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Therapeutic potential of human amniotic membrane-derived
mesenchymal stem cells in APP transgenic mice
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Abstract. Growing evidence indicates that the presence of
extensive oxidative stress plays an essential role in the initia-
tion and progression of Alzheimer's disease (AD). Amyloid-f3
(AP) aggregation is involved in the elevation of oxidative
stress, contributing to mitochondrial dysfunction and lipid
peroxidation. In the present study, human placenta amniotic
membrane-derived mesenchymal stem cells (hAMMSCs)
were intravenously injected into C57BL/6J-APP trans-
genic mice. hAMMSCs significantly ameliorated spatial
learning and memory function, and were associated with
a decreased amount of amyloid plaques of the brain. The
correlation of oxidative stress with Af} levels was lower in the
hAMMSCs-injected group than in the phosphate-buffered
saline (PBS)-injected group, as indicated by the increased
level of antioxidative enzymes and the decreased level of
lipid peroxidation product. The glutathione (GSH) level
and ratio of GSH to glutathione disulfide were higher in the
hAMMSC group than in the PBS group. The superoxide
dismutase activity and malonaldehyde level were improved
significantly as the level of Af decreased, but there was no
such trend in the PBS group. As a result, our findings repre-
sent evidence that hAMMSC treatment might improve the
pathology of AD and memory function through the regula-
tion of oxidative stress.
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Introduction

Alzheimer's disease (AD) is the most prevalent chronic neuro-
degenerative disorder, demonstrating widespread degeneration
in numerous types of neuron. Individuals with AD exhibit
memory loss and severe cognitive decline caused by the forma-
tion of amyloid plaques in the brain parenchyma, particularly
in the hippocampus and cerebral cortex. The increased accu-
mulation of misfolded amyloid-f (Af) peptides in the senile
plaque core is the main cause of the neurodegenerative action
of AD (1). Thus, preventing the deposition of Af in the brain
could be a feasible strategy in the therapy of AD.

Increasing evidence has demonstrated that the presence of
extensive oxidative stress plays an essential role in the initia-
tion and progression of AD. On the one hand, the elevated
oxidative stress may be induced by AP aggregation resulting
in mitochondrial dysfunction and lipid peroxidation (2,3). Ap
treatment has been demonstrated to enhance the hydrogen
peroxide and lipid peroxides levels in cell models (4). In
addition, oxidative modifications of proteins and lipids were
increased in a AbPP/PSI transgenic mouse model associ-
ated with Af accumulation (5,6). The soluble A} oligomers
induced the reactive oxygen species (ROS), causing synaptic
impairment and neuronal loss in hippocampal neuronal
cells (7). These studies demonstrated that AP contributes
to increased oxidative stress in AD models. Conversely, a
significant number of studies have suggested that oxidative
stress is involved in the production of Af. It was reported that
enhanced oxidative stress caused by defects in the antioxidant
defense system notably increased the deposition of A} in APP
overexpression transgenic mice (8). In addition, the antioxi-
dant supplement ameliorated the brain A plaque burden and
cognitive dysfunction (9). Several studies revealed that oxida-
tive stress induced the expression of 3-secretases BACEI and
PS1 and the activity of y-secretase, while it decreased the
activity of a-secretase for Af} production from APP (10,11).
Previously, the Butterfield laboratory reported that protein
oxidation and lipid peroxidation were associated with AD
brain regions with abundant A but not in Af-poor cerebellum,
indicating that A (1-42)-associated oxidative stress is respon-
sible for the pathogenesis and progression of AD (12). Since
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oxidative stress-mediated toxicity is a key factor contributing
to neurodegenerative events, developing efficient antioxidant
protection is an attractive strategy for AD therapy.

