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A B S T R A C T

Alzheimer's disease (AD) as a dementia and neurodegenerative disease, is mostly prevalent among people more
than 65 years. AD is mostly manifested in the form of degraded mental function, such as losing memory and
impaired cognitive function. Due to inefficiency of traditional pharmacological therapeutic approaches with no
long-term cure, cell therapy can be considered as a capable approach in AD management. Therapies based on
mesenchymal stem cells (MSCs) have provided hopeful results in experimental models regarding several dis-
orders. MSCs enhance the levels of functional recoveries in pathologic experimental models of central nervous
system (CNS) and are being investigated in clinical trials in neurological disorders. However, there is limited
knowledge on the protective capabilities of MSCs in AD management. Almost, several experiments have sug-
gested positive effects of MSCs and helped to better understand of AD-related dementia mechanism. MSCs have
the potential to be used in AD treatment through amyloid-β peptide (AB), Tau protein and cholinergic system.
This review aimed to clarify the promising perspective of MSCs in the context of AD.

1. Introduction

As a highly prevalent neurodegenerative disease and the sixth
leading cause of mortality in the United States, Alzheimer's disease (AD)
has been defined to have characteristics, such as progressive memory
loss, disorientation, lingual deterioration, problem-solving, mood
swings, along with the lack in motivation and other cognitive functions
limiting daily life activities and Quality of Life (QoL) [110]. The global
number of AD is 36 million at the present which this number will be
tripled by the year 2050 [86]. The progressive and neurodegenerative
problem of AD are manifested by gradual deterioration of memory,
degrading cognitive abilities, loss of neurons and function in the basal
forebrain [9,121]. Firstly, AD was explained by a German neuro-pa-
thologist named Alos Alzheimer. He discovered the Amyloid-beta (Aβ)
plaques and neurofibrillary tangles in the brain [56]. Aβ plaques are
misfolded proteins accumulated in extracellular space with neurotoxic

properties and are able to induce neuronal loss. The Second misfolded
protein in AD is Tau, a microtubule-associated protein which accumu-
lates intracellularly and pathological features of this phenomenon
shows close association with AD cognitive degradation [34]. However,
mutations in Tau encoding gene usually contribute in frontotemporal
dementia and not AD [34]. Neurofibrillary tangles are insoluble ag-
gregates of hyperphosphorylated Tau protein. Despite the vagueness of
Aβ plaques relationship with Tau neurofibrillary tangles, it has been
perceived that their synergistic function result in neuronal and synaptic
losses in various cortical regions of the brain, which in turn cause
memory loss and cognitive degradation [21,56]. Being an age oriented
issue, Early-Onset AD (EOAD) begins before than 65 years old [80]. It
has been determined that mutations in three various genes of amyloid
beta (A4) amyloid precursor protein (APP), presenilin 1 (PSEN1) and
precursor 2 (PSEN2) are responsible for EOAD [86]. Another type of AD
is Late-Onset AD (LOAD) (sporadic AD), which is resulted from
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environmental factors genetic contributions with apolipoprotein E
(ApoE) as the most responsible factor (Fig. 1) [86]. Genes encoding
apolipoproteins, lipid homeostasis (involved in endocytosis) and
membrane spanning 4-domains (MS4) family proteins have been re-
ported to be associated with the risk of LOAD [11,21]. Every person
carries two copies of the apoE gene existing in three allelic forms of ε2,
ε3 and ε4. These allelic forms are responsible for encoding three cor-
responding isoforms: ApoE2, ApoE3 and ApoE4, respectively. ApoE4
carriers constitute a 60–75% genetic makeup of AD cases; however,
these individuals only and nearly represent 25% of the normal popu-
lation [103]. Among all populations, the most common ApoE poly-
morphism is e3 allele (ApoE3) which is risk-neutral, while e2 allele
(ApoE2) is less common and it is perceived to be associated with de-
creased risk of AD [8].

Mutations close to β (e.g., K670N, M671L) and γ (e.g., V717I) se-
cretase cleavage contributing sites forming 42-amino acid Aβ product
of APP (Aβ42) (Fig. 2) [89]. In a similar manner, the pathogenic mu-
tations in the most commonly affected genes causing autosomal
dominant AD (ADAD), PSEN1, and its homolog presenilin 2 (PSEN2)
[53] can increase partial production of Aβ42 [83]. Aβ42 is the most

notable component of the extracellular plaques with a high self-binding
capability forming β-pleated structures which play an important role in
AD [89].

Decreased neurons in the basal forebrain cholinergic nuclei (BFCN)
and the decreased levels of choline acetyl transferase, acetylcholine,
and acetylcholinesterase (AChE) in the hippocampus and neocortex has
made cholinergic hypothesis of AD to be developed [95]. In order to
pharmacologically treatment of AD, utilization of acetylcholine esterase
inhibitors is necessary, which play an efficient role in cognitive, func-
tional, and behavioral symptoms of the disease, however, their adverse
effects in AD are still unclear. Other pharmacological treatments such as
the newly confirmed drug memantine (i.e. N-methyl-D-aspartate
(NMDA) channel blocker) are gradually becoming feasible and sug-
gested for advanced AD subjects [93]. For neurodegenerative disorders,
stem cell-based therapies aim to hamper the clinical degradation by
regeneration and provide a local maintenance for impaired tissue
[106].

