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Abstract Intravenous administration of bone marrow-
derived mesenchymal stem cells (BM-MSCs) has been
shown to promote nerve cell regeneration following trau-
matic brain injury (TBI). As the anti-oxidant defense sys-
tems in neuronal tissue including superoxide dismutase 2
(SOD2) are crucial to defend cell against oxidative stress.
We proposed a new stratege to increase the therapeutic ef-
fect of MSCs by preventing cells death from oxidative
stress. We overexpressed SOD2 in BM-MSCs, transplanted
these MSCs into TBI model mice, assessed the protective
effect of SOD2 against oxidation-induced apoptosis in BM-
MSCs both in vitro and in vivo, evaluated brain functional
recovery by the rotarod behavioral test, and tested the oxi-
dation status of TBI mice brain after BM-MSCs transplan-
tation by monitoring the superoxide dismutase, glutathione
and malonaldehyde level. We found over-expression of
SOD2 protected BM-MSCs from H2O2-induced cell apo-
ptosis. Injection of SOD2 over-expressed BM-MSCs atten-
uated neuro-inflammation in the ipsilateral cortex of TBI
mice, and protected TBI mice against loss of blood–brain

barrier integrity. Furthermore, the rotarod behavioral test
showed functional recovery of TBI mice after MSC treat-
ment. Our experiments indicated that SOD2-over-
expressed BM-MSCs have an improved therapeutic effect
on brain injury treatment in TBI mice.
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Introduction

Traumatic brain injury (TBI) is distinguished by a disrup-
tion of the normal brain function due to an injury following
a trauma, which has the potential to induce severe physical,
congnitive, and emotional impairment (Hasan et al. 2017),,
leading to either death or hopitalization. More important,
TBI causes primary damage to the brain followed by a sec-
ondary injury. The second injury is demonstrated in various
pathophysiological mechanisms, including cytotoxicity,
cerebral edema, gene activation, inflammation, and oxida-
tive injury (Hasan et al. 2017). These mechanisms develop
oxidative stress, an imbalance between oxidant and anti-
oxidant agents that can cause neural dysfunction and death
(Uttara et al. 2009), and this imbalance is directly related to
the pathogenesis of TBI. Anti-oxidant defense enzymes
such as superoxide dismutase (SOD) decrease after TBI
(Rodriguez-Rodriguez et al. 2014). SOD2, one of the
SOD family, is a mitochondrial anti-oxidant enzyme which
scavenges superoxide radicals. Reduction of SOD2 activity
was shown to increase neuronal death induced by transient
cerebral ischemia (Tseng et al. 2017; Zhang et al. 2017).
Over-expression of SOD2 provides direct neuroprotection,
glioprotection and protection of the blood–brain barrier
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(BBB) (Cornelius et al. 2013). Thus, the development of
anti-oxidant strategies is of immediate interest in brain in-
jury treatment.

Mesenchymal stem cells (MSCs) are being widely used in
clinical trials (Lazarus et al. 1995; Salehi et al. 2017). They are
adherence cells and pluripotent for mesenchymal lineages in-
cluding osteocytes, adipocytes, and chondrocytes (Dominici
et al. 2006). The ability of MSCs for tissue repair and regen-
eration is also based on their secretion of beneficial cytokines
and growth factors (Moghadasali et al. 2013; Nargesi et al.
2017; Sevivas et al. 2016). Administration of MSCs has been
proposed as an innovative approach and has been proved to
have therapeutic effects in clinical trials for the therapies of
many diseases, which are non-treatable by current traditional
therapies, including heart disease, neuron degenerative dis-
eases, hematologic malignancies, and autoimmune diseases
(Peired et al. 2016; Wang et al. 2016; Yi et al. 2016; Zhang
et al. 2016). Injection of MSCs has been used for TBI treat-
ment in animal models and proved to have potential therapeu-
tic effect, but the efficancy of MSC therapy still needs to be
improved.

