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Abstract: Cardiovascular diseases (CVDs), particularly stroke and myocardial infarction (MI) contributed 
to the leading cause of death annually among the chronic diseases globally. Despite the advancement of 
technology, the current available treatments mainly served as palliative care but not treating the diseases. 
However, the discovery of mesenchymal stem cells (MSCs) had gained a consideration to serve as promising 
strategy in treating CVDs. Recent evidence also showed that MSCs are the strong candidate to be used as 
stem cell therapy involving cardiovascular regeneration due to its cardiomyogenesis, anti-inflammatory and 
immunomodulatory properties, antifibrotic effects and neovascularization capacity. Besides, MSCs could 
be used for cellular cardiomyoplasty with its transdifferentiation of MSCs into cardiomyocytes, paracrine 
effects, microvesicles and exosomes as well as mitochondrial transfer. The safety and efficacy of utilizing 
MSCs have been described in well-established preclinical and clinical studies in which the accomplishment 
of MSCs transplantation resulted in further improvement of the cardiac function. Tissue engineering could 
enhance the desired properties and therapeutic effects of MSCs in cardiovascular regeneration by genome-
editing, facilitating the cell delivery and retention, biomaterials-based scaffold, and three-dimensional (3D)-
bioprinting. However, there are still obstacles in the use of MSCs due to the complexity and versatility of 
MSCs, low retention rate, route of administration and the ethical and safety issues of the use of MSCs. The 
aim of this review is to highlight the details of therapeutic properties of MSCs in treating CVDs, strategies to 
facilitate the therapeutic effects of MSCs through tissue engineering and the challenges faced using MSCs. A 
comprehensive review has been done through PubMed and National Center for Biotechnology Information 
(NCBI) from the year of 2010 to 2021 based on some specific key terms such as ‘mesenchymal stem cells in 
cardiovascular disease’, ‘mesenchymal stem cells in cardiac regeneration’, ‘mesenchymal stem cells facilitate 
cardiac repairs’, ‘tissue engineering of MSCs’ to include relevant literature in this review.
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Introduction

Cardiovascular diseases (CVDs), a type of chronic diseases 
principally ischemic heart disease (IHD), for instance stroke 
and myocardial infarction (MI) have high morbidity and 
mortality rate which contributed to the disability-adjusted 
life, death and global disease burden (1,2). It is an ever-
growing healthcare problem accounting for a total of 32% 
of global deaths and taking approximately 17.9 million of 
lives annually (3). The global death figure is projected to be 
22.2 million deaths annually by the year of 2030 (4). The 
overall healthcare burden caused by CVDs is estimated to 
increase from 318 million US dollars (USD) to 1.1 trillion 
USD by the year of 2035, which underscored the healthcare 
burden today (5).

CVD is an umbrella term that encompasses a broad range 
of pathologies including cerebrovascular disease, MI, stroke, 
cardiomyopathy, peripheral heart diseases, coronary heart 
disease, rheumatic heart diseases as well as congenital heart 
diseases (1,6,7). The underlying predominant pathogenesis 
associated with most of the CVDs is due to atherosclerotic 
origin caused by blood clots and fat accumulation on 
the lining of blood vessels (1,8). The development of 
atherosclerotic plaques caused the narrowing of arteries, 
thereby stopping the blood flow to other parts of the heart 
that resulted in the damage and death of heart muscle (9). 
Hence, hyperlipidaemia, hypertension, diabetes, smoking 
and obesity are well recognized aetiological factors leading 
to the onset of CVDs (7).

Current available treatment approaches in pharmacological 
aspects include antithrombotic agents, antiplatelet agents, 
and lipid-lowering agents (10). Most of the time surgeries 
are required, for instances: coronary angioplasty with 
the insertion of a stent to normalize the blood flow 
or implanting of mechanical ventricular assist devices 
(11,12). Nevertheless, these approaches are associated 
with high medical expenses and other complications such 
as bleeding and infection (11). The improvements in 
managing CVDs through pharmacological and surgical 
approaches have lowered the mortality rate of CVDs, but 
they merely served as symptomatic treatments. However, 
the progression of CVDs with significant morbidities is 
still inevitable (13). CVDs particularly MI, due to the 
irreversibly loss of function of myocardial cells that lead to 
heart failure (14), which cannot save by pharmacological 
and surgical approaches. To date, heart transplantation 
is still the standard curative treatment for heart failure, 
the terminal-stage of CVDs. The scarcity of donor 

organs, high operation costs and requirement of lifelong 
immunosuppression of post-transplantation have limited 
the development of this approach (5). Hence, stem cell 
approaches have gained a great attention to emerge as 
promising and alternative future treatment since a decade 
ago (15).

The therapeutic approach of stem cell therapy emerged 
over two decades ago in animal studies (16) and further 
progressed to clinical studies 10 years later (17). Stem 
cells could be classified as adult stem cells (ASCs) or 
embryonic stem cells (ESCs) (18). ESCs can differentiate 
into an embryonic structure which is also known as 
pluripotent in nature. On the other hand, ASCs showed 
its multipotency in which they only differentiate within 
a limited range of cell types (19) as a regeneration 
of damaged tissue. Mesenchymal stem cells (MSCs) 
categorized as a type of ASCs which were discovered 
by Friedenstein et al. in 1970 (20) have drawn a great 
consideration in clinical studies due to MSCs free from 
ethical concerns as well as teratoma formation (18). Bone 
marrow, adipose tissues, and umbilical cord are the source 
of MSCs. Furthermore, MSCs are able to differentiate 
into multiple lineages which include osteocytes, myocytes, 
chondrocytes, adipocytes, and other lineages (21).

The capacity of heart tissue to undergo self-regeneration is 
limited as adult cardiac cells have less tendency to divide (13). 
Hence, this made the use of MSCs to repair the ischemic 
areas of the heart or assist in myocardial self-repair and 
restore the cardiac functions become feasible (22). MSCs 
particularly attractive for cardiovascular regeneration 
due to their multilineage potential, immunomodulatory 
properties, able to secrete cardio-protective cytokine, 
angiogenesis stimulation and extracellular matrix 
reorganization in ischemia scar areas (11,23). However, 
the application of MSCs had faced several challenges 
despite their attractive properties. The challenges included 
complexity and versatility of MSCs, low in vivo survival rate, 
efficiency of administration route as well as the induction 
of tumorigenicity (24,25). This article will focus on the 
therapeutic properties of MSCs, the use of MSCs for 
cardiovascular regeneration as well as tissue engineering of 
MSCs and the challenges in the use of MSCs.

Properties and characterization of MSCs

MSCs are mostly located in perivascular space or 
vascularized tissues that could be ubiquitously found 
throughout the human body (26). In general, MSCs 
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represent the nonhematopoietic subpopulation of cells 
with the potential of multilineage differentiation which 
differentiate into different types of mesodermal tissues 
(25,27). The first identification of MSCs was back 40 years 
ago, a plastic-adherent bone marrow stromal cell which 
was isolated from bone marrow (20). However, the sources 
of human MSCs are not only restricted to bone marrow, 
adipose tissue (28), umbilical cord (29), cartilage (30), and 
peripheral blood (31), but also from other organs or tissues 
such as brain, spleen, liver and lung (1). However, the 
most widely utilized MSCs in clinical studies are isolated 
from bone marrow (15) as MSCs from bone marrow 
accounted for about 0.001% to 0.1% of plastic-adherent 
cells that are nucleated that along with easy isolation and 
in vitro amplification (6). MSCs are widely regarded as 
culture-adherent cells with the capacity of self-renewal 
to differentiate into multiple lineages such as adipogenic, 
chondrogenic, and osteogenic (32). It is also being reported 
that mesodermal cell types such as cardiomyocytes can be 
transdifferentiated by MSCs (33).

