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Transplantation of bone marrow
mesenchymal stem cells improves
cognitive deficits and alleviates
neuropathology in animal models of
Alzheimer’s disease: a meta-analytic review
on potential mechanisms
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Abstract

Background: Alzheimer’s disease is a neurodegenerative disorder. Therapeutically, a transplantation of bone
marrow mesenchymal stem cells (BMMSCs) can play a beneficial role in animal models of Alzheimer’s disease.
However, the relevant mechanism remains to be fully elucidated.

Main body: Subsequent to the transplantation of BMMSCs, memory loss and cognitive impairment were
significantly improved in animal models with Alzheimer’s disease (AD). Potential mechanisms involved
neurogenesis, apoptosis, angiogenesis, inflammation, immunomodulation, etc. The above mechanisms might play
different roles at certain stages. It was revealed that the transplantation of BMMSCs could alter some gene levels.
Moreover, the differential expression of representative genes was responsible for neuropathological phenotypes in
Alzheimer’s disease, which could be used to construct gene-specific patterns.

Conclusions: Multiple signal pathways involve therapeutic mechanisms by which the transplantation of BMMSCs
improves cognitive and behavioral deficits in AD models. Gene expression profile can be utilized to establish
statistical regression model for the evaluation of therapeutic effect. The transplantation of autologous BMMSCs
maybe a prospective therapy for patients with Alzheimer’s disease.
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Background
Alzheimer’s disease (AD) is a chronic disorder of central
nervous system. Its clinical manifestations are character-
ized by memory loss, cognitive dysfunction, abnormal
behavior, etc. With the deterioration of AD, patients fall
into stupor state and usually die of exhaustion within
5—10 years [1].
In pathology, AD is manifested by the decreased num-

ber of neurons and synapses in cerebral regions, resulted
in different degrees of memory loss and cognitive im-
pairment. Amyloidal plaques, mostly insoluble deposits
of amyloid β peptide (Aβ), are observed around neurons
[1]. Neurofibrillary tangles, hyperphosphorylated aggre-
gates of the microtubule-associated protein tau, are ac-
cumulated inside the neuron [2]. As compared with the
general aging brain, many plaques and tangles in pa-
tients with AD are discovered in specific brain regions
such as temporal lobe and hippocampus [3, 4].
Currently, there is no cure for the Alzheimer’s disease.

Therapeutic strategy in the treatment of AD is to allevi-
ate symptoms through pharmacological intervention,
such as an enhancement of neurotransmitter acetylcho-
line [5, 6]. A few medicines can slow down the exacerba-
tion and improve behavioral deficits in some patients.
Two types of medication are presently used to treat cog-
nitive symptoms, including (i) cholinesterase inhibitors
(AChE inhibitors) such as donepezil, galantamine and
rivastigmine [6]. These drugs boost levels of acetylcho-
line that is decreased in the brain of Alzheimer’s disease,
which may improve neuropsychiatric agitation or de-
pression; (ii) memantine, an uncompetitive NMDA an-
tagonist, is used to improve memory and awareness in
moderate to severe patients with AD. It works in cell
communication network and delays the exacerbation of
symptoms due to AD. Sometimes, the memantine is uti-
lized in combination with AChE inhibitors. Antidepres-
sants may be prescribed to control the behavioral
symptoms associated with Alzheimer’s disease. The
therapeutic effect of above drugs is limited in advanced
patients with poor condition. Recent nanotechnological
advancements provide effective options of drug carriers
[7, 8]. For instance, when the rivastigmine was assisted
with biocompatible nanoparticles (NPs), the NPs-based
drug delivery could effectively cross the blood-brain bar-
rier and improved its bioavailability [7]. The biocompat-
ible NPs also showed significant effect on the kinetics of
Aβ-fibrinogen [9, 10]. In addition, non-pharmacological
approaches such as diet, regular exercise or other
healthy lifestyle choice are supplemented for the im-
provement of patients’ life quality.
Transplantation of mesenchymal stem cells (MSCs) as

a therapeutic technique has been well developed in the
recent decades. It has also been explored in the treat-
ment of animal models with nervous disease. The