As the anti-oxidant defense systems in neuronal tissue in-
cluding SOD2 are critical for preventing cell death from oxi-
dative stress, by preventing MSC death from oxidative stress,
we propose a new strategy that, by increasing the survival rate
of MSCs, will improve the therapeutic efficacy of MSC-
mediated treatment. Thus, we over-expressed SOD2 in
MSCs to investigate the therapeutic effect on TBI treatment
in mice. We found over-expression of SOD2 protected BM-
MSCs against H2O2-induced cell apoptosis both in vitro and
in vivo, attenuated neuro-inflammation in the ipsilateral cortex
of TBI mice, and also protected TBI mice against loss of BBB
integrity. Furthermore, the rotarod behavioral test showed
functional recovery of TBI mice after MSC treatment. Our
experiments indicated that SOD2-over-expressed BM-MSCs
have an improved therapeutic effect on brain injury treatment
in TBI mice.

Materials and methods

Animals

This study was carried out in strict accordance with the
recommendation in the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health
and Weifang Yidu Central Hospital. Balb/c mice were pur-
chased from SLAC laboratory animal (Shanghai, China).
Mice were caged in a fully ventilated room and maintained
in a 12:12-h light:dark cycle. They had free access to a
standard chow diet and water. No animals died during the
period of the experiments.

Preparation and characterization of mouse mesenchymal
stem cells

Mouse mesenchymal stem cells were prepared as described
previously (Rooney et al. 2008). Briefly, bone marrow
(BM) was collected by flushing the dissected femurs with
complete MesenCult™ MSC Basal Medium (Mouse)
(Stem cell technologies, Vancouver, Canada) supplemented
with penicillin (100 U/mL) and streptomycin (100 mg/mL)
(Gibco, Grand Island, NY, USA). The BM cell suspension
was carefully pipetted and followed by centrifugation at
320g for 5 min. After two times washing, cells were cul-
tured in 10-cm culture dishes with a density of 1.0 × 106/ml
at 37 °C with 5% CO2. When the cultured cells reached
90% confluency, adherent cells were trypsinized and pas-
saged. Cells underwent 4–5 passages before use in the sub-
sequent experiments. MSC surface maker characterization
was tested by mouse mesenchymal stem cell marker anti-
body staining. Antibodies for positive MSC markers
(CD29, CD44, CD105) and negative marker (CD34,
CD45) were purchased from BD Biosciences (San Jose,
CA, USA). BD FACSCalibur flow cytometer (BD
Biosciences, Franklin Lakes, NJ, USA) was used to analyze
antibody staining.

Adenovirus production and transduction

Empty adenovirus vector and vector encoding SOD2 were
purchased from Shanghai Liangtai Biotechnology
(Shanghai, China). To produce adenovirus, the linearized con-
struct DNA was transfected into 293 cells using
Lipofectamine 2000™ following the manufacturer’s instruc-
tions. After 24 h, the cells were fed fresh medium, and incu-
bation was continued for an additional 5 days. Virus was re-
leased from the cells by freezing and thawing for three con-
secutive cycles. After the third freeze–thaw cycle, the cells
were briefly centrifuged to pellet the debris and the lysate kept
in clean and sterile centrifuge tubes and stored at −20 °C for
future use. For adenovirus transduction, theMSCswere plated
in 6-well plates, and the next day the adenovirus was added
with an MOI of 10 in 2 mL of medium. The plate was centri-
fuged at 220g for 90 min at 37 °C. Then, the cells were incu-
bated in a 5% CO2 incubator for an additional 4 h. Next, the
medium was removed and fresh complete growth medium
was added. The cells were incubated for another 24 h and were
then ready for analysis.

RT-PCR

Total RNA was extracted with the use of the RNeasy Mini
Kit (Qiagen, CA, USA) from the MSCs after adenovirus
transduction. Reverse transcription was performed using a
reverse transcription kit (Applied Biosystem, Waltham,
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MA, https://en.wikipedia.org/wiki/Waltham,_Massachusetts
USA). Real-time quantitative PCR reactions were set up in
triplicate with SYBR® Green Master Mix (Biorad, CA,
USA) and run on a LightCycler 480 (Roche, Penzberg,
Upper Bavaria, Germany). The following primers were used
in the current study: SOD2: (Fwd: TTAACGCGCAGATC
ATGCA, Rev.: GGTGGCGTTGAGATTGTTCA); GAPDH:
(Fwd: AACGACCCCTTCATTGAC, Rev.: TCCACGAC
ATACTCAGCAC).

