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Transplantation of placenta-derived mesenchymal stem
cells reduces hypoxic-ischemic brain damage in rats
by ameliorating the inflammatory response

Hongfang Ding1, Hui Zhang2, Huifang Ding1, Dong Li3, Xinhao Yi1, Xiaoxu Ma1, Ruijuan Li1,
Mei Huang1 and Xiuli Ju3

Hypoxic-ischemic brain damage (HIBD) is a common cause of infant death. The purpose of our research was to explore

the immunoregulatory mechanism of placenta-derived mesenchymal stem cells (PD-MSCs) in HIBD treatment.

Seven-day-old rat pups were randomly divided into HIBD, PD-MSC, fibroblast, and control groups. Forty-eight hours after

HIBD induction, cells at a density of 5 3 104 cells/10 ml were injected into the cerebral tissue in the PD-MSC and

fibroblast groups. The TNF-a, interleukin- 17 (IL-17), interferon-c (IFN-c), and IL-10 levels were detected through

quantitative real-time polymerase chain reaction (RT-PCR) and enzyme-linked immunosorbent assay (ELISA).

Regulatory T cell (Tregs) populations were detected through flow cytometry, and forkhead box P3 (Foxp3) was measured

through western blot analysis. Behavioral tests and gross and pathological examinations showed that PD-MSC

treatment exerted significantly stronger neuroprotective effects than the other treatments. The expression levels of

pro-inflammatory cytokines were substantially upregulated after HI injury. Compared with fibroblast treatment, PD-MSC

treatment inhibited the production of pro-inflammatory cytokines and increased the production of IL-10 in the ischemic

hemispheres and peripheral blood serum (all P , 0.01). Flow cytometry results showed a notable increase in the

number of Tregs within the spleen of the HIBD group. Moreover, the number of Tregs and the Foxp3 expression levels were

higher in the PD-MSC treatment group than in the HIBD and fibroblast groups (all P , 0.01). Our research suggests

that the mechanism of PD-MSC treatment for HIBD partially involves inflammatory response suppression.
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INTRODUCTION

Hypoxic-ischemic brain damage (HIBD) is a type of newborn

brain damage that is caused by perinatal asphyxia and hypoxic

ischemic during the perinatal period. Approximately 15–20%

of HI-injured infants die, and at least 25% of survivors have

long-term neurological disorders, such as cerebral palsy, epi-

lepsy and mental retardation.1 However, the exact pathogenesis

of HIBD has not been thoroughly ascertained. At present, treat-

ment options for HI injury are largely supportive.2 The eco-

nomic and emotional costs of caring for children affected by

HIBD are enormous, and seeking therapeutic strategies to

ameliorate the severity of HI-related brain injury remains of

important significance.

The inflammatory response to HIBD has recently attracted

considerable attention. In the acute phase of cerebral infarc-

tion, macrophages infiltrate and promote rapid inflammatory

responses; however, in the late phases of cerebral infarction,

a variety of inflammatory cells, including lymphocytes, and

cytokines aggravate ischemic injury.3 T cells produce various

cytokines that can strongly regulate the post-ischemic inflam-

mation. CD41 helper T cells produce interferon-c (IFN-c),

which directly leads to neuron death. cd T cells are the main

source of interleukin 17 (IL-17) after ischemic damage.4

These cytokines might amplify inflammatory cascades and

recruit monocytes and neutrophils to injury sites. However,

limited data are available regarding the imbalance between
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pro-inflammatory and anti-inflammatory cytokines in the

peripheral and central nervous systems after HI injury.

Immunoregulatory mechanisms may limit the inflammatory

phase and mediate immunosuppression. Regulatory T cells

(Tregs), a T cell subset, play a pivotal role in the pathophysio-

logical process of ischemic stroke. Within the population of

CD41 T cells, Tregs are identified by cell-surface expression

markers, such as CD25. The transcription factor forkhead box

P3 (Foxp3), which is a specific intracellular marker of CD41

CD251 Tregs, is the key regulatory gene for the development

and function of Tregs.5 A recent report has indicated that Tregs

provide neuroprotection after brief focal cerebral ischemia.

