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Abstract The transplantation of human umbilical cord mesenchymal stem cells (hUC-MSCs)
can promote hypoxic-ischemic brain damage (HIBD) nerve repair, but finding suitable seed cells
to optimize transplantation and improve treatment efficiency is an urgent problem to be
solved. In this study, we induced hUC-MSCs into dedifferentiated hUC-MSCs (De-hUC-MSCs),
and the morphology, stem cell surface markers, proliferation and tri-directional differentia-
tion ability of the De-hUC-MSCs and hUC-MSCs were detected. A whole-gene chip was utilized
for genome cluster, gene ontology and KEGG pathway analyses of differentially expressed
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genes. De-hUC-MSCs were transplanted into HIBD rats, and behavioral experiments and immu-
nofluorescence assays were used to assess the therapeutic effect. A lentivirus vector for hu-
man stromal cell-derived factor-1 (hSDF-1a) was constructed, and the role of hSDF-1a in the
neuroprotective effect and mechanism of De-hUC-MSCs was verified. De-hUC-MSCs displayed
similar cell morphology, stem cell surface marker expression, cell proliferation and even
three-dimensional differentiation ability as hUC-MSCs but exhibited greater treatment poten-
tial in vivo. The reprogramming mechanism of hSDF-1a participated in the dedifferentiation
process. By successfully constructing a stable hSDF-1a cell line, we found that De-hUC-MSCs
might participate in nerve repair through the hSDF-1a/CXCR4/PI3K/Akt pathway. De-hUC-MSCs
reprogramming of endogenous hSDF-1a expression may mediate the hSDF-1a/CXCR4/PI3K/Akt
pathway involved in nerve repair in HIBD rats.
Copyright ª 2020, Chongqing Medical University. Production and hosting by Elsevier B.V. This is
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/
by-nc-nd/4.0/).
Introduction

Hypoxic-ischemic brain damage (HIBD) remains a common
neurological disease in the neonatal period and has received
worldwide attention. HIBD incidence ranges from 1 to 8 and
25 out of every 1000 children born in developed and devel-
oping countries.1 Approximately 10%e60% of children with
HIBD in the world eventually die, and unfortunately,
approximately 25% of surviving children have long-term
neurodevelopmental deficits and disorders.2

In recent years, studies by us and others have found that
transplantation of human umbilical cord mesenchymal stem
cells (hUC-MSCs) offers promising results in HIBD nerve
repair.3e5 However, with the deepening of research, the
problems of the low survival rate, low directional differ-
entiation rate and small therapeutic window of hUC-MSCs
have become increasingly prominent. Finding suitable
seed cells to optimize transplantation schemes and improve
treatment efficiency has become a hot topic in the field of
MSC transplantation therapy.6e8

Dedifferentiation refers to the returnof differentiated and
mature cells from a relatively well-differentiated state to a
naive differentiated or undifferentiated state. It is an ideal
approach for tissue regeneration and repair.9,10 Some studies
have reported that dedifferentiated cells exhibit stronger
function, dedifferentiated hUC-MSCs improve nerve ability in
HIBD rats and dedifferentiated mouse cardiomyocyte cells
prompt cardiac function.11,12 As a new type of seed cell, hUC-
MSCs brings new hope to the transplantation therapy field.
However, there are only a few studies on dedifferentiated
stem cells, and correspondingly, the mechanism is unclear.
Thus, it is important to close this gap.

In the current study, we first induce hUC-MSCs into
dedifferentiated hUC-MSCs (De-hUC-MSCs) in vitro and
identify their biological characteristics. Then, the cells
were transplanted into HIBD rats to explore their neuro-
protective role and possible mechanism.

Materials and methods

Culture and dedifferentiation induction

hUC-MSCs were provided by Chongqing Stem Cell Bank, and
their use was approved by the Ethics Committee of Child-
ren’s Hospital of Chongqing Medical University (Approval
number: 024/2013). The hUC-MSCs were inoculated in
Dulbecco’s modified medium/F12 (DMEM/F12; 1:1; Gibco,
USA) containing 10% FBS (Gibco, Australia), 100 units/ml
penicillin and 100 mg/ml streptomycin and cultured in an
incubator at 37 �C with 5% CO2. Fresh culture medium was
changed every 2e3 days, and when the cells grew to 90%
fusion, trypsin/EDTA (Gibco, USA) was used to digest and
passage the cells. All cells used in the experiments were
from passage 5 to passage 10. According to the mature
established dedifferentiation induction method reported by
our research group,3 the hUC-MSCs were preinduced with
ATRA (1 mmol/L) for 24 h and washed twice with D-Hank’s
for 24 h. Then, MNM induction solution (SigmaeAldrich,
USA) was supplied to induce neural differentiation for 24 h.
The MNM induction solution was removed, and the cells
were carefully washed twice with D-Hank’s solution and
cultured with complete medium (DMEM/F12 containing 10%
FBS) for 24 h to achieve De-hUC-MSCs.