However, MSCs isolated from different sources would 
exhibit different characteristics, transcriptomic profile, 
and differentiation potential (34). Thus, the equivalence 
of biological activities of different sources of MSCs 
is worthwhile to be determined (15). Hence, due to 
heterogenous cell population of MSCs, characterization and 
isolation by varied among the researchers, the Mesenchymal 
and Tissue Stem Cells Committee of the International 
Society of Cellular Therapy (ISCT) had established the 
minimal criteria to fulfill the definition of MSCs to make the 
compare and contrast of study outcomes easier (35). Cells 
which are referred as MSCs must show the characteristics 
of plastic-adherent under the condition of standard culture. 
Secondly, the surface markers including CD73, CD105, 
and CD90 must be expressed by MSCs but not CD45, 
CD14, CD34, CD79α, CD19, CD11b, or HLA-DR surface 
markers when assessed by fluorescence-activated cell sorting 
(FACS) analysis. Thirdly, MSCs must possess the ability to 
retain the capacity of in vitro multilineage differentiation 
into adipocytes, chondrocytes as well as osteocytes (35,36). 
However, none of the cell surface markers could disputably 
describe MSCs. Furthermore, loss of cell surface marker 
expression may also be observed in the MSCs during the 
isolation or expansion process (37). Isolation of MSCs 
according to ISCT properties had resulted in stromal cells 
that are heterogenous and nonclonal cultural that contained 
various multipotent stem cells, committed as progenitors or 
differentiated stem cells (38). To reflect the heterogeneity of 

the cells, the nomenclature of ‘mesenchymal stromal cells’ 
had deviated out from ‘mesenchymal stem cells’. However, 
both of these nomenclatures are still being applied 
interchangeably (39).

MSCs are also being well recognized for its capacity of 
migration and homing efficiency which are regulated by 
the expression of adhesion molecules, integrin, chemokines 
receptors: CCR1, CCR4, CCR7, CCR10, and CXCR5 (27). 
The expression of these molecules had made MSCs play 
an important role in tissue regeneration by reaching the 
damaging tissues through endothelial cell layers (40). 
The physiological role of MSCs in maintaining tissue 
homeostasis had underscored a significant potential for 
the clinical uses as regenerative medicine such as heart 
regeneration, neuronal regeneration as well as skin 
wound healing repair (26). Thus, MSCs had gained a 
great attention as future treatment of chronic diseases 
especially CVDs due to its multilineage differentiation and 
homing efficiency. In addition, MSCs with the properties 
of cardiomyogenesis, immunomodulation, antifibrotic and 
neovasculogenesis had played a significant role other than 
differentiation ability in treating CVDs as described in Table 1.

MSCs transplantation for ischemic 
cardiomyopathy

Ischemic cardiomyopathy is commonly referred to the 
decreased ability of the heart to pump blood efficiently 
due to myocardial damage caused upon the ischemia (54). 
Coronary artery diseases (CADs) are always addressed 
along with atherosclerosis as these are the prevalent cause 
of ischemic cardiomyopathy (55). Characterization of CAD 
is due to plaque formation in the coronary blood vessels, 
which resulted in the cardiac muscle cells experiencing an 
imbalance of oxygen supply and demand. This eventually 
contributed to the irreversible damage of the cardiac muscle 
cells due to prolonged ischemia and resulted in the cardiac 
remodeling (54,56). Despite the significant advanced 
surgery treatment including coronary artery bypass grafting 
and stenting, there are still some existing issues such as a 
sharp reduced cardiac ejection fraction (EF) (<25%) after 
the surgery (57). Hence, MSCs had been proposed as one of 
the potential future treatments in a form of cellular therapy 
as cellular cardiomyoplasty (58). Cellular cardiomyoplasty 
is a cardiac regenerative medicine field, which uses stem 
cells or other biological substances that are grafted into 
the myocardium to improve the contractile ability as well 
as to hinder the reversing effect of scar formation (59). 
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Table 1 The properties of MSCs in CVDs therapy

Properties Findings References

Cardiomyogenesis • By exposing MSCs in vitro with DNA methyltransferase 5-Aza lead to the 
induction of cardiomyogenic differentiation of MSCs

(13,41-44)

• Growth factors such as BMP-2, FGF-4, antioxidant supplements, insulin 
induce cardiomyocyte-like cells from MSCs

• miRNA-1–2 can regulate the differentiation of MSCs to cardiomyocyte-
like cells via Wnt signaling pathway

• MSCs showed the differentiation ability cardiac muscle-like cells in vivo 
after transplantation of MSCs into damaged site of myocardial tissue

• Animal studies have shown MSCs exhibit cardiomyogenesis and 
engraftment up to 3 years, showing the ability to contribute to cardiac 
tissue over extended period

Anti-inflammatory and 
immunomodulatory properties

• MSCs regulate the inflammatory response by suppressing leukocytes, 
both innate and adaptive immunity anti-inflammation

(45-47)

• The number of proinflammatory monocytes decreased with the 
transplantation of MSCs and reduce myocarditis severity after MI

• MSCs can inhibit proliferation of T cell which suitable in treating graft-
versus-host diseases

• MSCs transplantation on MI mice show reduction in expression of 
TNF-α, IL-1, and IL-6 of myocardial cells and resulted in cardiac function 
improvement

Antifibrotic effects • MSCs can regulate MMP to inhibit the proliferation of cardiac fibroblast 
collagen type I and type III are decreased in expression

(48-50)

• Excess deposition of collagen interrupted the interaction of between 
myocytes in myocardium and leading to myocardium

• Adipose-derived MSCs showed the ability to produce fibrosis regulator 
such as TGF-β1 to impact the fibrosis evolution

• Paracrine effect of MSCs that caused antifibrotic effect resulted in 
reduced left-ventricular remodeling and improved cardiac function

Neovascularization capacity • Paracrine mechanism of MSCs showed angiogenic potential by secreting 
pro-angiogenic molecules, VEGFs

(6,51-53)

• Wide array of cytokine secreted by MSCs including PDGF, thrombopoietin 
and angiogenin to exert angiogenesis

• Studies also showed that under hypoxia-preconditioned MSCs stimulate 
the expression of VEFG, bFGF, IGF-1, and SDF-1 which served as an 
important factor for neovascularization process. The process included 
mobilizing, migrating, homing, adhering and differentiating to endothelial 
cells

MSC, mesenchymal stem cell; CVD, cardiovascular disease; 5-Aza, 5-azacytidine; BMP-2, bone morphogenetic protein-2; FGF-4, 
fibroblast growth factor-4; miRNA, microRNA; MI, myocardial infarction; TNF-α, tumor necrosis factor-alpha; IL, interleukin; MMP, matrix 
metalloproteinase; TGF-β1, transforming growth factor-β1; VEGF, vascular endothelial growth factor; PDGF, platelet-derived growth factor; 
bFGF, basic fibroblast growth factor; IGF-1, insulin-like growth factor-1; SDF-1, stromal cell-derived factor-1.
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The application of MSCs as cellular cardiomyoplasty is 
due to the transdifferention of MSCs, paracrine functions, 
microvesicles, and exosomes as well as mitochondria 
transfer.