Mesenchymal stem cells (MSCs) are a group of pluripotent stem cells
that acquire plasticity characteristics, enabling them to differentiate
into non-mesenchymal lineages [22]. Several procedures have been
acclaimed in vitro for MSCs differentiation into neurons, but there are
still major concerns over its efficiency and in vivo conditions of such
differentiation. Therefore, despite the fact that their neurogenic dif-
ferentiation properties are still controversial, they are recommended as
effective options in neurological diseases including Stroke, Parkinson's
diseases (PD), Multiple Sclerosis (MS), and AD treatment [104]. The
potential capability of MSCs to be differentiated into neural cells sug-
gests that they can be considered as a therapeutic approach for neu-
rodegenerative diseases in AD. In AD, stem cell-based treatment has
tried to replace damaged or lost neurons. Neurons derived from stem
cells have the potentiality to be integrated into the neural networks of
the hosting brain [58]. The therapeutic effectiveness of MSCs has been
attributed to their ability to immigrate and engraft to the target sites.
Therapies based on MSCs not only regenerate impaired neuronal tissue,
but also inhibit the disease progression. In this review, we have tried to
discuss the effect of MSC treatment on AD therapy. Among all types of
stem cells, MSCs (the most concentrated type) has provided a great
potential for the disease treatments.

2. General treatments of AD

AD is a complicated brain network-degrading disorder generating a
challenging issue for development of effective drugs [126]. Aβ deposits
are pathological signs of AD and it suggests the notion that Aβ depletion
can be considered as a suitable therapy for AD. As known, vitamin E is
an antioxidant that prevents lipid peroxidation, and vitamin C is a
water-soluble antioxidant which is a pre-requisite for the vitamin E
reactivation. In clinical applications, both vitamins have been ex-
tensively used to prevent AD [63]. Extracellular Cathepsin B is ac-
companied by amyloid plaques and is able to be co-localized with Aβ
for regulation of secretory vesicles in chromaffin cells [32]. Cathepsin B
decreases the partial influence of Aβ via limited proteolysis as well as
cysteine protease. Therefore, the activation of Cathepsin B can be
considered as a novel therapeutic strategy for AD [70]. Neprilysin is
another major extracellular Aβ degrading enzyme which clears Aβ from
the brain. It has been reported that human neprilysin injection de-
creases the amyloid plaques levels in the transgenic mouse [64]. Hy-
poxia-Inducible Factor 1 (HIF-1) regulators can also potentially reduce
the activation of Aβ-promoted astrocyte, prevent Aβ toxicity, and im-
prove brain glucose metabolism [126]. M30 or 5-[N-methyl-N-pro-
pargylaminomethyl]-8-hydroxyquinoline is a HIF-1 activator which
increases and decreases the HIF-1 expression and the accumulation/
plaque formation of Aβ in APPswe/PSEN1 mice model of AD, respec-
tively, by HIF-1-dependent neuroprotective genes upregulation [68].

Former investigations have reported that the Kelch like-ECH-asso-
ciated protein 1 (Keap1)–nuclear factor (erythroid-derived 2)-like 2

Fig. 1. Types of AD and its molecular pathogenesis mechanism. AD, Alzheimer's
disease; EOAD, early-onset AD; APP, amyloid precursor protein; Aβ, amyloid-
beta; PSEN1, presenilin 1; PSEN2, precursor 2; LOAD, late-onset AD; ApoE,
apolipoprotein.
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(Nrf2); (Keap1–Nrf2) pathway can also regulate different AD-relevant
pathogenesis processes, including Aβ deposition, iron homeostasis,
oxidative stress (OS), mitochondrial dysfunction, astrocyte activation,
and glucose metabolism [99]. As the activators of Nrf2, Tecfidera or
Dimethyl Fumarate (DMF), can inhibit the interaction between
Keap1–Nrf2 via covalent S-alkylation of cysteine thiols of Keap1 and
may have therapeutic properties in AD treatment [38]. Recently, re-
searchers have focused on the neurogenesis stimulation via brain-
permeable molecules. Allopregnanolone has potential anti-AD proper-
ties and it can be served as an evidence for therapeutic approaches
targeting neural regeneration [14]. This agent is a prototypic neuro-
steroid displaying an age-associated disease amelioration in the brain as
a potential modulating γ-aminobutyric acid (GABA) A receptors agent
[14]. However, because of allopregnanolone low solubility and meta-
bolism in the digestive tract and liver, oral use of this agent shows some
difficulties [36]. Moreover, the adverse effects of allopregnanolone on
cognitive function in human and animal studies have also been re-
ported. Additionally, chronic allopregnanolone use accelerates AD de-
velopment in impaired episodic memories among healthy female in-
dividuals [41].

AChE inhibitors and N-methyl-D-aspartate receptor agonist, as other
therapeutic agents, have been approved by The US Food and Drug
Association (FDA) to be applied in the treatment of mild to moderate
AD [5]. However, despite generally well tolerated of the mentioned
drugs, these pharmacological interventions have led to palliative results
and only delayed disease progression partially [73].

The current AD treatments have only focused on symptoms related
to the neurotransmitter systems and they did not target the underlying
pathologies. Therefore, more efficient targeted interventions are still
required [28]. One such strategy can involve the use of nerve growth
factor (NGF). In injury, amyloid overexpression, and aging animal
models, NGF has triggered cholinergic function, improved memory and
inhibited cholinergic degeneration [112]. NGF also shows a high and
low affinity to tropomyosin kinase receptor A (TrkA) and non-selective
neurotrophin receptor p75 (P75NTR), respectively [112]. Interactions
between TrkA and P75NTR mediate NGF signaling, whereby both pro-
survival and apoptotic-regulatory pathways are involved [112]. The
balance between these receptors is crucial in AD pathology, so that