Flow cytometry

hUC-MSCs and De-hUC-MSCs were separately digested with
the appropriate amount of trypsin/EDTA to collect the
digested cells and were divided into 6 EP tubes, each
containing more than 1 � 106 cells per tube. The cells were
blocked in serum for 30 min, washed twice with PBS, and
resuspended in 100 mL of PBS. IgG1-PE and IgG1-FITC
monoclonal antibodies (4A Biotech, Co., Ltd, China) were
added to the control tube, and anti-CD29-PE and anti-HLA-
DR-FITC; anti-CD34-PE and anti-CD45-FITC; anti-CD105-PE
and anti-CD44-FITC; and anti-HLA-ABC-PE and IgG1-FITC
(eBioscience or Bioscience, San Diego, CA, USA) anti-
bodies were added to the other 4 tubes, followed by in-
cubation for 30 min. The cells were then washed twice with
PBS and analyzed using a FACSCanto II System (BD
Bioscience).

Proliferative capacity

hUC-MSCs and De-hUC-MSCs were plated into two 96-well
plates at 5 � 103/well. After culture for 24 h, the cells were
washed with D-Hank’s solution 3 times, 100 mL/well of
complete medium was added along the well wall, and 10
mL/well of CCK-8 reagent (DojinDo, Japan) was added.
After incubation at 37 �C for 2.5 h, the absorbance at
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450 nm was measured and counted as the 0 point, and then,
the absorbance at 1, 2, 3, 6, 10, 13 h was measured and
calculated.

Induction of tridirectional differentiation

Osteogenesis induction
P3 generation hUC-MSCs and De-hUC-MSCs were induced in
complete medium to 80%e90% confluence, and
3 � 105 cells/well were seeded in 6-well plates (precoated
with gelatin) and cultured at 37 �C in a 5% CO2 cell culture
incubator. After 24 h, the complete medium was removed,
the cells were washed with D-Hank’s 3 times, and the me-
dium was replaced with osteogenic induction medium
(Cyagen, China), which was changed every 2e3 days. The
cells were cocultured for 3 weeks, and then, differentiated
cells were identified by alizarin red staining (Cyagen,
China).

Adipogenic induction
When P3 generation hUC-MSCs and De-hUC-MSCs fused to
80%e90%, they were digested by trypsin/EDTA and cultured
in 6-well plates at 2 � 105 cells/well until reaching 100%
confluence (i.e., 3e5 days after maturation). The DMEM/
F12 complete medium was removed, the cells were washed
3 times in D-Hank’s solution, and the medium was replaced
with lipid-inducing A solution (Cyagen, China) and 3 days
later with lipid-inducing B (Cyagen, China). After 24 h,
liquid A was replaced again, and then circulated 3e5 times.
Finally, liquid B was maintained for 7 days and replaced
once every 3 days. Oil red O staining (Cyagen, China) was
applied for lipid identification.

Chondrogenic differentiation
hUC-MSCs and De-hUC-MSC were plated at 2 � 106 cells/
well in 6-well plates and cultured in complete medium for
24 h, and then, the medium was replaced with complete
chondrogenic induction solution (Cyagen, China). After 2
days of cultivation, the cells were gently washed twice with
incomplete osteogenic induction medium, returned to the
complete induction medium for another 28 days and then
stained with alcian blue (Cyagen, China).

Microarray analysis

Microarray analysis was performed according to a previ-
ously reported protocol.3 In short, biological replications
of hUC-MSCs (1E, 2E, 3E) and De-hUC-MSCs (7E, 8E, 9E)
from three different individuals were prepared on a
Human Genome U133 plus 2.0 array for full gene
Table 1 Primer sequence for the target genes.

Gene name Accession number S

Human Stromal
cell-derived
factor-1 (hSDF-1a)

NM199168 5
5

Human b-actin X00351.1 5
5

analysis. Cluster version 2.11 software was used for hier-
archical clustering of the expression profiles, and Affy-
metrix�NetAffx�Analysis Center software was applied for
gene ontology analysis. The screening criteria for differ-
entially expressed genes were as follows: P value less than
0.05 and logFC greater than or equal to 1 or less than �1.
Differentially expressed genes were selected for further
analyses.

RNA extraction and analysis

RNA was extracted using an RNA Extraction Kit (Bioteke
Co., Ltd, China), reverse transcription was carried out
according to a PrimeScript RT Reagent Kit (Takara, Japan),
and the target gene was detected via SYBR-Green real-
time PCR (Takara, Japan). Samples were normalized to
the expression level of b-actin. The primer sequences
were as follows (see Table 1).