Tregs produce IL-10, which exerts an anti-inflammatory effect

by reducing the generation of TNF-a and IFN-c. The depletion

of the CD251 population with anti-CD25 mAb significantly

increases brain infarct volume and worsens functional out-

comes.6 In the systemic and central nervous systems, Tregs

secrete anti-inflammatory molecules, including IL-10 and

transforming growth factor-b. IL-10, an important mediator

of Tregs, has been shown to exert protective effects in central

ischemia.7 Despite these recent findings, little is known about

the distribution, induction, and activation of Tregs after cereb-

ral ischemia. Therefore, the current study sought to analyze the

cytokines and activation levels of Tregs in the peripheral

lymphatic organs after HI-related brain injury.

Stem cell therapy is effective in restoring tissue and organ

injuries in animal models.8 Stem cell transplantion plays a

neuroprotective and neuroregenerative role in injury central

tissues, and is associated with a low risk of rejection and side

effects.9,10 Bone marrow (BM) is the most common source of

mesenchymal stem cells (MSCs). However, the proliferation

and differentiation potentials of BM-MSCs are also weak.

The invasive procedures and increased probability of viral

infection limit the further clinical application of BM-MSCs.11

Several laboratories have successfully isolated multi-potent dif-

ferentiatied cells from discarded tissues after delivery, such as

the umbilical cord, cord blood, and placenta. These cells are

capable of self-renewal, high proliferation, multilineage differ-

entiation, and immunoregulation. These properties make pla-

centa derived-(PD) MSCs a prospective alternative source of

MSCs for fundamental research and clinical applications.12

The mechanism of stem cell transplantation in the treatment

of central injury involves alternative nerve cells, trophic factor

secretion, and local microcirculatory improvements.13 To date,

it is considered a multifaceted joint comprehensive repair

mechanism. Whether PD-MSC treatment for HIBD is partially

mediated by suppressing immune responses warrants further

investigation. Therefore, our research explored the potential

therapeutic efficacy and possible mechanism of PD-MSC treat-

ment in ameliorating autoimmune progression in HIBD rats.

MATERIALS AND METHODS

Animal care

Animals from the experimental animal center of Shandong

University were maintained in the Shandong University Qilu

Hospital animal facility. All experimental protocols were

approved by the Shandong University Institutional Animal

Care and Use Committee.

Cell culture

Adherent cells derived from the placenta were cultured in

accordance with our previously published protocol.14

Priming was conducted by culturing with 10% fetal bovine

serum (Gibco Invitrogen, Carlsbad, CA, USA), 100 U/ml peni-

cillin, and 100 mg/ml streptomycin. To track grafted MSCs,

cells at the third passage were transfected with a lentivirus

carrying the green fluorescent protein (GFP) gene. The results

of the in vitro GFP gene transfection were observed with fluor-

escence microscopy.

HIBD animal model and transplantation

A rat model of HIBD was established as previously

described.14,15 P7 Wistar rat pups were anesthetized, and the

left common carotid arteries were cut. After the surgical pro-

cedure, the young rats were placed in a jar full of warmed,

humidified 8% oxygen (balanced with nitrogen) at 1.5 l/min

for 2.5 h. After HIBD was induced, the newborn animals were

randomly divided into three groups (n 5 20): HIBD, HIBD 1

PD-MSC, and HIBD 1 fibroblast groups. For the PD-MSC

group, the skull bregma (3 mm from the front of the herring-

bone stitch, 2 mm from the left of the midline, depth of 2 mm)

was determined, and a single cell suspension (5 3 104 cells/10

ml) of the third passage PD-MSCs was transplanted at 48 h after

HIBD with a stereotaxic apparatus. The injection rate was 1 ml/

min with a total volume of 2 mL. The fibroblast group received

the same volume of fibroblasts at the same time.