Transdifferentiation of MSCs under hypoxia 
condition

The past two decades had established a lot of studies 
regarding the application of MSCs to treat acute or 
chronic ischemic heart injury in rodents, murine or other 
larger animal models (25). The underlying mechanisms of 
the therapeutic effects of MSCs related to its properties 
including trans differentiation into cardiomyocytes or 
endothelial cell (60), paracrine mechanisms in secreting 
broad spectrum of cytokine (61), enhanced angiogenesis and 
myogenesis (62) as well as stimulating local cardiac stem 
cell (CSC) differentiation (63). According to the study done 
by Xie et al., in vitro differentiation of bone marrow-derived 
MSCs (BM-MSCs) was induced by myocardium medium 
under the condition of hypoxia. As the differentiation 
of MSCs might be associated with presence of soluble 
signaling molecules in the conditioned medium containing 
hypoxia-induced cardiomyocytes (64). This suggested that 
the implantation of MSCs to myocardium can differentiate 
under a milieu-dependent manner and express the 
cardiomyogenic phenotypes in vivo (65). According to the 
studies done by Nagaya et al., the administration of MSCs 
intravenously into rats model with acute MI demonstrated 
cardiac function improvement as a result of angiogenesis 
and myogenesis that occurred in ischemic myocardium (62). 
MSCs have the ability to stimulate endogenous CSCs in vivo 
and in vitro to proliferate (13). Furthermore, according to the 
study done by Williams et al. had reported the therapeutic 
effect of combining human MSCs and CSCs would reduce 
the infarct size after MI and restore the cardiac function (23).

Paracrine effect of MSCs

Although MSCs have cardiogenic transdifferentiation 
ability, the paracrine function of MSCs also predominantly 
accounts  for  the  therapeut i c  e f fec t s  o f  ce l lu la r 
cardiomyoplasty (66). The mounting evidence showed that 
the paracrine effect of MSCs by producing a plethora of 
factors such as growth factors, cytokine, surface molecules, 
messenger RNA (mRNA), and microRNA (miRNA) (61). 
All these factors are contributing to the recovery of cardiac 
function by assisting the endogenous repair mechanism 

as well as support antifibrosis, activity of antiapoptotic 
and inhibition of proinflammatory (13,25,61) as shown 
in Figure 1. These factors are vascular endothelial growth 
factor (VEGF), stromal cell-derived factor (SDF)-1, insulin-
like growth factor (IGF)-1, angiopoietin 1, hepatocyte 
growth factor (HGF), periostin, and thymosin b4 
(15,67,68). Studies also showed that hypoxia-induced 
MSCs which overexpress the prosurvival gene, Akt 
upregulated the gene encoded for IGF-1, HGF, fibroblast 
growth factor (FGF)-2, and VEGF. With this property, 
the in vitro studies of conditioned-medium from hypoxia-
induced MSCs showed the inhibition of hypoxia caused 
apoptosis but stimulated the contraction of cardiomyocytes 
of rats. On the other hand, the in vivo study of conditioned 
medium injected to the myocardium of MI rat showed 
the improvement of cardiac function (69).  MSCs 
cardioprotective effects are due to the ability of MSCs to 
promote cardiomyocytes survival and anti-apoptosis via the 
activation of protein kinase C (PKC), PI3K/protein kinase 
B (Akt), nuclear factor (NF)-κB, and STAT3 signaling (70). 
In terms of cardiovascular tissue repair, it is significant to 
minimize the fibrotic scarring to prevent cardiac tissue 
from stiffening to maintain its cardiac function (71). 
MSCs-secreting factors including matrix metallopeptidase 
(MMP)-9 and interleukin (IL)-6 are upregulated in 
MI patients which are responsible for the pathological 
cause of remodeling and proinflammatory responses 
which should be maintained at minimum level (70-72). 
However, MSCs are also able to produce the antagonists 
to inhibit these negative factors including tissue inhibitor 
of metalloproteinases (TIMP)-1 and IL-10 to alleviate the 
effects. Hence, this showed that MSCs have the ability to 
achieve an appropriate balance in terms of the stimulatory 
and inhibitory factors that were produced (73).

Microvesicles and exosomes

Recent studies also found that MSCs are able to secrete 
microvesicles known as exosomes, which is the membrane 
vesicle with the diameter of 30–100 nm (74). Lai et al. 
were the first to study MSCs-derived exosomes in the 
year 2010 in reducing myocardial ischemia injury. The 
findings found that a novel role of exosomes had brought 
a different perspective of the mediation of intercellular 
tissue repairing (75). The content presence in the exosomes 
was found to be proteins, lipids, cytokines, mRNA, 
miRNA, and ribosomal RNAs (76). Different content of 
the exosomes would lead to different therapeutic effects in 
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treating CVDs as shown in Figure 2. The common surface 
markers are CD29, CD9, CD89, and CD44 which shown 
on both MSCs and exosomes (75). In the animal studies, the 
myocardial ischemia and reperfusion injury porcine model 
that treated with MSC-conditioned medium intravenously 
and intracoronary had shown the reduction of infarct 
size by 50% upon administration (76). This is due to the 
cardioprotective effect of MSCs which exert the paracrine 
effect by secreting exosomes to neutralize the injury (77). 
These exosomes had played an important role in treating 
CVDs with the ability of anti-apoptosis, anti-inflammatory, 
anti-fibrotic, immunomodulatory that lead to cardiac 
regeneration (74). Study reported that the ameliorative 
effects of MSCs on ischemic cardiomyocytes was due to the 
transferring of miR-22-containing exosomes which targeted 
on the methyl CpG binding protein 2 (Mecp2) and thereby 
reduce the activity of apoptosis (78). The anti-apoptotic 
effect is due to p53-upregulator modulator of apoptosis 
(PUMA) inhibition (79). In addition, a study done by Arslan 
et al. demonstrated exosomes derived from MSCS showed 
the anti-inflammatory and anti-cardiac remodeling effect. 
MSCs-secreting exosomes would lower the white blood cell 

count including neutrophils and macrophages and thereby 
alleviate the inflammation responses along with decrease 
in size of infarction and prevent cardiac remodeling after 
ischemia-reperfusion injury (IRI) (80). miRNA-223 MSCs-
derived exosomes showed the reduction of inflammation 
response induced by macrophages and thereby result in 
cardioprotective effects (81). On the other hand, other 
content such as miR-133 will lead to anti-fibrotic effect (82), 
VEGF that stimulates angiogenesis (83), and IL-10 for 
immunomodulation (42).

Mitochondria transfer

Mitochondria transfer is another method of the MSCs 
communicating intercellularly. It was being reported that 
the human MSCs can transfer their mitochondria to the 
damaged cells that lack of functional mitochondria that 
are incapable of carrying out aerobic respiration due to 
the deleted or defective mitochondrial DNA (84). The 
mechanism of intercellular transfer of mitochondria 
remains unknown and yet to be fully understood. However, 
it has been proposed that MSCs can actively transfer their 
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Figure 1 Factors contributing to the recovery of cardiac functions. VEGF, vascular endothelial growth factor; FGF, fibroblast growth factor; 
IGF, insulin-like growth factor; mRNA, messenger RNA; miRNA, microRNA.
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Figure 2 The content of exosomes that lead to different therapeutic effects in cardiovascular regeneration. MSC, mesenchymal stem cell; 
miR, microRNA; VEGF, vascular endothelial growth factor; IL-10, interleukin-10.