Western blotting

Hippocampal brain tissue was isolated using RIPA buffer
containing PMSF (Bioteke Co., Ltd, China). On the basis of
the molecular weight of the target protein, different con-
centrations of separation SDS-PAGE gels (Beyotime, China)
and electrical conditions were prepared. Rabbit anti-CXCR4
and rabbit anti-p-PI3k antibodies (Abcam plc, UK) and
rabbit anti-PI3k, rabbit anti-AKT and rabbit anti-p-AKT an-
tibodies (Cell Signaling Technology, USA) were prepared.
The proteins of interest were visualized using Luminata
Crescendo Western HRP substrate (Millipore, Billerica, USA)
and the Syngene G-box Imaging System.

Enzyme-linked immunosorbent assay

Cell supernatant and hippocampal brain tissue (protein
preparation refers to western blotting) were collected.
hSDF-1a production was examined using commercially
available ELISA Kits (Raybiotech, USA). The experimental
procedure was performed in accordance with the manu-
facturer’s protocol. The optical density at 450 nm was
recorded using a microtiter plate reader (Thermo, USA).

Establishment of sihSDF-1a-De-hUC-MSCs and
AdhSDF-1a-De-hUC-MSCs

According to the CXCL12 (NM_199168) cDNA sequence,
the sihSDF-1a and AdhSDF-1a lentivirus vectors were con-
structed by Neuron Biotech (Shanghai, China). De-hUC-
MSCs were inoculated into 24-well plates at 2 � 104 cells/
equence PCR product

0-GCCGCACTTTCACTCTCC-30
0-GGCTCCTACTGTAAGGGTTCC-30

393 bp

0-GTGAAGGTGACAGCAGTCGGTT-30
0-GAGAAGTGGGGTGGCTTTTAGGA-30

159 bp
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well, MOI 10 (AdhSDF-1a lentivirus vectors) and MOI 20
(sihSDF-1a lentivirus vectors) were selected as the optimum
concentration by exploring different puromycin and MOI
gradients. A single sihSDF-1a infected De-hUC-MSC (repre-
sented by SihSDF-1a) or AdhSDF-1a infected De-hUC-MSCs
(represented by AdhSDF-1a) was seeded into a 96-well
plate to obtain a stable cell line, which was expanded for
further experiments.

Rat HIBD model and cell transplantation

A total of 80 SPF SD rats were provided by Chongqing
Medical University, and their use was approved by the
Ethics Committee of Children’s Hospital of Chongqing
Medical University (Approval number: 024/2013). The HIBD
model was established according to the Rice model, and the
cell transplantation was performed according to our pre-
vious paper.3,13 Briefly, five days after establishment of the
HIBD model in SD rats (12 days of age), the rats were fixed
to a stereotaxic brain locator, and the anterior fontanel was
exposed. Then, 5 mL of 2 � 105 cells was injected into the
rat at a speed of 1 mL/min. The injection was located
1.1e1.2 mm after the anterior fontanel, 1.4 mm to the left
side and 3.5e4.0 mm in depth. Needles were left for
several minutes and then slowly removed. The wound was
disinfected, and the skin was sutured. SDF-1a (Peprotech,
China) was dissolved and resuspended in sterilized PBS to
1000 ng/ml, and the intracranial injection volume was 5 mL.

Histopathology and immunofluorescence

Two days after cell transplantation, the head of the rats
was severed, and the left brain tissue was removed and
fixed in 4% paraformaldehyde for 1e3 days. For dehydra-
tion, 30% sucrose paraformaldehyde was applied. Paraffin
sections, 4-mm thick, were prepared, and morphological
and histopathological observations were carried out under
a light microscope after HE staining. For double-
immunofluorescence labeling, brain tissue was sectioned
to 15 mm after dehydration, and these sections were
immunostained with monoclonal mouse anti-BrdU (Sigma-
eAldrich, USA), rabbit anti-Nestin (Santa Cruz, USA), rabbit
anti-CD31 (Servicebio, China), and mouse anti-NeuN (Serv-
icebio, China) antibodies at 4 �C for 20 h. The primary an-
tibodies were visualized using Alexa Fluor 488 chicken anti-
mouse IgG and Cy3-conjugated Affinipure goat anti-rabbit
IgG. Laser scanning confocal microscopy (Nikon, Japan) was
applied to capture images.

Morris water maze test

The Morris water maze test was performed 4 weeks after
the intracranial injection and was divided into three stages
lasting 6 days. On Day 1, the visual platform test was con-
ducted: rats underwent four trials of 60 s in four quadrants,
and the time (escape latency) and distance (path length)
required to locate the platform were recorded. On Days
2e5, hidden platform training was performed: the rats
found a platform within 60 s, and software automatically
recorded the event. If the platform was not found, the rats
were placed on the platform for 20 s to enhance their
memory. The rats were trained four times per day, with an
interval of 15e20 min between the two training sessions,
for four consecutive days. In the probe trial test (Day 6),
the number of times the rats crossed the platform within
60 s was recorded. The time, distance and number of at-
tempts required for rats to find the platform in three pe-
riods were statistically analyzed.