accumulative evidence demonstrated that the trans-
planted MSCs could be differentiated into cell lineage
such as neurons and reconnected synaptic network,
which played a critical role in the functional improve-
ment of nervous system [11, 12]. A comparison had
been carried out among stem cells derived from different
resources such as brain, fat, bone marrow, umbilical
blood or fetal tissues [13–15]. Owing to ethical issue and
alloimmunogenicity, stem cells from embryos and allo-
genic umbilical cord may be not suitable for the treat-
ment of AD. Autologous neurons from brain biopsy are
confronted with unacceptable attitude and challenge.
Still, it is long way to go for the preparation of stem cells
through iPSc method. Therefore, autologous stem cells
from bone marrow or fat were additional choices. Inter-
estingly, the stem cells from bone marrow had a better
therapeutic effect as compared with that from the fatty
tissue based on previous studies [16, 17]. The MSCs
from autologous bone marrow could be delivered into
AD subjects via different approaches such as intracere-
bral, peripheral vein and intracerebroventricular injec-
tion. The therapeutic effect of bone marrow
mesenchymal stem cells (BMMSCs) was verified in sev-
eral animal models. The results indicated that the
BMMSCs could alleviate the memory loss, behavioral
deficits and neuropathology. Technical advantages in au-
tologous BMMSCs have provided a prospective therapy
for patients with Alzheimer’s disease.
The early studies demonstrated that the therapeutic ef-

fect of exogenous stem cells could improve pathological
manifestations in animal models with Alzheimer’s dis-
ease. Furthermore, there were seldom adverse responses
following a transplantation of bone marrow mesenchy-
mal stem cells [17, 18]. Advantages of bone marrow
mesenchymal stem cells were reflected by its efficiency
and safety. At present, the transplantation of bone mar-
row mesenchymal stem cell has been optimized through
appropriate facilities as well as experimental conditions.
A series of research data proved a dramatic improve-
ment in cognitive deterioration and neuropathological
symptoms among AD-like animal models. Autologous
bone marrow-derived mesenchymal stem cells may be
used in the clinical treatment of Alzheimer’s disease in
near future. The present study aims to explore the po-
tential mechanisms by which the transplantation of
BMMSCs improves cognitive and behavioral deficits in
animal models of Alzheimer’s disease, which can lay a
foundation for the clinical application of autologous
BMMSCs in AD patients.

Methods
Systematical search of published literature
Database PubMed, Medline, and Embase were systemat-
ically screened, and the time point was set at the end of
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February 2019. Keywords “Alzheimer’s disease” and
“stem cell transplantation” were used to identify litera-
ture. Total 414 references were acquired, which were
not restricted by the type of publication. The published
work was further scrutinized according to the integrity
of data and article types.

Study selection
Studies eligible for inclusion were based on quality of re-
sultant data, included randomized controlled trials and
cohort-controlled trials. We excluded studies using
therapeutic stem cells from umbilicus cord, fat and
brain. Also, the exclusion covered studies that provided
incomplete data relevant to the pre-specified outcome
variables. The inclusion studies were restricted to the
transplantation of BMMSCs. Data extraction was accom-
plished by two investigators independently.

Data collection and outcome measures
The extracted data were based on general characteristics
of all included studies, such as source of reference, study
design, animal species, surgery procedure, delivery route
of stem cells, outcome measures, etc. A primary com-
parison was performed among primary data derived
from BMMSCs and control groups. The data analysis in-
volved cognitive function, behavioral change, neurogen-
esis, angiogenesis, apoptosis, inflammatory response,
immunomodulation, reactive gliosis, microglial activa-
tion, level of Aβ peptide, tau hyperphosphorylation and
so forth. Morbidity of adverse response was calculated
by the number of animals with at least one complication
after stem cell transplantation and mortality was com-
puted by death number during or after operation due to
any causes. Meta-analysis based on outcome variables
was further carried out, including Y-maze test, escape la-
tency, histone H3-positive cells, expression of VEGF,
TNF-α, IL-1β, Aβ level, activation of Aβ-degrading en-
zyme ECE, percentage of Iba-1 positive cells, percentage
of AT8 positive cells, etc.