Current developments in mesenchymal stem cell
(MSC) technology have stimulated new therapies for
neurodegenerative disorders including AD. Collected evidence
indicates that stem cell-based approaches have potential for
use in the treatment of neurodegenerative diseases AD (13).
MSCs have been demonstrated to play an effective role in
neuroprotection through decreasing apoptosis and oxidative
stress (14). In stroke-prone spontaneously hypertensive rats,
the superoxide, apoptotic cells and by-products of lipid peroxi-
dation were decreased following MSC treatment (15). Human
umbilical cord blood-derived MSCs exhibited low antioxidant
enzyme activity by decreasing the gene expression levels of
ROS scavenging enzymes, including catalase, superoxide
dismutase (SOD) and glutathione peroxidase (GPx) (16). MSCs
could be employed as an antioxidant to prevent the progression
of AD by its antioxidant activity.

Amniotic membrane has the potential for the generation
of MSCs due to the convenience of its acquirement from
fetal tissue without any ethical conflict and its high efficiency
in the production of MSCs. In contrast with other mesen-
chymal cells, including human bone marrow-derived MSCs
and umbilical cord blood-derived MSCs, human amniotic
membrane-derived MSCs (hAMMSCs) do not possess the
major histocompatibility complex class I molecule and may
exhibit immunological tolerance.

However, whether hAMMSC s are capable of ameliorating
oxidative stress, which is inextricably linked with several
major pathological processes in AD, remains unknown. In
the present study, we investigated the effects of intravenous
infusions of hAMMSCs in a transgenic mouse model of AD
for the first time.

Materials and methods

Isolation and in vitro culture of hAMMSCs. Human term
placentas were collected with informed consent from healthy
females following Caesarean section and washed immediately
several times with phosphate-buffered saline (PBS) containing
200 U/ml penicillin and 100 ug/ml streptomycin. The study
procedure was approved by the ethics committee of Zhengzhou
University, China. The isolation of hAMMSCs was performed
according to a previously described method (17). Amniotic
membrane was bluntly dissected from the chorion and cut into
small pieces. The minced amnion was subjected to 60-min
digestion with 0.25% trypsin (Sigma-Aldrich, Steinheim,
Germany) and collagenase I solution (0.75 mg/ml) in Dulbec-
co's modified Eagle's medium (DMEM; Sigma-Aldrich) at
37°C. Following the centrifugation of supernatant at 252 x g
for 10 min, the pellet was suspended in DMEM containing
10% heat-inactivated fetal bovine serum, 100 U/ml peni-
cillin, 100 ug/ml streptomycin and 2 mM L-glutamine
(Sigma-Aldrich) and was cultured at 37°C in 5% CO,. The
harvest cells were analyzed by flow cytometry to confirm stem
cell characteristics previously described (18).

Animals and injection of hRAMMSCs. The full-length mutant
APP cDNA 695 V 717 I gene of humans was transferred into
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C57BL/6J mice (C57BL/6J-APP mice) to create a transgenic
mouse model of AD (19), which was employed to examine
the effect of hAMMSC transplantation. The C57BL/6J-APP
mice were obtained from the Institute of Experimental
Animals, Chinese Academy of Medical Sciences (Beijing,
China). All experimental animals were housed under a
12/12-h dark/light cycle in specific pathogen-free conditions
and handled following the provisions and general recommen-
dations of Chinese Experimental Animal Administration
legislation.

For intravenous injection, 500 xl amounts of cell
suspension (~1x10° cells) were injected into the tail vein
(hAMMSC-injected group). The mice of the control group
received an injection of 500 x1 PBS into the tail vein. Adult
C57BL/6J-APP mice (11 months old; n=10 per group) were
used for the behavioral experiments and for pathological
analysis at 3 weeks after transplantation. Wild-type litter-
mate mice (11 months old; n=9) were used as the negative
control group.