Object-in-place task

The experimental details and analysis methods were based
on previously published articles.3 In short, four weeks after
cell transplantation, the experimental rats in each group
were subjected to an object-in-place experiment. During
the adaptation period, the rats were acclimated to the
environment for 10 min. On the 3rd day, the rats were
placed in a cylinder to explore different toys in the four
corners for 5 min. After 5 min of rest, the toys in the
exchanged positions (two of them) were again explored for
3 min. The exploration time spent on the four toys and on
the two toys in exchanged positions and the two toys in
unexchanged positions of every experimental rat was
recorded, and the ratio was calculated.

Statistical analysis

The results are presented as the mean � SD. One-way
analysis of variance (ANOVA) was used for multivariate data
analysis, and Student’s t test was used for statistical anal-
ysis. A value of P < 0.05 was considered to indicate
significance.

Results

Identification of hUC-MSCs and De-hUC-MSCs

Both hUC-MSCs and De-hUC-MSCs displayed spindle-like,
spiral and adherent growth. Their proliferation ability was
strong, with the ability to cover a 75 cm2 culture flask in
3e5 days (Fig. 1A and B). Flow cytometry was used to
detect the expression of surface markers on hUC-MSCs and
De-hUC-MSCs (Fig. 1C and D). The results showed that
CD29, CD44, CD105 and HLA-ABC were positively expressed
in both cells, while the cells were negative for HLA-DR,
CD34 and CD45 expression, suggesting that both hUC-MSCs
and De-hUC-MSCs express surface antigens of hMSCs. The
proliferation curves constructed with CCK8 proliferation
experiment results demonstrated that the cell growth
phase was 1e10 days and the logarithmic growth phase was
3e6 days, with a downward trend after 10 days. The hUC-
MSCs and De-hUC-MSCs showed a similar proliferation ca-
pacity (Fig. 1E). Osteogenic, adipogenic, and chondrogenic
differentiation experiments were used to detect the tri-
directional differentiation ability of the cells. After osteo-
genic induction, the cells showed aggregation and miner-
alized nodules, and calcified matrix deposits were seen
with alizarin red staining. Vacuolar lipid droplets with
enhanced refraction were observed after lipogenic



Figure 1 The basic biological characteristics of hUC-MSCs and De-hUC-MSCs. (AeB) Morphology of hUC-MSCs and De-hUC-MSCs
determined by light microscopy (scale bar Z 200 mm). (CeD) Flow cytometry analysis of surface markers on hUC-MSCs and De-
hUC-MSCs. (E) Proliferation ability of hUC-MSCs and De-hUC-MSCs determined using CCK8 assays (the data represent three repe-
titions). (F) hUC-MSC and De-hUC-MSC differentiation into osteoblasts and adipogenic, chondrocytes.
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induction. The cells grew flat and round, adhered to the
wall, aggregated, and stained positive for chondrocyte
characteristics (Fig. 1F), suggesting that both hUC-MSCs and
De-hUC-MSCs had the tri-directional differentiation ability
of hMSCs. According to the above results, De-hUC-MSCs had
stem cell properties similar to those of hUC-MSCs.

The whole-gene expression pattern of hUC-MSCs
and De-hUC-MSCs

To further explore the biological characteristic of hUC-MSCs
and De-hUC-MSCs, a whole-gene chip was used for detec-
tion. According to the screening criteria for differentially
expressed genes (briefly, the expression was altered by at
least two-fold), there were 693 genes differentially
expressed between the two groups, of which 326 were
differential high-expression genes and 367 were differential
low-expression genes. The differentially expressed genes
were analyzed by genome cluster analysis (Fig. 2A). It can
be seen from the cluster diagram that hUC-MSCs reprog-
rammed differential gene expression during the process of
dedifferentiation. Gene ontology and KEGG pathway ana-
lyses were employed to assess the biological function and
possible signaling pathways involved in the dedifferentia-
tion process. SDF-1a is a gene known to participate in the
cytokineecytokine receptor interaction pathway (Fig. 2B
and C). Additionally, it was found that SDF-1a was the most
differentially expressed gene between De-hUC-MSCs and
hUC-MSCs, and the same result was verified by RT-PCR
(Fig. 2D and E), indicating that the dedifferentiation pro-
cess mediates reprogramming of SDF-1a expression, which
may take part in the biological function of De-hUC-MSCs.

