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Abstract

Stem cells are highly specialized biological cells that have the potential to differentiate and regenerate various cells
and tissue types. Stem cell research was first initiated way back in 80’s due to the discovery of pluripotent embryonic
stem cells. However, embryonic stem cells utilization spurred controversy which encouraged scientists to find an
alternative for the substitution for ESCs. Human Mesenchymal Stem Cell (MSC), a type of an adult stem cell, exhibits
many of the properties as that of embryonic stem cells such as pluripotency, immunomodulatory etc. These adult
stromal cells are multipotent and non-hematopoietic in nature. MSCs have the potential to differentiate into diverse
cell types including osteocytes, osteoblasts, adipocytes, chondrocytes, cardiomyocytes, neural cells and B-cells of
islets. This differentiation property is exploited by many researchers in clinical and therapeutic applications of these
cells against wide variety of diseases including osteoarticular diseases, neurodegenerative diseases, auto-immune
diseases, cardiovascular diseases and in renal transplantation. Overall, this review summarises an importance of use
of human Mesenchymal Stem cells (MSCs) for regenerative therapies for the cure of these major diseases in human.
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Introduction

Stem cells

Russian histologist Alexander Maksimov, while proposing the
theory of haematopoiesis, has first suggested the concept of “stem
cell” in 1909 [1]. Later in 1961, James Till and Ernest McCulloch have
demonstrated the existence of stem cells in mice which are unusual
biological cells found in different tissues throughout the body. These
cells have two vital properties, one is an ability to self-renew and second
one is an ability to differentiate into diverse cell types for an extended
period of time [2-4]. Stem cells are usually recognized and designated
on the basis of different functions carried out by them such as those
cells that have limitless potential are referred to as totipotent stem cells
whereas, those cells which have limited potential are called multipotent,
pluripotent or bipolar stem cells [4,5]. Stem cells are unspecialised cells
which have the capability to differentiate into highly specialized cells
via the process of differentiation. These unique properties of stem cells
play a cardinal role in maintenance of homeostasis in tissue as well as
in repair of damaged tissues [6]. Stem cells are divided into 2 major
categories i.e. Embryonic Stem Cells (ESCs) and Adult Stem Cells.

Despite many applications of embryonic stem cells in treatment
of diseases like Parkinson’s disease, myocardial infarction, Diabetic
Mellitus, the use of human embryonic stem cells have its own
limitations. The major limitation of use of human embryonic stem
cells for such studies is the use of 5-7 days old embryos or non-viable
embryos for such experimentation which has many ethical and legal
constraints [7]. Secondly, stem cells transplanted from a random
donor can lead to high immunological reactions which many times
are lethal and third limitation is the use of these stem cells can result
into formation of tumours in some of the patients [7]. To overcome
the above limitations, scientists are trying to switch over to adult stem
cells as an alternative. This review will summarise the importance of
Mesenchymal Stem Cells derived from various human tissues and cells
for the therapies of various disorders.

Adult stem cells

Adult stem cells are undifferentiated cells and mostly present in
various tissues and organs such as bone marrow, dental pulp, brain,

liver, lung, heart and pancreas etc. Table 1 [8-42] shows different Types
of adult stem cells along with their sources and differentiation status.

However, adult stem cells also have the ability to differentiate into
various mature specialized cells of tissues and organs origin. Several
studies have shown that adult stem cells play specific role in repair
and maintenance of the tissue in which they are present [43,44]. Adult
stem cells are also referred to as somatic stem cells. Before these adult
stem cells attain a completely differentiated state, they develop an
intermediate cell type which can be called as a progenitor or precursor
cell. These progenitor cells are partially differentiated in adult tissues or
organs which then later divide into fully differentiated cell types [45].
Another exclusive feature of adult stem cells is “their plasticity” [46,47]
i.e. these stem cells from one adult organ or tissue have the ability to
generate differentiated cell type of another organ or tissue.

Mesenchymal Stem Cells (MSCs)

Most widely studied adult stem cell especially for its clinical
applications are Mesenchymal Stem Cells (MSC) derived from various
tissues and organs [16,17,48-50]. Mesenchymal stem cells are stromal
cells which are non-hematopoietic in nature. These stem cells have
the ability to differentiate into various mesenchymal tissues which
includes tendon, bone, adipose, muscle, cartilage, ligament etc. [48] or
into various other cell types such as myocytes, adipocytes, osteoblasts,
insulin-producing cells, chondrocytes etc. [16,17,49-51]. Cohnheim, a
German pathologist in 1867, first showed the presence of Mesenchymal
stem cell in bone marrow which he referred to as non-hematopoietic
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Stem Cells [16,17,48-52]. On the basis of the above findings, in 1976,
Friedenstein along with his co-workers demonstrated that bone
marrow consists of certain types of cells which have the capability
to differentiate into other MSCs, into fibroblasts, chondrocytes,
osteoblasts and adipocytes [16,17,49-51]. Mesenchymal stem cells
also have the ability to differentiate into cells which are of ectodermal,
endodermal and mesodermal origin [48].

Molecular characterization of Mesenchymal Stem Cells
(MSCs)

Molecular Characterization defines the particular type of cells
isolated or identified during cultural studies, whether they are
Mesenchymal stem cells or Hematopoietic stem cells. Several studies
have already established that CD105, CD13 and CD73 expressing cells
are Mesenchymal stem cells [18,50-53] whereas, cells expressing CD34
and CD45 have hematopoietic phenotypes [18,50-53] As mesenchymal
stem cell induces differentiation into various cell types such as neurons,
chondrocytes, osteoblast, B cells of pancreas, cardiomyocytes etc.
The identification of these individual cells types is a major task in
understanding their specific phenotypes before these cells can be used
for stem cell transplantation for various disorders. The various markers
which are so far reported are given in Table 2 [16,50-63].

Based on differentiation capability, expanding features in vitro
and diverse genetic and protein expression profiles of Mesenchymal
Stem Cell (MSCs), these cells can be used in a wide variety of clinical
applications. This has lead to an increase in the number of clinical
trials worldwide against a wide variety of diseases. The present review
mainly focuses on applications of MSCs in various therapies to cure
complicated disorders in humans. The clinical trials for some of these
diseases are mentioned in details as follows:

Use of mesenchymal stem cells as therapy for various
disorders

Osteo-articular diseases: Multipotent MSCs have resulted
in development of various innovative approaches in treatment of
commonly occurring osteoarticular diseases such as osteoarthritis,
rheumatoid arthritis and cartilage and bone genetic diseases. It has
been known that MSCs have the ability to differentiate into various
cell types one of which is chondrocytes. Chondrocytes are the highly

Types of Adult stem cells Source
Adult neuronal cells Brain

Mesenchymal stem cells Adipose tissue, peripheral blood,

specialized cells of the cartilage. Chondrocytes perform a variety of
functions which include cellular matrix formation and facilitation
of exchange of nutrients and fluids [64]. A lot of research work has
been carried on on chondrogenic differentiation of Mesenchymal
Stem Cells (MSCs) [65-69]. In recent years, tissue engineering has
gained attention as a potential technique for the treatment of various
diseases including osteoarthritis [70-76]. Gupta et al. have recently
used decellularized goat-lung scaffold from cadaver goat-lung tissue,
by modifying with chitosan/nanohydroxyapatite composite and shown
that the chondrocyte cells which were layered on this scaffold can grow
very well without changing their phenotypes. It was further concluded
that this decellularized goat-lung scaffold may provide support to
enhance osteogenic potential of chondrocytes cells when used as a
scaffold for bone tissue engineering [77]. Such types of studies will
help us to find out better therapeutic potential in near future to treat
osteoarthritis and bone related diseases. Richardson et al. demonstrated
the differentiation of Mesenchymal stem cells derived from bone
marrow into chondrocytes using scaffolds of Poly-L-Lactic acid [78].
Intervertebral disc degeneration is usually associated with the lower
back pain which can be treated using tissue engineering technique.
However, the limitation of this technique is the use of both matrix and
cells which are appropriate for the targeted tissue. Therefore, there is
an urgent need to develop an alternative system to overcome the above
limitation. MSCs derived from bone marrow which has the ability to
differentiate into chondrocytes were used for the tissue engineering
of intervertebral disc degeneration [78]. This differentiation was also
shown on the scaffolds of Poly-L-Lactic acid in order to generate
bioscaffolds using tissue engineering [78].

