Gibco)
and sub-cultured at a one-to-two ratio. Cells at passage three
were used for experiments. BM-MSCs were identified by flow
cytometry, as described previously (Wang et al., 2017). Briefly,
cells were stained with fluorescein isothiocyanate (FITC) or
polyethylene-labeled specific antibodies against CD29, CD45,
CD90, and CD11b (BioLegend, San Diego, CA, USA), and
surface antigen expression was then determined using a BD
FACSCalibur (BD Biosciences, Franklin Lakes, NJ, USA).
Passage 3 MSCs were labeled with lentiviral green fluorescent
protein (GFP; GenePharma, Shanghai, China) prior to trans-
plantation, according to a previous study (Tang et al., 2017).

Cardiopulmonary resuscitation models

A rat cardiac arrest/cardiopulmonary resuscitation model
was established as described previously (Lin et al., 2013).
Successful cardiopulmonary resuscitation was defined as
return of spontaneous circulation for more than 5 minutes.
Male Sprague-Dawley rats (350—400 g) were anesthetized
with intraperitoneal pentobarbital 45 mg/kg and an endotra-
cheal tube (22 gauge intravenous catheter) was inserted into
the trachea. A polyethylene-50 catheter No. 23 (Jingtai Bio-
tech, Shanghai) filled with 5 IU/mL heparin saline was then
inserted into the left femoral artery to monitor mean arterial
blood pressure. Limb lead II electrocardiogram was moni-
tored throughout the experiment. Data were recorded using
a BL-420S BioLab System (Techman, Chengdu, China). Rats
were ventilated with air at a tidal volume of 0.65 mL/100 g
body weight and ventilation rate of 100 breaths/minute.

The rats were then injected with vecuronium (1 mg/kg)
via the femoral artery to induce asphyxia and the endotra-
cheal tube was disconnected from the ventilator (Alcott,
Shanghai, China). Cardiac arrest was confirmed by loss of
an arterial pulse and a mean arterial blood pressure < 20
mmHg. Cardiopulmonary resuscitation was started 6 min-
utes after cardiac arrest, with chest compressions at a rate of
200/minute and ventilation with 21% O,. Adrenaline (0.1
mg in 1 mL 0.9% saline) was injected slowly into the femoral
artery after 2 minutes of compressions. Spontaneous circu-
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lation was considered to be restored once a supraventricular
rhythm was observed and a mean arterial blood pressure >
60 mmHg had been achieved for > 5 minutes. If no return
of spontaneous circulation was achieved within 4 minutes,
cardiopulmonary resuscitation was stopped. Animals were
ventilated for 2 hours after return of spontaneous circula-
tion. When the animals were awake, the endotracheal tube
and catheter were removed.

MSC treatment

Animals were assigned randomly to a sham group (n = 8),
PBS group (n = 8), and MSC group (n = 8). One hour after
successful cardiopulmonary resuscitation, animals in the PBS
and MSC groups were injected with 0.5 mL PBS and 0.5 mL
PBS containing 1 x 10° MSCs, respectively, via the tail vein.
Rats in the sham group underwent the same surgery without
cardiac arrest. Three days after cardiopulmonary resuscita-
tion, the rats were anesthetized by intraperitoneal injection of
pentobarbital and then sacrificed. Venous blood was obtained
from the inferior vena cava and the brains were harvested.
Serum and brains were stored at —80°C for further analysis.
Whole brains from three rats in each group were used for an-
tibody array analysis and the remaining five brains from each
group were used for immunohistochemistry.

Neurological deficit scores

Neurological function was evaluated 3 days after cardiopul-
monary resuscitation using a neurological deficit score, as
described previously (Geocadin et al., 2000). The scoring
system included measures of arousal, sensory, motor, reflex,
and balance responses as follows: general behavioral deficit
(total score = 19), brainstem function (total score = 21), mo-
tor assessment (total score = 6), sensory assessment (total
score = 6), motor behavior (total score = 6), behavior (total
score = 12), and seizures (total score = 10), with a total score
of 80 indicating normal brain function and a score of 0 indi-
cating brain death.

