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ABSTRACT

Purpose: Cardiac pathologies remain a dominant
cause of morbidity and mortality within the
community. The drive to develop therapies capable of
repairing damaged heart tissue to achieve clinically
significant restoration of function has motivated the
pursuit of novel approaches such as cell therapy. To
this end, evidence of therapeutic benefits achieved by
using mesenchymal stem cells (MSCs) has captured
considerable interest despite a relative lack of
information regarding the mechanisms involved. This
narrative review synthesizes and interprets the current
literature describing mechanisms by which MSCs can
elicit cardiac repair, thereby directing attention to
avenues of further inquiry.

Methods: OVID versions of MEDLINE and
EMBASE were searched for studies describing the
role of MSCs in mammalian cardiac repair.
Additional studies were sourced from the reference
lists of relevant articles and other personal files.

Findings: MSCs elicit cardiac repair in a range of
in vitro systems and animal models of diseases such
as myocardial infarction and heart failure. Important
mechanisms include the preservation of myocardial
contractility, the promotion of angiogenesis, and the
modulation of fibrosis. Exposing in vitro MSCs to a
microenvironment reflective of that encountered in
the injured heart seems to potentiate these therapeutic
mechanisms.

Implications: Promising results in animal studies
warrant continuation of clinical MSC cardiac therapy
studies. Paracrine functions of MSCs seem to be the
dominant mechanism of cardiac repair over direct
cellular effects. Although integral, the MSC secretome
remains poorly defined. In addition, most of the
mechanistic data within the literature have been
1880
derived from animal MSC research, necessitating
more human MSC-based work. (Clin Ther.
2020;42:1880e1891) © 2020 Elsevier Inc.

Key words: cardiac repair, mesenchymal stem cells,
regenerative medicine, repair mechanisms.
INTRODUCTION
Despite a downtrend in the prevalence of
cardiovascular disease since the 1960s, its population
burden remains substantial and is threatening to
worsen as the global obesity epidemic continues to
evolve.1 Central to the issue of treating established
cardiac pathology is the mammalian heart's
inherently poor capacity to regenerate after injury.
The physician's toolkit is currently bereft of therapies
capable of inducing clinically significant cardiac
repair. For this reason, the field of regenerative
cardiovascular medicine, which features both cellular
and exogenous factor-based therapies, remains of
great interest to clinicians and scientists alike.
Although a plethora of stem and progenitor-like cells
have been studied in a range of cardiac
indications,2e6 conflicting data and controversy have
impeded progress.7,8

Adult mesenchymal stem cells (MSCs) have emerged
as promising candidates for cardiac cell therapy. First
formally described by Friedenstein in 1970,9 MSCs
are multipotent stromal cells with unlimited self-
renewal capacity that can be classified according to
origin and differentiation potential. Stroma of bone
marrow, adipose tissue, muscle, and dental pulp are
© 2020 Elsevier Inc.
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all rich MSC sources.10 Furthermore, MSC-like cells
have been directly isolated from adult and embryonic
hearts of both mice and humans.11,12 MSCs exhibit
source-specific surface marker expression, which
characterizes their differentiation potential and
immunomodulatory capacity.13 MSCs are capable of
differentiating both in vitro and in vivo into
mesenchymal lineages, including fibroblasts, vascular
endothelial cells, osteoblasts, chondrocytes, and
adipocytes.14 Although originally believed to have
cardiomyocyte differentiation capacity, this view has
now been questioned (discussed later).15 MSCs also
exhibit broadly described immunomodulatory effects
while not innately being immunosuppressive.16e19

This topic falls beyond the scope of the present
review but has shown benefit in the heart after
injury.20 Furthermore, autologous nongenetically
modified MSCs offer the advantage of mitigating
graft rejection given their lack of immunogenic
foreign antigens.21 MSCs are easily cultured
in vitro,22 giving rise to relative ease of manufacture
scalability.23 For these reasons, MSCs have been
thoroughly investigated as a source of therapy for
cardiac repair.

The goal of the present review was to synthesize and
interpret current data regarding the mechanisms
underpinning MSC-mediated cardiac repair in a
number of disease states. This involves critical analysis
of unresolved controversies within the field and their
relevant implications, as well as the identification of
knowledge gaps that necessitate further research.
MATERIALS AND METHODS
In this narrative review, OVID versions of MEDLINE
(1946 through to April 2020, week 1) and EMBASE
(1947 through to 2020, week 14) were searched for
relevant full-text articles and abstracts using the
terms “Heart,” “cardiac,” “Mesenchymal Stem Cells,”
“mesenchymal stem cell,” “msc_,” “mesenchymal
stromal cell,” and “medicinal signalling cell.” In
addition, the reference lists of relevant articles and
other personal files were scanned for further studies.
Studies that were not based on the interaction
between MSCs and the mammalian heart or its
constituent cells in normal or pathological states were
excluded.
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RESULTS AND DISCUSSION
Current State-of-the-Art in Cell Therapy for
Myocardial Repair

The concept of therapeutically boosting the heart's
intrinsically limited regenerative capacity to elicit
clinically relevant myocardial repair was promoted
by multiple reports24,25 (including a retracted study
by Kajstura et al26) describing adult human
cardiomyocyte turnover and the presence of
endogenous cardiac stem cells (CSCs). During the
mid-2000s, a number of different adult stem/
progenitor-like cells, including MSCs,3 bone
marrowederived stem cells,2 and cardiac resident
cells (including Sca-1+5,27 and c-Kit+28 expressing
cells and cardiosphere-derived cells29), were reported
to confer benefit in rodent models of myocardial
disease. These promising preclinical data resulted in
escalation of cardiac cell therapy to early-phase
clinical trials, many of which had inadequate
randomization, lack of control groups, and other
methodologic flaws.30 Subsequent progression of
various cardiac cell therapies to larger randomized
controlled trials has consistently yielded marginal
therapeutic benefit despite providing satisfactory
safety profiles.6,31,32