Transforming growth factor-p1 (TGF-P1), insulin-like growth
factor-1 (IGF-1) or Bone Morphogenetic Proteins (BMPs) [79,80]
CDMP-1, TGF- B3 [81-83] etc. are some of the mediators which
have the ability to induce differentiation of chondrocytes. It has been
observed that TGF-P1 plays an important role in chondrogenesis. Bai
et al. investigated whether CDMP-1, which is a part of TGF- p family,
will have the ability to promote differentiation of Mesenchymal stem
cells into chondrocytes. Histological staining was performed using a
dye (toluidine blue) which confirmed the differentiation of MSCs into
chondrocytes similar to TGF- p1. Combination treatment i.e. use of
both TGF-p1 and CDMP-1 showed a synergistic effect and thus this
approach will be of great help in repairing the affected cartilage [81].

Differentiation into various cell types References
Astrocytes, Oligodendrocytes, B lymphocytes, myeloid cells, T lymphocytes,

’ i ; [8-15]
neurospheres, neuroblasts, Myosin, Laminin, neurons, glia, myofibroblasts,
Chondrocytes, osteoblasts, adipocytes, cardiomyocytes, hepatocytes. [16-28]

(MSCs) wharton’s jelly

Haematopoietic stem cells Bone marrow, peripheral blood

Adult olfactory stem cells | Olfactory bulb/mucosa

Intestinal stem cells Small intestine/ intestinal crypts

Mammary stem cells Mammary glands

Types of markers Markers expressed

MSCs surface markers

SSEA4 and CD140a, N-cadherin, CD73, CD13, CD34, CD146, CD54.

Pluripotency markers |Oct 4, Oct 4A , Nanog, Sox-2, TERT, Stat-3

Cytokine markers

Growth factor

receptors VEGFR-1 (Adult bone marrow MSCs)

Dystrophin fibers, vascular cells, hepatocytes, neural cells (microglia and macroglia),
Cardiac cells, skeletal cells, retinal cells, dendritic cells.

MIF, MIP-3a, osteoprotegerin, TIMP-1, TIMP-2, IL-27 and IL-10R, IL-13R and IL-17R

[17,18,29-36]

Neurons, glia, neurospheres, oligodendrocytes [37-39]
Enterocytes, goblet cells, neuroendocrine cells, and Paneth cells [40,41]
Myoepithelial cells, ductal epithelial cells and alveolar epithelial cells [40,42]
Table 1: Types of Adult Stem Cells.
References
CD29, CD44, CD90, CD105, STRO-1, VCAM (CD106), ALCAM(CD166), vimentin, and a smooth muscle actin, CD200, [50-53]
[63,54]
IL-6, IL-8, IL-11, IL-12, IL-14, IL-15, LIF, G-CSF, GM-CSF, M-SCF, FL and SCF, ENA-78, GRO, IL-1B, MCP-1, OSM, IP-10, [53,55-57]
BFGF-R, FGF-4, FGF-7, FGF-9, PARC, PIGF, TGF-B2, TGF-83, (Cord Blood-MSCs),PDGF-AB, IGF-1, VEGF-A and [16,57-60]
[16,61-63]

Chemokine receptors |CXCL9, CXCL10, CXCL11, CXCR4, CCR2, CCR5, CX3CR1, CXCR6, CCR1, CCR7, CCR8 and CXCR3

Table 2: Molecular Markers of Mesenchymal Stem Cells.
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Similar study was performed by DaniSovi¢ et al. demonstrating in
vitro differentiation of bone marrow derived MSCs and adipose tissue
derived MSCs into chondrogenic cells with or without TGF-p1 [19].

Galectin-9 plays a very important role in stimulating immune
responses. It has been observed that galectin-9 has the ability to repair
the damaged cartilage in the arthritis induced rat model. Arikawa et
al. tried to examine whether there is any specific role of galectin-9
in differentiation of MSCs into chondrogenic cells. It has also been
observed that during induction using TGF- B3, MSCs express galectin-9
indicating that it can be specifically used for the differentiation of MSCs
into chondrogenic cells and would be helpful in the repair of damaged
cartilage [82]. Maumus has evaluated the role of Adipose Tissue Stem
cells (ASC) on chondrocytes from Osteoarthritic (OA) patients to
show that ASC can be used for the cure of osteo-articular diseases.
They have used primary chondrocytes and ASCs from different sources
and bone marrow derived Mesenchymal Stromal Cells (MSC) from
OA donors and co-cultured with chondrocytes in a minimal growth
medium. They found that both MSCs and ASCs from different sources
allowed chondrocytes in the co cultures to maintain a stable expression
of markers specific for a mature chondrocytes phenotype suggesting
that ASC can be used for the therapies of osteo-articular diseases [83].
Matsuda et al. isolated MSCs from the bone marrow which was then
implanted in a PGLA mesh. These cells were then allowed to grow for
4 weeks in the presence of 2 growth factors -TGF- B3, dexamethasone
and IGF-1. It was observed that the rate of differentiation of the 3D
structure was very high with or without the presence of growth factors
[84].

Centeno et al. reported the first clinical trial using autologous bone
marrow derived MSCs for the patients with chronic knee pain [85,86].
Davatchi et al. performed the human clinical trial for knee osteoarthritis
using MSCs. The main aim of this experiment was to study whether
MSC:s have the potential to reverse the process of osteoarthritis in knee
joint. Four osteoarthritis patients were enrolled for this study. Patient’s
bone marrow MSCs were isolated and injected in one knee of each
patient. Three patients showed sign of improvement whereas in case
of one the effect was negligible. The results obtained were promising;
however, there is a need to improve the efficacy of treatment [87]. Koh
et al. demonstrated the effect of MSCs derived from infrapatellar fat on
the patients with knee arthritis. Level 3 case studies were performed
in which 25 MSCs injections were administered to patients with
osteoarthritis. It was observed that Tegner activity scale, mean Lysholm
and VAS (Visual Analogue Scale) scores were significantly improved
in the patients with knee arthritis. During the follow-up period, no
adverse complications were experienced by any of the patients selected
for the study. The experimental results were encouraging and indicate
that MSCs derived from infrapatellar fat are safe and can be used as an
effective therapeutic agent against osteoarthritis [88].The chondrogenic
differentiation of MSCs has proved to be a valuable therapeutic tool
in treatment of osteo-articular diseases along with its applications in
tissue engineering techniques.

Mesenchymal stem cell therapies in neurological diseases

Several studies have shown that Mesenchymal stem cells isolated
from various sources such as adipose tissue, bone Marrow, Cord blood
cells etc are very well differentiated into functional neuron cells [8-15].
Neurological disorders are mainly affected due to defect in neuron
cells causing major movement disorders and there is no cure for
these diseases so far. Therefore it was hypothesised that the functional
neurons obtained from differentiation of MSCs can be used for
therapies of these disorders. Several scientists have done preliminary

work in this area and it was really exciting that there are positive results
in curing these defects by using animal’s model systems. This part of
the review will summarise the research work carried out in regenerative
therapies for Parkinson’s disease, Huntington’s disease, Amyotropic
Lateral Sclerosis (ALS) and Stroke by using Mesenchymal stem cell
derived from various tissue or blood cells.