Therapeutic effect of hUC-MSCs and De-hUC-MSCs
in HIBD rats in vivo

The above results revealed that hUC-MSCs and De-hUC-
MSCs have similar biological properties. How do they differ
in therapeutic potential? To answer this question, hUC-MSCs
and De-hUC-MSCs were transplanted into the lateral
ventricle of HIBD rats. A Nestinþ (red)/BrdUþ (green)
double-label immunofluorescence assay was used to



Figure 2 Analysis of gene expression differences in hUC-MSCs and De-hUC-MSCs with a gene expression profiling array. (A) Cluster
analysis of the top 1200 genes with the greatest difference between hUC-MSCs and De-hUC-MSCs. (B) Illustration showing the top 30
Gene ontology enrichment results. (C) List of the top 30 KEGG pathway enrichment results. (D) The top 10 and the last 10 genes
with expression differences between hUC-MSCs and De-hUC-MSCs in the gene chip. (E) Real-time PCR verified hSDF-1a gene
expression in hUC-MSCs and De-hUC-MSCs (#P < 0.001, De-hUC-MSCs vs. hUC-MSCs; Student’s t test).

336 Z. Xiaoqin et al.
observe neurogenesis in the hippocampus (Fig. 3A and B). It
can be seen that the number of positive cells in the De-hUC-
MSCs group was higher than in the PBS group and hUC-MSC
group, and the differences were significant. A Morris water
maze behavioral experiment was used to examine the ef-
fects of hUC-MSC and De-hUC-MSCs transplantation on the
learning ability and spatial memory function of HIBD rats.
On the first day of the visible platform test (Fig. 3C and D),
no significant difference in the distance and time needed to
find the platform was observed among rats in the PBS
group, hUC-MSC group and De-hUC-MSC group. During the
hidden platform training on days 2e5 (Fig. 3E), as
the number of training days increased, the time needed by
the rats in each group to find the platform decreased. The
De-hUC-MSCs transplantation group took the shortest time
to find the platform, and the difference was statistically
significant. In the probe trial tests (Day 6) (Fig. 3F), the
frequency of platform finding in the De-hUC-MSCs group
was higher than in the hUC-MSC transplantation group and
PBS group. ELISAs were used to evaluate the rat brain tissue
in the hippocampal region and showed that hSDF-1a was
highly differentially expressed in the De-hUC-MSCs group
(Fig. 3G). These results suggest that transplantation of De-
hUC-MSCs can promote neurogenesis and learning and
memory function in HIBD rats more effectively than hUC-
MSC transplantation and that hSDF-1a may play an impor-
tant role.
Construction of AdhSDF-1a-De-hUC-MSCs and
SihSDF-1a-De-hUC-MSCs cell lines

To demonstrate the effect of SDF-1a, it was necessary to
construct a stable expression cell line. By screening the MOI
value and infection time used to produce lentivirus-
infected De-hUC-MSCs and observing the fluorescence
expression with an inverted fluorescence microscope, sta-
ble De-hUC-MSCs strains with a greater than 80% infection
rate were obtained by selecting an MOI of 20 in the SihSDF-
1a group and an MOI of 10 in the AdhSDF-1a group (Fig. 4A).
RT-PCR results showed that the expression of hSDF-1a was
alleviated after De-hUC-MSCs were infected with SihSDF-1a
but was promoted in the AdhSDF-1a group, and the differ-
ence was statistically significant (Fig. 4B). Meanwhile, the



Figure 3 Comparison of neural repair ability between hUC-MSCs and De-hUC-MSCs in vivo. (A) Neurogenesis evaluated via
immunofluorescence in the hippocampus of HIBD rats following cell transplantation. (B) Quantification of the number of Nestinþ/
BrdUþcells in rat hippocampus tissues (#P < 0.001, De-hUC-MSCs vs. PBS; *P < 0.05, hUC-MSCs vs. PBS and De-hUC-MSCs vs. hUC-
MSCs; one-way ANOVA). (CeF) The spatial learning and memory ability of HIBD rats detected in a Morris water maze test (CeD)
Path length and escape latency of rats in the PBS (n Z 15), hUC-MSC (n Z 19) and De-hUC-MSC (n Z 14) groups during visual
training (DAY 1) on the Morris water maze (P > 0.05; one-way ANOVA). (E) The escape latency of rats in the four groups on training
days 2e5 (&P < 0.01, D2, PBS vs. De-hUC-MSCs; *P < 0.05, D3-D5, PBS vs. De-hUC-MSCs; two-way ANOVA). (F) The number of times
passing the platform in the four groups on day 6 (#P < 0.001, PBS vs. De-hUC-MSCs; #P < 0.001, PBS vs. hUC-MSCs; *P < 0.05,
hUC-MSCs vs. De-hUC-MSCs; one-way ANOVA). (G) Detection of hSDF-1a expression in the hippocampus via ELISA (#P < 0.001, PBS
vs. De-hUC-MSCs; &P < 0.05, PBS vs. hUC-MSCs and hUC-MSCs vs. De-hUC-MSCs; one-way ANOVA).
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supernatant of infected cells was collected, and the hSDF-
1a level was detected by ELISA. The same results were
received (Fig. 4C), indicating that AdhSDF-1a-De-hUC-MSC
(represented by AdhSDF-1a) and SihSDF-1a-De-hUC-MSC
(represented by SihSDF-1a) cell lines were successfully
constructed.