TrkA (but not P75NTR) decreased levels in basal forebrain cholinergic
neurons (BFCN) will result in an increased behavioral symptomology
and Aβ pathology [19]. These receptor's interactions develop a time
course for AD pathology, in which NGF initially serves as a protective
molecule, and then, it is involved in degenerative responses [66]. In an
early single-subject study, intraventricular murine recombinant NGF
over three months improved verbal episodic memory, and caused sig-
nificant weight loss in an AD patient [7,15]. Back pain and weight loss
were manifested in another similar trial with three AD patients. How-
ever, this study was initially ended up because no significant clinical
improvement was observed [112]. The painful responses following NGF
treatment is due to NGF involvement in the inflammatory response
[72]. In a phase I trial of ex vivo NGF gene delivery to autologous fi-
broblasts were implanted into the forebrain of 8 mild-AD patients
[105]. After 22months follow-up, no adverse effects of NGF were ob-
served in 6 subjects. Evaluation of the Mini-Mental Status Examination
and Alzheimer's disease Assessment Scale-Cognitive subcomponent
showed an improvement in cognitive degradation rate. Moreover, series
of positron-emission tomography (PET) scans revealed significant in-
crease of cortical 18-fluorodeoxyglucose levels after treatment. Brain
autopsy of a single case also suggested a remarkable growth in response
to NGF [105]. An open-labeled phase I trial of in vivo NGF gene delivery
was also recently conducted on 10 CE patients. The Adeno-Associated
Virus serotype 2 (AAV2) vectors were utilized and exhibited high
capabilities of long-term gene expression in brain compared to the
vectors used in the ex vivo NGF trial [84]. This investigation scrutinized
the safety, tolerability and preliminary efficacy of three increasing
doses of the genetically engineered NGF (AAV2-NGF [CERE-110]). Bi-
lateral AAV2-NGF was received stereotactically into the AD patients
meynert nucleus basalis. For two years, AAV2-NGF remained safe and
well-tolerated. PET scan and neuro-psychological examinations did not
depict any evidence of enhanced degradation. Furthermore, brain tissue
autopsy also proved long-term, targeted, gene-mediated NGF expres-
sion and bioactivity [84]. This investigation suggested an ongoing
multicenter, double-blind, and sham-surgery-controlled trial in future
on the same subject matter.

Fig. 2. Cleavage of Amyloid precursor protein (APP). APP is cleaved by β-secretase and γ-secretase, to form the soluble amyloid precursor (sAppβ) and also the 42-
amino acid Aβ product of APP (Aβ42). The Aβ42 then is aggregated and form Aβ plaques. AD, Alzheimer's disease; APP, amyloid precursor protein; Aβ, amyloid-beta;
sAppβ, soluble amyloid precursor.
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3. Stem cell treatment for AD

The fundamental mechanisms of stem cells therapies for AD treat-
ment are complicated because of AD diverse pathological exhibitions
and the complexity of the interactions between engrafted cells and the
hosting brain (Fig. 3). Numerous types of stem cells exist in the body.
Generally, they can be divided into embryonic and adult (somatic) stem
cells [56,100]. However, the special classification of stem cells includes
induced pluripotent stem cells (iPSCs), embryonic stem cells (ESCs),
bone marrow (BM) and adipose tissue-derived stem cells (ADSCs) [27].

MSCs are a sub-group of pluripotent stem cells that possess plasti-
city, allowing them to be differentiated into non-mesenchymal lineages
[22]. Stem cell-derived neurons are capable of being integrated with
existing neural networks of the hosting brain [57]. Furthermore, stem
cells transplantation increases the levels of acetylcholine which im-
proves cognition level and memory in the animal model [77]. More-
over, neurotrophic factors such as brain-derived neurotrophic factor
(BDNF) are secreted from stem cells to modulate neuroplasticity and
neurogenesis [76]. Some types of stem-cells including MSCs and neural
stem cells (NSCs) apparently exert anti-inflammatory effects by de-
creasing the release of pro-inflammatory cytokines and up-regulation of
the anti-inflammatory factors like interleukin (IL)-10 [46]. The en-
grafted MSCs can also eliminate the Aβ plaques deposits in AD brains
through differentiation into microglia cells or activated endogenous
microglia cells enrollment [51]. In the following sections the effects of
different stem cell therapies on AD treatment will be discussed (Fig. 4).
Preclinical studies in the Alzheimer treatment were summarized in
Table 1.

3.1. Neural stem cells (NSCs)

NSCs are found in central nervous system (CNS) and are char-
acterized by self-renewal, multilineage differentiation potentiality, and
in vivo and in vitro proliferation [124]. NSCs are ideal donor-cell sources
for AD patients cell therapy [47,74]. NSCs reside inside the brain and
have the ability to be differentiated into neurons, astrocytes, and oli-
godendrocytes [102]. Unfortunately, NSCs isolation is a complicated
and difficult task. Current studies have used fetal NSCs, however the

ethical issues remains debatable in this unregard [25]. NSCs can be
supplied from primary tissues such as fetal, and postmortem neonatal or
adult brain tissues, as well as ESCs and iPSCs origin [31,122]. NSCs are
also utilized as a medium for delivering potential therapeutic agents,
including neprilysin, insulin degrading enzyme, plasmin and cathepsin
B, leading to decreased Aβ levels in AD mouse models [24]. Reportedly,
fibroblast-delivered neprilysin has decreased amyloid plaques in AD
mice. Additionally, neprilysin gene delivery by grafted NSCs has also
contributed to significant decrease in amyloid plaques among mice
[17]. Thus, it is suggested that NSC-based therapies on AD patients
must be concentrated on such indirect mechanisms, instead of primary
neuronal replacement, during neurotrophic factors delivery [23,65]. In
a study, transplantation of NSCs isolated from neonatal rats hippo-
campus into the brain of an AD rat model by a transected fimbria-fornix
(FF), showed a spatial recovery of learning and memory skills and
generation of new cholinergic neurons in these rats [115]. Moreover,
intra-hippocampal transplantation of murine NSCs (mNSCs) have in-
creased synaptogenesis and promoted cognition level among 3xTg-AD
mice and the CaM/Tet-DTA model of hippocampal neuronal loss
[12,117]. In other study, it was found that human overexpressing
choline acetyltransferase (ChAT) NSCs implementation in an AF64A-
cholinotoxin-induced (AF64A is ethylcholine mustard aziridiniumion)
AD rat model improves complex learning and memory deficits, and
results in enhanced ACh levels in the cerebrospinal fluid (CSF) [75].
Immortalized human NSC lines such as HB1·F3, are also reported to be
safe and effective when they were transfected with ChAT and trans-
planted into the brain of AD models [75]. Furthermore, transplantation
of neuron progenitor cells (NPCs) into the cortices of transgenic mice
expressing human P301S Tau protein has exerted a neuroprotective
effect through stimulating of neurotrophic factors secretion, such as
ciliary neurotrophic factor (CNTF), NGF, Glial Cell Line-Derived Neu-
rotrophic Factor (GDNF), and BDNF [30]. In a selective granular neu-
rons loss (induced by Aβ1–40 fragment injection into the upper leaf)
animal model, NPCs transplantation into the dentate gyrus (DG), also
prompted spatial learning and recovered memory skills. In addition,
increased glutamatergic and GABAergic neurons were detected after 8
and 12weeks of transplantation. Furthermore, donor neurons expressed
proteins essential for synaptic transmission, including major subunits of