Parkinson’s disease: Parkinson’s Disease (PD) is a neuro-
degenerative disorder which is caused due to the destruction of neurons
found in the substantia nigra region in the brain that is responsible
for controlled movement [89]. This affects the level of dopamine
(neurotransmitter) resulting in an improper movement [89]. Earlier
transplantations were carried out using embryonic mesencephalic
tissue. This technique made use of dopamine neurons which were
grafted on to the denervated substantia nigra resulting in the release
of dopamine. However, there were lot of problems associated with
the use of embryonic tissue. To overcome the above limitations,
stem cells had been used to generate large number of neurons with
certain dopaminergic features. However, their survival rate in various
Parkinson’s disease models were found to be very poor and whether
these cells would function in a similar manner as that of normal
dopamine neurons was unclear [90]. This experimental study raised
many scientific issues as well as enthusiasm regarding use of stem cells
in treatment of Parkinson’s disease. Levy et al. demonstrated that adult
and embryonic stem cells have the ability to self-renew and differentiate
into dopamine neurons [91]. This new technology promises to replace
tissue transplantation techniques in Parkinson’s disease [91-93].

Fu et al. demonstrated the isolation of Human Mesenchymal Stem
Cells from Wharton’sjelly found in the umbilical cord. These MSCs were
allowed to transform into dopamine neurons by culturing them into a
conditioned medium followed by culturing in sonic hedgehog and then
in FGF8 which are characterized by using positive staining [20]. The
neuronal stem cell transplantation was carried out in the Parkinson’s
disease induced rats. It was observed that the transplanted stem cells
remained viable for at least 4 months indicating that the MSCs isolated
from the umbilical cord can be used as a novel therapeutic modality in
treatment of Parkinson’s disease [20]. Similar study was performed by
Weiss et al. using Wharton’s jelly of human umbilical cord [21].

Li et al. demonstrated the use of bone marrow stromal MSCs in
treatment of Parkinson’s disease. In this experiment, adult mouse was
injected with MPTP (1-methyl-4-phenyl-1, 2, 3, 6-tetrahydropyridine),
a neurotoxin which was used to induce Parkinson’s disease in the
mouse. Transplantation of bone marrow stromal MSCs which were
cultured and tagged with bromodeoxyuridine was performed in the
intra-striatal region after one week of MPTP treatment. It was observed
that MSCs transplanted mice showed great progress in rotarod test
on 35" day as compared to the controls. Immunohistochemical
analysis showed the presence of viable bromodeoxyuridine- labelled
MSCs in the intra-striatal region for 4 weeks after treatment. These
results correlate with the above findings indicating that stem cell
transplantations will be of great help in treatment of Parkinson’s and
other neurodegenerative disorders [94]. Chao et al. demonstrated that
MSCs transplantation in the MPTP treated mice results in dramatic
decrease the toxicity of MPTP mainly because of released TGF-f in
the substatia nigra region and not due to differentiation of MSCs into
dopamine neurons [95]. These results show that transplantation of
MSCs can reduce the cytotoxicity of MPTP [95].

Offen et al. and Blondheim et al. showed the transplantation of
differentiated and undifferentiated MSCs in the intra-striatal region
into the animal model induced with 6-hydroxydopamine resulting in
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anincrease in the level of tyrosine hydroxylase in the striatal region thus
improving motor behaviour in a mouse model of Parkinson’s disease
[96,97]. Park et al. tried to examine the use of MG-132 (proteasome
inhibitor) in order to understand whether mesenchymal stem cells
have any protective function against the degeneration of dopamine
neurons in vivo and in vitro. It was observed that treating the neurons
with MSCs using MG-132 resulted in decrease in the destruction of
neurons in vitro [98]. Similar treatment of MG-132 along with MSCs
given to the rats showed increased survival rate of tyrosine hydroxylase
expressing cells by 50 % indicating that MG-132 along with MSCs
can be used as a novel therapeutic tool in treatment of Parkinson’s
disease [98]. Similar study was carried out to check whether any
anti-inflammatory process have the ability to induce protective
function against the loss of dopamine neurons in vivo and in vitro
[99-101]. Kim et al. have used LPS (Lipopolysaccharide) to generate
inflammation-induced models both in vivo and in vitro in order
to investigate whether MSCs possess any neuroprotective function
on the dopamine neurons via any anti-inflammatory process. It was
observed that LPS induced TNF-q, activation of microglia, expression
of nitric oxide synthase. In co-cultures of neurons and microglia, MSCs
reduced the loss of tyrosine hydroxylase positive cells. In vivo studies
showed similar results indicating that MSCs have the ability to produce
neuro-protective function in the presence of anti-inflammatory
process [102]. Schwarz et al. have genetically engineered bone marrow
stromal MSCs in order to examine its effect on the Parkinson’s disease
induced rat model. Both rat and human bone marrow stem cells were
genetically modified using retroviruses that have the ability to encode
2 enzymes: GTP cyclohydrolase I and tyrosine hydroxylase. The
genetically modified cells also produced L-DOPA which gained multi-
functionality on transduction using retroviruses in vitro. To check
the viability of the MSCs in vivo, genetically modified rat MSCs were
incorporated into the Parkinson’s disease induced rat model. It was
observed that the injected MSCs survived for 87 days indicating that
genetically modified MSCs can be effectively used in the treatment of
Parkinsonism [103]. Similar study was performed by Lu et al. using
adeno-virus as a vehicle in order to transfect tyrosine hydroxylase gene
to the bone marrow MSCs. Immunohistochemical analysis and HPLC
(High Performance Liquid Chromatography) was performed to check
the levels of dopamine. The efficacy of genetic expression was found to
be 75% which correlate with the above findings [104]. Another study
was performed to induce expression of neutrophin, neutrophin-3 trkC
receptors of high affinity and nerve growth factor using adult MSCs
in order to develop stem cell therapy against Parkinson’s and other
neurological disorders. The production of neutrophins was found to
develop neuro-protective mechanism against destruction of neurons
[105]. It has been observed that umbilical cord MSCs have wide range
of applications especially in the treatment of Parkinson’s disease.
Xiong et al. demonstrated the combined expression of both human
MSCs and VEGEF as it has been observed that both have good neuro-
protective ability. Similar protocol was followed as that of Lu et al.
which involved use of an adeno-virus [106]. This VEGF gene transfer
was performed in hemi-parkinson’s rats. It was observed that human
MSCs were transformed into dopamine neurons based on different
markers expression. VEGF was found to increase the level of dopamine
neuronal differentiation also reducing the loss of dopamine neurons
during the differentiation of human MSCs. This work indicates that
human MSCs can be used as a vehicle in gene therapy in treatment
of Parkinson’s disease [107]. Recent study was performed using
transplantation of autologous A9 dopamine neuronal cells in hemi-
parkinson’s disease induced macaques. It was observed that there was
some improvement in the behaviour of motors. Positron Emission
Tomography (PET) was performed using [''C]-CFT in order to

examine the increase in the expression of dopamine transporter. This
data reveals that the autologous dopamine neuron therapy is safe and
efficient in the treatment of Parkinson’s disease [108].

After working tremendously on MSCs transplantation in animal
models, Venkataramana et al. performed an open-labelled analysis
of transplantation of bone marrow MSCs in Parkinson’s disease.
Seven patients suffering from Parkinson’s disease (age varying from
22 -62 years) were signed up for this pilot scale study. Single dose of
bone marrow MSCs were injected into the patients in the sub-lateral
ventricular region. These patients were examined for a period of 10-
36 months. It was observed that 3 out of 7 patients showed proper
improvement which was measured using UPDRS (Unified Parkinson’s
Disease Rating Scale). These results indicate that this process is safe
and efficient without any severe side-effects and can be effectively used
in the treatment of Parkinson’s disease [109]. On the basis of above
findings, another study was performed by Venkataramana et al. at
pilot scale using allogenic human bone marrow derived MSCs. It was
reported that some patients in the early stage of Parkinson’s disease
showed more improvement as compared to the patients who were at
the later stage of the disease. These results demonstrated that allogenic
bone marrow derived MSCs are effective in patients which are in the
early stage of Parkinson’s disease [110]. Thus over all it is suggested
that the differentiation potential of MSCs into dopamine secretory
cells have enhanced its use in clinical trials globally against Parkinson’s
disease thereby giving hopes to Parkinson’s disease patients.