Figure 3 The mitochondria transfer of MSCs via nanotube. MSC, mesenchymal stem cell; ATP, adenosine triphosphate.
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mitochondria to damaged cell with severe compromised 
mitochondrial function via a tunnelling nanotube (TNT), 
a nanotubular structure in which comprised of F-actin 
and partial membrane fusion (85) as shown in Figure 3. 
According to the studies done by Lin et al., mitochondria 
transfer from MSCs to mitochondria-defective cells 
would benefit the damaged cells by restoring their 

mitochondrial function via the cellular bioenergetics rescue 
as well as restoration of impaired oxidative phosphorylation 
and (86). Studies also showed that the interplay between 
MSCs and cardiomyocytes to convey the functional 
mitochondria in providing a new therapeutics insight in 
CVDs (13). In a coculture system between human MSCs 
and adult rat cardiomyocytes, a heterologous cell fusion 
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and mitochondria transfer were observed to promote the 
reprogramming or dedifferentiation of cardiomyocytes to 
a progenitor-like state. Hence, this has provided a better 
insight of stem-cell mediated regenerative mechanisms to 
develop a more efficient therapy on myocardium repair (87). 
There was also a study that showed mitochondria transfer 
can also happen between MSCs and vascular smooth muscle 
cells to result in upregulating MSCs proliferation that led 
to a great promise in treating ischemic cardiomyopathy (88).

Despite the underlying mechanisms of MSCs remained 
to fully elucidated, the cardioprotective effect had been well 
confirmed by the established preclinical and clinical studies 
as summarized in Table 2.

Tissue engineering as a promising strategy for 
the application of MSCs

The tipping point of CVDs is due to the damage to the 
heart muscle regardless of acute or chronic that caused the 
heart failure progression (99). The heart cannot repair and 
replace its damaged cells by its native processes because 
of the low cell turnover rate which accounts for 0.3–1% 
annually (100) and lead to scar tissue development over 
the damaged myocardium region. The scar tissue caused 
the heart organ becomes intact but not contractible (99). 
However, based on the earlier research, most of the studies 
are focusing on the transplantation of organ in treating 
CVDs (1). The ideal intervention that could apply clinically 
could be either scar-forming prevention or replacement 
of formed scar tissue with functional cardiac muscle tissue 
by using MSCs due to its properties of tissue regeneration 
as mentioned in Table 1 (1,99). This approach had faced 
some of the limitations towards its success in medical use 
due to death of the MSCs upon injection, MSCs exit from 
heart or weak cellular integration with the receiving tissue 
(101-103). Thus, in the aspect of regenerative medicine for 
CVDs, many studies were performed for cardiovascular 
regeneration through tissue engineering (104). Up to now, 
cardiac tissue engineering is still not mature and ready 
for a routine clinical application but the autologous and 
allogeneic ASCs like MSCs have found to be successfully 
used in cardiac therapy in the clinical trials (105). 
Therefore, tissue engineering innovations hold a promising 
strategy to shape the research direction to result in a more 
reliable treatment (106).

The purpose of tissue engineering is to fulfill the cell 
requirement for their survival in any surroundings and 
create the suitable cellular microenvironment through 

the use of acceptable materials (99). It has brought the life 
science toward the development of biological substitutes 
for the purpose of restoring, maintaining and improving 
tissue function (107). The construct of tissue engineering 
of MSCs is underpinned by three significant components 
including relevant selection of the cells, a biomaterial 
scaffolds for three-dimensional (3D) culture and presence of 
the appropriate signals to coordinate the tissue regeneration 
via biophysical cues and signaling molecules like chemical 
mediators (108). Hence, in this review, the molecular and 
biomaterial engineering for cardiac tissue engineering, 
which cover the fundamentals and applications aspects will 
be discussed and introduced.

Use of genome-editing tools [clustered regularly 
interspaced short palindromic repeats/caspase 
9 (CRISPR/Cas9) system]

Although MSCs possess various attractive properties that 
could be served as a regenerative medicine for CVDs as 
mentioned in Table 1, gene modification of MSCs can 
further improve its natural function in the aspects of tissue 
regeneration, organ-repairing and immunomodulation 
properties  (109).  Reprogramming the genome of 
MSCs could serve to augment the function of MSCs by 
upregulating or downregulating their desired genes to 
result in desired products production including pro- or 
anti-inflammatory chemokine or mediators in a controlled 
manner (110). In addition, foreign genes could also be 
introduced into the MSCs to modulate the therapeutic 
effects for specific applications by expressing non-native 
products (111). One of the limitations of the use of 
MSCs in treating CVDs is due to the low in vivo survival 
rate and integration rate after transplantation (25). In 
the physiological aspect, the use of therapeutic MSCs 
is to deliver to the site of injury under the condition of 
hypoxia which is sensitive to the MSCs due to the harsh 
local condition (112). Hence, by engineering the MSCs 
genetically could help to improve the survival as the survival 
rate of MSCs is especially essential in CVDs associated with 
damaged tissue under the condition of hypoxia including 
MI and stroke. The pro-survival strategy primarily targets 
the process of apoptosis by downregulating the elements 
that involved in apoptotic cascade or induction of pro-
survival genes such as SDF-1β and hypoxia-inducible 
factor-1α (HIF-1α) (113,114). The beneficial effects of 
HIF-1α-engineered MSCs could be seen by the studies in 
the trials of mouse myocardial ischemia model (115).
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Table 2 The preclinical and clinical studies of cardioprotective effects of MSCs

Studies Findings References

Preclinical studies

Transplantation of magnetically 
labelled MSCs in a MI induced swine 
model

The studies demonstrated the restorative effect of transplanted magnetically 
labelled MSCs with the regeneration of new myocardium and prevented the 
remodeling in MI swine model under a 2-month follow-up

(89)

Autologous MSCs showed reverse 
remodeling effect in swine model of 
chronic ischemic cardiomyopathy

BM-MSCs were safely delivered to the heart failure model. The size of 
myocardial infarct scar was reduced and thereby enhance the ventricular 
function by producing substantial structures and functional reverse remodeling

(90)

Investigation of route of administration 
of mesenchymal cells in canine model 
with acute MI: IC and trans endocardial 
delivery

The safety profile of TE electromechanical-guided delivery of BM-MSCs was 
investigated by comparing the IC delivery with TE. This result demonstrated that 
acute MI’s canine model showed an increase of vascularity and cardiac function. 
There was a greater functional improvement in treating MI via TE delivery of MSCs

(91) 

Application of autologous 
mesenchymal stromal cells showed the 
improvement of myocardial function in 
porcine model via direct injection

The study showed the safety and efficacy of autologous MSCs in chronic 
ischemia-induced large animal models with no side effects or abnormal cell 
proliferation. In addition, it showed the improvement of cardiac function, 
formation of new vessels (angiogenesis) also detected

(92)

Clinical studies

A phase I study of human MSCs 
delivered by a novel device to treat 
heart attack patients

The phase I study primarily focused on the assessment of the safety and 
feasibility of MSCs delivery using a novel device with patient with recent MI. 
The study used autologous MSCs with delivery devices such as specialized 
catheter system to deliver MSCs to damaged site of cardiac tissue

(93)