Tissue preparation and staining. Following anesthetization
with chloral hydrate, mice were immediately cardiac-perfused
with 0.9% saline solution followed by 4% paraformaldehyde
in 0.1 M PBS (pH 7.4). Following perfusion, the brains of
the mice were excised and postfixed overnight at 4°C and
mounted on slides. The slides were washed in PBS three
times and 80% (v/v) methanol, then pretreated with 0.3%
hydrogen peroxide/methanol for 25 min in order to quench the
endogenous peroxidase activity. The sections were blocked
with 10% normal goat serum in PBS for 30 min to prevent
nonspecific protein binding, then washed and incubated with
anti-Ap monoclonal antibody (6E10, 1:100; Covance Inc.,
Princeton, NJ, USA) in 3% bovine serum albumin (BSA)/PBS
overnight at 4°C in a humid chamber. After washing with
PBS three times, the sections were incubated with appro-
priate biotin-conjugated secondary antibody for 1 h, and then
horseradish peroxidase-labeled streptavidin was added. The
tissues were washed and stained using the diaminobenzidine
substrate method and counterstained with hematoxylin.

Behavior test. The modified Morris water maze test was used
to assess the spatial memory performance of mice (20). For
spatial acquisition tests, mice were placed into a pool and
were given 60 sec to find a hidden platform. Mice that failed
to find the platform within 60 sec were guided to the platform.
Four trials were performed for each mouse every day. In the
basic acquisition training, the starting positions were north,
east, southeast and northwest, and the platform was placed in
the southwest quadrant. After that, the platform was removed
and mice were located at a new starting position (northeast)
in the maze and allowed to swim for 60 sec.

Cell proliferation assay. Following the third passage,
hAMMSCs were seeded at 1000 cells/cm? in a 6-well
plate (Corning, Inc., Corning, NY, USA). After 4, 7, 10,
14, 17 and 21 days' culture, cells were collected by 0.25%
Trypsin-EDTA solution at 37°C for 2 min and counted using
a hemocytometer. Trypan blue staining (Sigma-Aldrich) was
used to exclude the dead cells. All experiments were carried
out in triplicate.
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Figure 1. Cellular phenotype and surface adhesion molecule expression of human amniotic membrane-derived mesenchymal stem cells (AMMSCs). (A) Phase
contrast microscopic view of AMMSCs (scale bar: 20 ym). (B) Representative growth curves of AMMSCs as a function of time following cell culture.
(C) Flow cytometric analysis result of surface adhesion molecules in AMMSCs. AMMSCs were labeled with monoclonal antibodies specific to the indicated
molecules. AMMSCs were positive for CD13, CD9, CD90 and CD105, and negative for CD14, CD34, CD45 and HLA-DR.

Measurement of AB40 and AB42 levels by enzyme-linked
immunosorbent assay (ELISA). Following the behavior
test, brain samples were isolated from the C57BL/6J-APP
transgenic mice and stored at -80°C until use. The AP40 and
AP42 levels were assayed by ELISA according to a previ-
ously described method (21). Briefly, one hemisphere was
homogenized in eight volumes of ice-cold guanidine buffer
(5.0 M guanidine-HCI, 50 mM Tris-HCI, pH 8.0) and incu-
bated at room temperature for 4 h. Ice-cold reaction buffer
BSAT-DPBS (Dulbecco phosphate-buffered saline, with 5%
BSA, 0.03% Tween-20, 0.2 g/l KC1, 0.2 g/l KH,PO,, 8.0 g/l
NaCl, 1.150 g/1 Na,HPO,, pH 7.4) containing 1X protease
inhibitor cocktail (Invitrogen Life Technologies, Carlsbad,
CA, USA) was employed to dilute the homogenate to 1:20.
The mixture was centrifugated at 25,200 x g at 4°C for 20 min
and the supernatant was used to quantify the Ap40 and Ap42
levels using AB40 and AP42 ELISA kits (Invitrogen Life
Technologies) according to the manufacturer's instructions.

Measurement of antioxidant capacity. Brain homogenates
were added to nine volumes of ice-cold 0.9% saline and
centrifugated at 100,710 x g for 10 min at 4°C. The super-
natant in the brain homogenate was used to determine the
levels of glutathione (GSH) and glutathione disulfide (GSSG)
using commercial kits (Beyotime Institute of Biotechnology,
Shanghai, China) as per the manufacturer's instructions (22).
The optical density was read at 405 nm on a microplate reader.
The activity of SOD and malonaldehyde (MDA) in the brain
homogenate was detected using assay kits (Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) (23).