Fig. 3. Schematic diagram of stem cell sources for AD therapy. There are four types of stem cells for treatment of AD: MSC from different sources; iPSCs that
reprogrammed from somatic cells; NSC from human brain tissue; ESCs. AD, Alzheimer's disease; iPSCs, induced pluripotent stem cells; MSCs, mesenchymal stem cells;
NSCs, neural stem cells; ESCs, embryonic stem cells.
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ionotropic glutamate and GABA receptors (NR1, GluR1, and GABAA
receptor β-chain) [55]. Thus, NPCs transplantation into the DG of the
hippocampus, instead of dorsal hippocampus, can be considered as a
novel and potential therapeutic approach for AD [55].

Other studies have reported that transplantation of human NGF-

overexpressing NSCs into the hippocampus of ibotenic acid induced
learning deficits in rats, will be survived, blended with the hosting
brain, and promote cognitive performance [49]. Thereupon, it was re-
vealed that cognitive degradation in transgenic mice model of AD can
be hampered by NSC therapy with no changes in Aβ or Tau protein

Fig. 4. Mesenchymal stem cells mechanism of action in AD treatment. Aβ, amyloid-beta; AChE, acetylcholinesterase; NGF, nerve growth factor; BDNF, brain-derived
neurotrophic factor.

Table 1
Preclinical studies in the Alzheimer treatment.

Cell type Study design Outcomes References

-Murine NSCs - Intra-hippocampal transfer into 3xTg-AD mice - Increase synaptogenesis
-Promote cognition level

[117]

-Human NSCs - Transfer of ChAT- overexpressing NSCs into AF64A-cholinotoxin-induced AD
rat

- Improve learning and memory deficits
-Enhance levels of ACh in CSF

[75]

-Human NPCs - Inject of the toxic Aβ1–40 fragment into the DG of the hippocampus - Recover spatial learning and memory skills
- Detect abundant glutamatergic and GABAergic
neurons

[55]

- Human NSCs - Transfer of NGF-overexpressing NSCs into Hippocampus of ibotenic acid
induced cognitive dysfunction rats

- Promote cognitive performance [49]

-Human NSCs - Transplant of cells derived from donated fetal brain tissue into 3xTg-AD model
and CaM/Tet-DTA model mice

- Promote cognition level
-Enhance endogenous synaptogenesis

[2]

-Human NSCs - Transplant of cells into the fimbria fornix APP/PS1 murine model of AD - Reduce amyloid plaque load
-Improve memory

[67]

- Mouse ESC-derived NPCs - Transplant into the Aβ-injured rat model - Ameliorate memory impairment [101]
- Mouse ESC-derived NPCs - Transfer into the unilateral NBM in a rat model of AD - Improve in memory skills [69]
-Human MSCs - Transfer human recombinant activin A in SVZ-derived NSCs into an in vitro

model of AD.
- Induce neuronal development and neurite
outgrowth

[78]

- Mouse MSCs - Inject 106 cells into APP/PS1 mice - Reduce in the size of Aβ plaques [71]
-BMMSCs - Intracerebral transfer MSCs into Aβ-induced AD mice model - Enhance microglial activation

-Rescue cognitive impairment
-Reduced the Aβ deposits

[50]

-rBMMSCs - Infuse cells into the hippocampus - Improve in learning and memory skills [10]
-rBMMSCs -Transfer of 3*105 rBMMSC into APP/PS1 transgenic mice - Reduce Aβ deposition

- Control the redox status under oxidative stress
[120]

-Human UCB-MSCs - Transfer into APP/PS1 mice -Enhance spatial learning and memory degradation [48]
-Human UCB-MSCs - Transferred into the hippocampi of AβPP/PS1 mice -Promote level synapsin I level

-Recover cognitive function
[118]

-Human UCB- MSCs -Transplant into the hippocampus of transgenic mouse model of AD - Reduce Aβ plaques [45]
Human MenSCs -Intracerebral transplant into APP/PS1 mice. -Promote spatial learning and memory among

- Ameliorate amyloid plaques
-Reduce tau hyperphosphorylation

[125]