Statistical analysis
Review Manager (RevMan version: 5.3.5;
Copenhagen: The Nordic Cochrane Centre, The
Cochrane Collaboration, 2014) was used to pool data
and meta-analysis. For categorical variable, treatment
effect was expressed as odds ratio (OR) with corre-
sponding 95% confidence intervals (CI). Results were
compared through a random-effects model. For con-
tinuous variable, treatment effect was expressed as
weighted mean difference (WMD) with correspond-
ing 95% CI. Chi-square (Chi2 or χ2) and I2 statistics
estimate the appropriateness of pooling individual
study. Heterogeneity was evaluated by χ2-test with
significance set at P value 0.10. The heterogeneity

was measured by I2 more than 50% as statistical sig-
nificance. Forest plots were constructed, P values of
< 0.05 as significant difference. Gene data on micro-
array and high-throughput DNA sequencing were re-
trieved out of Geo DataSets (https://www.ncbi.nlm.
nih.gov/pubmed/). The linear relationship between
the two variables was measured with Pearson’s cor-
relation coefficient. Principal component analysis
(PCA) of gene expression data was performed based
on the correlation matrix. The number of principal
components would satisfy more than 80% variability
of differential gene expression. The clusters were
combined based on similar expression profiles and
enriched gene ontology (GO) categories. The cluster
analysis was performed using correlation for
hierarchical clustering and Euclidean distance for K-
means clustering. Difference was considered signifi-
cant at p values < 0.05. Data were analyzed with
software SPSS 19.0 (IBM Corp., Armonk, NY, USA),
JMP 13.0 software (SAS Institute Inc., Cary, North
Carolina, USA), and R 3.5.3 for Windows.

Main text
Quality assessment of the included studies
Systematic review on therapeutic effect of mesenchy-
mal stem cells for Alzheimer’s disease was summa-
rized according to animal species, sources of
mesenchymal stem cells, cognitive improvement, route
of delivery, position of delivery, mechanisms, and so
on (Supplementary table). Original studies with
complete data were kept in the present meta-analytic
review (Fig. 1, Table 1). General characteristics of the
included studies in the meta-analysis were reflected
by source of transplanted stem cells, amount of trans-
planted stem cells, species of recipient animals, gen-
der ratio of recipients, age or body weight of
recipients, route of delivery, position of delivery, and
sustainability of transplanted stem cells (Table 2).
Study quality was assessed via bias in primary studies.
Potential bias in the identified studies were also eval-
uated (Fig. 2). The interpretation of results was
weighed in terms of existed bias and sources of het-
erogeneity. The methodology of included studies was
evaluated through random sequence generation, blind-
ing of outcome assessors, incomplete outcome data,
and selective reporting, etc. Priori criteria of high-
quality study include (i) randomized trial; (ii) con-
trolled study; (iii) adequately reported methodology of
measurement.

Improvement of cognitive and behavioral deficits
The present review summarized therapeutic role of
bone marrow mesenchymal stem cells in animal
models of Alzheimer’s disease. The therapeutic effect
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of the bone marrow mesenchymal stem cells was
demonstrated via behavioral changes in experimental
subjects. After transplantation of bone marrow mes-
enchymal stem cells into Alzheimer-like animal
models, symptom and sign were significantly allevi-
ated as exhibited in APP mice, DAL mice or
scopolamine-induced rats [12, 19, 20]. Benefits of the
transplanted stem cells in the behavioral changes were
confirmed through diverse tests such as Morris water
maze test, Y-maze alternation test (Y-maze), plus-
maze discriminative avoidance task, social recognition
test and open-field evaluation (Fig. 3a, b). There was
an improvement in learning ability and spatial mem-
ory performance subsequent to a transplantation of
BMMSCs. The functional improvement of model
brains was evidenced by preventive treatment against
spatial learning and memory impairment. Of note, be-
havioral measurement was not performed in all exper-
iments, because some animals were too young to
conduct behavioral tests in certain studies [21].
Importantly, the BMMSCs treatment was beneficial in

both young and aged Alzheimer-like animals. This thera-
peutic approach could reverse cognitive impairments in-
duced by cerebral amyloidosis as observed in mouse AD
models [3, 18, 21]. The treatment of transplanted
BMMSCs could ameliorate spatial learning and memory