Statistical analysis. All data are shown as the means =+ stan-
dard error, and were obtained from at least three separate
experiments (with the exception of behavioral data). Student's

t-test was performed to determine the difference between two
groups, and a one-way analysis of variance (ANOVA) test was
used to compare one-variable data for more than two groups.
The two-way repeated-measures ANOVA was utilized to
value the statistical significance for two-variable experiments.
P=<0.05 was considered to indicate a statistically significant
difference.

Results

Isolation and characterization of hRAMMSCs. The morphology
of harvested hAMMSCs at passage 4 of culture is shown in
Fig. IA. hAMMSCs exhibited strong viability by MTT assay
(Fig. 1B) with ~20 population doublings, suggesting that amni-
otic membrane is an abundant source for the generation of
mesenchymal cells. In order to estimate the purity of hAMMSC
cultures, flow cytometry analysis was used to analyze the
immunophenotypic surface profile of the hAMMSCs. Surface
marker analysis revealed that hAMMSCs were positive for
mesenchymal lineage markers CD13, CD90, CD9 (a nontro-
phoblast marker) and CDI105, and negative for hematopoietic
lineage markers CD14, CD34, CD45 and HLR-DR (Fig. 1C).

Transplantation of hAMMSCs attenuates spatial learning
and memory function in AD transgenic mice. To investigate
the effect of hAMMSC transplantation on the learning and
memory of AD transgenic mice, a Morris water maze test
was conducted 3 weeks after hAMMSC transplantation.
C57BL/6J-APP transgenic mice overexpress the APP695 gene
and secrete endogenous Af, contributing to the deposition of
AP mainly in the neurons of the cerebral cortex and hippo-
campus. During the acquisition training phase of the water
maze test, the PBS-injected control group exhibited notable
learning and memory dysfunction compared with the normal
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Figure 2. Transplantation of human amniotic membrane-derived mesenchymal stem cells (AMMSCs) attenuates spatial learning and memory function in
Alzheimer's disease (AD) transgenic mice. (A) Mice in each group were subjected to the water maze test every day and the escape latency was measured
to examine the spatial learning ability of mice. AMMSC transplantation ameliorated spatial memory in the AD mice. A probe test without a platform was
performed one day after the last training trial to investigate spatial memory. (B) Effect of AMMSC transplantation on escape latency during the memory trial.
(C) Number of platform location crossings and (D) time spent in target quadrant during the spatial memory test in the probe trial. ‘P<0.05 vs. phosphate-buff-

ered saline (PBS)-treated control group. WT, negative control group.
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Figure 3. Human amniotic membrane-derived mesenchymal stem cell (AMMSC) treatment attenuates amyloid-f (Af) deposition in the brains of Alzheimer's
disease (AD) transgenic mice. (A) Plaques of the cerebral cortex and hippocampus were observed by Congo red staining (scale bar: 200 ym). (B) Morphometric
analysis was performed to qualify the plaques in the cortex and hippocampus. "P<0.05 vs. phosphate-buffered saline (PBS) group.

control mice, whereas the hAMMSCs-injected group located
the hidden platform significantly faster than the PBS-injected
control group, and demonstrated no significantly differ-
ence from the normal control group, indicating significantly
improved learning and memory function (Fig. 2A). Then, we
performed a probe test one day after the last training trial to
examine the spatial memory. The platform was removed and
the time taken to reach the same zone was recorded within
60 sec. The PBS-injected control group spent less time in the
target quadrant than the hAMMSC group and the normal mice
(P<0.01; Fig. 2B-D), demonstrating that the deficit in spatial
memory was rescued by hAMMSC transplantation.