Serum S100B levels

Serum S-100B is a specific marker for central nervous in-
juries, can be used to evaluate the extent of brain injuries
and prognosis of brain injuries. Serum S100B levels were
determined using a rat S100B enzyme-linked immunosor-
bent assay kit, according to the manufacturer’s directions
(CUSABIO Life Science, Wuhan, China). Briefly, the plate
well was coated with capture antibody against S100B to form
a solid-phase antibody. Diluted specimens were then add-
ed to each well and reacted with the capture antibody. The
S100B detection antibody, conjugated secondary antibody,
and substrate were then added to each well to form a colored
product. The optical density was then measured at 450 nm
and the serum S100B concentration was calculated from the
standard curve.

Detection of GFP-labeled MSCs in vivo
Continuous coronal cryostat slides (10 pum) were produced
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for immunofluorescence examination. Nonspecific binding
sites were blocked by adding 10% bovine serum albumin.
The slides were then incubated with a mouse polyclonal an-
tibody (1:100; Abcam, Cambridge, MA, USA) against GFP,
followed by a secondary anti-mouse FITC-conjugated sec-
ondary antibody. Negative control slides were treated with
the same procedures without the first antibody. A total of
five non-overlapping microscopic fields (20x magnification,
inverted microscope; Carl Zeiss, Jena, Germany) were select-
ed and GFP-positive MSCs in different brain regions were
counted.

Antibody array analysis

Brain protein levels were analyzed following cardiac arrest/
cardiopulmonary resuscitation-induced global cerebral
ischemia. Rat brains were collected and homogenized 3 days
after cardiopulmonary resuscitation and the expression lev-
els of 90 proteins were measured using a RayBio" L-Series
Rat 90 Antibody Array (RayBiotech, Norcross, GA, USA).
The whole brain was isolated from three rats in each group.
Total protein was extracted from 250 mg of brain tissue with
1 mL of ice-cold tissue protein extraction reagent containing
protein degradation inhibitors (Kangcheng, Shanghai, Chi-
na). Protein concentrations were determined using a BCA
Protein Assay Kit (Kangcheng). The RayBio® L-Series Rat
90 antibody array membrane (RayBiotech) was blocked for
30 minutes by adding blocking buffer, and then incubated
with the protein samples at room temperature for 1 to 2
hours. The samples were then discarded, the chip membrane
was cleaned with buffer, and then incubated with biotin-la-
beled antibodies at room temperature for 1 to 2 hours. The
membrane was then washed with buffer and incubated with
streptavidin (1:1000) coupled with horseradish peroxidase
at room temperature for 2 hours. The membrane was thor-
oughly cleaned and then reacted with chemiluminescence
reagent (RayBiotech, Norcross, GA, USA) in the dark and
exposed to X-ray film, and images were obtained using a
film scanner (i3200, Kodak, Rochester, NY, USA). The orig-
inal signal intensities of the proteins were determined by
densitometry and standardized using positive controls after
correction. Relative protein expression levels were obtained
by comparing standardized values.

Statistical analysis

Normal and non-normal data are presented as the mean +
SD and median (25", 75" percentile), respectively. Statistical
analysis was performed using SPSS 13.0 software (SPSS, Chi-
cago, IL, USA). Multiple comparisons were analyzed using
one-way analysis of variance or Kruskal-Wallis H-test and
pairwise comparisons were analyzed using Bonferroni’s post
hoc test. P < 0.05 was considered statistically significant.

Results

Baseline parameters

There was no difference among the groups in terms of body
weight, heart rate, mean arterial blood pressure, or respirato-
ry rate (Table 1).
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Table 1 Body weight, heart rate, mean arterial blood pressure, and
respiratory rate in experimental rats

Sham PBS MSCs
Body weight (g) 407.0£22.9 398.0£28.9 410.0+78.5
Heart rate (beats/minute) 378.0+42.5 380.0+33.0 382.0+29.0
MABP (mmHg) 126.0+£10.5 128.0+7.8 127.0+£6.9
Respiratory rate (beats/minute) 82.0+9.4 83.0+10.9 78.0+7.4

Data are presented as the mean + SD (n = 8). PBS: Phosphate-buffered
saline-treated rats; MSCs: mesenchymal stem cell-treated rats; MABP:
mean arterial blood pressure.