MSCs apoptosis analysis

MSCs with mock, empty adenovirus or SOD2 adenovirus
transduction were treated with H2O2 for 24 h. Then, the cells
were subjected to Annexin V/PI staining using Alexa Fluor®

488 Annexin V/Dead Cell Apoptosis Kit (Thermo Fisher
Scientific, USA) following the manufacturer’s instruction. A
BD FACSCalibur flow cytometer (BD Biosciences) was used
to analyze antibody staining.

Assessment of Evans blue extravasation

The assay of Evans blue (EB) leakage was used to evaluate
BBB disruption following the experimental stroke. Briefly,
2% EB (4 mL/kg) was injected via the tail vein at 6 h after
reperfusion. At 2 h after EB injection, mice were perfused
under anesthesia. Tissue samples were collected from the cor-
tex and striatum, which were then homogenized by 50%
trichloracetic acid and centrifuged. The absorbance of super-
natants was measured at 620 nm with infinite M200 PRO
(TECAN, Austria).

Western blot

MSCs were collected and transferred to an Eppendorf tube,
washed twice with phosphate-buffered solution (PBS) buffer
and then lysised in RIPA lysis buffer containing 1% protease
inhibitor cocktail (Santa Cruz, Dallas, TX, USA). A total of
25 μg of proteins were loaded onto a 12% SDS-PAGE gel,
followed by standard western blot procedure. Mouse anti-
SOD2, mouse anti-GAPDH (Abcam, Cambridge, MA,
USA), and HRP-conjugated secondary antibodies were used.
For the mice experiments, ipsilateral cortexes were isolated
from the experimental mice and then lysis for western blot.
Rabbit anti-ZO-1 and rabbit anti-occludin were purchased
from Abcam.

TBI mouse model

The controlled cortical impact model (CCI) of traumatic
brain injury (TBI) was induced in male adult Balb/c mice
(6–8 weeks). Briefly, mice were anesthetized by 4%
isoflurane in oxygen and then placed in a stereotaxic

device. After drilling a hole (3.5 mm × 3.5 mm) in the right
skull, a pneumatic piston impactor tip (3 mm diameter) was
used to induce injury in the brain at the center of the
cranitomy. The tip penetration depth was 1.0 mm and the
velocity was 4.5 m/s. A warming pad was used to keep
body temperature around 37 °C during the surgery. The
skull bone was discarded during CCI, and the skin was
sealed by size 6–0 suture. We used burprenorphine as the
painkiller under restricted regulatory monitoring. MSCs
were administrated 6 h after TBI surgery (see study
flowchart in supplementary Fig. S1). We perfused the ani-
mals with 40–50 mL PBS before dissecting the brain 1 week
after MSC transplantation except for the animals for the
behavioral test.

Transplantation of MSCs

MSCs with mock transduction and MSCs transduced with
empty adenovirus or SOD2 adenovirus were suspended in
PBS (1 × 106 cells in 100 μL PBS) and then injected into mice
using a Hamilton syringe with a 31-gauge needle set intrave-
nously through the tail vein. PBS only was used as the vehicle
control group.

Rotarod behavior test

The functional recovery of mice was evaluated by a standard
rotarod behavior. The latency to fall from a rotating rod is
calculated by incorporated infrared sensors in a Rotamex 5
(Columbus Instruments, Columbus, OH, USA). The experi-
ment was conducted 3 weeks (21 days) after transplantation.
The animals were left to acclimate in a dark room for 1 h
before the experiment. During the experiment, mice were
carefully placed on the rotating rod, and the latency time on
the rod was tested. The rod motor was initially set at 5 rpm
with an acceleration rate of 0.3 rpm/s for a maximum trial
period of 180 s, and performance was measured as latency
to fall in seconds.