Attenuated AB deposition by hAMMSC transplantation. Since
AP deposition is the main pathogenic cause of AD inducing
cognitive deficits, brain tissue excised from mice following the
water maze test was incubated with anti-Af 6E10 antibody to

observe the changes in Af deposition. hRAMMSC transplan-
tation notably decreased the AP plaques in the cortex and
hippocampus of mice compared with the PBS-injected control
group (Fig. 3A). Plaque load was qualified by morphometric
analysis and is shown as the percentage of the total area
demonstrating immunoreactivity of AB. The PBS-treated AD
mice demonstrated severe A deposition with plaque levels
of 60% and 49% in the cortex and hippocampus, whereas the
hAMMSC group demonstrated a reduced plaque load of 22%
and 14% in the cortex and hippocampus (Fig. 3B).

Full-length or N-truncated AB40 and AB42 are two signifi-
cant factors contributing to A aggregation, and the ratio of
AP40/42 has a notable effect on the neurotoxicity of Ab fibrils,
being associated with the onset of familial AD (24). ELISA
assay revealed that there were significant differences in the
soluble AP level between the PBS-injected control group and
the hAMMSC group. hAMMSC-transplanted mice exhibited
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Figure 4. Enzyme-linked immunosorbent assay results of soluble amyloid-3 (Af)40 and AB42 levels in the (A) cortex and (B) hippocampus of Alzheimer's
disease (AD) transgenic mice. Human amniotic membrane-derived mesenchymal stem cell (hAMMSC)-transplanted mice demonstrated a notable reduction
in the soluble A level compared with phosphate-buffered saline (PBS)-infused mice ("P<0.05). WT, negative control group.
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Figure 5. Human amniotic membrane-derived mesenchymal stem cells (hAMMSCs) reduced oxidative stress in Alzheimer's disease (AD) transgenic mice.
The levels of (A) glutathione disulfide (GSSG), (B) glutathione (GSH), (C) the extent of lipid peroxidation malonaldehyde (MDA) and (D) the activity
of antioxidant enzyme superoxide dismutase (SOD) were measured by assay kit spectrophotometrically. (E) The GSH/GSSG ratio was calculated.
“P<0.05 vs. phosphate-buffered saline (PBS)-treated control group. WT, negative control group.

a notably decreased AP level compared with PBS-infused
mice (Fig. 4A and B). Collectively, these results indicate that
hAMMSC transplantation attenuates the deposition of A in a
transgenic mice model.

hAMMSCs reduce oxidative stress in AD transgenic mice.
Oxidative stress was proposed as an essential factor contrib-
uting to AP neurotoxicity, which occurs at the prophase of AD
prior to the onset of clinical and pathological symptoms (25).
AP deposition in the brain parenchyma causes lipid peroxi-
dation and protein oxidation, damaging the mitochondria
and resulting in the loss of oxidative function of significant
proteins in numerous pathways, including glucose metabolic
proteins and death of neurons (26). Since hAMMSC transplan-
tation attenuated the deposition of A, we further investigated
whether hAMMSCs could decrease oxidative stress in AD
mice. GSH acts as a crucial cellular antioxidant against oxida-
tive stress by reducing hydrogen peroxides and hydroperoxides
in addition to protecting protein thiol groups against oxida-
tion (27). GSH is converted into GSSG by GPx to detoxify

peroxides, and the reaction could be converted back by gluta-
thione reductase. It is considered that the ratio of GSH/GSSG
reflects the intracellular antioxidant level. Following the
transplantation of hAMMSCs in AD transgenic mice, the GSH
level was increased significantly but the GSSG level was only
slightly lowered in brain homogenates (Fig. SA and B). The
GSH/GSSG ratio in the hAMMSC group was significantly
elevated compared with that of the PBS group (Fig. 5C).

As a vital antioxidant enzyme, SOD catalyzes superoxide
radical anions to H,0,, inducing the oxidization of poly-
unsaturated fatty acids and lipid peroxidation (28). MDA is an
end product of lipid peroxidation, which is toxic to neurons.
hAMMSC treatment notably enhanced the SOD activity and
diminished the MDA level in the brain of AD transgenic mice
in contrast with the PBS control group (Fig. 5D and E).