Characteristics of passage 3 rat MSCs

Passage 3 rat MSCs were plastic-adherent and appeared
spindle-shaped and flattened under inverted phase-con-
trast microscopy (Figure 1A). Flow cytometric analysis
revealed that > 99% of MSCs expressed CD29 and CD90
markers (99.73% and 99.90%, respectively), and < 10% ex-
pressed CD45 and CD11b (7.55% and 10.63%, respective-
ly) (Figure 1B).

Neurological deficit scores

The neurological deficit scores were significantly lower in
PBS control rats compared with the sham rats (P < 0.001);
however, scores were significantly higher in MSC-treated
rats compared with PBS-treated rats (P = 0.001) (Figure 2).

Serum S100B levels

Serum S100B levels were significantly higher in PBS rats com-
pared with sham rats (P < 0.001); however, MSC treatment
significantly reduced S100B levels (P < 0.001) (Figure 3).

Distribution of GFP-labeled MSCs in vivo

Three days after transplantation of GFP-labeled MSCs,
GFP-expressing (green) cells were mainly observed in the
cerebral cortex in cardiac arrest rats, with only a small pro-
portion of cells in the hippocampus and other brain regions
(Figure 4).

Protein levels

The raw data obtained from antibody array analysis of all
proteins in sham, PBS, and MSC rats 3 days after cardiopul-
monary resuscitation are shown in Additional Table 1. Only
proteins with a fold change > 1.5 or < 0.5 and which were
significantly different (P < 0.05) were included. Levels of the
pro-inflammatory mediators tumor necrosis factor (TN-
F)-a, interferon (IFN)-y, macrophage inflammatory protein
(MIP)-1a, MIP-2, MIP-3a, macrophage-derived chemokine
(MDC), and matrix metalloproteinase (MMP)-2 were sig-
nificantly higher in PBS rats compared with sham rats (P =
0.018, 0.009, 0.024, 0.018, 0.013, 0.028, 0.024, respectively).
However, anti-inflammatory factor IL-10 levels were signifi-
cantly reduced in PBS rats compared with sham rats (P =
0.017). MSC treatment significantly inhibited the increases
in pro-inflammatory mediators and increased IL-10 levels
(P =0.037, 0.028, 0.012, 0.027, 0.006, 0.001, 0.037, 0.008, re-
spectively) (Figure 5).

Discussion

This study found that intravenous BM-MSC injection re-
markably ameliorated brain damage and improved the re-
covery of neurological function at 3 days after cardiac arrest
and cardiopulmonary resuscitation in rats. BM-MSC injec-
tion also up-regulated expression of the anti-inflammatory
factor IL-10 and down-regulated the expression levels of
the inflammatory mediators IFN-y, TNF-a, MIP-1a, MIP-
2, MIP-3a, MDC, and MMP-2 in the brain. These results
support the hypothesis that inhibition of inflammatory me-
diators by IL-10 may be responsible for the beneficial effects
of transplanted BM-MSCs; however, whether the decrease in
inflammatory mediators is regulated by IL-10 remains un-
clear. In addition, the increased levels of IL-10 in the brain
might be due to secretion by the transplanted BM-MSCs or
by parenchymal cells. The demonstration of a possible inter-
nal relationship between these cytokines represents a novel
discovery in this study.

Inflammatory responses characterized by an increase in
levels of inflammatory mediators play a critical role in the
pathogenesis of ischemic brain damage (Lin et al., 2013;
Ernst et al., 2019; Xian et al., 2019), and inappropriate in-
flammatory responses may contribute to the expansion of
brain damage (Denes et al., 2010; Zan et al., 2018; He et al,,
2019). Global cerebral ischemia was recently shown to trig-
ger the rapid infiltration of pro-inflammatory T-lymphocytes
into the brain, and these cells in turn produce a variety of
inflammatory mediators that contribute to ischemic brain
damage (Deng et al., 2014). Among these inflammatory
mediators, pro-inflammatory cytokines such as TNF-a and
IFN-y, and chemokines such as MIP-1a, MIP-2, MIP-3a,
and MDC, play important roles in inflammatory responses
(Xiang et al., 2016).