Huntington’s disease: Huntington’s disease (HD) is a fatal
autosomal dominant neurodegenerative disorder which usually occurs
due to the defective gene located on short arm of chromosome 4 [111].
Huntington’s Disease Collaborative Research Group (HDCRG) in 1993,
are the first to report the isolation of abnormal gene which contains
expanded CAG trinucleotide repeat sequence which are responsible
for coding Huntingtin Protein (HTT) [111,]. The mutations in the
HTT gene result in loss of neuronal functions especially in the cerebral
cortex and striatum region [112-114]. There is no specific treatment or
therapy against Huntington’s disease. However, efforts have been made
to reduce the symptoms and other related complications which can
provide temporary relief to the patients. Thus novel stem cell therapies
against Huntington’s disease have gained major attention in recent
years to treat or cure this disease.

Various studies have been performed using animal models for
Huntington’s disease using different analogs of glutamic acid like
kainic acid [115], ibotenic acid [116] and quinolinic acid [117-119].
Recently efficiency of MSCs transplantation was tested by Rossignol
et al. has studied use of MSCs stem cell in the Huntington’s disease
induced rat model using 3-nitropropionic acid. This study has shown
that none of the transplanted MSCs were differentiated into neural
phenotypes in rat. However, it was clearly observed the change in the
behaviour of 3-NP treated HD rats without any neuronal replacement
[120]. Jiang et al. introduced bone marrow derived MSCs in QA
(quinolinic acid) rat model. It was observed that MSCs were able to
survive and differentiate into neurons in the affected striatal region
of this rat and also reduced motor malfunctioning and degeneration
of striatum in these QA rats. The said experiment have also shown
that certain neurotrophic factors such as brain-derived neurotrophic
factor (BDNF), ciliary neurotrophic factor (CNTF) and nerve growth
factor (NGF) were over expressed by these transplanted MSCs [121].
Sadan et al. have shown that MSCs not only have the ability to secrete
neurotrophic factors but can also express astrocytic markers in vitro.
It was also observed that MSCs can survive and migrate in the striatal
region of the QA induced model [122]. They also demonstrated that
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MSCs possess neuroprotective function in vivo in QA induced mouse
model. They found that MSCs derived from Huntington’s disease
patients can also be induced to secrete neurotrophic factors which
showed similar effects to the neurotrophic factor positive cells obtained
from healthy individuals [123]. Additionally, Sadan along with his
co-workers tried to explore the timing of transplantation of human
NTF+ cells into the striatal region of R6/2 transgenic Huntington’s
disease mouse model and to check whether it can induce survival and
functional motor recovery. It was observed that early transplantation
did not show any improvement. However, late transplantation showed
temporary improvement in its survival and motor neuron function.
These results indicate that neurotrophic factor positive cell-based
treatment can be used as a novel therapeutic modality in management
of Huntington’s disease [124].

Bantubungi et al. demonstrated the transplantation of neural
stem cells derived from MSCs into the Huntington’s disease induced
rat model. It was observed that Stem Cell Factor (SCF) expression
was highly up-regulated in the affected striatal region. This activation
resulted in movement and division of neural stem cells in vitro. This
proves that SCF plays a very important role in stem cell transplantation
in the Huntington’s disease induced rat model [125]. Similar study was
performed using genetically engineered bone marrow MSCs in order
to understand its therapeutic response on the affected motor neurons
in YAC 128 transgenic mouse model for Huntington’s disease. It was
observed that transplantation in the intra-striatum region resulted in
over-expression of brain derived neurotrophic factor. This reduced
the degeneration of neurons in the YAC 128 mouse model for
Huntington’s disease [126]. Another study involving use of genetically
engineered MSCs was performed by Scott D. Olson along with his co-
workers. Genetically engineered MSCs were found to over-express 2
growth factors: glial derived neurotrophic factor and brain derived
neurotrophic factor which are essential for proper functioning of
neurons. It was observed that these genetically engineered MSCs have
the ability to directly deliver various cytokines into the surrounding
environment and also promote proper growth and function of neurons,
reduce apoptosis and enhance strong synaptic association between the
affected neurons [127]. Lee et al. suggested from his findings that neural
stem cells when injected intravenously can provide long term recovery
of the striatal lesions in the Huntington’s disease induced rat model
[128]. From the above findings, MSCs have proved to be a promising
tool in treatment of Huntington’s disease giving hopes to millions of
patients suffering from this fatal disease.

Amyotrophic Lateral Sclerosis (ALS): Amyotrophic Lateral
Sclerosis (ALS) is a lethal neurodegenerative disease which causes
voluntary muscle paralysis, atrophy and sometimes respiratory
problems in patients. In ALS, there is selective destruction of motor
neurons in brain and spinal cord. This disorder is also termed as “motor
neuron disease” and “Lou Gehrig’s disease” [129,130]. Mutations in
5 Mendelian genes have been reported so far which are responsible
for causing ALS [131]. Two therapies have been so far prescribed for
the treatment of ALS which includes i) direct delivery of therapeutic
agents to motor neurons. ii) Development of certain strategies in
order to inactivate the defective mutant alleles [132]. However, both
these therapies are challenging and not much work has been carried
out in this area. The recent breakthroughs in the area of stem cell
research in treatment of Parkinson’s disease and Huntington’s disease
have enhanced the possibilities for MSCs derived neural stem cell
transplantation in patients suffering from ALS. Recently Mazzini et al.
demonstrated the autologous MSCs transplantation in the intra-spinal
cord region in ALS patients and none of these patients have shown

adverse side-effects of this treatment indicating that this approach may
be useful for treatment of ALS patients [131-134]. There after similar
study was performed using autologous MSCs in order to study its
efficacy and also to evaluate the immunomodulatory effects on MSCs
administration in ALS patients. On MSCs transplantation, there was
enhanced expression of CD4+CD25+ T cells along with CD38+,
CD40+, CD83+ and HLA-DR on dendritic cells of myeloid origin.
These results indicate that MSCs transplantation is a safe and efficient
technique for ALS patients [135].

SOD1 (superoxide dismutase 1) plays an important role as it
accounts for 0.1 to 0.2% of the total cellular proteins in central nervous
system. It has been reported that SOD1 mutations are most common
in familial ALS [136]. Vercelli et al. transplanted human bone marrow
MSCs into the spinal cord of SOD1G93A mice ALS model. It was
observed that human MSCs have the ability to migrate and survive
in the spinal cord for a longer period of time. It also hinders with the
activation of microglial and astrogliosis which was found to obstruct
the decrease in the number of motor neurons in ALS mouse model
making MSCs a good candidate for treatment of ALS [137]. Different
doses of human MSCs obtained from ALS patients were administered
in SOD1 mice intrathecally. It was observed that most of the human
MSCs effectively migrated into spinal cord and brain making them a
promising therapeutic tool for ALS patients [138]. It has been shown
that neuroprotective effects of MSCs are widely exhibited into the
central nervous system.