Neurobehavioral tests

Behavioral tests, including the hanging wire and vertical pole

tests, were performed for all of the rat pups from 3 to 21 d after

HI injury.16

The hanging wire test evaluates neuromuscular develop-

ment. First, we took a wire cage lid and put the experimental

animal on it. Then, we gently shook it three times and turned it

upside down. Rats supported themselves with their limbs to

prevent themselves from falling. We placed a box filled with

sawdust at the base to protect the falling rats. The distance from

the lid was 20 cm. A stopwatch was used to quantify the time

until the experimental animal dropped from the lid.

In the vertical pole test, we tested the movement balance of

the experimental animals. First, we placed an experimental

animal on the center of a pole. Then, we gently moved the pole

to a vertical position from the horizontal position. We

recorded the angle at which the experimental animal dropped

off the pole.

Histological examination

Five rats that were randomly selected from each group were

anesthetized with 4% paraformaldehyde after the behavioral

tests 21 d after HI injury. The brains were collected, fixed,
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and paraffin-embedded. Coronal brain sections with a thick-

ness of 5 mm were prepared. Each specimen was randomly

selected, and three slices were dewaxed, hydrated, and counter-

stained with hematoxylin and eosin staining. The number of

GFP-positive cells was counted in the same area of three cor-

onal brain sections and observed with microscopy.

The cytokine mRNA expression levels

The inflammatory cytokine expression levels in the brain tis-

sues were detected through quantitative real-time polymerase

chain reaction (RT-PCR) in the HIBD group at different time

points (3 h, 6 h, 24 h, 3 d, and 5 d after HI). We also assessed the

cytokine mRNA expression levels at 3 d after transplantation in

the four groups. In brief, total RNA was extracted from tissue

dissected from the ipsilateral hemisphere in TRIzol

(Invitrogen). Total RNA (5000 ng) was used to synthesize

first-strand cDNA by SuperScript polymerase through the

First-Strand Synthesis System for RT-PCR (Thermo Fisher

Scientific, Inc., Waltham, MA, USA). The cDNA product was

amplified through PCR. The mRNA expression levels were

quantified using a SYBR Green two-step kit. A PCR mixture

was prepared with SYBR Green PCR Master Mix (Thermo

Fisher Scientific, Inc., Waltham, MA, USA). Primers used were

shown in Table 1. After an initial denaturation at 95 uC for 60 s,

40 cycles of a two-cycle procedure (denaturation at 95 uC for 15

s, annealing and extension at 60 uC for 1 min) were performed.

The expression of each gene relative to b-actin was determined

through the 2-dCT method. The data were analyzed using

Sequence Detection Software 1.4 (Applied Biosystems). The

mRNA expression levels were determined as fold differences

compared with the control group.

Analysis of cell populations through fluorescence-activated

cell sorting analysis

Splenic single-cell suspensions were obtained on 7 d after HI

injury through mechanical disruption for flow cytometry. Cells

were washed with phosphate-buffered saline (PBS) and then

stained with a combination of monoclonal antibodies specific

to CD4 and CD25 (BD, Franklin Lakes, NJ, USA). After incuba-

tion with monoclonal antibodies, the cells were analyzed on a

flow cytometer (Cytometer 1.0, CytomicsTM FC500, Beckman

Coulter). Forward and side scatter parameters were chosen to

identify lymphocytes. The data were analyzed with the

CellQuest software.

Inflammatory cytokine level measurements

We assessed the cytokine expression levels on 5 d after HI. The

serum was collected and immediately frozen until the protein

concentration quantification was performed using kits for

TNF-a, IFN-c, IL-10 (R&D Systems, USA), and IL-17

(eBioscience, San Diego, California, USA). These procedures

were performed according to the manufacturer’s instructions.