impairment. Also, the BMMSCs treatment might im-
prove impaired spatial memory in APP/PS1 mice as de-
tected via Morris water maze test [3]. The APP/PS1
mice treated with BMMSCs had shorter escape latency
than that of PBS-treated controls. These results indi-
cated that the transplantation of BMMSCs was able to
reduce the cognitive impairment of spatial memory [3].
Moreover, 3xTg-AD mice lost their working memory,
but this impairment was improved in the transgenic
mice after having received transplanted MSCs. The
BMMSCs could dramatically alleviate working memory
in the 3xTg-AD mice [22]. The transgenic DAL mice ex-
press a dominant-negative mutant form of mitochon-
drial aldehyde dehydrogenase 2 and exhibit AD-like
phenotypes. By having employed a spontaneous Y-maze
alternation test, an alternation rate of BMMSC-treated
DAL mice was significantly higher than that of vehicle-
treated mice in 3 months after transplantation. Even a
single transplantation of stem cells was enough to have
an effective result [12]. The cognitive decline could be
ameliorated and even reversed via the beneficial role of
BMMSCs in the AD animals [18].
Above-mentioned improvement was associated

with input concentration of stem cells, cell viability,
passage number, and delivery methods. The delivery
routes of stem cells included (i) intravenous

Fig. 1 Transplantation of bone marrow mesenchymal stem cells could improve clinical manifestations in animal models with Alzheimer’s disease.
Flow chart summarized relevant references that was identified and included in the meta-analytic review
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delivery. Animal models might receive either a sin-
gle injection or a weekly injection more than 10
weeks through the tail vein [21]; (ii) intranasal ad-
ministration of active factors secreted by stem cells.
The animal was restrained by hand without
anesthesia. An appropriate amount of soluble MSC
factors was placed at nares of the animal via a pip-
ette until the liquid drop disappeared into the nares
[21]. A repeated intranasal delivery of soluble fac-
tors from cultured MSCs was enough to improve
behavioral deficits in the mice; (iii) intracerebral or
intracerebroventricular injection of stem cells. Intra-
cerebral transplantation of grafted cells circumvents
the prohibitive blood brain barrier and the cells can
reach the discreet brain site. Benefits of mesenchy-
mal stem cells on memory improvement in AD
models had been detected [23]. However, the intra-
cerebral delivery, compared to peripheral route, is
an invasive procedure to implant stem cells into
particular brain area [15]. Thus, it is a major hurdle
for clinical applications. In contrast, intravenous de-
livery of transplanted stem cells is fast and easy

route, and complications are rarely observed. To
date, some preclinical studies have evaluated the im-
pact of intravenous MSC injections on cerebral
amyloidosis [21, 24].

Neuropathological changes
Removal of Aβ plaques
Amyloid β peptide deposits in brain tissue and forms
plaques. Moreover, the Aβ plaques are accumulated in
special areas of AD brain. Nowadays cumulative level of
Aβ plaques is a hallmark of AD. It is still a long way to
demonstrate the actual role of Aβ plaques in the patho-
genesis of Alzheimer’s disease, but the number of Aβ
plaques is increased along with the deterioration of AD
stage. The deposition of amyloid plaques in the form of
spots and streaks could induce neuronal cell death via
oxidative stress in the hippocampus [20, 25]. The trans-
plantation of stem cells was able significantly to decrease
the number of hippocampal Aβ plaques, which was
demonstrated in APP/PS1 model mice as early as 1 week
after intravenous delivery (Fig. 4a). Further investigation
indicated that the impact of stem cells could activate

Fig. 2 Summary of potential bias in the identified studies
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several Aβ-degrading enzymes such as neprilysin-
degrading enzyme, insulin degrading enzyme (I),
endothelin-converting enzyme, etc. Those enzymes may
play a critical role during degradation of amyloid β pla-
ques. In the aspect of feasibility, the therapeutic applica-
tion of stem cells via intravenous delivery is convenient
and sufficient to diminish cerebral amyloidosis [21, 25].

Neurogenesis, differentiation and integration
The intravenous transplantation of stem cells was readily
detected in brain parenchyma, i.e. hippocampus as re-
vealed in 1 h after administration [21]. The expression
of sry gene in the brain tissue of female AD model
treated with male BMMSCs confirmed the migratory
ability of the intravenously infused foreign stem cells to
the site of brain injury [25]. The BMMSCs could differ-
entiate into neuron-like cells and partially express ChAT
[26]. Neural cells express nestin that can be as a marker
of neural precursors. Brain nestin expression was up-

regulated subsequent to the treatment of BMMSCs [27].
Bone marrow cells migrate throughout the brain and dif-
ferentiate into neurons and glial cells [11]. In the hippo-
campus, there were different neurogenic phases such as
proliferation, differentiation, migration, targeting, and
integration respectively [28]. The transplanted stem cell
may play a beneficial part in different phases of cell
growth, although exact mechanism remains to be deter-
mined. The MSCs produce various trophic factors, in-
cluding BDNF, NGF, and IGF-1 [29–31]. The MSCs
could upregulate the trophic factors like NGF, FGF-2
and BDNF. This result could be attributed to the posi-
tive expression of growth factor, chemokine and extra-
cellular matrix receptors on the surface of MSCs [25].
All these factors contribute to recover neurobehavioral
function and stimulate endogenous regeneration. The
BMMSCs could significantly increase the intensity of
ChAT spots as well as the number of positive cells for
ChAT expression in AD group. Cholinergic change is