Boucherie et al. incorporated human MSCs in the cerebrospinal
fluid (CSF) of SOD1G93A rat ALS model. It was observed that MSCs
survived, migrated and differentiated into astrocytes in the region
where there was degeneration of neurons. Neuroprotective effects
were observed by analysing the level of inflammation along with
the decrease in the proliferation rate of microglial cells and down-
regulation of NOX-2 and COX-2 genes [139,140]. These results exhibit
neuroprotective function of astrocytes derived from MSCs when
injected into the Central Nervous System (CNS) thereby making them
an ideal candidate for targeting inflammation in ALS. Further study
was carried out to understand the impaired neuroprotective effects of
MSCs obtained from ALS rat model in vitro. It was observed that MSCs
exhibit high transcription rate, aspartate intake, GLT-1 expression and
Glial Derived Neurotropic Factor (GDNF) up-regulation indicating
that neuroprotective properties of MSCs can be used as an important
tool for the treatment of ALS [139,140]. Another study was performed
by Nicaise et al. in order to determine the expression of 7 trophic
growth factors derived from MSCs and neural stem cells triggered by
the proteins extracted from CNS obtained from ALS rat model. The
expression profiling of these 7 growth factors were carried out using
quantitative PCR. Different expression profiles were obtained. It was
observed that brain derived neurotropic factor and nerve growth
factor were over-expressed in MSCs as well as neural stem cells when
triggered using CNS protein extracts. FGF (Fibroblast Growth Factor)
-2, Glial Derived Neurotropic Factor (GDNF) and insulin like growth
factor were up-regulated only in neural stem cells and down-regulated
in MSCs. Expression of VEGF-A was observed only in MSCs. This data
suggest that MSCs and neural stem cells possess different expression
profiles and also provides a better understanding of the effect of MSCs
transplantation therapy against ALS in patients[140].

In the past few years, most of the MSCs research work has been
carried out on ALS using animal models. Recent studies have shown
that many clinical trials have been performed using fetal neural stem
cells [141-143]. However, as stem cells derived from embryo have
its own limitations, there is an urgent need to develop therapies and
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initiate clinical trials against ALS using human MSCs. Success of
human clinical trials using MSCs in treatment of ALS will represent a
promising platform for effective stem cell based therapies against other
neurological disorders.

Stroke: Stroke is a complex cerebrovascular disease, a condition
in which the blood supply to the brain is affected. It is caused due to
impaired blood vessels that are responsible for supplying blood and
other nutrients to the brain. This results in permanent loss of brain
function. Various therapies and treatment modalities have been used
in order to overcome the problems associated with stroke. MSCs
transplantation serves as a valuable tool for stroke patients. Bang et al.
and Lee etal. demonstrated the autologous stem cell delivery in ischemic
stroke patients. The results showed improved recovery in ischemic
stroke patients indicating successful transfusion of autologous MSCs in
stroke patients [144,145]. Neuroprotective effects of MSCs have been
extensively studied in stroke induced models [146-156]. Dharmasaroja
et al. suggested that MSCs derived from bone marrow migrate to
different parts of brain where they differentiate into neuronal cells
and glial cells. Stroke was treated in murine models using both human
and non-human MSCs which induced factors like neuroprotection,
neurogenesis [152-155], angiogenesis and apoptosis [156]. The results
were promising however, certain important properties of MSCs along
with their toxicities need to be analysed in order to utilize MSCs as a
treatment modality [156]. Yoo et al. demonstrated the transplantation
of bone marrow MSCs in the brain of stroke induced rat model. MSCs
were found to increase the proliferation and survival rate of the neural
stem cells and the newly born neural cells making them a valuable
therapeutic tool for clinical practice [157].

One of the important characteristic of MSCs transplantation is
their migration efficiency towards the specific target. However, there
is an urgent need to standardize therapy protocols in order to enhance
their homing ability towards the affected sites in the brain [158-160].
Recently Tsai et al. demonstrated an enhanced effect of valproate and
lithium on the migration efficiency of MSCs. It was observed that there
was rapid increase in the expression of CXCR4 and MMP-9 which
elevated the efficiency of migration of MSCs [161]. Another study
was performed by Tsai et al. on the basis of above findings in order
to investigate whether the homing ability of MSCs can be enhanced
using valproate and lithium so as to augment the recovery in stroke
induced rat model after MSCs transplantation. The results obtained
were promising making MSCs based therapies a beneficial therapeutic
tool for treatment of patients suffering from stroke [162]. To determine
the fate of MSCs in middle cerebral artery occlusion (MCAO) rat
model after transplantation, MRI technique was used by Daehong et
al. MSCs were tagged with ferumoxides which can be observed using
MRI after transplantation. High migration efficiency of MSCs was
observed which can be of great importance in developing certain
effective transplantation approaches against stroke [163]. Similar
study was performed to trace MSCs in stroke induced rat model
using MRI techniques. Effectene was used as a labelling agent which
was transfected to a contrasting agent Gd-DTPA. The efficiency of
transfection was found to be 90% whereas double immunofluorescence
analysis showed the differentiation status of MSCs into neurons, glial
cells and endothelial cells. The data reveals that this technique can be
very useful in tracking down MSCs in stroke induced rat model [164].

Another study was performed using MCAO rat models. Cultured
rat MSCs were injected which increased the chances of functional
recovery in ischemic stroke induced rat model [165]. Stroke can affect
the vital parts of the brain leading to death of an individual. It has
been observed that MSCs can prevent brain injuries by stimulating

certain growth factors which will induce repair mechanisms [166].
On the basis of above findings, Velthoven et al. investigated whether
MSCs transplantation can induce functional recovery and secretion of
certain growth factors to prevent stroke in neonates. It was observed
that injecting MSCs intranasally gave promising results in treatment
of stroke affected neonates and found that MSCs over-expressing brain
derived neurotrophic factor were also responsible for reduction of
brain injury [167]. The different therapeutic properties of MSCs like
neuroprotection, angiogenesis, apoptosis and angiogenesis has greatly
promoted its role as a cell-dependent therapeutic agent in treatment
of stroke.

Professor Keith Muir from University of Glasgow conducted the first
clinical trial named “PISCES” trial (phase I clinical trial) using neural
stem cells in order to cure stroke patients. This trial was performed to
test the safety, efficacy and tolerance level of this experimental therapy
in stroke patients. It was observed that PISCES trial gave promising
results in large group of stroke patients. The above findings suggest
that nine patients showed steady improvement in symptoms related to
stroke with zero side-effects showing that this stem cell therapy is very
much effective in stroke patients [168]. This human clinical trial would
be of great help in encouraging millions of stroke patients to take up
stem cell based therapies as an alternative to surgical modality.

Auto-Immune Diseases

Auto-immune disease is a condition in which the immune system
of the patient develops antibodies against its own healthy cells and
tissues which are normally present in the body. Most of the auto-
immune diseases are difficult to treat and manage. In recent years,
Mesenchymal Stem Cell (MSC) therapy has shown promising results
in animal models with different autoimmune diseases. MSCs possess
a valuable property to modulate the patient’s immune system in order
to reduce the pathological complications thereby providing permanent
relief to the patients [22-28,169-215]. These evidences have encouraged
many researchers to conduct clinical trials against various auto-
immune diseases. Some of the common auto-immune diseases which
have been cured using MSCs are as follows:

Type 1 Diabetes Mellitus

Type 1 diabetes mellitus also known as hyperglycemia or juvenile-
onset diabetes usually occur in younger individuals. It occurs due to
high level of glucose in blood resulting in major health complications
such as stroke, renal failure, blindness, cardiac-vascular diseases and
ketoacidosis. It is caused due to insufficient production of insulin. Type
1 diabetes mellitus is also an autoimmune disorder which is caused
by the autoimmune action of T cells on the B cells of pancreas [169].
The causal therapy for type 1 diabetes mellitus involves replacement
of abnormal B cells of pancreas which can be done by organ
transplantation. However, the limitation of this therapy is scarcity of
donor organs. To overcome this limitation, scientists are switching
over to MSCs transplantation as an alternative [170,171]. MSCs
transplantation encouraged researchers to explore its differentiation
status into { cells of islets of pancreas in vitro and to check whether they
possess any therapeutic property in treatment of diabetes. Chen et al.
demonstrated the differentiation of rat MSCs into B cells of pancreas.
It was observed that these cells had the ability to control blood glucose
level in rats suffering from diabetes indicating that MSCs can be used
as a valuable therapeutic tool in treatment of both typel and 2 diabetes
mellitus [172]. Another study was performed on human MSCs isolated
from Wharton’s jelly of human umbilical cord by Chao et al. MSCs
were induced to differentiate into islet cells. These cells were then
injected into the liver of rats suffering from diabetes which was induced
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using streptozotocin. It was observed that islet cells produced C-peptide
and secreted human insulin in order to control blood glucose levels.
This data suggest that human umbilical cord derived MSCs is an ideal
candidate for the treatment of type 1 diabetes [173]. Similar study was
performed using both bone marrow MSCs and allogeneic or syngeneic
MSCs. It was observed that MSCs effectively destroyed autoimmune T
lymphocytes which caused the destruction of B cells of pancreas. MSCs
also prevented the immune response generated by T cells against the
newly-generated [ cells of pancreas [174]. Yu et al. isolated MSCs from
the bone marrow of diabetic patients and allowed it to differentiate
into P cells producing insulin in vitro indicating bone marrow derived
MSCs are the best source of insulin-producing P cells and can be used
as a treatment modality against diabetes mellitus [175]. Ramiya et al.
demonstrated the reversal study where islet cells producing insulin
were generated from the stem cells isolated from pancreas. This study
showed the abundant production of P cells producing insulin which will
be helpful in treatment of diabetes type 1 [176]. Xu et al. infected murine
MSCs derived from bone marrow with genetically engineered retro-
virus which is carrying insulin gene of human origin. These MSCs were
then transplanted intra-hepatically into diabetes-induced mice which
gave promising results [177]. Similar study is being performed by other
researchers using genetically engineered herpes 1 virus as a therapeutic
vector for carrying insulin gene [178]. Ezquer along with his co-workers
demonstrated that administration of MSCs in diabetic mice model can
result in successful regeneration of islet cells and prevention of kidney
damage thereby making MSCs a potent therapeutic strategy against
diabetes [179]. Trivedi et al. reported that the combination therapy
using adipose tissue derived MSCs along with hematopoietic stem cells
are effective and safe in treatment of type 1diabetes [180].

Therapeutic applications of MSCs in treatment of diabetes mellitus
type 2 have successfully replaced the use of healthy pancreatic islets
from the cadaver donors. However, it is important to encourage the
use of MSCs as a therapeutic modality against diabetes mellitus type 2
at the clinical stage by conducting human trials for the same.

Multiple Sclerosis

Multiple Sclerosis is an auto-immune disease of the central
nervous system which is most commonly found early in adulthood.
Degeneration of axons and demyelination are important features of
this disease [181]. In most of the cases, this disease progresses steadily
causing disability ultimately leading to death. Conventional therapies
involve use of immunosuppressants which has been observed to be
highly toxic and possess severe side-effects [181]. Therefore, there is
an urgent need to develop an alternative therapy in treatment against
multiple sclerosis. Mesenchymal Stem Cells (MSCs) are specialized cells
which have the ability to differentiate into neurons and glial cells. This
property makes them an ideal tool in treatment of various neurological
diseases including multiple sclerosis. Karussis et al. demonstrated that
bone marrow derived MSCs, in the presence of two growth factors-
Fibroblast Growth Factor (FGF) and Brain-Derived Neurotrophic
Factor (BDNF), have the ability to differentiate into neuronal or glial
cells most of which were found to express astrocyte surface markers
[182]. It was also observed that bone marrow derived MSCs effectively
suppressed chronic Experimental Autoimmune Encephalomyelitis
(EAE) by inducing neuroprotection in mice. Histopathological
analysis showed efficient migration and differentiation of MSCs into
neuronal or glial cells in the affected region. These results indicated that
MSCs derived from bone marrow can be used in treatment of various
neurological diseases including multiple sclerosis [182]. Similar study
was performed by Bai et al. using human bone marrow derived MSCs
in the presence of hepatocyte growth factor. These MSCs when injected

in EAE mouse models, promoted improved recovery in mouse models.
It was also observed that these MSCs have the ability to accumulate,
reduce the damage and increase the number of oligodendrocytes
cells in the affected areas in the central nervous system. These results
suggest that human bone marrow derived MSCs can be used as a viable
therapeutic tool in treatment of multiple sclerosis [183,184]. Kassis et
al. tried to investigate the therapeutic applications of MSCs in EAE
induced mice models. It was observed that when injected intravenously,
MSCs induced neuroprotective and immunomodulatory effects
in the affected region along with characteristic remyelination and
regeneration of neurons in some EAE mice models [185]. From the
above experimental data, it has been observed that MSCs have the
ability to reduce demyelination, axonal degeneration and immune
infiltration. It is also found to increases the accumulation and
proliferation of neuronal lineage cells in the affected areas in the central
nervous system. These small scale experimental studies using animal
models have suggested that MSCs are safe and has encouraged many
scientists to go ahead with the human clinical trials for the treatment of
multiple sclerosis [186-189].

A lot of research work has been carried out using adipose tissue
derived MSCs in recent years demonstrating multiple lineage plasticity
both in vivo and in vitro [22-28]. It has been observed that adipose
derived MSCs possess a property of neuronal transdifferentiation
in vitro which in turn may be useful in neuroregeneration in several
neurological disorders [25,26]. Constantin et al. demonstrated
the intravenous transplantation of adipose derived MSCs in EAE
mice model. It was observed that MSCs reduced some symptoms of
EAE by stimulating immunomodulatory functions and decreased
demyelination and inflammation of the spinal cord. The accumulation
of MSCs resulted in increased population of oligodendrocytes in the
demyelinated area. The above experimental data shows that adipose
derived MSCs possess dual mode of action that is, first it has the ability
to suppress the autoimmune action in the early onset of the disease
and second it also has the capability to induce regeneration of neurons
in the affected area. Therefore, adipose derived MSCs can be used as
a valuable therapeutic tool in treatment of multiple sclerosis [27].
Another study involving use of adipose derived MSCs was performed
by Hedayatpour et al. In this experiment, remyelination potential
of adipose derived MSCs and its effect on the neural cell population
already found in the corpus callosum in the cuprizone induced multiple
sclerosis mice model was evaluated. It was observed that transplanted
adipose derived MSCs survived and showed homing ability in vivo
indicating that adipose derived MSCs can be used as an important
therapeutic agent in treatment of multiple sclerosis [28].

Bonab et al. estimated the clinical applications of MSCs in order
to reduce the complications found in patients suffering from multiple
sclerosis. A pilot scale study was performed with ten patients suffering
from multiple sclerosis. The status of disability was calculated using
Expanded Disability Status Scale (EDSS) which was found to be 3.5-
6. Cultured MSCs were intrathecally injected to these patients [190].
Neurological assessment was performed monthly. It was observed
that during the follow-up of 13-26 months, the EDSS of one multiple
sclerosis patient showed 5-2.5 score indicating improvement whereas
some showed no improvement in EDSS. During the assessment of the
functional system, it was observed that there was some improvement
in the functions of central nervous system. This study shows that
MSCs can be used as a promising treatment modality against multiple
sclerosis [190]. Based on the above reference, several other investigators
performed pilot scale study using autologous bone marrow MSCs
in order to explore the efficacy and safety of cultured autologous
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human bone marrow derived MSCs transplantation in patients
suffering from multiple sclerosis. The experimental studies gave
positive outcomes thereby making MSCs an ideal therapeutic agent in
treatment of multiple sclerosis [135,191]. Barhum et al. demonstrated
the differentiation of MSCs into cells producing neurotrophic factors
which in turn can be injected intracerebroventricularly in EAE induced
mice. It was observed that MSCs exhibited a positive response against
EAE in mice resulting in delayed symptoms and high survival rate.
These results indicate that the delayed symptoms were mainly due to
neuroprotective and immunomodulatory ability of MSCs [192]. On
the basis of the above experimental data, Connick et al. and Mehandru
et al. investigated the efficacy and safety of MSCs as a neuroprotective
agent in treatment of multiple sclerosis. The experimental reports
suggest that MSCs can be used as a potent neuroprotective agent and
can be safely administered to patients with multiple sclerosis. It has also
been observed that MSCs possess reparative and anti-inflammatory
activities thereby making them an ideal therapeutic tool which will be
feasible and safe for multiple sclerosis patients [193,194].