Western blot analysis

On 7 d after HI injury, we washed spleen samples using ice-cold

PBS. The homogenates were lysed with radioimmunoprecipi-

tation assay buffer (Sigma-Aldrich, St. Louis, MO, USA). All of

the samples were assayed for protein concentration using a

bicinchoninic acid assay (Pierce Chemical Co., Rockford, IL,

USA) and then stored at 280 uC. We separated proteins

through SDS-polyacrylamide gel electrophoresis. Then, we

transferred samples to a polyvinylidene difluoride membrane,

and we blocked the membrane using 5% bovine serum albu-

min in a PBS/Tween 20 solution. The blots were incubated with

antibodies specific to Foxp3 and b-actin (Sigma-Aldrich) at

4 uC. After washing, the blots were incubated with horseradish

peroxidase-conjugated secondary antibodies for 1 h. The

bands were visualized through enhanced chemiluminescence

(Amersham Biosciences, Pittsburgh, PA, USA) and then

exposed to Biomax L film (Kodak, Rochester, NY, USA). The

relative densities of the bands were analyzed using the Kodak

Digital Science Imaging System.

Statistical analysis

Statistical analysis was performed using SPSS software version

14.0 (SPSS Inc., Chicago, IL). PCR results were expressed as the

mean 6 SE. Dependent variables (levels of various cytokines

and Tregs) were presented as the mean 6 SD and analyzed

using one-way analyses of variance (ANOVAs) with Tukey’s

honest significant difference multiple comparisons as the

between-subjects factor. Statistical significance was considered

as P , 0.05.

RESULTS

Characteristics, survival, and migration of PD-MSCs in the

HIBD model

MSCs were isolated and cultured from the placentas of

pregnant rats. Forty-eight hours after culture, adherent fibro-

blast-like cells were detected. Cell morphology was uniform,

spindle-shaped, and partly spiral-like after 2 weeks (Figure 1a

and b). The flow cytometry results showed the positive CD29

(97.16 6 4.61%), CD44 (98.69 6 4.10%), CD90 (96.36 6

4.53%), and CD105 (95.75 6 5.52%) expression levels and

the negligible CD45 expression levels (0.75 6 0.28%;

Figure 1c). Under the appropriate induction conditions, the

PD-MSCs differentiated into osteoblasts, chondrocytes, and

adipocytes (Figure 1d). These results were in accordance

with the international MSC standards. The GFP transfection

Table 1 Primers used for RT-PCR analysis

Gene Primer Sequence

IL-17 Sense primer 59-TGAACCTGGAGGCTACAGTGAA-39

anti-sense primer 59-GGCCTCGGCGTTTGG-39

IFN-c Sense primer 59-TACACGCCGCGTCTTGGT-39

anti-sense primer 59-GAGTGTGCCTTGGCAGTAACAG-39

TNF-a Sense primer 59-GGGTGATTGGTCCCAACAAG-39

anti-sense primer 59-GGGTCTGGGCCATGGAA-39

IL-10 Sense primer 59-CCCTGGGAGAGAAGCTGAAGA-39

anti-sense primer 59-CACTGCCTTGCTTTTATTCTCACA-39

b-actin Sense primer 59-TCTGTGTGGATT GGTGGCTCTA-39

anti-sense primer 59-CTGCTTGCTGATCCACATCTG-39
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efficiency was 92%, which was confirmed by fluorescent

microscope observation.

The grafted PD-MSC survival levels were analyzed by detect-

ing GFP to identify the grafted cells. The PD-MSCs survived

and migrated toward the damaged tissue. In the HI pups, trans-

planted PD-MSCs were found in the needle track and the injec-

tion site. Then, the grafted cells were transferred from the

injection site to the cortical and periventricular regions. GFP-

positive PD-MSCs were found in the infarct area. At 6 h after

transplantation, GFP-positive PD-MSCs were primarily found
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Figure 1 Characteristics, survival, and migration of PD-MSCs in the HIBD model. (a and b) Cell morphology was uniform spindle-shaped and partly
spiral-like after 2 weeks; (c) Flow cytometry showed the positive CD29, CD44, CD90, and CD105 expression levels and the negligible CD45
expression; (d) Differentiation into osteoblasts, chondrocytes, and adipocytes (original magnification: 3200); (e) GFP-positive PD-MSCs were
found in the infarct area. At 6 h after transplantation, GFP-positive PD-MSCs were primarily found around the injection site. At 6 d after MSC
implantation, the green fluorescent signal was significantly attenuated. The scale bar represents 200 mm.
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around the injection site. At 6 d after MSC implantation, the

green fluorescent signal was significantly attenuated. GFP-pos-

itive cells were observed in the ipsilateral infarct cortex, whereas

no staining was observed in the contralateral cortex. These data

suggest that grafted PD-MSCs can survive in the postinjury

milieu of the injured neonatal cerebral HI (Figure 1e).