Effect of autologous MSCs on MI The study is designed in the manner of randomized, double-blinded, placebo-
controlled design. The status is completed. Patients with acute MI were 
assigned randomly to receive autologous MSCs or placebo via IC infusion 
which was directly delivered into coronary arteries. The results showed that 
there are some improvements in cardiac function and reduction in scar tissue, 
but overall results are not consistent

(94)

Study of injection of ex vivo-expanded 
autologous BM-MSCs in acute 
patients via intramyocardial injection

The study was a completed phase I clinical studies. The study was done by 
injecting MSCs to patients with MI by primary PCI. It has been shown that the 
injection of MSCs in acute MI patients is associated with the enhancement of 
neovascularization and myogenesis. The study also presented the safety and 
feasibility of using intramyocardial injection for MSCs transplantation as route 
of administration in patients shortly after acute MI had shown the safety profile 
up to 5-year follow up

(95)

Transplantation of MSCs to patients 
with ischemic cardiomyopathy via 
intramyocardial injection

This study was an early-phase clinical trial. A total of eight patients that 
suffer from LV dysfunction related to MI were injected intramyocardially with 
autologous BM-MSCs. The study showed that the patients have no observable 
side effects and improved regional contractility of a myocardial scar and 
reversing the remodeling effect

(96)

The precise trial of adipose-derived 
regenerative cells in patients with 
ischemic cardiomyopathy

The clinical trial was conducted with the first randomized, placebo-controlled, 
double-blind trial to investigate the transplantation of adipose-derived 
regenerative cells via TE injection in patients with ischemic cardiomyopathy. 
The results suggested that the adipose-derived regenerative cells may have the 
ability to preserve ventricular function, myocardial perfusion in the patients. The 
injection in patients was safe and feasible

(97)

MPCs served as adjunctive therapy 
in patients receiving the treatment of 
contemporary LVADs

This is a multicenter, double-blind, sham-procedure controlled preliminary trial 
that involved 30 patients. The study explores the strategy of injecting allogeneic 
MPCs along with the implantation of LVADs may lead to the myocardial 
recovery. The results showed that the administration of MPCs appeared to be 
safe with the potential signal of efficacy

(98)

MSC, mesenchymal stem cell; MI, myocardial infarction; BM-MSCs, bone marrow-derived MSCs; IC, intracoronary; TE, transendocardial; 
PCI, percutaneous coronary intervention; LV, left ventricular; MPC, mesenchymal precursor cell; LVAD, left ventricular assist device.
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Genetic modification or engineering of MSCs could be 
facilitated by the technology of CRISPR/Cas9. CRISPR 
is associated with a Cas9 nuclease complex along with a 
small guide RNA to produce a specific target break in the 
DNA sequence. Subsequently, a new sequence insertion 
could be done via homology-directed repair which served 
as correcting, inserting or silencing a specific gene (116). 
Hence, CRISPR/Cas9 was used for gene-editing of MSCs 
in order to result in desired therapeutic effects by enhancing 
its native gene or inserting a new gene (117).

Cell delivery and retention

There are a number of preclinical studies along with several 
clinical studies that evidenced the safety and feasibility 
of MSCs transplantation as the treatment of CVDs with 
various routes of delivery (118). Nevertheless, the low 
retention rate of MSCs is the common hurdle faced by all 
the existing routes of administration and delivery including 
systemic intravenous injection, intramyocardial injection, 
intracoronary injection as well as retrograde coronary 
venous injection (118,119). Cell retention is the fraction 
of MSCs retained in the damaged myocardium after 
transplantation in the time period ranging from minutes to 
days and played an important role in cardiac repair (120). 
As the advancement of tissue engineering application, the 
delivery of MSCs into the myocardium can be aided by 
using a suitable encapsulation biomaterials, microcapsule 
which consist of agarose, collagen, fibrin and dextran 
sulphate to provide long-term survival support (121). 

The microcapsule allows the mass transportation oxygen, 
growth factor and nutrients exchange optimally but the 
size is small enough to be delivered to the myocardium by 
offering a strong mechanical stability to protect the MSCs 
from constant tissue movement (121,122). According to 
Park et al., the study proposed that graphene oxide (GO) 
flakes could be used to serve as a protection of the MSCs 
from death mediated by reactive oxygen stress (ROS) and 
result in improving the therapeutic efficacy. The study 
also found that adherence of GO flakes to MSCs prior to 
the implantation facilitated the paracrine effects of MSCs 
which resulted in promoting restorative effect and cardiac 
tissue repair (123). Cell delivery vehicles such as fibrin 
glues (FG) would also enhance the attachment, growth 
and differentiation of MSCs and ultimately result in tissue 
formation within the injured tissues (124).

Biomaterial-based and biomimetic scaffold

As the possible attractive therapeutic effect of MSCs, 
cardiac tissue engineering is found to be able to facilitate 
the efficacy of MSCs by constructing bioartificial tissue that 
can be implanted into the patient body to provide support 
to the damaged heart tissue and restore function as shown 
in Figure 4 (125). A broad range of biomaterial strategies 
could be used for cardiac graft integration, remodeling, 
endogenous tissue regeneration by incorporating natural 
or synthetic polymer to mimic the tissue including 
cardiac patches, heart valves and vascular grafts (125,126). 
The biomaterials include chitosan, silk and alginate. 

Figure 4 Cardiac tissue engineering that facilitates the efficacy of MSCs. MSC, mesenchymal stem cell.
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The use of biodegradable polymeric scaffolds is always 
supplemented with biomolecules or protein to biomimics 
the cardiac extracellular matrix architecture as well as the 
biochemical composition to promote the integration and 
regeneration of the tissue. Besides the biocompatibility and 
biodegradability, the scaffold provided mechanical support 
to the regeneration with interconnected porous structures 
that allow nutrient and oxygen diffusion, cell migration and 
removal of waste (127).

According to a study by Kim et al., the scaffolds containing 
silicon dioxide associated with nanoparticles as tissue 
engineering may facilitate the MSCs growth by activating the 
extracellular regulated kinase 1/2 (ERK1/2) (128). Recently, 
cardiac patch-based therapeutics had drawn great attention 
as a strategy for cardiac regeneration. As study showed 
that MSCs that seeded with poly(ε-caprolactone) (PCL)/
gelatin (PG) nanofibrous patches found to have strong and 
sufficient mechanical support effect to induce angiogenesis 
which resulted in speeding up the cardiac repair meanwhile 
reducing the fibrosis in a MI-induced rat model after  
4 weeks of implantation (129). In addition, other study 
also demonstrated that radio-frequency plasma surface 
functionalized electrospun PCL fibers could serve as an 
appropriate matrix for BM-MSCs cardiac implantation in 
chronic MI rat model (130). The result showed that MSC-
patch animal models only experienced 6% of decreased EF 
after 4-week implantation compared to the decrease of 13% 
of EF in sham-treated animal models (130).

3D bio-printing

Despite the rapid advancement of technology, there are 
still challenges existing in terms of developing the tissue 
construct that mimics their native microenvironment. 
Hence, 3D bioprinting had emerged as an enabling 
technology to construct engineered tissue to allow the 
efficient exchange of oxygen and nutrients (131). The 
technique of 3D printing refers to the use of materials that 
are combined into 3D shape through a computer-controlled 
process (132).