Systemic Lupus Erythematosus (SLE)

Systemic Lupus Erythematosus (SLE) is a chronic autoimmune
disease which may occur due to genetic, environmental, hormonal
and immunological or may be due to certain unknown causative
factors. This disease is more frequent in young females and can affect
any part of the body. This is characterised by the secretion of auto-
antibodies against several components of nucleus present in the cell
[195,196]. It has been observed that at the most four susceptible alleles
are required for the progressive development of this disease [196,197].
Out of the four susceptible alleles, genes of Major Histocompatibility
Complex (MHC) possess significant contribution to systemic lupus
erythematosus [198]. As this disease involves various symptoms and
affected organs, severity in each individual’s case would be different.
This disease is incurable and currently the area of research in order to
provide patient an extended and increased quality of life [199]. Traggiai
etal. demonstrated the effect of bone marrow derived MSCs on the B cell
population in both normal donors and in patients suffering from SLE.
It was observed MSCs successfully differentiated and proliferated into
B cells (both transitional and naive). This event was in turn stimulated
with the help of an agonist of toll receptor 9 which occurred not in the
presence of B cell receptor. Similar event also triggered the polyclonal
expansion of B cells obtained from pediatric patients suffering from
SLE. This study indicates that bone marrow derived MSCs can be used
as a valuable therapeutic tool in treatment of SLE [200]. Schena et al.
tried to analyse the effect of murine bone marrow derived MSCs on B
cell activation in the F1 mice model for SLE. It has been observed that
MSCs have the ability to inhibit differentiation and proliferation of B
cells which are antigen-dependent in vitro. The inhibitory response was
due to interferon-y and cell-to-cell contact. MSCs did not affect the
secretion of auto-antibodies in vivo. However, it was observed that there
was some amount of improvement in the renal function indicating that
MSCs may possess a potential role in treatment of renal damage [201].
Sun et al. showed that allogenic bone marrow derived MSCs have the
ability to reconstruct the osteoblastic niche in the bone marrow and can
reverse the multi-organ malfunctioning as compared to the effect of the
immunosuppressive drug cyclophosphamide. The reconstruction of
osteoblastic niche resulted in recovery of T cells and homeostasis of the
immune system in mice. These promising results in mice encouraged
the researchers to use allogenic MSC therapy in SLE patients. It was
observed that the patients showed steady improvement in kidney
function and in serological markers. These evidences clearly suggest
that allogenic bone marrow derived MSCs can be used as a treatment

modality against SLE [202]. Several studies were performed using
MSCs in order to evaluate the efficacy and safety of its transplantation
in SLE patients, most of which gave positive outcomes without any
severe complications [203-205]. Choi et al. tried to investigate the
efficiency of transplantation and optimum transplantation window for
adipose tissue derived MSCs in SLE patients before or after the onset of
this disease [206]. In this experiment, F1 mice SLE model were injected
with human adipose tissue derived MSCs whereas another experiment
was performed by serially transplanting MSCs. It was observed that
serial MSCs transplantations before the onset gave more promising
results without any side-effects [206]. MSCs transplantation has been
widely used in treatment of SLE in animal models both in vivo and in
vitro. The promising results of these animal experimentation studies
have encouraged many researchers to go ahead with the human clinical
trials thereby giving hopes to millions of patients suffering from SLE
[207- 209].

Crohn’s disease

Crohn’s disease is a chronic illness in which severe inflammation
occurs in different parts of the gastrointestinal tract. Perianal fistula is
one of the most common complications in Crohn’s disease [210,211].
It is also referred to as “inflammatory bowel disease” or “ulcerative
colitis”. It occurs when there is an abnormal interaction between the
immune system of the intestine and the bacteria which is present on the
surface of the gut [210-212]. The drugs used in treatment of Crohn’s
disease provide temporary relief to the patients; however, the toxicity
related to these drugs may be short-term or long-term depending on
the dosage [213]. The most common challenge which is faced by the
researchers is effective management of Crohn’s fistulas. However, it
has been observed that MSCs derived from adipose tissue have the
ability to differentiate into specialized cell types which in turn can be
used to stimulate healing of Crohn’s fistulas. Olmo et al. performed the
phase I & II clinical trial for patients suffering from Crohn’s disease in
order to test the safety and efficacy of MSCs transplantation. In phase I
clinical trials, nine fistulas of four patients were inoculated with adipose
tissue derived MSCs. Out of which, six fistulas healed completely (75%)
whereas the rest did not possess any healing effect. In phase II clinical
trials, out of 24 patients, 17 showed healing of fistula. The above results
indicate that MSCs derived from adipose tissue can be used as an
effective therapeutic tool in treatment of Crohn’s disease [213,214]. On
the basis of the above experimental data, Olmo et al. used expanded
adipose derived MSCs and stromal vascular fractionated cells against
Crohn’s disease in patients with enterocutaneous fistulas. These
results indicate that adipose tissue derived MSCs were more effective
as compared to stromal vascular fractionated cells for treatment
of Crohn’s disease [215]. Another phase I study was performed by
Duijvestein et al. using bone marrow derived MSCs. Bone marrow
MSCs were transplanted in ten patients. Any physical changes or
side-effects were monitored on the basis of Crohn’s Disease Activity
Index (CDAI) scores. It was observed that bone marrow MSCs showed
positive response in Crohn’s disease patients without any adverse side-
effects [216]. Duijvestein et al. also showed that MSCs have the ability
to interact with immune-suppressive drugs. It was observed that MSCs
successfully differentiated into adipocytic and osteocytic cells without
the interference of the drugs. These results indicate that MSCs can be
effectively used in combination with immune-suppressive drugs in
order to treat inflammatory bowel disease [217]. Similar study was
performed by Ciccocioppo et al. using autologous bone marrow derived
MSCs. Intrafistular injections of MSCs were administered to twelve
patients. It was observed that expansion of MSCs was successful in all
the patients and most of the patients showed reduced Crohn’s fistulas.
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Rectal mucosa healing was observed without any severe complications.
During treatment, the amount of circulating and mucosal T cells
increased significantly and remained stable till the end of the study
[218]. This experimental study shows that MSCs transplantation
therapy is a feasible and safe technique in treating Crohn’s fistulas.
Many more clinical trials against Crohn’s disease using MSCs have
been initiated thereby giving hopes to the patients suffering from this
dreadful disease.