AD, Alzheimer's disease; ChAT, Choline Acetyltransferase; CSF, Cerebrospinal Fluid; DG, Dentate Gyrus; ESCs, Embryonic Stem Cell; MenSCs, Menstrual blood-
derived Stem Cells; MSCs, Mesenchymal stem cells; NPCs, Neuron Progenitor Cells; NSCs, Neural Stem Cells; RBMMSC, Rat Bone Marrow-Derived MSCs, SVZ,
Subventricular Zone; UCB-MSCs, Umbilical Cord Blood MSCs.
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levels [13]. A former imaging study also illustrated parallel findings
suggesting that plaques and tangles can be accumulated for many years
long before the cognitive function would start to decline [42]. Cognitive
improvement is positively correlated with neurogenesis as they found
an increase in BDNF, which has role in synaptogenesis and neuronal
networking [4]. Post-mortem AD immunohistochemical investigations
aimed to study the application of NSCs and aggregated proteins co-
localization in identification of Aβ, Tau and NSCs interactions [13].
HuCNS-SC transplantation (a population of human NSCs), derived from
donated fetal brain tissue, can also improve the decreased cognition in
AD models [2]. HuCNS-SC cells have the capability to migrate and
differentiate into immature neurons and glia and significantly increase
synaptic and growth-associated markers in both 3xTg-AD and CaM/Tet-
DTA mice. However, improvements in aged 3xTg-AD mice cannot be
attributed to alter Aβ or Tau pathology. Additionally, transplantation of
human NSC promotes cognition level by enhancing endogenous sy-
naptogenesis [2]. In another proof-of-concept investigation carried out
pre-clinically on APP/PS1 murine AD model, human neural stem cells
were transplanted into the fimbria fornix. It was observed that the
cognition level in two hippocampal-dependent memory tasks were
significantly meliorated 4 and 16 weeks after the transplantation [67].
Despite unchanged synapse-related proteins and cholinergic neurons
levels, amyloid plaque load was significantly reduced in stem cell
transplanted mice in association with increased recruitment of acti-
vated microglia. These NSCs induced microglial activation and amyloid
phagocytosis in vitro, suggesting their immunomodulatory capacities
[67].

3.2. Embryonic stem cell (ESCs)

ESCs are characterized as totipotent and self-renewing cells which
can be differentiated into NPCs in vitro. This gives them therapeutic
properties when they are transplanted into AD animal models [88].
Usually, direct transplantation of ESCs into AD animal models cause
teratoma formation rather than neuron production. Nevertheless, in
animal models, the safety level of ESC-derived NPCs and neurons
transplantation has been confirmed [88]. Transplantation of ESC-de-
rived NPCs into the Aβ-injured rat model has revealed that the escape
latency is significantly increased compared to phosphate buffered saline
(PBS)-treated controls two weeks after injection [54,101]. The morris
water maze test (MWM) which is usually conducted to measure spatial
learning and memory function, also showed a significant decrease in
latency escape 16weeks after transplantation compared to sham con-
trols [101]. Reportedly, ESC-derived NPCs were able to be differ-
entiated into astrocytes and neuron-like cells in vivo. These findings
implied to the fact that ESC-derived NPCs could ameliorate memory
impairment. Although, ESCs may induce teratoma formation, ESC-de-
rived NPCs have the potential to treat neurodegenerative diseases
[101].

In vitro culture of mouse ESC (mESC) also suggested that NPCs can
be efficiently generated, expanded, and differentiated into neurons and
glial cells [114]. Most of the times, conventional protocols on the neural
differentiation from ESCs include the formation of embryoid bodies
(EBs) and subsequent culture of the attached EBs in selective, serum-
free medium to eliminate non-neural cells [113]. Neurospheres derived
from ESC are then transferred into the frontal cortex of nucleus basalis
of meynert (NBM) mouse model and produce large number ChAT-po-
sitive, as well as small number of serotonin-positive neurons in and
close to the engrafted cells and elevate memory working [26]. Primed
and unprimed transfer of mESCs derived NPCs into the unilateral NBM
in a rat model of AD, also has caused great improvements in their
learning and memory skills. The mainstream of the engrafted NPCs
maintained a neuronal phenotype, however almost 40% of these cells
displayed cholinergic cell phenotype [69]. mESCs and human ESCs
(hESCs) are different in their properties. Distinct protocols have been
designed for human NPCs generation from hESCs. The most typical

protocols involve multicellular aggregates, long-term culture, co-cul-
ture, and/or genetic manipulation [26]. Despite no reports on the
therapeutic potentials of hESCs for AD, evidence has indicated that
hESCs can be considered as a novel factor in treatment of different types
of neurodegenerative diseases and brain injuries [94]. However, be-
cause these cells are derived from preimplantation human embryos,
ethical issues must be noted before using hESCs in AD clinical trials.
Moreover, the probability of immune rejection in ESC-based cell
therapies of AD is still a matter of dispute [94].

3.3. Induced pluripotent stem cells (iPSCs)

iPSCs can be derived from skin cells and are characterized by ret-
roviral expression of octamer-binding transcription factor 4 (OCT4), sex
determining region Y-box 2 (SOX2), proto-oncogene proteins c-Myc,
and kruppel-like factor 4 (KLF4). These cells can also be differentiated
into neural cells [87]. iPSCs are pluripotent cells, having the capability
to enhance the number of any cell type of the three germ layers con-
taining mesoderm, ectoderm, and endoderm [18,109]. Unlike ESC-
based therapy, which carries immune rejection concerns, iPSCs can be
generated from the patient's own somatic cells ending up ethical con-
troversies over the use of human embryos and immunogenic rejection
[98]. Regarding the recent progresses in reprogramming technology,
iPSCs have acquired great chance to be used in AD treatment. Patients'
somatic cells can be reprogrammed to generate iPSCs, which in turn can
be directed into the differentiation of neural precursor cells for trans-
plantation [39]. Moreover, iPSCs use can improve modeling of neuro-
degenerative diseases such as AD, conserving patient's unique genetic
phenotype [121]. It creates a model with closest approximation to the
sporadic form of the disease to be applied in human for AD treatment
[116]. Autologous and genetically modified iPSC-derived neurons can
probably make existing cells suitable to be transplanted into Familial
AD (FAD) patients [37]. iPSCs also confer an available exceptional
platform to identify the early-disease phenotypes during neurogenesis
or neurodegeneration as probable underlying AD pathogenic mechan-
isms [90,98]. Genetically repaired AD-iPSCs can control cells in disease
modeling and cells transplantation [98]. Human iPSCs models derived
from patients' cells have provided new horizons in improving our un-
derstanding of the early molecular stages of these diseases [90].