IFN-y and TNF-a are well-known pro-inflammatory
factors associated with the exacerbation of ischemic brain
damage in pre-clinical studies (Offner et al., 2006; Liesz et
al., 2009; Silva et al., 2015), and were upregulated within
hours in ischemic brain lesions of rats (Zhou et al., 2013;
Jafarinaveh et al., 2014). Our study revealed that MSC
transplantation inhibited the increases in concentrations
of IFN-y and TNF-a in the brain in rats following cardiac
arrest, suggesting that MSCs might attenuate inflammatory
responses by inhibiting IFN-y secretion (Gelderblom et al.,
2012). Chemokines are a class of cytokines that signal leu-
kocytes, such as neutrophils and macrophages, to traffic on
the ischemic cerebral endothelium (Kong et al., 2014). MIP-
la, MIP-2, MIP-3a, and MDC expression were shown to
be upregulated following cerebral ischemia in rats (Ohta et
al., 2007), and inhibition of chemokines has been associated
with reduced brain damage in mice (Victoria et al., 2017).
The current results demonstrated that cardiac arrest-induced
global cerebral ischemia noticeably upregulated the expres-
sion of the chemokines MIP-1a, MIP-2, MIP-3a, and MDC
in the brain, while MSC transplantation markedly reduced
the levels of these chemokines. The mechanism of action
might be associated with reduced TNF-a expression (Shukla
et al., 2017). Cytokines interact with each other. TNF-a can
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Figure 1 Characteristics of passage 3 (P3) rat bone marrow-derived mesenchymal stem cells in culture.
(A) Representative phase-contrast micrographs showing morphology of cultured PO and P3 mesenchymal stem cells (arrows). Original magnifi-
cation: 200x. Scale bar: 100 um. (B) Flow cytometry showed that most P3 mesenchymal stem cells expressed CD29 and CD90 and few expressed

CD45 and CD11b.
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Figure 2 Neurological deficit scores among sham-, PBS-, and
MSC-treated rats 3 days after cardiopulmonary resuscitation.

MSC treatment significantly improved neurological deficits at 3 days
after cardiac arrest. *P < 0.05, vs. sham group; #P < 0.05, vs. PBS group.
Data shown as median (25““, 75" percentile, n = 8; Kruskal-Wallis H
test). Higher neurological deficit scores indicate better neurological
function. MSCs: Mesenchymal stem cells; PBS: phosphate-buffered
saline.

stimulate production and release of chemokines. Therefore,
we speculate that the decrease of chemokines may be related
to the decrease of TNF-a. In addition, MMP-2 levels in the
brain were increased 4 days after cerebral ischemia. MMP-2
has previously been implicated in cerebral ischemia (Planas
et al,, 2001), and disrupted the integrity of the blood brain
barrier and caused neuronal cell death in rats (Amantea et
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Figure 3 Serum S100B levels among sham-, PBS-, and MSC-treated
rats.

MSC treatment significantly decreased serum S100B levels 3 days after
cardiac arrest. *P < 0.05, vs. sham group; #P < 0.05, vs. PBS group. Data
shown as mean + SD (n = 8; one-way analysis of variance followed by
Bonferroni’s post hoc test). MSCs: Mesenchymal stem cells; PBS: phos-
phate-buffered saline.

al., 2007). We previously showed that cardiac arrest caused
brain edema and ischemic brain damage in rats, while MSC
transplantation attenuated these pathological changes (Leong
et al., 2016). These effects might thus be achieved via a
mechanism associated with MMP-2 (Amantea et al., 2014).
The current results also showed that MSC treatment inhibit-
ed MMP-2 production in the ischemic brain following cardi-
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Figure 4 Detection of GFP-labeled MSCs and numbers of labeled MSCs in damaged brain in rats 3 days after cardiopulmonary resuscitation.