Exploring the role of hSDF-1a from De-hUC-MSCs in
nerve repair

To evaluate whether De-hUC-MSCs participate in recovery
of learning ability and spatial memory function of HIBD rats
through hSDF-1a, De-hUC-MSCs, GFP, AdhSDF-1a, SihSDF-1a
and exogenous SDF-1a were transplanted into HIBD rats.
The effects of the five treatments on learning and memory
function of HIBD rats were examined using a Morris water
maze. On the first day, there was no significant difference
in the path length or the escape latency among the five
groups (Fig. 5A and B). After 2e5 days of hidden platform
training, the time spent to find the platform in the AdhSDF-
1a group was less than that in the SihSDF-1a group, and the
difference was statistically significant (Fig. 5C). In the
probe trial test on the 6th day, the frequency of finding the
platform was significantly higher in the AdhSDF-1a group
than in the other four groups (Fig. 5D). An object-in-place
behavioral experiment was used to examine spatial
configuration memory. As shown in Fig. 5E, rats in the
AdhSDF-1a group had higher ability to explore new objects
than rats in other groups, and the difference was statisti-
cally significance. The above results indicate that De-hUC-



Figure 4 Construction of hSDF-1a stably transfected cell line. (A) Morphology of the De-hUC-MSC, GFP, AdhSDF-1a, SihSDF-1a
group cells under a fluorescence microscope (scale bar Z 100 mm). (B) hSDF-1a mRNA expression in the transfected cell groups
detected by real-time PCR (&P < 0.01, AdhSDF-1a vs. GFP; #P < 0.001, SihSDF-1a vs. GFP; #P < 0.001, AdhSDF-1a vs. SihSDF-1a;
one-way ANOVA). (C) The levels of hSDF-1a in the culture supernatants of the four transfected cell groups (#P < 0.001, GFP vs.
AdhSDF-1a; *P < 0.05, GFP vs. SihSDF-1a; #P < 0.001, AdhSDF-1a vs. SihSDF-1a; one-way ANOVA).
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MSCs may participate in the recovery of learning ability and
spatial memory function in HIBD rats through hSDF-1a.
Effect of hSDF-1a from De-hUC-MSCs on
angiogenesis and neurogenesis and the possible
mechanism

To observe the pathological morphology of rat brain tissue
in the De-hUC-MSCs, GFP, AdhSDF-1a, SihSDF-1a and
hSDF-1a transplantation groups, HE staining was per-
formed. According to Fig. 6, the tissue was closely ar-
ranged, and swelling, nuclear pyknosis and vacuoles were
induced in hippocampal cells in the AdhSDF-1a group
compared with those in the GFP and SihSDF-1a groups. To
measure angiogenesis and neurogenesis, a CD31/BrdU
double-labeling immunofluorescence assay was applied,
and the results showed that CD31þ (red)/BrdUþ (green)
cells were more abundant in the AdhSDF-1a trans-
plantation group than in the other groups, while fewer
were present in the SihSDF-1a group, and the difference
was statistically significant (Fig. 7A and B). A NeuNþ

(red)/BrdUþ (green) double-labeling immunofluorescence
assay was used to demonstrate neurogenesis. Positive cell
counts were significantly different in the AdhSDF-1a and
SihSDF-1a groups (Fig. 7C and D). Through Western blot
detection of the signaling pathway (Fig. 8), the level of
CXCR4, phosphorylated PI3K (p-PI3K) and phosphorylated
Akt (p-Akt) protein expression in the AdhSDF-1a group was
significantly higher than that in the other four groups.
Gray level analysis quantitatively showed the level of
differences. However, there were no significant differ-
ences in PI3K and Akt expression levels among the groups,
suggesting that hSDF-1a from De-hUC-MSCs might advance
nerve and vascular repair through the CXCR4/PI3K/Akt
pathway, while exogenous administration of hSDF-1a does
not play a role in HIBD rats.
Discussion

Cellular dedifferentiation underlies topical issues in biology
and indicates that cells are not locked in their differenti-
ated state. Dedifferentiation involves regeneration and
somatic cell nuclear transfer, and signifies the withdrawal
of cells from a given differentiated state into a ‘stem cell’-
like state that confers pluripotency.14 In the current study,
we first induced hUC-MSCs to dedifferentiate and found
that De-hUC-MSCs displayed a similar cell morphology, stem
cell surface marker profile, cell proliferation ability and