Malondialdehyde (MDA) assay

Harvested tissues were washed in iced cold PBS. After ex-
cising 0.4–0.5 g from each tissue, each sample was homog-
enized in 20 mM PBS [tissue to buffer ratio, 1:10 w/v].
10 μL of 0.5 M butylated hydroxytoluene per ml of homog-
enate had been added to prevent additional sample oxida-
tion. The homogenate was centrifuged at 4000g at 4 °C for
10 min. Next, 200 μL of supernatant from each homogenate
was used to analyze the MDA level in tissue samples.
Measurement of MDA is based on the reaction of a chro-
mogenic reagent, N-methyl-2-phenylindole [R1] with
MDA at 24 °C. One molecule of MDA interacts with 2
molecules of R1 to yield a stable chromophore with
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maximal absorbance at 586 nm, and is stable for up to 1 h at
room temperature. The net absorbance at 586 nm yields a
linear function of MDA ranging from 0 to 20 μM.

Glutathione assay

Concentrations of oxidized glutathione (GS-SG) in sam-
ples were analyzed using a Glutathione Assay Kit from
Cayman Chemical (Ann Arbor, USA). The kit uses an en-
zymatic recycling method using glutathione reductase to
quantify glutathione (GSH). The GSH produced from the
interaction of the sulfhydryl group of GSH with 5, 5′-
dithiobis-2-nitrobenzoic acid was oxidized to the disulfide
dimer GS-SG and reduced to GSH by glutathione reduc-
tase. The net absorbance at 405 nm yields a linear function
of GS-SG ranging from 0 to 20 μM, and these values were
extrapolated based on the standard curve provided with the
assay kit.

Superoxide dismutase (SOD) assay

The SOD concentration was analyzed using a Superoxide
Dismutase Assay Kit from Cayman Chemical. The superox-
ide radical agents formed by the interaction of xanthine oxi-
dase with hypoxanthine were detected by tetrazolium. One
unit of SOD detected is equivalent to the amount of enzyme
needed to exhibit 50% dismutase of superoxide radical. The
net absorbance at 450 nm yields a linear function of SOD
ranging from 0 to 30 U/mL. The detection of SOD is 0.1 U/
ml, and these values were extrapolated based on the standard
curve provided with the assay kit.

Elisa

ELISA kits including TNFα, IL10 and IFN-γ for cytokine
profiling were all obtained from R&D Systems (MN, USA).
Dissected TBI brain tissues were weighed and placed in 1%
SDS solution overnight with proteinase inhibitor cocktail
(Roche, USA). After brief sonication, samples were centri-
fuged at 5100g for 5 min at 4 °C. The supernatant was re-
trieved for ELISA analysis according to the manufacturer’s
protocol.

Statistical analysis

Statistical evaluation was performed using one-way ANOVA
analysis, followed by a Tukey’s post hoc test. Data are pre-
sented as mean ± SD. The significance value was set at
P < 0.05.

Results

Expression of SOD2 in BM-MSCs by adenovirus vector
transfection

The phenotype of bone marrow-derived MSCs in this study
was confirmed by the staining of MSC-specific cell surface
markers. As shown in Fig. 1a, the BM-MSCs are positive
for CD29, CD44 and CD105, which are specific MSC sur-
face markers. In addition, these cells are negative for CD34
and CD45, which are non-MSC markers. These results in-
dicated that these BM-MSCs are typical MSCs for the sub-
sequent experiments. To over-express SOD2 in BM-MSCs,
we transduced cells with adenovirus encoding SOD2. Then,
24 h after transduction, the expression of SOD2 was ana-
lyzed on both the mRNA and protein level. We detected a
significantly increased SOD2 mRNA level (Fig. 1b) as well
as protein level (Fig. 1c, d) in SOD2 adenovirus-transduced
BM-MSCs when compared to mock or empty adenovirus-
transduced BM-MSCs.

Over-expression of SOD2 protects BM-MSCs
from H2O2-induced cell apoptosis

The antioxidant defense systems in neuronal tissue including
SOD2 are critical in preventing cell death from oxidative
stress. We therefore assessed the protective effect of SOD2
against oxidation-induced apoptosis in BM-MSCs after expo-
sure to H2O2. Consistent with previous reports, H2O2 treat-
ment induced apoptosis in the BM-MSCs, as we detected
significantly increased apoptotic cells after H2O2 treatment
(32.57 ± 3.79%; Fig. 2a, b). In contrast, the SOD2-over-
expressing BM-MSCs were resistant to H2O2 –induced apo-
ptosis (12.65 ± 1.48%), suggesting the protective role of
SOD2 to prevent oxidative stress.