Fig. 3 Transplantation of bone marrow mesenchymal stem cells could improve behavioral deficits in animal models of Alzheimer’s disease, which
was generally characterized by abnormal manifestation or relationship. The beneficial change might be a temporary or permanent effect when
compared to previous behavior. a. Behavioral changes as demonstrated through Y-maze test; b. Behavioral changes by Morris water maze test
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potential mechanism for the neurogenesis subsequent to
a transplantation of BMMSCs. After BMMSCs treat-
ment, the improvement in these biomarkers might be at-
tributed to the powerful neurogenesis, neuronal
differentiation and integration [11, 32] (Fig. 4b).

Angiogenesis
Angiogenesis is a pathophysiological process that is involved
in regeneration and tissue reconstruction. Transplantation
of the BMMSCs can promote angiogenesis in brain tissue as
proved by (a) the fold change of expression marker such as

VEGF; (b) interaction between VEGF and Aβ protein in ex-
perimental animal study; and (c) therapeutic effects of the
VEGF in the murine model of Alzheimer’s disease [33–35].
The role of MSC in the cerebrovasculature had been corre-
lated with angiogenesis and revascularization, mainly
through secretion of various angiogenic factors (Fig. 4c, d).
An administration of MSCs stimulated revascularization at
the site of injury via secreting VEGF, FGF-2, Ang-1 and
EGF [36]. The injection of hMSC into rats would increase
angiogenesis by enhancing endogenous VEGF and VEGFR2
levels in the ischemic zone [37, 38]. Moreover, transplanted

Fig. 4 Meta-analysis on potential mechanisms. The transplantation of BMMSCs could alleviate neuropathology through diverse mechanisms, such
as to decrease the number of hippocampal Aβ plaques as demonstrated in AD animal models (a). The Fig. 4a was plotted by relative ratio. The
value in experimental group was assigned as 1 and the same as the following figures; to stimulate neurogenesis, neuronal differentiation, and
neuronal integration (b); to promote angiogenesis in brain tissue as reflected by VEGF marker (c, d); to attenuate Aβ-induced apoptotic cell death
in both primary hippocampal neurons and Aβ-injected animal models (e, f); immunomodulation and neuroprotection (g); to inhibit
neuroinflammation in AD animal models (h)
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stem cells were able to differentiate into mural cells that ac-
celerated the formation of peripheral vascular layers [39]. In
the context of neurodegenerative disorders, these mesenchy-
mal stem cells might contribute to neuroprotection by se-
creting trophic factors such as EGF, VEGF, FGF-2, NT-3,
HGF, and BNDF [40]. Further study on potential mecha-
nisms in AD models will be required to understand the con-
tribution of above factors to the disruption of amyloid
plaques following intravenous implementation of stem cells
[21]. In the brains of AD patients, the soluble VEGF concen-
tration is decreased because Aβ binds to VEGF forming ag-
gregate that leads to the loss of angiogenic and
neuroprotective activities [41]. Therefore, provide additional
VEGF would have high therapeutic effect. An overexpress-
ing VEGF in mesenchymal stem cells could promote neo-
vascularization in the hippocampus and recovered the
memory deficit in the 2xTg-AD animals. More interestingly,
only intraperitoneal injection of VEGF could improve cogni-
tive function through the hippocampal angiogenesis and de-
creased Aβ deposition in the brain [35, 42].