Motor function assessment in the HIBD model

At 3, 9, 15, and 21 d after HI injury, the motor skills of animals

were evaluated through neurobehavioral, hanging wire, and

vertical pole tests. The PD-MSC group had the best recovery

from HIBD injury among the three treatment groups.

Hanging wire test: The mean latency time of the HIBD group

was distinctly shorter compared with that in the control. The

latency in the PD-MSC group was much more prominent than

that in the HIBD group (Figure 2a).

Vertical pole test: The motor activities in the HIBD and

fibroblast groups clearly decreased compared with the control.

Meanwhile, the motor activity was clearly improved in the PD-

MSC group (Figure 2b).

General observations and histopathologic results

Newborn rats appeared irritable and cyanotic at the beginning

of hypoxia induction, and they gradually experienced suppres-

sion and even convulsions. The gross morphology of the brains

from the HIBD group showed significant atrophy in the left

cerebral hemisphere. In addition, the brain morphology in the

PD-MSC group was similar to that in the control group brains,

without evident cerebral atrophy and edema. Microscopic

examination with hematoxylin-eosin staining revealed shrun-

ken neurons and eosinophilic cell bodies in the HIBD group

(Figure 3a). After HI induction, the weight gain in the HIBD

and HIBD 1 fibroblast group rats was slower compared with

the control group (the control group: P7: 14.00 6 2.59 g; P14:

26.55 6 4.02 g; P21: 41.44 6 5.90 g; P28: 57.16 6 3.77 g; the

HIBD group: P7: 13.85 6 1.87 g; P14: 21.18 6 4.07 g; P21: 37.23

6 6.34 g; P28: 52.96 6 7.67 g; the HIBD1fibroblast group: P7:

13.92 6 2.56 g; P14: 22.2 6 2.91 g; P21: 39.19 6 5.99 g; P28:

52.44 6 7.08 g). The body weight of the rats significantly

improved in the HIBD1PD-MSC group (P7: 13.87 6 2.98 g;

P14: 24.24 6 2.5 g; P21: 46.44 6 6.46 g; P28: 61.11 6 7.16 g;

Figure 3b).

PD-MSC treatment attenuates systemic inflammation after

HI injury at the gene and protein levels

The mRNA expression levels of cytokines in the ischemic hemi-

spheres were examined at different time points. The TNF-a,
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INF-c, and IL-17 levels were substantially increased in the

HIBD group compared with the control group. The temporal

patterns of upregulation differed among the cytokines. The

TNF-a mRNA expression increased at 3 h after HI injury com-

pared with the basal level, and this level sharply differed from

the control level at 24 h. The IFN-c and IL-17 levels were

significantly elevated at 24 h, peaked at 3 d, and then gradually

decreased. Similar to the changes in the pro-inflammatory fac-

tors, the IL-10 levels in the brain also increased in the HIBD

group, which increased at 6 h and peaked at 3 d (Figure 4a). The

expression TNF-a, INF-c, and IL-17 levels clearlydecreased in

the PD-MSC group compared with the HIBD and fibroblast

groups (all P , 0.01). The IL-10 expression level was appar-

ently greater in the three experimental groups; moreover, it

notably increased in the PD-MSC group compared with the

HIBD and fibroblast groups (all P , 0.01; Figure 4b).