GFP-labeled MSCs (arrow) primarily accumulated in the cerebral cortex in MSC-treated rats (A, C) but not in PBS-treated rats, as shown by fluo-
rescence microscopy (B). Original magnification: 400x. Scale bars: 50 pm. TP < 0.05, vs. cortex. Data shown as mean + SD (n = 5; one-way analysis
of variance followed by Bonferroni’s post hoc test). GFP: Green fluorescent protein; MSCs: mesenchymal stem cells; PBS: phosphate-buffered saline.
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Figure 5 Protein levels in the brain in sham-, PBS-, and MSC-treated rats 3 days after cardiopulmonary resuscitation.

*P < 0.05, **P < 0.01, vs. sham group; #P < 0.05, ##P < 0.01, vs. PBS group. Data shown as median (25"“, 750 percentile, n = 3; Kruskal-Wallis H
test). IFN-y: Interferon-y; IL-10: interleukin-10; MDC: macrophage-derived chemokine; MIP: macrophage inflammatory protein; MMP-2: matrix
metalloproteinase-2; MSCs: mesenchymal stem cells; PBS: phosphate-buffered saline; TNF-a: tumor necrosis factor-a.

ac arrest.

In addition to inflammatory responses, proinflammatory
cytokines are also involved in apoptosis and pyroptosis after
cerebral injury. Liu et al. (2013) revealed that the chemokine
CCL2 induced neuronal apoptosis after brain damage, while
Poh et al. (2019) reported that apoptosis and pyroptosis in
microglial cells were mediated by the inflammasome after ce-
rebral injury. All these processes ultimately cause nerve cell
death resulting in decreased neuronal density (Figure 6) and

consequently reduced neurological function. In the current
study, cardiac arrest caused high levels of proinflammatory
cytokines, while MSC treatment inhibited the arrest-induced
production of these cytokines. After MSCs transplantation,
stem cells in the environment of high levels of proinflam-
matory cytokines in the brain may reduce proinflammatory
cytokines through feedback under the stimulation of inflam-
mation, leading to improved neurological outcomes after
cardiac arrest.
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Figure 6 Inflammatory cytokines mediate cell death after global
cerebral ischemia induced by cardiac arrest.

IFN-y: Interferon-y; MIP-1a: macrophage inflammatory protein-1la;
TNF-a: tumor necrosis factor-a.

IL-10, as an anti-inflammatory cytokine, has been shown
to inhibit the pro-inflammatory factors IL-13 and TNF-a
and to suppress cytokine receptor expression and activa-
tion (Garcia et al.,, 2017). The neuroprotective role of IL-10
has been confirmed in animal models of cerebral ischemia
(Spera et al., 1998; Liang et al., 2015; Zhang et al., 2016),
and intracerebroventricular injection of IL-10 injection had
neuroprotective effects in an experimental mouse model of
stroke (Liesz et al., 2014). In line with these results, the cur-
rent study demonstrated that MSC transplantation increased
brain production of IL-10 in cardiac arrest-induced global
cerebral ischemia in rats. The beneficial effect of MSC treat-
ment might thus be attributed to a reduction in pro-inflam-
matory mediators modulated by IL-10.

The current pathological results demonstrated that trans-
planted MSCs were mainly located in the cerebral cortex and
rarely in the hippocampus or other brain regions. It is likely
that the MSCs somehow ‘sense’ and home to the more-dam-
aged cortex; however, the mechanisms responsible for MSC
homing to the damaged tissue are not clear. Stromal cell-de-
rived factor 1 expression was upregulated in ischemic tissues
and CXC chemokine receptor 4 was shown to be present
on the stem cell surface in rats (Li et al., 2017), suggesting
that a molecular signal associated with stromal cell-derived
factor 1/CXC chemokine receptor 4 may be associated with
homing and engraftment of stem cells to the damaged tis-
sues (Shyu et al., 2006). In view of the proposed mechanisms
of stem cell homing, we speculated that the ischemic cortex
might produce high concentrations of stromal cell-derived
factor 1, which could in turn attract more MSCs. However,
further studies are needed to prove this hypothesis.

This study had some limitations. First, we did not deter-
mine if the microglia and astrocytes in the brain were acti-
vated, and their role in the inflammatory responses is thus
poorly understood. Second, it remains unknown if IL-10
was secreted by the transplanted MSCs or by resident pa-
renchymal cells in the brain. Finally, we did not quantify the
degree of MSC engrafted in the brain. Further investigation
of the mechanisms involved in the inhibitory modulation of
inflammatory mediators by MSCs is therefore warranted.