Transplantation of SOD2 over-expressing BM-MSCs
promoted functional recovery in TBI mice

Brain injury caused an increase in oxidative stress, which
contributed to brain damage. As over-expression of SOD2 in
BM-MSCs can prevent BM-MSCs from oxidative stress, we
further tested whether these SOD2-over-expressed BM-MSCs
have a protective effect in vivo. Our pilot study suggests that
MSCs could successfully migrate to the site of a brain injury
(supplementary Fig. S2). TBI mice were transplanted with
SOD2-over-expressed BM-MSCs. The rotarod behavioral test
was conducted to evaluate the functional recovery of TBI
mice at 21 days after initial BM-MSCs transplantation. The
results show that transplantation of BM-MSCs and SOD2
over-expressed BM-MSCs significantly (62.6 ± 7.1 s,
P < 0.05 for normal BM-MSCs; 85.7 ± 8.6 s, P < 0.01 for
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Fig. 2 Over-expression of SOD2
protects against H2O2-induced
cell apoptosis in BM-MSCs. a
Cells were treated by 0.2 mM
H2O2 for 24 h, then subjected to
Annexin V/PI staining. b
Percentage of apoptotic cells in
the experimental groups. Data are
mean ± SD. **P < 0.01 compared
to control, ##P < 0.01 compared
to the H2O2-treated group

Fig. 1 Successful over-expression of SOD2 in BM-MSCs by adenovirus
vector transfection. a Flow cytometric analysis reveals that BM-MSCs
were positive for CD29, CD44 and CD105, but negative for CD34 and
CD45. b Relative SOD2 mRNA levels were examined by RT-PCR and

normalized to control. GAPDH was employed as an internal control. c, d
SOD2 protein expressions were analyzed by western blotting. GAPDH
was employed as a loading control. Data are mean ± SD. **P < 0.01
compared to control
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SOD2 BM-MSCs) improved the TBI mice function over the
PBS-treated group (38.6 ± 4.4 s; Fig. 3).

Transplantation of SOD2-over-expressed BM-MSCs
protected the BBB in TBI mice

In TBI mice, the BBB integrity was impaired. Our previous
result has shown that transplantation of BM-MSCs promoted
functional recovery in TBI mice. Thus, we continued to test
the effect of BM-MSCs transplantation on BBB integrity in
TBI mice using EB leakage assay. As shown in Fig. 4a, the
BBBwas significantly impaired in TBI mice. Once these mice
were treated with BM-MSCs or SOD2-over-expressed BM-
MSCs, the impairment was significantly improved (P < 0.05
for normal BM-MSCs and P < 0.01 for SOD2 BM-MSCs).
Correlated to this, we also detected significantly increased
expression of tight junction proteins ZO-1 and occluding
(Fig. 4b and c), indicating the enhanced tight junction integrity
in TBI mice after BM-MSCs transplantation.

Transplantation of SOD2 over-expressed BM-MSCs
attenuated neuro-inflammation in the ipsilateral cortex
of TBI mice

As over-expression of SOD2 in BM-MSCs prevented oxida-
tive stress, we tested the oxidation status of TBI mice brain
after the BM-MSCs transplantation by monitoring the SOD,
GSH and MDA level. SOD and GSH were endogenous anti-
oxidant and MDA was the oxidative stress marker. In the
current study, TBI mice had significant decreased activity of
SOD (Fig. 5a), which was consistent with previous reports.
Transplantation of normal BM-MSCs did not affect SOD

activity. After transplantation of SOD2-over-expressed BM-
MSCs, we did detect significantly increased SOD activity,
which were definitely from the over-expressed SOD2. The
transplantation of BM-MSCs did not affect endogenous
GSH level (Fig. 5b). In contrast, we detected a decreased
MDA level (P < 0.05) in SOD2-over-expressed BM-MSCs
transplanted TBI mice (Fig. 5c), indicating decreased oxida-
tive stress in the brain of these mice.