Figure 5 Behavioral test for transplantation of hSDFa-transfected cells into HIBD rats. (AeD) Morris water maze for detection of
learning and memory ability in the De-hUC-MSC (n Z 10), GFP (n Z 10), AdhSDF-1a (n Z 10), SihSDF-1a (n Z 10), and SDF-1a
(n Z 7) groups. (AeB) Path length and escape latency in the five groups on day 1 (P > 0.05, one-way ANOVA). (C) Escape latency
during training on days 2e5 in the five groups (*P < 0.05, AdhSDF-1a vs. SihSDF-1a; two-way ANOVA). (D) Testing the number of
times crossing the platform (nsP > 0.05, GFP vs. AdhSDF-1a; &P < 0.01, GFP vs. SihSDF-1a; #P < 0.001, AdhSDF-1a vs. SihSDF-1a;
one-way ANOVA). (E) The discriminational ratio of the exploration time in the De-hUC-MSC (n Z 7), GFP (n Z 6), AdhSDF-1a
(n Z 7), SihSDF-1a (n Z 6), and SDF-1a (n Z 6) groups (&P < 0.01, AdhSDF-1a vs. GFP; #P < 0.001, AdhSDF-1a vs. SihSDF-1a;
#P < 0.001, AdhSDF-1a vs. SDF-1a; nsP > 0.05, GFP vs. SihSDF-1a; one-way ANOVA).
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even three-dimensional differentiation ability as hUC-MSCs.
As mentioned previously, mature adipocyte-derived dedif-
ferentiated cells exhibit a fibroblast-like morphology and
sustain high proliferative activity and multilineage differ-
entiation potential compared with adipose-derived stem
cells.15 Dedifferentiated neural stem cells have the stan-
dard phenotype, transcriptome map, metabolic profile, and
even differentiation capacity associated with neurons or
astrocytes, similar to embryonic stem cells.16 To verify the
function of De-hUC-MSCs in vivo, they were transplanted
into an HIBD rat model. Through the Morris water maze
behavior experiment and double-label immunofluorescence
assay, De-hUC-MSCs demonstrated the function of promot-
ing learning and memory and neurogenesis, which was
consistent with a previous study.11 Similarly, other research
groups have also found that transplantation of mature
adipocyte-derived dedifferentiated cells significantly
increased capillary density in the infarcted area17 and
ameliorated hypoxic-ischemic brain injury.18
Reprogramming participates in the dedifferentiation
process, which primarily refers to two processes: one is the
reversal of differentiated cells to the pluripotent state, and
the other is the transformation from one differentiated cell
to another. Some studies have shown that many genes
reprogramming upregulation or downregulation are
involved in dedifferentiation of adipogenic-differentiated
MSCs followed by adipogenesis, osteogenesis and chondro-
genesis induction.19,20 In the event of cell reprogramming
to dedifferentiate astrocytes into neural stem/progenitor
cells, the expression of typical astrocytic markers (GFAP
and S100) and neural stem cell markers (nestin, Sox2, and
CD133) was reprogrammed.21 Dedifferentiated adipocytes
may participate in functional regulation in the form of
secretion by reprogramming cytokine expression (especially
TGF-b1).22,23 In this study, we utilized a whole-gene
expression profiling array to explore the genes differen-
tially expressed in the process of dedifferentiation. Over-
all, 693 genes were differentially expressed between the



Figure 6 Pathological morphology of brain tissue in each cell transplantation group. A Pathological changes in brain tissue around
the lateral ventricle in the De-hUC-MSC, GFP, AdhSDF-1a, SihSDF-1a and SDF-1a groups detected by HE staining (scale
bar Z 100 mm).
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two groups, and hSDF-1a was the most differentially
expressed gene between De-hUC-MSCs and hUC-MSCs.
Interestingly, KEGG pathway analysis also pointed to
hSDF-1a as an exemplary gene involved in the
cytokineecytokine receptor interaction pathway, thereby
mediating the process of dedifferentiation. Furthermore,
in vivo verification revealed that hSDF-1a was highly
expressed in the hippocampal brain tissue of rats in the
dedifferentiated transplantation group. Therefore, we
speculate that hSDF-1a gene reprogramming may play a
role in De-hUC-MSCs.

Stromal cell-derived factor-1 is an important member
of the chemokine family. In addition to its classical role in
chemotaxis, it is also an important neurovascular factor
that plays an important physiological role in ischemic and
hypoxic injury of the nervous system. SDF-1a specifically
influences neurogenesis and angiogenesis, alleviates
inflammation and induces cerebral remyelination, thus
improving cognitive functions and spatial perception
abilities in HIBD.24e26 hUC-MSCs secrete hSDF-1 to prompt
angiogenesis, gliogenesis and migration, which may
extend the therapeutic applicability of stem cells.27,28