Inhibition of apoptosis
The Aβ peptide in AD animal models could induce
neuronal apoptosis via caspase pathway [13, 43, 44].
The neuronal apoptosis was responsible for the mem-
ory impairment in AD brain. The transplantation of
BMMSCs attenuated Aβ-induced apoptotic cell death
in primary hippocampal neurons as well as intrahip-
pocampally Aβ-injected AD animal models (Fig. 4e, f).
The neuroprotective mechanisms of BMMSCs may be
through (a) to reduce Aβ deposition. The Aβ peptide
induced the stress-activated protein kinases p38 and
c-jun N-terminal kinase, and upregulated p53 expres-
sion, which were closely associated with apoptosis [1].
Furthermore, the MSCs expressed seladin-1, which in-
hibits the activation of caspase-3 and is a neuropro-
tective factor. The transplantation of BMMSCs could
significantly increase seladin-1 gene expression in AD
groups [45]; (b) activation of the cell survival signal
pathway. The BMMSCs treatment upregulated the
survivin expression as showed by the increased num-
ber of survivin-positive cells in AD models [46]. The
MSCs could inhibit P53 activation [47]. Also, the
MSCs produce VEGF, BDNF, NGF, and FGF2, which
were supposed to exert an anti-apoptotic effect [48].
The BMMSCs could significantly down-regulate
caspase-3 expression, thus protecting seladin-1 from
cleavage [49]; (c) to decrease oxidative stress-induced
neurotoxicity in the hippocampus [18]. ER-oxidative
stress and mitochondrial failure involve the pathogen-
esis of Alzheimer’s disease. The transplantation of
stem cells led to a significant improvement of mem-
ory deficits in AD mouse models via the suppression
of apoptosis and the maintenance of functional

synaptic contacts [4, 13, 50]. The MSCs could up-
regulate the cellular antioxidant defense through their
capability to secrete trophic factors like NGF, FGF2
and BDNF. MSCs could also attenuate oxidative dam-
age by reducing ROS and increasing expression of en-
dogenous antioxidants in neurons [47]. The apoptotic
mechanism not only took part in neuronal cell death,
but also involved survival of transplanted mesenchy-
mal stem cells in brain tissue. Actually, the later also
hampered the clinical application of stem cell therapy
for Alzheimer disease [51].

Immunomodulation
Histopathological examination disclosed that immuno-
modulatory property of the BMMSCs play an important
role in therapeutic role against AD as well [25]. The in-
tracerebral transplantation of BMMSCs was applied to
acute AD model induced through Aβ peptide injection
into the dentate gyrus of hippocampus of C57BL/6 mice.
The activation of microglia promoted the diminution of
Aβ deposits due to microglial phagocytosis. The
BMMSCs could accelerate the activation of microglia
and the removal of Aβ deposition in AD brain [52]. In
vitro study demonstrated the bone marrow-derived mes-
enchymal stem cells could decrease expressional levels
of pro-inflammatory genes (IL-1β, TNF-α, IL-6) in astro-
cytes [53]. The MSCs regulated a series of gene expres-
sion, including intermediate filaments (GFAP, vimentin),
pro-inflammatory enzymes (iNOS, COX-2) and recep-
tors (TLR4, CD14, mGluR3, mGluR5). Immunomodula-
tory influence of MSCs may be through diverse cell
types to participate in the neuroinflammation (Fig. 4g).
The observation of decreased neuroinflammation in
hMSC-treated APP/PS1 mice further suggests that
hMSC delivery does not elicit a major immune response
from the host. In addition, preclinical study demon-
strated that a repeated intravenous hMSC treatment
could safely reduce cerebral Aβ pathology in a typical
mouse model of AD.

Inhibition of inflammation
The neuroinflammation was reduced in APP/PS1 mice
following hMSC treatment [21] (Fig. 4h). There was a
dramatic decline on the panel of cerebral cytokines such
as IFNγ, diverse interleukins (IL-1β, IL-2, IL-4, IL-5, IL-
6, IL-10, and IL-12p70), KC/GRO, and TNF-α, suggest-
ing an anti-inflammatory impact of hMSCs. The hMSC
treatment significantly down-regulated cerebral IBA-1.
Among multiple cell types of brain tissue, the IBA-1
gene is specifically expressed in microglia. Upon activa-
tion of microglia due to inflammation, expression of the
IBA-1 is up-regulated, which allows the discrimination
between surveilling and activated microglia. Microglial
coverage was examined to evaluate neuroinflammation
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changes in transgenic brains following repeated hMSC
treatment [21]. There was an overall decrease of the
microglia coverage in brains of APP/PS1 transgenic mice
of both young and aged groups. A qualitative observa-
tion was confirmed by quantitative image analysis of
IBA-1 immunoreactivity. TNFα and IL-12p70 were re-
duced following a single hMSC intravenous injection.
Interestingly, TNFα has been implicated in chronic in-
flammation, cancer, and other inflammatory diseases.
Notably, levels of the cytokine IL-10 were decreased fol-
lowing stem cell treatment, which might be therapeutic-
ally relevant for AD although this cytokine was reported
to be anti-inflammatory. Accordingly, AD patients
showed abnormally high IL-10 signaling, which
highlighted that blocking the IL-10 anti-inflammatory
response could be therapeutically relevant for AD [54].
The repeated intravenous hMSC injections or even sin-
gle administration reduced cerebral neuroinflammation.
The anti-inflammatory role of BMMSCs was also veri-
fied in a rat model of spinal cord injury [55]. Obviously,
the stem cell therapy significantly inhibited the inflam-
matory response.