Oxidative stress was associated with pro-inflammatory cy-
tokines and MSCs havebeen reported to have immunomodu-
latory functions by producing cytokines. Thus, we also mon-
itored the cytokine production in brain of TBI mice after trans-
plantation. As shown in Fig. 6, there were significantly in-
creased pro-inflammatory cytokines TNF-α (8.42 ± 0.91 pg/
mg tissue; Fig. 6a) and IFN-γ (8.77 ± 0.89 pg/mg tissue; Fig.
6b) in TBI mice when compared to sham mice (2.31 ± 0.25
and 1.43 ± 0.16 pg/mg tissue, respectively). Once the mice
were transplanted with SOD2-over-expressed BM-MSC, the
TNF-α (4.06 ± 0.47 pg/mg tissue; Fig. 6a) and IFN-γ
(3.19 ± 0.13 pg/mg tissue; Fig. 6b) levels were significantly
decreased. In contrast, the level of anti-inflammatory cytokine
IL-10 was significantly increased after transplantation of
SOD2 BM-MSCs (7.29 ± 0.76 pg/mg tissue; Fig. 6c) com-
pared to the vehicle group (3.08 ± 0.32 pg/mg tissue). All
these results indicated that over-expression of SOD2 in BM-
MSCs attenuated oxidative stress and neuro-inflammation in
TBI mice after transplantation.

Discussion

Even mild TBIs can cause prolonged symptoms and long-
term serious sequelae. Headaches whave beenere reported at
weeks after the injury, and the risk of depression remains high
for decades afterwards (Daneshvar et al. 2011). Evenso, TBI
survivors are encountered with chronic post-injury
sympotoms including learning and memory impairments
(Barman et al. 2016). TBI could also increase the possibility
of suffering from Alzhermer’s disease or dementia when pa-
tients get old (Thompson et al. 2006). Thus, it is urgent for
investigators to find new strategies for TBI treatment.

Intravenous administration of BM-MSCs has been shown
to reduce BBB compromise and improve neurocognition fol-
lowing TBI (Zhao et al. 2016). Here, we successfully over-
expressed SOD2 in BM-MSCs, confirmed the protective ef-
fect of SOD2 against oxidation-induced apoptosis in BM-
MSCs after exposure to H2O2. We also showed that SOD2-
over-expressed BM-MSCs have a protective effect in vivo,
evidenced by the rotarod behavioral test, and thus transplan-
tation of SOD2-over-expressed BM-MSCs promoted func-
tional recovery in TBI mice. These therapeutic effects were
probably achieved through the improvement of BBB integrity
by BM-MSCs, evidenced by increased expression of tight

Fig. 3 .Examination of functional recovery by rotarod behavioral test in
TBImice 3 weeks after transplantation. Over-expression of SOD2 inBM-
MSCs significantly enhanced latency time in TBI mice. n = 8 in each
experimental group. Data are mean ± SD. *P < 0.05, **P < 0.01
compared to sham group, #P < 0.05, ##P < 0.01 compared to the
vehicle group
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junction proteins ZO-1 and occluding, as well as decreased
oxidative stress and neuro-inflammation in the brain of TBI
mice after transplantation.

Oxidative stress and inflammation caused by TBI, subse-
quently induced a second brain injury. Following the initial
injury caused by the trauma, a severe on-site inflammation
occurs, aggravating the damage and increasing the site of the
injury to the neighboring neurons. The primary injury causes
ischemia, reducing the oxygen and glucose supply to the cells.
SODs are endogenous anti-oxidants, their level related to the
SOD2 level, so it is not surprising that SOD activity is signif-
icantly increased after SOD2-over-expressed BM-MSCs
transplantation, while GSH level is unaffected.

TBI leads to impairment of BBB integrity (Yuan et al.
2016), and subsequently induces brain damage. We used EB
to check the BBB integrity, and the leakage of the contralateral
sham group was supposed to be zero without TBI; however,
the surgery might cause some leakage, which was considered
as the baseline.