3.4. Mesenchymal stem cells (MSCs)

This type of stem cells can be isolated from BM, placenta, adipose
tissue, lungs, blood, and the umbilical cord. They can be differentiated
into diverse cell types [3]. Regarding the barriers against clinical im-
plementation of ESCs and iPSCs, there is an escalating focus on MSCs
free from both ethical concerns and teratoma formation [108]. These
cells can be considered as the precious sources of cells for therapeutic
transplantation as they are capable to be differentiated into therapeutic
cells, providing trophic support and modulate immune responses
[59,81]. The most common types of MSCs utilized in clinical trials are
autologous BM-derived MSCs (BM-MSCs) and Umbilical Cord Blood-
derived MSCs (UCB-MSCs) [6,85]. It is still unclear whether a particular
subset of MSCs has tendency toward homing to the sites of tissue injury
or not. Selecting MSCs, based on their chemokine receptors, is an ap-
proach to select the proper population for homing in target tissue
[6,119]. Upon homing to the target site, MSCs begin to interact with the
existing ligands in the tissue for specific immune responses [6]. When
they are located within an inflammatory milieu, they can play as im-
munosuppressive cells. It has also been revealed that MSCs inflamma-
tion-directed homing contains a number of principal cell trafficking-
related molecules, such as chemokines, adhesion molecules and matrix
metalloproteinases (MMPs) [52]. BM-MSCs are able to be homed in the
injured brain and enhance the number of positive cells for choline
acetyltransferase. Additionally, they are able annihilate Aβ plaques
from the hippocampus and reduce Aβ deposits by activating
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endogenous microglia in prompted AD mice model [92]. Further,
human MSCs are able to increase autophagy, provoke Aβ clearance and
enhance neuronal survival rate in Aβ-treated mice model [20,97]. Shin
et al. [97] have particularly focused on amyloid plaque elimination and
demonstrated that MSCs can enhance cell autophagy pathway and
neuron survival both in vitro and in vivo MSCs also show long-term
survival and replication in culture. In cerebral infarction cases, the
transplantation of BM-MSCs is applicable [91]. The intravenously (IV)
transplanted MSCs can penetrate into the blood brain barrier (BBB),
however the penetrated cells rarely survive and act as neurons in the
brain [40,91]. MSCs can expand ex vivo in media supplemented with
growth factors. Growth factors can induce MSCs differentiation toward
a specific lineage [1]. When MSCs are exogenous and systemically ad-
ministered on humans and animals, they specifically migrate to the
damaged tissue sites [33,61]. In one investigation, hMSCs co-culture
with Subventricular Zone (SVZ) derived NSCs from 4-month-old 5XFAD
mice caused neuronal development and neurite outgrowth [78]. The
cytokine array also revealed that hMSCs increasingly began to release
activin A. Additionally, mRNA levels of activin A and activin receptor in
SVZ of 5XFAD mice were significantly lower than that of the normal
mice. Treatment of human recombinant activin A in SVZ-derived NSCs
from 5XFAD mice induced neuronal development and neurite out-
growth. It proposes that, in future studies of cortical regeneration, the
use of hMSCs and activin A can be considered as a suitable strategy to
recover neurogenesis for AD treatment [78]. In another study, re-
searchers injected 106 MSCs into APP/PS1 mice through tail vein car-
ried out histological analysis for microglia and amyloid (pE3-Aβ)
plaque numbers, glial distribution, and pE3-Aβ plaque size [71]. After
28 days, a significant reduction in microglial numbers and size in ani-
mals' cortex was observed. Furthermore, tumor necrosis factor (TNF-α),
IL-6, Monocyte chemoattractant protein-1 (MCP-1), and NGF expres-
sions were downregulated in MSC recipients. Despite no transplanta-
tion-dependent changes in pE3-Aβ plaque numbers, a reduction in the
size of pE3-Aβ plaques was noticed in the recipients' hippocampus [71].

On the other hand, BM-MSCs play an important role by endogenous
microglia activation in Aβ-injured mice hippocampi. These cells induce
the migration of microglia in response to Aβ exposure in vivo [50]. In
addition to the paracrine effects of released factors, BM-MSCs can be
differentiated into ChAT-like neurons when transplanted into the hip-
pocampi of Aβ-injured mice, leading to a significant learning and
memory improvement [111]. In the acute Aβ-induced AD mice model,
intracerebral transplanted MSCs enhanced microglial activation, res-
cued cognitive impairment, and substantially reduced the Aβ deposits,
suggesting that BM-MSCs could be viable therapeutic agent against AD
[50]. Another research team utilized three factors to motivate en-
dogenous hematopoietic progenitor cells (HPC). It was reported that
granulocyte-colony stimulating factor (G-CSF), AMD3100, CXCR4 an-
tagonist, and stromal cell-derived factor-1α (SDF-1α) assisted the mo-
bilization and migration of BM-derived hematopoietic progenitor cell
(BM-HPCs) into brain [96]. Additionally, memory and hippocampal
neurogenesis were developed in this AD mice model after treatment
with the three factors, while Aβ-plaques remained unchanged. These
factors may act synergistically to contribute in HPC migration to gen-
erate therapeutic effects [96].