Cardiovascular diseases

Many diseases are afflicting the population, out of which
cardiovascular diseases are in the forefront because of the lifestyle
adopted by the population. It is the leading cause of death worldwide.
It has been estimated that in 2005, 17 million people died of
cardiovascular diseases, out of which, 7.2 million people died of
heart attacks whereas 5.7 million died due to stroke [219]. Toma et
al. showed that human adult bone marrow Mesenchymal Stem Cells
(MSCs) have the potential to differentiate into cardiomyocytes when
it was transplanted into the myocardium of an adult murine. Human
MSCs were isolated from the bone marrow of the healthy patients.
These MSCs were then labelled using lac Z gene, which was then
transplanted into an adult mice. After 1 week, the transplanted cells
were showing similar morphological features as that of cardiomyocytes
of the host. Immunohistochemical analysis showed the expression of
various markers which are naturally present in the cardiomyocytes.
This technique “Cellular Cardiomyoplasty” would be of great help in
the treatment of cardiac diseases [220]. Kawada et al. performed similar
kind of experiment, however, methodology was modified. 2 different
studies were performed in order to study the origin of cardiomyocytes
derived from bone marrow. In the first study, CD34- Sca-1+ c-kit+
bone marrow cells which were expressing Enhanced Green Fluorescent
Protein (EGFP) were transplanted into mice which were lethally
irradiated. Myocardial infarction was induced in mice and then
treated with granulocyte colony-stimulating factor (G-CSF) in order
to mobilize the cells to the affected myocardium area. It was observed
that out of 100 models, 3 were positive for cells expressing EGFP and
actinin indicating that these cells are derivatives of bone marrow cells
[221]. Another study was performed by Kawada et al. in which MSCs
and cardiomyogenic cells expressing EGFP were directly transplanted
in the bone marrow of mice which was lethally irradiated. Myocardial
infarction was induced in mice after which they were treated with
G-CSF. It was observed that cardiomyogenic cells survived and
transformed into cardiomyocytes. These results show that most of the
bone marrow derived cardiomyocytes are MSCs which can be used in
treatment of cardiovascular diseases [221]. Li et al. demonstrated that
differentiation potential of MSCs into cardiomyocytes is dependent on
Notch signal. This experiment was performed using a rat model induced
with myocardial infarction. MSCs were labelled using DAPI. After 14
days, MSCs differentiation was observed using immunofluorescence
technique. Both MSCs and cardiomyocytes were cultured in 4 different
ways in vitro. It was observed that jagged-1 protein has the ability to
activate Notch signal. This analysis indicates that Notch receptor is
required for the differentiation of MSCs into cardiomyocytes which in
turn can be used in treatment of cardiac diseases [222].

Rangappa et al. demonstrated the differentiation of MSCs isolated
from adipose tissue into cardiomyocytes using reagent 5-azacytidine
at various concentrations and at different time intervals. It was
observed that these stem cells can be differentiated into cardiomyocytes
chemically [223]. Shim et al. showed transformation of MSCs into
cardiomyocytes using 5-azacytidine ex vivo [224]. Potdar et al. isolated
MSCs from human scalp biopsy. 5-azacytidine was used as an inducer

which allowed the differentiation of MSCs into cardiomyocytes in vitro
as shown in Figure 1 [225].

Similar studies were performed using chemical transformation
method described in [226-234]. Wei et al. demonstrated the biological
features of sub-population of MSCs. Single cell monoclonal technology
was used to select 24 Mesenchymal stem cell clones. On induction
using 5-azacytidine, out of 24 clones, 8 clones showed cardiomyocyte-
like appeareance and expressed certain cardiomyocytes molecular
markers like a-actin and cTnT similar to that of normal cardiomyocyte.
This experimental data indicates that 8 MSCs clones were observed to
have the ability to differentiate into cardiomyocyte, so this subgroup
of MSCs can be referred to as cardiac progenitor cells. These cardiac
stem cells would be of great help in developing a valuable therapeutic
modality against cardiovascular diseases [235].

Zhao et al. along with their co-workers showed that lipid metabolite

Figure 1a: Shows phase contrast micrographs of human dermal MSCs.

Figure 1 b: Shows 10 uM 5-azacytidine treated slightly elongated human
dermal MSCs cells on 14" day after 48 hours.

Figure 1c: Shows 20 uM 5-azacytidine treated human dermal MSCs cells on
14" day after 48 hours. The cells are showing cardiomyocyte-like phenotypic
features [Potdar et al.].
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Sphingosine-1-Phosphate acts as an inducer in differentiation of
MSCs derived from the human umbilical cord into cardiomyocytes.
In addition to it, they also designed a cardiac cell sheet which was
engineered using poly (N-isopropylacrylamide) cell sheet technique.
This technology will have wide range of potential applications in tissue
engineering research in treatment of wide variety of cardiovascular
diseases [236]. Huang et al. investigated whether the cyclic strain has
the capability to induce differentiation of cardiomyocyte which is
derived from bone marrow of rat MSCs. Cyclic strain have the ability
to promote mechanical stimulation in cardiomyocyte in the body.
The experimental results showed that treatment using a cyclic strain
can induce cardiomyocyte differentiation of rat bone marrow MSCs
[237]. Huang et al. examined whether the olfactory bulb of rat has the
ability to differentiate into cardiomyocyte in vitro. The cells isolated
from the olfactory bulb of a rat had fibroblast- like appearance. These
cells were allowed to grow under 4 different conditions. Differentiation
potential was analyzed using light microscopy, Western blotting, RT-
PCR and Immunofluorescence. These cells were found to express
different molecular markers which were specific to the MSCs and
cardiomyocytes. This experimental data indicates that the cells
derived from the olfactory bulb of a rat have MSCs like features and
can differentiate into cardiac cells [238]. Previous studies have shown
that bone marrow derived stem cells have potential applications in
treatment of ischemic cardiac disorders [239-241].

From the above findings, it is clear that a lot of research work has
been carried out with animal models using cardiomyocytes derived
from MSCs. However, the use of cardiomyocytes as a therapeutic tool
in treatment of cardiovascular diseases is still a distant dream. Not until
recently, Mayo Clinic declared the first U.S based stem cell clinical trials
against congenital pediatric cardiovascular disease that is, hypoplastic
left heart syndrome. Stem cells were isolated from the umbilical cord
of the affected newborns and then injected into the heart muscle of the
affected newborns. It was observed that stem cell therapy provided a
feasible solution which will aid the affected newborns by regenerating
new cardiac tissues in treatment of this fatal disease.

MSCs use in Renal Transplantation

Kidney transplantation involves substitution of failed kidneys
with the functional one obtained from the donor. It is considered
as an “elixir to life” for patients suffering from kidney disorders.
Kidney transplantation has become the most preferred alternative to
dialysis therapy in recent years. However, the limitations of kidney
transplantation include use of medicines for the rest of an individual’s
life and risk of infection and rejection [242,243]. Morigi et al. and Togel
et al. demonstrated the use of MSCs in order to repair and improve
acute kidney failure [244,245]. Acute renal failure is the most frequently
occurring disease which has high mortality rate. Herrera et al. showed
that MSCs have the homing ability in the glycerol-induced acute renal
failure mice model than in the kidney of a normal mice model. The
results showed positive improvement in the affected kidney indicating
that MSCs can be used as a therapeutic modality in treatment of acute
renal failure [246]. It has been observed that MSCs also have the ability
to repair the affected tissues caused due to reperfusion injury and
renal ischemia [247]. Another study was performed using rat MSCs
in order to treat the affected glomeruli there by making MSCs an ideal
candidate for treatment against glomerular damage [248]. Remodelling
of tissues is important in pathogenesis of acute renal failure. Grimm
et al. tried to investigate the origin of MSCs in tissue remodelling
especially the accumulation of MSCs in kidney transplants which
were undergoing severe rejection. The results indicate that MSCs have
the ability to colonize the renal allograft. This technique would be of

great importance in preventing tissue rejection [249]. MSCs promises
to provide therapeutic applications including prevention of tissue
rejection [250-252]. The above findings suggest that MSCs can be used
as an ideal therapeutic tool against various renal disorders as well as
during kidney transplantations.

Conclusion

MSCs transplantation promises to transform the traditional use
of embryonic stem cells to modern therapeutic applications. These
therapeutic applications enhance the efficacy of treatment strategies
against different types of diseases without any major complications.
Immunomodulatory properties of MSCs has been very well proved
in several animal and human studies and this property certainly
help researchers to use these MSCs for therapies of various incurable
diseases as well as specifically in autoimmune disorders and thus
reduced the chances of transplant rejection. In recent years, MSC
transplantation technology is found to be growing exponentially
in the field of regenerative medicine. This technology gives us an
opportunity to develop certain cell-based therapeutics that will
be useful as a treatment modality against several other diseases in
future. This review will give an insight overview of the use of human
Mesenchymal Stem Cells (MSCs) in various regenerative therapies for
neurological, cardiological, osteoarticular, auto-immune diseases and
renal disorders. However, there is an urgent need of multiple clinical
trials in order to bring this technology in the market so that it can be
utilized by the masses for cure of many more diseases in human.
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