The soluble peripheral blood serum levels of IFN-c, TNF-a,

IL-17, and IL-10 were evaluated with enzyme-linked immuno-

sorbent assays (ELISAs). The expression levels of pro-inflam-

matory cytokines were substantially upregulated after HI injury

(control group: IFN-c: 10.83 6 2.13; TNF-a: 22.40 6 4.35; IL-

17: 4.92 6 1.08. HIBD group: IFN-c: 43.56 6 7.12; TNF-a:

67.93 6 8.11; IL-17: 19.20 6 3.14.). Compared with the fibro-

blast treatment, the PD-MSC treatment inhibited the produc-

tion of pro-inflammatory cytokines and increased the

production of IL-10 in the peripheral blood serum (PD-MSC

group: IFN-c: 29.78 6 6.13; TNF-a: 50.95 6 7.16; IL-17: 12.06

6 3.21; IL-10: 41.84 6 6.17. fibroblast group: IFN-c: 41.84 6

6.05; TNF-a: 64.49 6 8.31; IL-17: 17.72 6 3.11; IL-10: 26.58 6

4.25. all Ps , 0.01; Figure 5).

PD-MSC treatment regulates Tregs after HIBD injury

The flow cytometry results demonstrated that the number of

Tregs was higher in the HIBD group (10.43 6 1.29%) com-

pared with the control group (8.32 6 0.48%). The number of

Tregs was greater in the PD-MSC group (17.69 6 1.18%)

compared with the fibroblast group (13.14 6 1.06%, P ,

0.01; Figure 6a and b).

Western blot analysis demonstrated that the Foxp3

expression levels were clearly higher in the three experimental
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groups than in the control group (all P , 0.01). In agreement

with the flow cytometry results, the Foxp3 expression levels

in the PD-MSC group were distinctly increased compared

with those in the HIBD and fibroblast group (all P , 0.01;

Figure 6c).

DISCUSSION

Research has shown that MSC therapy has protective effects

against HI injury. In our study, we found that a PD-MSC

treatment significantly ameliorated movement disorders and

increased the body weights of rats after HI injury. Moreover,

the PD-MSC treatment reduced the infarct volume by suppres-

sing the inflammatory cytokine upregulation in the damaged

brain and induced Foxp3 expression.

We succeeded in isolating and culturing MSCs from the

placenta. The adherent cells that were generated from the pla-

centa tissues were plastic adherent, bore stromal surface mar-

kers (e.g. CD29, CD44, CD90, and CD105), and lacked

hematopoietic cell markers (i.e. CD45). Moreover, these cells

have adipogenic, cartilage, and osteogenic differentiation

potentials.17 Thus, the placenta can be used as a source for

fundamental research and cell treatment.

Over the past 10 years, several laboratories have studied

MSCs in tissue repair models.18–20 Koh et al. 21 have reported

that 3 weeks after implantation, most hUC-MSCs are present in

the injured hemisphere, and nestin expression in the hip-

pocampus is increased. In our study, 6 hours after transplanta-

tion, GFP-positive PD-MSCs were mainly found at the

injection site; however, 6 d after transplantation, the green

fluorescent signal was significantly weakened. PD-MSCs

mainly focus in the needle tract and injection site. The mechan-

isms of cell transplantation in brain injury treatment was prev-

iously considered to be the result of alternative nerve cells.

However, now it is considered to be the result of a multifaceted
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joint comprehensive repair mechanism. The transplanted cells

can not only directly replace damaged cells but also can pro-

mote endogenous neural stem cell repair, secretion of trophic

factors, and local microcirculation improvements.22

Recently, some studies have focused on the role of cytokines

in the evolution of HI injury.23 Following the destruction of the

neuronal microenvironment and the blood-brain barrier, vari-

ous immune cells migrate into the injured tissue and release

inflammatory mediators. These inflammatory factors exagger-

ate cerebral edema and result in infarct expansion. At the early

HI stages, macrophages, the main inflammatory effector cell,

become visible early at 12 h and peak at 3 d after ischemia-

reperfusion.24 Macrophages promote postischemic inflam-

mation, including the release of various inflammatory factors.

TNF-a exerts neurotoxic effects mainly through the infiltration

of leukocytes and the destruction of the blood-brain barrier.