Babaei et al [10], in a study, induced a nucleus basalis magnocellularis
(NBM) lesion in rats by an excitotoxin to mimic the decreased cognitive
model. The rats then received either MSC or a sham infusion into the
hippocampus. Compared to the sham infusion group, MSCs injected
group showed significant improvements in learning and memory skills.
Since, MSCs were derived from rat tibia in this study, it indicated that
stem cells could be harvested from adult BM [10]. However, the authors
did not conduct any neuropathological investigation to analyze the
outcomes of the MSCs differentiation into functional neurons in the
hippocampus. Thus, it is suggested that, in future studies, MSCs would
be transplanted from human BM to evaluate the MSCs survival and
differentiation in neuropathological investigations. In another

investigation, 3×105 rat BM-derived MSCs (rBM-MSCs) were trans-
planted into APP/PS1 transgenic mice (7-month-old) through tail vein.
Aβ deposition in the rBM-MSC-treated mice brain was reduced com-
pared to the controls [120]. Moreover, mouse brains redox status
changes which were evaluated by electron paramagnetic resonance
(EPR) imaging, also indicated an apparent reduction by rBMSC-treat-
ment. Therefore, rBM-MSCs transplantation is probably able to prevent
the AD pathological progression by redox status control under oxidative
stress [120].

Human AD-MSCs transplantation into the brains of elderly mice also
has recovered Ach levels, cognitive and locomotor function, and also
modulated the microglia activation [60]. Additional to their capability
to be differentiated into neurons and glia, transplanted AD-MSCs has
modulated microglial activation and raise the levels of neurotrophic
factors, such as BDNF and NGF, protecting hosting neurons and repair
neuronal integrity [60]. Transplantation of AD-MSCs also permits them
to be differentiated into neuron-like and astrocyte-like cells around the
hematoma. It is accompanied by the upregulation of vascular en-
dothelial growth factor (VEGF) and improvement in neural function.
This fact proposes that AD-MSCs assist neural differentiation and
prompt functional progress in the rat [16]. When human AD-MSCs were
IV injected into an AD mouse models, they could be traced in the brain
for up to 12 days [29]. Similarly, it has been revealed that AD-MSCs
transplantation can modulate and alter the inflammatory environment
in AD mice model. Particularly, they enhance the activation of micro-
glia promoting the expression of alternative markers and Aβ-degrading
enzymes, and decrease the expression of pro-inflammatory factors.
Furthermore, transferring of human UCB-MSCs (hUCB-MSCs) into APP/
PS1 mice has considerably enhanced their spatial learning and memory
degradation and promoted the disease pathophysiology, due to the
reversal of disease-associated microglial neuroinflammation through
diminished microglia-induced proinflammatory cytokines, raised al-
ternatively activated microglia, and increased anti-inflammatory cyto-
kines [48]. In this regard, the transplanted group showed significant
improvement in cognitive function and reduced Aβ deposition and
hyperphosphorylated Tau protein in the brain [48]. These findings
opened new horizons in treating AD, because MSCs have probable po-
tentials to develop a kind of a novel immunomodulatory treatment for
AD. More recently, Yang et al. [118], established that hUCB-MSC de-
rived neuron-like cells activated M2-like microglia when they were
transferred into the hippocampi of AβPP/PS1 mice. It decreased Aβ
deposition, promoted synapsin I level, and recovered cognitive func-
tion. In another study, Wharton's jelly derived hUCMSCs, after being
treated with neuronal induction medium (NIM) which is consisted of
BDNF and low-serum media, for 14 days, microtubule associated potein
2 (MAP2), a neuronal specific marker, was expressed, and extended
neurite-like processes [123]. Additional to NIM treatment, hippocampal
cholinergic neurostimulating peptide (HCNP) or rat denervated hip-
pocampal extract (rDHE) supplementation, also induced hUC-MSCs
ChAT expression. This action could be even enhanced when cells are
cultured with NIM supplemented with the combination of HCNP and
rDHE. These findings suggested that hUC-MSCs have the potentiality to
be differentiated into functional ChAT-positive cells in vitro and provide
a new candidate of cells for transplantation in AD treatment [123].
When human UCB-MSCs were transplanted for three different time
periods into the hippocampus of a transgenic AD mouse model, it de-
picted significant improvements in the Morris-water-maze task and
reductions in Aβ and Tau aggregation, probably mediated through
immunomodulation. Proposed probable mechanism for this UCB-MSCs
mediated protection can be the release of soluble intracellular adhesion
molecule-1, which increases neprilysin, an Aβ-degrading enzyme, in the
microglia. Moreover, hUCB-MSCs and BV2 microglia Co-culture under
amyloid-β42 (Aβ42) exposure reduces Aβ42 in the medium and causes
the overexpression of the Aβ-degrading enzyme neprilysin (NEP) in the
microglia [45]. Cytokine array of co-cultured media also depicted an
increased release of soluble intracellular adhesion molecule-1 (sICAM-
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1) from hUCB-MSCs. hUCB-MSCs transplantation into the hippocampus
of a 10-month-old transgenic AD mouse model for 10, 20, or 40 days
showed an increased NEP expression mice brains. Moreover, active
migration of hUCB-MSCs toward Aβ deposits decreased Aβ42 plaques
in hippocampus and other regions. This fact indicates that hUCB-MSC-
derived sICAM-1 reduces Aβ plaques by inducing NEP expression in
microglia via sICAM-1/LFA-1 signaling pathway [45]. In another study,
1× 106 hUCB-MSCs were administered through an IV injection in 10-
month-old APP/PS1 mice and they were sacrificed 1, 4, and 7 days after
the administration. Most of the injected MSCs were found to be per-
vaded in lung, heart, and liver [79]. Another recent study revealed that
paracrine action of hUCB-MSCs protected the hippocampus from sy-
naptic-density loss in in vitro and in vivo AD models [43]. In this study,
secretome of hUCB-MSCs was co-cultured with Aβ42-treated mouse
hippocampal neurons. Treating with exogenous recombinant throm-
bospondin-1 (TSP-1) or co-cultures with hUCB-MSCs significantly
caused increase in the synaptic-density markers expression, such as
Synaptophysin (SYP) and post-synaptic density protein-95 (PSD-95) in
Aβ42-treated mouse hippocampal neurons. The rescue effect of hUCB-
MSC-secreted TSP-1 was mediated by neuroligin-1 (NLGN1) or α2δ-1
receptors. Interestingly, NLGN1 and α2δ-1 expressions, which were
reduced in Aβ42-treated hippocampal neurons, were increased when
they were co-cultured with hUCB-MSCs or exogenous TSP-1. These
findings suggest that hUCB-MSCs can attenuate Aβ42-induced synaptic
dysfunction by TSP-1 release regulation. This provides a potential al-
ternative therapeutic approach to treat early-stage AD [43].