The potency of MSCs for tissue repair and regeneration is
based on their ability of pluoripotency, and secretion of bene-
ficial molecules (Moghadasali et al. 2013; Nargesi et al. 2017;
Sevivas et al. 2016). Over-expression of cytokines and growth
factors targeting certain diseases is suggested to be a method
for disease-target therapy. IV-MSC treatment attenuates loss
of neural stem cells and promotes hippocampal neurogenesis

Fig. 4 Over-expression of SOD2
inBM-MSCs protects against loss
of blood-brain barrier integrity in
TBI mice 1 week after
transplantation. a The contents of
Evans blue leaking into the
contralateral and ipsilateral brains
were quantified in each
experimental group. b, c
Expressions of tight junction
proteins (ZO-1 and occludin) in
the ipsilateral cortex of
experimental animals were
analyzed by western blotting.
GAPDH was used as a loading
control. n = 8 in each
experimental group. Data are
mean ± SD. **P < 0.01 compared
to sham group, #P < 0.05,
##P < 0.01 compared to vehicle
group

Fig. 5 Status of oxidative stress in each experimental group,
characterized by SOD activity (a), GSH level (b) and MDA level (c) in
the ipsilateral cortex of TBI mice 1 week after transplantation. n = 8 in

each experimental group. Data are mean ± SD. *P < 0.05, **P < 0.01
compared to sham group, #P < 0.05 compared to vehicle group

Cell Tissue Res (2018) 372:67–75 73



in the TBI mice model (Zhao et al. 2016). MSCs over-
expressed SOD2 have more potential to treat TBI through
improvement of survival against oxidative stress-induced
cell apoptosis in TBI mice brain. Study has shown that
SOD2 overexpression in hippocampal astrocytes would im-
prove the survival of CA1 neurons after transient forebrain
ischemia (Xu et al. 2010). The mitochondrial respiratory
chain is the major site of ROS production (Drose and
Brandt 2012). SOD2 directly reduces mitochondrial ROS
which protects mitochondria and likely reduces oxidative
stress for the rest of the cell. Other factors secreted by
MSCs also have a role in neurocognitive recovery follow-
ing TBI. Wnt3a has a demonstrated role in the therapeutic
potential of MSCs and has been identified as a potentidal
standalone therapy or as part of a combination therapeutic
strategy for TBI treatment (Zhao et al. 2016).

The mechanism of MSCs therapy is also widely investigat-
ed for regenerative therapy (Ikebe and Suzuki 2014;
Mahmood et al. 2004; Meseguer-Olmo et al. 2017).
Previous studies have shown that MSCs modulate the immu-
nological activity of certain cell populations (Abdi et al. 2008;
Hynes et al. 2016). They can effectively inhibit proliferation
of CD4 and CD8 T cells. They also promote a shift for T cells
from a pro-inflammatory state to an anti-inflammatory state.
Moreover, MSCs can affect the production of CD4+ CD25+

regulatory T cells. B-cell proliferation can also be inhibited by
MSCs which can affect pro-inflammatory cytokines secretion.
In our experiment, TNF-α and IFN-γ levels were significantly
decreased, while the level of anti-inflammatory cytokine IL-
10 was significantly increased after transplantation of SOD2-
over-expressed BM-MSCs, probably through the decreased
level by preventing oxidative stress in the trauma site, though
it cannot be excluded for the immunomodulatory functions of
MSCs. Furthermore, overexpression of SOD2 should enhance
the survival ofMSCs in the trauma site, which would indirect-
ly attenuate the overall inflammatory activities in this area,
which was seen in our results. We believe that MSCs may
not build the damaged tissue after TBI, rather exert microen-
vironment modulatory effects by inducing the surrounding
cells to protect against the damage or mediate some reaction
through the immune system. However, it is unclear for the

exact mechanisms underlying the change of the cytokine
levels. Nevertheless, because of the immunomodulatory char-
acters of MSCs, these cells have been widely used in many
clinical trials targeting autoimmune diseases such as graft-
versus-host disease (Gavioli et al. 2005).

Overall, MSCs would be a potential way for cell therapy,
especially in brain injury. There are about 10 million people
suffering TBI worldwide each year (Hyder et al. 2007), mak-
ing it an urgent task to develop new strategies for TBI treat-
ment. Our experiment demonstrated that transplantation of
SOD2-over-expressed MSC could give a new insight into
treatment of TBI with great potential as a novel therapeutic
strategy.
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