IFN-c directly leads to neuronal death. IL-10, an immunosup-

pressive cytokine, exerts neuroprotective effects after ischemic

cerebral injury. Despite intensive studies, the mechanisms

underlying brain inflammation remain unclear.25–27 Previous

reports have failed to systematically study inflammatory cyto-

kines and have used limited time points. The present study

investigated the temporal expression levels of cytokines after

HI injury from 3 h to 5 d. The expression levels of pro-inflam-

matory cytokines markedly increased after HI brain injury.

These data were in accordance with results from previous

reports. These cytokines can infiltrate through the BBB, play

a neuroprotective role in the pathophysiological process of

HIBD, and aggravate cerebral edema and neurological

damage.28 The notable changes in the cytokine expression

levels in the hemispheres were time dependent. Thus, we

hypothesized that these factors serve important functions in

HIBD.

Following macrophage infiltration, T cells also migrate into

the ischemic tissue and directly or indirectly cause neuronal cell

death or dysfunction in the delayed process. After HI injury,

Tregs have immunosuppressive effects that involve a variety of

mechanisms, such as direct cell-cell action and the secretion of

anti-inflammatory mediators. IL-10 plays a cerebroprotective

role by suppressing the production of deleterious cerebral cyto-

kines.5,29. In our research, the expression of IL-10 increased in

the HIBD group. At 3 d after HI injury, the number of Tregs

also clearly increased. These results indicate that Tregs particip-

ate in the inflammatory regulation in HIBD.

Our study corroborated that PD-MSC treatment can

improve the development and functional recovery of rats after

experimental HIBD. After cell transplantation, the rats in the

PD-MSC group had no apparent brain atrophy, and their body

weights even improved compared with the controls.

Neurobehavioral tests showed that the PD-MSC group had

the best recovery from HIBD injuse three treatment groups.

However, the mechanisms by which MSCs enhance functional

recovery are more complex than their multilineage differenti-

ation potential and proliferative capacity.30,31 MSCs act via

multifaceted pathways that remain incompletely identified.

Some recent studies have focused on the role of cytokines in

the evolution of injury and have suggested that anti-inflam-

matory therapies reduce neurodegeneration and tissue damage

after acute damage.32 In the current research, the TNF-a, INF-

c, and IL-17 expression levels were evidently lower than in the

PD-MSC group. Additionally, IL-10 expression was markedly

higher in the PD-MSC group. The number of Tregs and the

Foxp3 expression level was also increased. Treatment with PD-

MSCs reduces the infarct volume by stimulating the generation

of Tregs and suppressing the inflammatory reaction to brain

tissue damage.33,34 From the present results, we infer that PD-

MSC treatment plays an immunomodulatory role by improv-

ing the balance between inflammatory and anti-inflammatory

reactions in the pathogenesis of HIBD.

Overall, PD-MSC treatment can markedly restore brain tis-

sue and improve functional outcomes. The key mechanisms

underlying the neuroprotective effect of PD-MSC treatment on

brain function may possibly involve the modulation of

immune responses and the release of anti-inflammatory sol-

uble factors.

COMPETING INTEREST

No conflict of interest.

ACKNOWLEDGEMENTS
The study was supported by grants from the Dongying City

Technology Development Project (Grant No. 2011 106).

1 Lai MC, Yang SN. Perinatal hypoxic-ischemic encephalopathy.
J Biomed Biotechnol 2011; 2011: 609813.

2 Scafidi J, Gallo V. New concepts in perinatal hypoxia ischemia
encephalopathy. Curr Neurol Neurosci Rep 2008; 8: 130–138.

3 Iadecola C, Anrather J. The immunology of stroke: from mechanisms
to translation. Nat Med 2011; 17: 796–808.

4 Shichita T1, Sugiyama Y, Ooboshi H, Sugimori H, Nakagawa R,
Takada I et al. Pivotal role of cerebral interleukin-17-producing
gammadeltaT cells in the delayed phase of ischemic brain injury.
Nat Med 2009; 15: 946–950.
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