Gene-specific patterns of Alzheimer’s disease
In pathology, the pathogenesis of Alzheimer’s disease
can be classified into different stages, which involves
various mechanisms such as proliferation, apoptosis,
angiogenesis, immunomodulation, inflammation, etc.
These mechanisms are reflected by differential gene
levels as compared with normal control (Fig. 5a). In re-
cent decades, gene analysis based on microarray assay
and high-throughput DNA sequencing has provided
abundant information on gene expression profile of Alz-
heimer’s disease. It is reasonable to hypothesize that the
Alzheimer’s disease has gene-specific patterns by which
its progression and severity are mediated.
Gene data from microarray assay and high-throughput

DNA sequencing were collected and analyzed through
comprehensive comparison. In gene ontology and signal
pathway analyses, principal components of differential
genes were identified [56]. The guideline for the con-
struction of gene-specific patterns was summarized as
follows:

1) Comparison of differential gene expression in brain
samples of patients with AD (Fig. 5b).
� Quantification of hippocampal key genes, such

as BDNF, NGF, VEGF, etc.
� Estimation of inflammatory cytokines, such as

TNF-α, IL-1β, IL-10, etc.
� Determination of oxidative damage, e.g.,

hippocampal Nrf2 level.
2) Cluster analysis of all relevant gene data (Fig. 5c).
3) To screen principal variables via PCA analysis.

4) Statistical regression model. After correlation and
regression analysis, a multinomial logistic equation
was obtained (Fig. 5d, e).
� Based on big data analysis, a predictive model

was composed of representative gene variables in
the pathogenesis of Alzheimer’s disease.

� Logistic regression equation can classify gene
variables into gene-specific patterns.

5) Pathophysiological significance of the gene-specific
patterns.
� To diagnose patient based on differential gene

levels. Logistic regression model can distinguish
AD patient from normal control.

� To predict progression of AD, severity, and
patient’s life expectancy.

In the context of neurodegenerative AD, the trans-
plantation of BMMSCs could improve cognitive def-
icits and alleviated neuropathology at various
degrees. The grafted MSCs contributed to neuro-
protection through secretion of neurotrophic factors
such as BDNF, EGF, VEGF, FGF-2, NT-3, HGF and
so forth [40]. Differential gene expression involved a
series of functional results of paracrine secretion of
neurotrophic factors and cytokines. The aforemen-
tioned changes might be weighed by differential
levels of responsible genes. In fact, therapeutic effect
of the BMMSCs was determined by comprehensive
role of representative genes. As presented in this
study, there are gene-specific patterns in the patho-
genesis of Alzheimer’s disease. The gene patterns
would be an appropriate method to assess the thera-
peutic effect subsequent to stem cell transplantation
in AD models. Accordingly, relative levels of repre-
sentative genes can be used to evaluate the progress
and prognosis of the disease. Next, it is necessary to
expand the sample size of representative gene data
and further to confirm real contribution of these
key genes to the pathogenesis of Alzheimer’s
disease.