Angiogenesis or microcirculatory vessels are the main 
factors that directly influenced cardiac tissue engineering 
as the vessels are essentially needed for nutrient demand 
and gas exchange. Hence, 3D-bioprinting requires the 
mixture of biomaterials, angiogenic factors such as bioink 
and cells along with multidisciplinary approaches. The 
combination of stem cell engineering and tissue fabrication 
for autologous blood vessels synergistically recapitulate the 

biological functions and mechanical properties of native 
vessels (133). Thick vascularized tissue could be produced 
by bioprinting using 3D cell-laden ink. Cell-laden ink 
comprises thrombin, fibrinogen, gelatin, transglutaminase 
and cell (1). The study had demonstrated that the 
integration of parenchyma, endothelium, and stroma 
into a single thick tissue to bio-print simultaneously with 
multiple inks that composed of MSCs and human neonatal 
dermal fibroblasts (hNDFs) subsequently lined with 
human umbilical vein endothelial cells (HUVECs) (134). 
The study showed that the constructed thick vascularized 
tissue demonstrated an active perfusion with growth factors 
which required for the differentiation of MSCs (134). 
This approach that used cell-laden ink compared to 
the study done by Kolesky et al. which used multiple-
cell laden, fugitive (vasculature) and ECM matrix ink to 
create vascularized tissue (thickness 1–2 mm) showed an 
improvement in physiological relevance with the thickness 
of more than 1 cm (135).

Challenges of using MSCs for cardiovascular 
regeneration

MSCs had offered the world a new hope in treating CVDs 
which had been proven by much of the research in terms of 
their feasibility, safety as well as efficacy. However, there are 
still some challenges that remain to be resolved (6). Some 
of the challenges discussed in this review article included 
the complexity and versatility of the sources of MSCs, low 
survival and retention rate of MSCs, route of administration 
as well as ethical and safety issues of MSCs.

Complexity and versatility of the source of MSCs

The variabilities in cell sources presented the problem of the 
use of MSCs has yet to be resolved (136). Different sources 
of MSCs showed different ability of differentiation and 
discrete immunoregulation effects in CVDs. According to 
the study, umbilical cord lining-derived MSCs (CL-MSCs), 
and adult BM-MSCs showed difference in the immunogenic 
profile and the capacity to respond to inflammatory stimuli 
as well as the suppression of allogeneic immune activation. 
CL-MSCs demonstrated a more beneficial immunogenic 
profile as well as immunosuppressive potential compared to 
BM-MSCs (137). Other comparative study also showed that 
CL-MSCs demonstrated a high proliferation and migration 
rates to prolong the survival of immunodeficient mice. It 
has the best characteristics to use as stem cell-based therapy 
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due to its hypo-immunogenic effect (138). In addition, there 
is no consensus in culturing MSCs which resulted in different 
therapeutic effects in CVDs (6). The culture condition would 
also affect the MSCs immunomodulatory (139). Hagmann 
et al. investigated that the choice of expansion medium 
showed an impact on the potential of differentiation ability, 
growth and expression of surface markers of MSCs (140). 
Culture conditioned with growth factors such as FGF-2 
showed an increase in the proliferation of MSCs (141).

Low retention and survival rate of MSCs and  
in vitro expansion efficacy

The successfulness of transplantation of the MSCs in the 
graft site as well as the ability of MSCs to survive contribute 
to the exertion of MSCs’ therapeutic effects to treat CVDs. 
However, there are researches reported the retention 
rate of stem cell is low as aforementioned and the hostile 
ischemic environment would affect the immunogenicity 
of transplanted MSCs (121). Even though there is a lot 
of literature supporting that the use of MSCs in animal 
studies that have shown cardiac function improvement 
and cardiac recovery, the problems and challenges arose 
when translated into clinical application (142,143). Some 
of the clinical studies also reported some convincing data 
that there is no significant improvement following the 
MSCs treatment. This might be contributed by the weak 
retention and survival rate of MSCs after implantation (121). 
It has been known that there will be a massive cell loss 
upon the implantation due to wash out of the small cells 
during microcirculation into the punctured microvascular 
network as a result of tissue’s contractile nature (102). The 
continuous movement of the tissues in our body would also 
impair the cell attachment and integration to the host tissue 
which eventually lead to the progressively cell death (144). 
Hence, microencapsulation of the MSCs with alginate-
poly-L-lysine-alginate (APA) or other biomaterial such as 
neuregulin-1 could improve the survival and retention rate 
of the MSCs in therapeutic use (145,146).

In vitro expansion efficacy played a role in using MSCs 
as therapeutic agent for CVDs to obtain enough cells to 
serve as cellular therapy. However, spontaneous senescence 
of the MSCs limited the death of cells and had become 
one of the problems in the expansion efficacy (6). To date, 
the understanding of the cellular senescence of MSCs is 
still lacking due to the fact that senescence of MSCs is so 
heterogeneous with different phenotypic markers. Hence, 
for the use of MSCs in therapy, a well-established method 

to generate a large population of the MSCs is needed (147). 
Studies showed that by introducing of human telomerase 
reverse transcriptase (hTERT) gene into MSCs would 
result in substantial multiplication of the lifespan of MSCs 
meanwhile preserving the normal karyotype and elongation 
of telomere without affecting the ability of MSCs to 
differentiate (148).

Route of administration

The availability of the route of administration of MSCs 
including intravenous, intracoronary, intramyocardial (149). 
Direct intramyocardial injection has been commonly used 
as a route of cell administration for cellular cardiomyopathy. 
However, the study demonstrated that this route could 
cause rapid loss of the implanted cell from the contracting 
of the myocardium as well as the washout (102). Intravenous 
administration of MSCs was known to be the least invasive 
method among the others. However, the feasibility of 
this method relies on the homing signals of MSCs to the 
infarcted area after acute MI (149). Intravenous method is 
not preferable for treating CVDs as the preclinical studies 
had reported the low cell retention of MSCs within the 
heart after the implantation and the lungs would trap 
most of the injected cells. On the other hand, direct left 
ventricular cavity infusion could facilitate the migration 
and colonization of the MSCs to the ischemic myocardium. 
Intracoronary administration is a preferred technique 
that has been used extensively due to it has the potential 
to distribute the cells homogeneously to the targeted 
myocardium (150). However, this method is unsuitable 
when there is an occlusion of inflow arteries as the occlusion 
would decrease the blood flow that caused ischemia leading 
to arrhythmia (91,151). Hence, more extensive research is 
needed to optimize the best approach of administration of 
candidate MSCs to ensure the therapeutic effects of MSCs.

Ethical and safety issue of MSCs

MSCs are not really bound to ethical issues as compared 
to ESCs as the isolation does not involve any sacrifice of 
any life form (152,153). Nevertheless, the ethical issues 
will still arise if it involves the genetic modification of 
MSCs and causes a greater challenge towards the clinical 
setting (154). Unmodified MSCs confronted with the issue 
of standardization deficiency that caused discrepancy of 
therapeutic effects which lead to the modification of MSCs. 
Nevertheless, careful monitoring of random genomic 
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integration in hosts is still needed as random integration 
would result in critical genomic dysfunction and potential 
to mutate the gene that caused malignancies (155). 
Therefore, this would affect the social acceptance towards 
the genetically modified MSCs.