In conclusion, MSC transplantation improved neurolog-
ical outcomes after cardiac arrest and cardiopulmonary re-
suscitation in rats, possibly by reducing levels of inflammato-
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ry mediators and increasing levels of the anti-inflammatory
cytokine IL-10.
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ADDITIONAL TABLE 1

Additional Table 1 Cytokines profile in the brain at 3 d after cardiopulmonary resuscitation

Standard value Average standard value Ratio P value
CA s MSCvs | CAvs MSC vs
Shaml | Sham2 | Sham3 | CA1 CA2 CA3 MSC1 | MSC2 | MSC3
Sham | CA Sham CA Sham CA
1 1 1 1 1 1 1 1 1 1 1 1 1 1| N/A N/A
0.0348 | 0.2167 | 0.1123 | 0.0186 | 0.2486 | 0.1293 | 0.0402 | 0.0762 | 0.0855 | 0.1213 | 0.1321 | 0.0673 0.393412
1.089647 0.50969 | 0.904121
41 52 51 33 26 11 9 58 8 15 9 76 4
0.0198 | 0.0149 | 0.0187 | 0.0103 | 0.0284 | 0.0204 | 0.0180 | 0.0159 | 0.0157 | 0.0178 | 0.0197 | 0.0165 0.580990
1.108569 | 0.839738 | 0.7398012
49 19 09 76 45 62 79 6 44 26 61 94 8
N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A
0.0083 | 0.0090 | 0.0071 | 0.0033 | 0.0030 | 0.0058 | 0.0154 | 0.0243 | 0.0016 | 0.0081 | 0.0041 | 0.0138 0.008538
0.501941 | 3.369719 | 0.0172821
02 23 89 55 73 77 78 7 14 71 01 21 1
0.0132 | 0.0158 | 0.0150 | 0.0170 | 0.0444 | 0.0219 | 0.0085 | 0.0077 | 0.0049 | 0.0146 | 0.0278 | 0.0070 0.028655
1.893902 | 0.255176 | 0.0098275
21 42 02 66 52 39 61 49 86 89 19 99 6
0.0377 | 0.0352 | 0.0133 | 0.0396 | 0.0709 | 0.0522 | 0.0298 | 0.0230 | 0.0241 | 0.0287 | 0.0542 | 0.0256 0.037522
1.885957 0.47305 | 0.0189468
3 63 8 68 68 6 96 1 52 91 99 86 5
0.0216 | 0.0107 | 0.0223 | 0.0325 | 0.0349 | 0.0289 | 0.0203 | 0.0154 | 0.0161 | 0.0182 | 0.0321 | 0.0173 0.012162
1.761963 0.5379 | 0.0249431
4 66 75 93 34 95 45 64 11 6 74 06 5
0.0138 | 0.0109 | 0.0096 | 0.0237 | 0.0163 | 0.0227 | 0.0111 | 0.0134 | 0.0087 | 0.0114 | 0.0209 | 0.0111 0.027603
1.826022 | 0.530139 | 0.018527
04 67 81 5 98 62 3 54 67 84 7 17 7
0.0197 | 0.0144 | 0.0199 | 0.0319 | 0.0285 | 0.0249 | 0.0136 | 0.0180 | 0.0156 | 0.0180 | 0.0284 | 0.0158 0.006177
1.578813 | 0.554891 | 0.0132506
26 76 35 67 89 16 61 76 91 46 91 09 7
0.0114 | 0.0098 | 0.0202 | 0.0212 | 0.0245 | 0.0202 | 0.0111 | 0.0084 | 0.0084 | 0.0138 | 0.0220 | 0.0093 0.001330
1.59189 | 0.423159 | 0.028065
27 71 07 3 86 56 18 23 19 35 24 2 2
0.0252 | 0.0079 | 0.0197 | 0.0217 | 0.0364 | 0.0285 | 0.0099 | 0.0167 | 0.0161 | 0.0176 | 0.0289 | 0.0142 | 1.638551 | 0.493285 | 0.0249556 | 0.037259
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