Considering the above results, we found that hSDF-1a
may be beneficial for functional recovery after HIBD, and
thus, we constructed AdhSDF-1a-De-hUC-MSCs and SihSDF-
1a-De-hUC-MSCs cell lines and verified successful con-
struction of the cell lines at the gene and protein levels
(Fig. 4). The cell lines were transplanted into HIBD rats,
and the function of hSDF-1a in nerve repair was verified by
behavioral experiments and histopathological and immu-
nofluorescence assays. By setting up different trans-
plantation groups, the positive and negative directions
confirmed that hSDF-1a can promote the recovery of
neurovascular function in HIBD. More interestingly, exog-
enous administration of SDF-1a cannot promote function
recovery, suggesting that the endogenous source of hSDF-
1a plays a critical role in De-hUC-MSC activity (Fig. 5e7).
Our previous study reported that endogenous IL-6 release
from MSCs reduced apoptosis of injured astrocytes and
mediated a neuroprotective effect in neonatal HIBD
rats.29 hUCB-MSCs enhanced hippocampal neurogenesis
and synaptic activity through endogenous secretion of
growth differentiation factor-15 (GDF-15), Conversely,
exogenous recombinant GDF-15 treatment in both in vitro
and in vivo also enhanced hippocampal neural stem cell
proliferation and neuronal differentiation.30 Combined



Figure 7 Immunofluorescence detection of neurogenesis and angiogenesis in hippocampus tissue. (A) CD31þ/BrdUþ cells iden-
tified by immunofluorescence in the rat hippocampus following cell transplantation (scale bar Z 100 mm). (B) The number of CD31/
BrdU-positive cells in rat hippocampus tissue (*P < 0.05, De-hUC-MSCs vs. AdhSDF-1a, GFP vs. AdhSDF-1a, and AdhSDF-1a vs.
SihSDF-1a; #P < 0.001, AdhSDF-1a vs. SDF-1a; one-way ANOVA). (C) NeuN and BrdU double-labeled cells in the hippocampus
detected via immunofluorescence (scale barZ 100 mm). (D) Quantitative analysis of the number of NeuNþ/BrdUþ cells (&P < 0.01,
De-hUC-MSCs vs. AdhSDF-1a and GFP vs. AdhSDF-1a; #P < 0.001, AdhSDF-1a vs. SihSDF-1a and AdhSDF-1a vs. SDF-1a; *P < 0.05, GFP
vs. SihSDF-1a; one-way ANOVA).
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with our study, we consider two questions: how the
endogenous hSDF-1a secreted by De-hUC-MSCs plays a
neuroprotective role in rats? Why does the exogenous
introduction of SDF-1a not play a role? To answer these
questions, we blasted the rSDF-1a (rat stromal cell-
derived factor-1) and hSDF-1a gene sequence and found
that they have high homology. Thus, we speculated that
hSDF-1a can also promote the downstream cascade of
biological functions and signaling pathways, similar to
rSDF-1a. On the other hand, endogenous hSDF-1a secreted
by De-hUC-MSCs has greater biological activity than
exogenous SDF-1a, indicating that De-hUC-MSCs and hSDF-
1a play a synergistic role in promoting nerve repair. To
further explore the signaling pathways, we detected
CXCR4 and PI3K/Akt signaling pathway proteins and found
that CXCR4, p-PI3K, and p-Akt were differentially
expressed in the AdhSDF-1a and SihSDF-1a groups, sug-
gesting that endocrine hSDF-1a secreted by De-hUC-MSCs
may mediate the CXCR4/PI3K/Akt signaling pathway,
which participates in neurovascular protection (Fig. 8).

In conclusion, we demonstrate that De-hUC-MSCs
can improve learning and memory recovery in HIBD
rats and that the advanced protective function is
mediated by reprogramming to elicit high expression of
endogenous hSDF-1a, perhaps via the CXCR4/PI3K/Akt
pathway.



Figure 8 The CXCR4/PI3K/Akt pathway participates in the regulation mechanism. (A) Western blot analysis showing the
expression of CXCR4, PI3K, Akt, p-PI3K, p-Akt, and GAPDH in the De-hUC-MSC, GFP, AdhSDF-1a, SihSDF-1a and SDF-1a groups. (BeF)
Analysis of the gray value of CXCR4 (#P < 0.001, AdhSDF-1a vs. De-hUC-MSCs, GFP, SihSDF-1a and SDF-1a; one-way ANOVA), PI3K
(P > 0.05, AdhSDF-1a vs. De-hUC-MSCs, GFP, SihSDF-1a and SDF-1a; one-way ANOVA), Akt (P > 0.05, AdhSDF-1a vs. De-hUC-MSCs,
GFP, SihSDF-1a and SDF-1a; one-way ANOVA), p-PI3K (#P < 0.001, AdhSDF-1a vs. De-hUC-MSCs, GFP vs. AdhSDF-1a, and AdhSDF-1a
vs. SihSDF-1a; &P < 0.01, AdhSDF-1a vs. SDF-1a; one-way ANOVA), p-Akt (#P < 0.001, AdhSDF-1a vs. De-hUC-MSCs, GFP vs. AdhSDF-
1a, and AdhSDF-1a vs. SihSDF-1a; *P < 0.05, AdhSDF-1a vs. SDF-1a; one-way ANOVA) in the five groups.
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