Additionally, the safety issue of MSCs is yet to be elucidated 
completely. Despite a lot of the clinical applications had 
demonstrated that the MSCs shown the benefit in therapy 
for CVDs, but the ability of the MSCs to promote the tumor 
growth and metastasis due to their potential to suppress anti-
tumor response and angiogenesis raised the concerns in the 
aspect of regenerative medicine (156). MSCs that undergo 
unwanted differentiation may also intensify the malignant 
disease by bridging the gap between neo-angiogenesis 
and anti-tumor response to modulate the tumor growth 
(156,157). There are studies showing that MSCs could 
increase tumor growth. According to a study, the findings 
suggested that MSCs could favor the growth of tumor  
in vivo when the mice is injected together with the 
tumor cell and MSCs (158). The immunomodulatory 
characteristics of MSCs cause the MSCs to migrate to the 
primary tumor and promote tumor growth (156). According 
to the study done by Ljujic et al., human MSCs could home 
themselves to the tumor site and promote tumor growth 
in metastatic breast cancer mice. It is due to human MSCs 
being able to stimulate the production of T helper (Th)2 
cytokine which resulted in developing metastatic tumor 
by increasing CD4+Foxp3+ regulatory T (Treg) cells (159). 
Study also suggested that co-culturing of T cells with 
MSCs could result in the decrease production of cytokine 
including IFN-γ, IL-1α, and tumor necrosis factor-alpha 
(TNF-α) but increase Th2 cytokines such as IL-10, IL-5, 
and IL-13. This had confirmed the fact the MSCs could 
promote tumor growth by creating an immunosuppressive 
microenvironment (160).

In addition, recent reports questioned the transdifferentiation 
of MSCs after injected into myocardium rather than its 
proposed therapeutic benefits (161). MSCs have the potential 
of unwanted differentiation into undesired tissues including 
cartilage and bone. The study reported that encapsulated 
structures were observed in the infarcted area of the 
damaged heart in mice models that were injected with 
MSCs associated with calcification or ossifications (162). 
However, some of the studies also demonstrated that there 
is no evidence for arrhythmogenic and tumorigenic risk 
after extensive preclinical and clinical studies. Hence, more 
research should be carried out to validate the safety of 
MSCs (163).

Possible solutions to overcome the challenges

It has been known that the outcome of MSCs therapeutic 
intervention is strongly relied on the delivery of MSCs 
to the desired site. However, the current available routes 
of administration of the cell products including the most 
preferred method, intramyocardial injection, gave a very 
inefficient results due to poor engraftment of the cells 
(164,165). Thus, the use of MSCs as a promising treatment 
must be accompanied by developing suitable approaches 
to locate the cell products to desired site and survive after 
transplantation. In order to address the issues, the area of 
nanomedicine could be applied to maximize the efficacy 
of MSCs treatment by directing the cell products to 
injured area. A promising study by Cheng et al. used iron 
nanoparticles conjugated with two types of antibodies which 
further developed into magnetic bifunctional cell engager 
(MagBICE) to accurately direct the cell products to the 
injured site to treat acute MI mouse model. The technology 
applied was highly generalizable for regenerative medicine 
which include molecular targeting and non-invasive 
imaging all in just one small particles (166). Another 
animal studies by Chang et al. demonstrated the use of 
ultrasound-mediated microbubble destruction combined 
with intracoronary transplantation showed an increase in 
the homing efficiency of BM-MSCs with the promising 
outcome of having more BM-MSCs to differentiate into 
cardiomyocytes and thereby improved the cardiac function 
in (71). Both studies mentioned above required further 
extensive investigation to proceed the preclinical studies to 
clinical studies.

Another major challenge for the survival of MSCs 
transplantation is the harsh microenvironment of the 
damaged host tissue such as oxidative stress and scarcity 
of nutrients that lead to the cell death (167). The success 
outcome of transplanted MSCs primarily depends on the 
hypoxia-induced proapoptotic signaling mediated by Toll-
like receptor (TLR4) and pro-survival pathways such as Akt 
(168,169). Hence, these signaling pathways and molecules 
can be used as targets for genetic modification of MSCs to 
increase its survival and proliferation rate. A recent study 
by Cai et al. has designed a novel delivery system for MSCs 
transplantation self-assembling peptide (SAP) modified with 
pro-survival peptide, glutamine-histidine-arginine-glutamic 
acid-aspartic acid-glycine-serine (QHREDGS). The study 
was tested on the MSCs cultured with the modified SAP 
(SAP-MSCs) and was found out that the modified SAP 
increased the proliferation of MSCs and markedly decreased 
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apoptosis when exposed to oxygen and glucose deprivation 
meanwhile increase the level of phosphorylated Akt. The 
results were very promising in rat models that injected with 
SAP-MSCs which significantly improved cardiac function 
and reduced infarct size (170).

Genetic modification of MSCs is also one of the 
approaches to improve the survival of MSCs. Study by 
Brewster et al. reported a promising result by knocking 
out TLR4 gene in MSCs. The study showed that the 
survival of TLR4-knockout MSCs was greatly improved 
after hypoxic injury due to the Akt pathway signal was 
increased and thereby resulted in cardioprotection (171). 
Research has shown that the miRNA, miRNA-133a, which 
abundantly expressed in cardiac muscle, is down regulated 
in the patients that suffered with MI (172). Hence, miRNA-
133a could be the novel therapeutic target as research also 
found that it plays a role in attenuating fibrosis, cardiac 
remodeling and preventing cardiac hypertrophy (173,174). 
Study by Dakhlallah et al. reprogrammed MSCs using 
double-stranded oligonucleuotides, miRNA-mimics 
via transfection. miRNA-133a transfected MSCs were 
transplanted into rat models subjected to MI was found to 
markedly improve cell engraftment and reduce fibrosis. In 
terms of molecular level, the quantitative reverse transcriptase 
polymerase chain reaction (qRT-PCR) data had shown the 
reduction in the proapoptotic gene, Apaf-1, Cas3, and Cas9 
which significantly enhance the survival of transplanted 
MSCs (175). Hence, genetically modified MSCs with 
certain miRNAs may elicit multiple promising therapeutic 
effects and it is worthwhile to study extensively to enhance 
the efficacy of MSCs transplantation.

Numerous studies have also explored the in vitro exposure 
of MSCs to pharmacological agents, cytokines, and growth 
factors. A pharmacological agent, trimetazidine, has been 
extensively studied. An in vitro study by Gong et al. found 
that MSCs cultured with trimetazidine had shown a 
reduction in apoptosis via Akt pathway activation (176). 
Another preclinical study had also proven the therapeutic 
effect of MSCs cultured with trimetazidine found to improve 
the cardiac function and reduce infarct size when treated in 
rat model via intramyocardial administration (177). Other 
pharmacological agents such as nicorandil, melatonin 
and angiotensin II are also found to increase the survival 
of MSCs and thereby improve the efficacy of stem cell 
treatment (178-180). Growth factors such as IGF-1 
is one of the essential paracrine factors for MSCs and 
contributing to the role of MSCs to exert its therapeutic 
effects (181). IGF-1 is also known to suppress the 

expression of inflammation cytokines TNF-α, IL-1β, and 
IL-6 (182). A preclinical study by Guo et al. reported the 
transplantation of MSCs that pretreated with IGF-1 found 
to decrease the production of inflammatory cytokines as 
mentioned above in peri-MI area and increased the survival 
rate of engrafted cells in ischemic heart (183). Hence, 
preconditioning of MSCs with growth factors or cytokine is 
another solution that is worthwhile to explore to make cell 
therapy feasible in the future.