Human menstrual blood-derived stem cells (MenSCs) are a novel
source of MSCs with higher proliferation rate properties and easy-to-
obtain without any ethical concern [125]. In a recent research, in-
tracerebral transplantation of MenSCs drastically promoted spatial
learning and memory among APP/PS1 mice. In addition, MenSCs sig-
nificantly ameliorated amyloid plaques and reduced Tau hyperpho-
sphorylation in APP/PS1 mice. Intracerebral transplantation of MenSCs
notably enhanced several Aβ degrading enzymes and modulated a set of
pro-inflammatory cytokines related to an altered microglial phenotype.
This issue depicts an Aβ degrading and anti-inflammatory effect of
MenSCs in APP/PS1 mice brains [125].

Treating AD with MSCs is not a directly focused subject matter of
clinical trials; though the results of some pre-clinical researches are
available. In a phase I clinical trial on nine mild-to-moderate AD par-
ticipants the safety and dose-limiting toxicity of stereotactic brain in-
jection of hUCB-MSCs was evaluated [44]. The low-dose (n=3) and
high-dose (n=6) groups were infused with a total of 3× 106 cells/
60 μL and 6×106 cells/60 μL, respectively, into the bilateral hippo-
campi and right precuneus. No patients showed serious complications
such as fever during a 24-month of follow-up. However, during the 12-
week follow-up, the most common acute complication was surgically
induced wound pain (n=9), followed by headache (n=4), dizziness
(n=3), and postoperative delirium (n=3). No dose-limiting toxicities
also were observed. The administration of hUCB-MSCs into the hippo-
campus and precuneus by stereotactic injection was a feasible, safe, and
well-tolerated method (NCT01297218 and NCT01696591) [44]. In
2015, the FDA also accepted the first phase 2A clinical trial of MCSs for
AD treatment. Now similar trials are running or being intended in
Europe and Asia [35]. The “Allogeneic Human MSCs for Alzheimer's
Disease” study (NCT02833792) is an American phase IIa multicenter,
single-blind, randomized, placebo-controlled and crossover study. It is
designed to assess the safety, tolerability and initial efficiency of
ischemia-tolerant allogeneic human MSCs among patients with mild/
moderate AD induced dementia. The “Safety and Exploratory Efficacy
Study of NEUROSTEM® Versus Placebo in Patients With Alzheimer's
Disease” study (NCT02054208) is a combined phase 1/2a double-blind,
single-center clinical trial in Korea and is now in its recruiting stage
[107].

MSCs derived from oral cavity have differentiation capacity and
immunomodulatory effects. Specially, MSCs and their derivatives, for

instance conditioned medium (CM) and extracellular vesicles (EVs),
have revealed to be capable to regenerate. Human periodontal-ligament
stem cells (hPDLSCs) and CM or EVs or EVs engineered with poly-
ethylenimine (PEI-EVs) in rats with calvarial defect may promote bone
regeneration of calvaria defects, correlated with an increased vascu-
larization [82]. Human periodontal-ligament stem cells (hPDLSCs) in-
crease gene expression and the protein levels of VEGF and VEGF re-
ceptor 2 (VEGFR2). The positive role of VEGF on regeneration has been
confirmed by this time and vascularization is an essential process
throughout regeneration [82]. Upregulation of VEGF cause to improve
in neural function.

One preclinical study has emphasized the ability of gingival me-
senchymal stem cells (GMSCs) to progress long-term functional re-
covery in Spinal cord injury (SCI). Moringin (MOR) treatment hastens
the differentiation procedure in mesenchymal stem cells prompting an
initial increase of neural development related genes. Regenerative ef-
fects of GMSCs pretreated with nanostructured liposomes enriched with
MOR in ICR (CD-1) mice (animal model of SCI) were investigated [62].
Results from this study show that MOR-treated GMSCs exert anti-in-
flammatory and anti-apoptotic activities. Particularly, MOR-treated
GMSCs are capable to decrease the levels of COX-2, and IL-1β and IL-6.
Moreover, MOR-treated GMSCs reduce Bax, caspase 3, and caspase 9
expressions [62]. So, future investigations must focus on GMSCs utili-
zation to deliver neurotrophic factors and alter neurogenesis in AD
models.

4. Conclusion

As mentioned earlier, loss of neurons in the brain or spinal cord are
the main characteristics of neurodegenerative diseases. Absence of any
effective therapy for neurological diseases has forced the researchers to
find more effective alternatives. Effective ways for AD treatment will
result in cognitive and behavior symptoms improvement, save impaired
neurons, regenerate new neurons, and even halt or stop neurodegen-
eration. It has been shown that decreased neurogenesis mainly con-
tributes in dementia among AD patients, rather than protein aggregates
accumulation. Hopefully, MSCs can be considered as a suitable way for
treatment of neurodegenerative diseases, because of their capability to
promote functional recovery in different disease models. Post-trans-
plantation Clinical complications and mortality have plagued previous
attempts at intracranial transplantations of therapeutic cells. Therefore,
development of safe methods should be considered as a priority to
deliver therapeutic MSCs. Further studies are still needed to evaluate
various tissue sources, genetic manipulations, administration methods,
and clinical challenges facing therapeutic MSCs to facilitate developing
new therapies for neurodegenerative diseases.
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