Discussion
Therapeutic effect of the transplanted BMMSCs was
demonstrated with the improvement of memory loss
and behavioral deficits in animal models with Alzhei-
mer’s disease [18, 57, 58]. Positive results have been ac-
quired not only through the repeated transplantation of
BMMSCs, but also via a single injection or even soluble
MSC factors over nasal mucosa. In future, it is possible
to use BMMSCs for the clinical treatment of Alzheimer’s
disease. Potential mechanisms are associated with a
broad coverage of neurogenesis, differentiation, apop-
tosis, angiogenesis, inflammation, immunomodulation
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and so on [17, 18, 20, 22]. However, the exact mechan-
ism remains to be determined. Based on data analysis, a
gene-specific pattern was revealed in brain tissue of pa-
tients with Alzheimer’s disease. The above gene patterns
were altered with the severity of neuropathology, which
maybe a useful tool for the molecular diagnosis and
therapeutic evaluation of Alzheimer’s disease.
It is a long way to clarify the pathogenesis of Alz-

heimer’s disease. However, an investigation on its po-
tential mechanisms is still an essential work, since
any progress in clinical treatment depends on a

comprehensive understanding of the relevant mecha-
nisms. Neuropathological mechanism is associated
with differential panel of gene expression [21, 54, 56].
Gene change in brain tissue can be clustered into di-
verse patterns based on expressional levels and func-
tional features. Therefore, a novel concept of the gene
pattern is proposed. The gene pattern may be utilized
as a surveillance marker for the dynamic assessment
of neuropathology. Its significance will be reflected in
the molecular diagnosis and therapeutic evaluation of
Alzheimer’s disease.

Fig. 5 Construction of gene-specific regression model. a. Differential gene expression was compared between control and samples of patients
with Alzheimer’s disease. b. Hierarchical cluster analysis based on the comparison between control and gene data from samples of patients with
Alzheimer’s disease. c. Heatmap of gene data from brain samples of patients with Alzheimer’s disease. d. Sigmoid curve of gene pattern. e.
Logistic regression equation for prediction of gene-specific patterns of Alzheimer’s disease
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Beneficial results of BMMSCs transplantation had
been observed in different animal models that were in-
duced using genetic modification, Aβ protein injection,
or administration of chemicals. The transplantation of
stem cells from autologous BMMSCs did not cause any
immune response. Enormous experiment data showed
therapeutic effects of the BMMSCs, which included the
improvement in cognitive deficits and pathological
changes [18, 20]. It is quite possible for the BMMSCs to
be utilized in clinical treatment of AD patients in future,
because (a) stem cells are easily obtained through bone
marrow aspiration; (b) peripheral vein delivery; (c) au-
tologous stem cells without immunogenicity.
A combination of transplanted BMMSCs with drug

therapy may be a future direction. In clinical, cholin-
esterase inhibitors and NMDA antagonist have been
now used to improve memory loss and behavioral symp-
tom of patients with Alzheimer’s disease [5, 6]. Thera-
peutic effect had been observed in certain patients, but
not all patient community. If above-mentioned medica-
tions are combined with a transplantation of BMMSCs,
what will happen? So far, it is only a rational hypothesis.
In addition, the soluble factors from stem cells could
also produce positive result, which encourages further
investigation using the combination of neurotransmitter
drugs with cytokines [21]. Their joint application may
trigger a synergistic effect.
It seems that the stem cells from autologous bone

marrow have some advantages as compared with those
from allogeneic embryos and umbilical cord. However,
there is still weakness in the transplantation of
BMMSCs. There are some side-effects from bone mar-
row aspiration. Another drawback is from the prepar-
ation of stem cells. Moreover, there are diverse subtypes
of stem cells according to CD markers on the cell mem-
brane [59]. They can be also classified into disparate
subgroups. Different cell subtypes may play distinct roles
during neurogenesis and functional reconstruction. Un-
fortunately, it is remains to be identified for specific sub-
types to give rise to precise roles and neuroprotective
mechanisms.

Conclusion
In summary, the beneficial effect was confirmed in ani-
mal models with Alzheimer’s disease subsequent to the
transplantation of bone marrow mesenchymal stem cells.
The therapeutic efficacy and safety were verified through
the improvement of behavioral deficits and the allevi-
ation of neuropathology. Multiple signal pathways in-
volved therapeutic mechanisms, including neurogenesis,
apoptosis, angiogenesis, immunomodulation, inflamma-
tion and so on. Gene expression profiles might reflect
relative importance of above mechanisms in different
stages. The transplantation of BMMSCs could alter gene

expression levels. Differential expression of representa-
tive genes could be used to establish statistical regression
model for the evaluation of therapeutic effect and the
prediction of prognosis. There is a great possibility for
the clinical application of autologous BMMSCs in pa-
tients with Alzheimer’s disease.
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