Future directions

To date, there are large number of studies from preclinical 
and early clinical phase trials that elucidate the potential 
therapeutic effects of MSCs therapy in CVDs. However, 
given that the low retention and survival rate of MSCs had 
greatly affected the long-term efficacy of the treatment. 
Genetic modification via bioengineering and pretreatment 
of the MSCs might be the future of MSCs therapy that 
hold a greater promising result to address the lifespan 
of MSCs in host body and contribute to the result of 
permanent regenerative medicine. The research paradigm 
has shifted toward to enhance the MSCs therapy via 
pretreatment with various types of factors and genetic 
engineering despite there is still lack of clinical translation 
to date. Hence, more extensive research is needed to bring 
forward the study into a clinical translation setting in the 
near future. As for genetic modification of MSCs, the 
choice of vectors used, and the technique of transfection 
must be studied extensively to minimize the destruction 
of MSCs. Furthermore, the data also showed that there 
are only approximately 1–10% stem cells injected either 
in myocardium or coronary arteries that remain in 
the heart after 2 hours due to the movement of MSCs 
through myocardial veins and lymphatic vessels (184). 
Thus, research in the near future should not just focus on 
the survival of MSCs but meanwhile techniques such as 
nanoparticles and cardiac patches should also be applied 
to facilitate the cell engraftment in the site of damaged 
heart (185). A more sophisticated and sensitive imaging 
techniques such as computed tomography (CT) and 
magnetic resonance imaging (MRI) could be employed to 
perform analysis on the clinical efficacy of MSCs therapy 
in CVD patients to measure the changes in terms of the 
size of infarcted area and left ventricular EF (LVEF) (154). 
Additionally, both imaging techniques are essentially 
needed to detect the target area for MSCs therapy and 
thereby potentially to serve as a reference to design a more 
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appropriate cell delivery method. The versality of MSCs 
needs to be addressed by standardizing and optimizing 
the cell selection based on easy harvesting and ready to be 
expanded ex vivo in large scale. In-quality control such as 
selection of donors, handling medicine, use of cell banks 
and cryopreservation are needed to ensure a homogeneous 
manufacturing of MSCs and the safety and efficacy of the 
use of cell products (186). The effect of different sources 
of MSCs, autologous or allogenic, must be investigated to 
make sure the source of MSCs does not affect the beneficial 
effects of MSCs therapy in ischemic cardiomyopathy 
patients. As of now, there are only two early phase clinical 
trials, POSEIDON (163) and POSEIDON DCM (187), 
were found to compare the effectiveness of autologous and 
allogenic sources of MSCs in ischemic heart failure and 
dilated cardiomyopathy. More supporting data and third 
phase clinical results are needed to fully elucidate the source 
of MSCs. Lastly, more clinical data and long-term research 
are needed to evident the safety of MSCs, addressing the 
appropriate dosage of cell products to elicit the maximum 
therapeutic effects in patients with the least adverse effect. 
The future of MSCs treatment is summarized in Table 3 
in the manner of SWOT analysis (strengths, weaknesses, 

opportunities, and threats).

Conclusions and prospects

MSCs therapy is an exciting, emerging and dynamic 
area in regenerative medicine with full potential in 
recovering CVDs which is the primary factor of death 
worldwide. MSCs have gained a great attention and 
consideration due to its advantages of wide range of 
sources, can be isolated easily as well as variety properties 
including cardiomyogenesis, immunomodulatory and 
anti-inflammatory, anti-fibrosis and neovascularization. 
Furthermore, there are also promising results from the 
preclinical and clinical studies reported MSCs could 
improve the cardiac function and recovery, reverse the 
remodeling effect which contributed by the migration 
of MSCs to infarcted area, lowering the response of 
inflammation, differentiate into cardiomyocytes, reduce 
fibrosis and new blood vessels formation.

Even though there is a large number of supporting 
data from preclinical and clinical studies showing the 
effectiveness, therapeutic benefits and safety of the use of 
MSCs, the exact mechanism of action of the application of 

Table 3 SWOT analysis summarizing the future of MSCs treatment

Strengths Weaknesses Opportunities Threats

(I) Regenerative potential: 
the multipotency nature 
of MSCs which gives the 
ability to differentiate into 
variety range of cell lineage 
including cardiac cell (188)

(I) Limited 
differentiation: 
MSCs lose their 
differentiation potential 
and exhibit changes 
in terms of their 
morphology if culture 
in long-term (189)

(I) AI in MSCs treatment: use of 
AI to aid in the understanding 
of molecular characteristics of 
MSCs such as protein sequences, 
molecular structure of the proteins, 
binding stability between cell 
receptors and ligands (190)

(I) Regulatory hurdles: the regulatory 
path is the key factor that affects the 
speed of translation MSCs treatment into 
clinical settings. Successful translation 
requires a comprehensive understanding 
of the hurdles at the early stages of 
development such as cell culture, 
manipulation, processed cells or cells 
used in a heterologous manner (191)

(II) Minimal ethical concern: 
lack of ethical issues and 
have great advantages over 
ESCs (192)

(II) Engraftment and 
survival: minimal long-
term engraftment 
which persists for 
limited time due to 
immune clearance 
from host (193)

(II) Personalized medicine: 
by targeting and genetically 
engineered cellular therapy 
particular specific to disease state 
of the individuals which applied to 
different pathologies (194)

(II) Clinical efficacy and long-term safety: 
lack of efficacy data for long-term follow 
up. MSCs may promote metastasis 
through angiogenesis due to their 
differentiation capacity into endothelial 
cells (156)

(III) Relatively non-invasive: 
the application of MSCs as 
therapeutic treatment with 
minimal invasive procedure 
such as intradermal 
injection (192)

(III) Combined therapies: the 
therapeutic effect of MSCs could 
be further enhanced by bioactive 
molecules such as tamoxifen or 
chloroquine to achieve better 
immunoregulatory properties (195)

SWOT, strengths, weaknesses, opportunities, and threats; MSC, mesenchymal stem cell; AI, artificial intelligence; ESC, embryonic stem 
cell.
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MSCs in treating CVDs is yet to be fully elucidated. More 
research on studying the mechanism of action is needed. 
However, with the advancement of science and technology, 
MSCs-based tissue engineering had been further developed 
to develop the therapeutic effects, survival as well homing 
efficiency of MSCs by modulating the microstructure of 
biomaterials to allow MSCs to be applied in medicine 
practically.

Tissue engineering technologies such as tissue scaffold 
and 3D bioprinting allowed the researcher to engineer the 
heart tissue which showed encouraging findings, however 
the translation into clinical setting is still required. Despite 
the advantages, there are still limitations and challenges 
faced using MSCs in terms of identification of MSCs 
due to its complexity and versatility, the low survival and 
retention rate of the MSCs, the effectiveness in the route 
of administration as well as the ethical and safety issues of 
MSCs.

Considering that MSCs had been frequently used as 
human remedy but the concern of MSCs may promote 
tumor growth and metastasis, more studies should focus 
on long-term monitoring of MSCs-treated animals to 
determine other detrimental effects of long-term use 
of MSCs. Besides that, the optimization of the route of 
administration approach is needed to result in the best 
therapeutic effects of MSCs and cause minimal invasiveness 
to the patients. Furthermore, improving the understanding 
of the biology and the properties of different types of 
MSCs derived from different sources could help in refining 
the capacity of MSCs to promote cardiac repair. Further 
research could be done on the investigation of the synergy 
effects of combining therapeutic MSCs with other cell 
types like macrophages or CSCs to improve the therapeutic 
effects (196,197). Although there are limitations and 
challenges in using MSCs, it is still a future promising 
therapy in treating CVDs with continuously optimizing the 
approaches to make it feasible.
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