Discussion

Studies on the therapeutic effect of MSCs on AD indicate that
the transplantation of MSCs could improve cognitive decline
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in AD mice. In this study, our data revealed that amniotic
membrane could be used as a powerful cellular source for
the generation of stem cells. The differentiation potential and
the number of human bone marrow-derived MSCs decreased
during culture. Derived from the epiblast following fertiliza-
tion, amniotic membrane has a number of advantages over bone
marrow and embryos. Amniotic membrane cells express low
levels of myosin heavy chain class I antigens (29). It is reported
that amniotic membrane cells could be induced to neural
cells in special conditions and discharge neurotransmitters,
including acetylcholine, norepinephrine and dopamine (30).
Multipotent MSCs have previously been isolated from various
placental tissues. Moreover, hAMMSCs exhibit inducible
angiogenic potential and may be useful in therapeutic strategy
for vascular diseases (31). Our results indicated that the
cultured hAMMSCs had powerful vitality at passage 4, which
ensured the subsequent experimental requirements.

Before performing the water maze test, there was no
statistical difference in the basic locomotor and anxiety-like
behaviors observed in the three groups of this study (the
normal control group, the PBS-injected group and the
hAMMSC-injected group). The escape latency observed
from the PBS-injected group was poor compared with that
of the normal control group. However, the hAMMSC group
demonstrated improved escape latency and was not signifi-
cantly different to the normal group. The hAMMSC group
demonstrated an improved performance in memory function
compared with the PBS group. The amount of A plaque was
decreased significantly as the spatial learning and memory
function ameliorated following hAMMSC transplantation,
which was not observed in the PBS group. Our findings
provide evidence that the improved cognitive function may be
caused by the decreased amount of Af} plaques.

It is considered that AP (1-42) oligomer is a toxic species
and is correlated with learning and memory in the brain of
mice (32). Whether the total plaque burden correlates well with
the phenotypic variability of AD has not yet been ascertained.
However, the molecular and structural composition of A,
including the ratio of AB40/42, is responsible for neurotox-
icity (24). Studies have reported that the AB40/42 ratio has a
great impact on neurotoxicity and is associated with the onset
of familial AD (33). Our findings demonstrated that cognitive
function improved significantly as the AP level decreased.
Intracerebroventricular transplantation of hAMMSCs
increased acetylcholine concentration and the number of
hippocampal cholinergic neurites in AbPP/PS1 transgenic
AD mice (34). Following hAMMSC injection, the number of
EDl-positive phagocytic microglial cells associated with AP
plaques was enhanced, the expression levels of proinflamma-
tory cytokines were decreased, and those of anti-inflammatory
cytokines were increased (35).

In the progression of AD, A induces cytotoxicity corre-
lated with oxidative stress, ROS production and mitochondrial
dysfunction (36). Natural antioxidants, including EGb 761
and curcumin, decrease the AB-induced ROS generation and
neuronal apoptosis to protect neuron function (37). As major
antioxidant enzymes, SOD and GSH-Px remove harmful
peroxide metabolites and block lipid peroxidation chain
reaction to prevent cell damage by free radicals (28). The
SOD activity and the level of GSH and GSSG are indicators
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of oxidative stress, and the level of MDA represents lipid
peroxidation. The present study revealed that the GSH level
and the GSH/GSSG ratio were higher in the hAMMSC group
than in the PBS group. The SOD activity and MDA level were
improved significantly as the level of Af} decreased, but there
was no such trend in the PBS group. This finding provides
further evidence that the improvement of antioxidative func-
tion may be triggered by a reduction in the amount of amyloid
plaques following hAMMSC transplantation.

In summary, our findings have demonstrated that
hAMMSC transplantation into an AD transgenic mice model
attenuates the oxidative stress supported by the increased
level of antioxidative enzymes and the decreased level of lipid
peroxidation product, which is correlated with low levels of Ap.
Consequently, intravenous injection of hAMMSCs elevated
spatial learning ability and memory function in the AD mouse
model by stimulating antioxidative function, indicating that
hAMMSCs are useful in the prevention and treatment of AD.
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