The use of adult stem/progenitor cell therapy for
myocardial repair is currently at a crossroads. Some
proponents suggest that repeated cell dosing protocols
in human studies may provide a way forward.33

However, the stark inability to translate preclinical
efficacy to clinical trials requires closer scrutiny before
further resources and funding are dedicated to future
trials. Pluripotent stem cells have recently emerged as a
leading candidate for regenerative cardiac cell therapy
owing to their capacity to divide indefinitely and
differentiate into nearly any mature cell type, including
cardiomyocytes. In contrast, reproducible and robust
differentiation into cardiomyocytes has been a
significant hurdle for adult stem/progenitor-like cells.
Pluripotent stem cellederived cardiomyocytes have
provided functionally relevant remuscularization of
infarcted myocardium in numerous large animal
models.34e38 However, given the history of adult stem/
progenitor-like cell therapy trials, it will be essential to
address remaining issues such as arrhythmogenicity in
clinically relevant preclinical models to facilitate safe
and effective clinical translation.
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Reasons for the discrepancy in efficacy between
preclinical studies and subsequent human trials of
cardiac cell therapy are likely multifactorial. The
excitement generated by data from rodent models
saw rapid escalation to clinical trials, resulting in a
paucity of information from preclinical studies using
clinically relevant large animal models. This is
significant because considerable differences in heart
rate, coronary architecture, myocardial mechanical
properties, and capillary density between the rodent
and human heart limit the potential to extrapolate
data from rodent studies. Using large animal models
also offers the advantage of being able to use the
same imaging modalities as used for humans, which
produces similar measures and outcome parameters.
In addition, species-specific differences in stem or
progenitor cell gene expression may also limit the
relevance of animal models.39,40 Another barrier to
efficacy in human studies is poor engraftment and
retention of cells41,42 due to ineffective delivery route,
the harsh microenvironment elicited by ischemia-
reperfusion injury,43 and mechanical factors such as
blood flow and movement of the beating heart.44 A
strong correlation between cell engraftment and long-
term benefit has been observed for multiple cell
types,44e46 which highlights the need to improve
retention. Repeated cell dosing is a potential strategy
but would increase risk associated with invasive
intramyocardial or intracoronary delivery
approaches. An alternative approach currently being
developed is encapsulation of cells within
biomaterials such as hydrogels47,48 and patches.49,50

Future Potential of Cardiac MSC Therapy
The disappointing performance of a number of

cardiac stem and progenitor cell types in clinical
trials has justifiably raised concerns regarding the
escalation of MSCs to human studies. However,
MSCs offer several properties that may enable them
to overcome the lack of translation that has plagued
other cell types. In fact, recent meta-reviews of early
clinical trials suggest MSCs provide benefit in both
acute51 and chronic52 myocardial disease states.
MSCs are unique in that they can be harvested from
readily accessible sites such as peripheral blood,53

adipose,54 and bone marrow.55 This makes MSCs a
prime candidate for autologous transplant, which is
significant given that allogeneic cardiac cell transfer is
associated with immunogenicity.56,57 Furthermore,
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unlike other stem and progenitor cell types, MSCs
have a broadly described immunomodulatory
phenotype that may contribute to establishing a more
pro-regenerative myocardial microenvironment after
injury. For instance, human-induced pluripotent stem
cellederived MSCs were shown to activate regulatory
T cells and suppress the number of proinflammatory
cells in a porcine model of heart failure.20 In this
context, escalation of MSC therapy for myocardial
repair to larger scale randomized controlled trials
may be warranted. However, a clear lesson from
trials on other cell types is that the potential
overarching mechanism of reparative effects must be
kept in mind.

Can MSCs Improve Contractile Function by Direct
Cardiomyocyte Differentiation?

The potential for human MSCs to differentiate into
functional adult mammalian cardiomyocytes capable
of restoring myocardial contractility remains
controversial (Figure 1). Myogenic cells were first
differentiated from rat bone marrowederived MSCs
exposed to 5-azacytidine.58 A subsequent study
described a low rate of rat bone marrowederived
MSC differentiation into cardiomyocyte-like cells
expressing cardiac markers such as cardiac troponin
T, a-cardiac actin, connexin-43, and Mef-2c.59 Over
time, MSC differentiation strategies evolved to
involve a range of agents, including 5-azacytidine,58

bone morphogenetic protein,60,61 and angiotensin
II.62 Co-culture protocols in which MSCs were
directly exposed to primary cardiomyocytes63,64 and
ventricular myocardium65 were also used. Although
providing a more physiologically relevant means for
differentiation, co-culture methods make
identification of initial input MSCs difficult without
the use of indelible genetic tags and confocal
microscopy.66 Encouraged by documented in vitro
plasticity, rodent studies were performed, appearing
to effect successful cardiac repair after systemic or
local delivery of MSCs.67,68 However, initial attempts
to elicit cardiomyogenic differentiation of human
MSCs were unsuccessful.69 This failure was
attributed to multiple technical factors, including 5-
azacytidine cytotoxicity, the use of primitive isolation
methods such as plastic adherence, and a tendency
for human MSCs to lose multipotency during ex vivo
expansion.70 Improved understanding of the
microenvironment conducive to cardiomyogenic
Volume 42 Number 10



Figure 1. Mesenchymal stem cell (MSC) cardioprotective effects were initially attributed to differentiation into
cardiomyocyte-like cells but have more recently been attributed to the MSC secretome. After the initial
description of MSC myogenic differentiation (left panel), emphasis was placed on the capacity of
MSCs to differentiate into cardiomyocyte-like cells (middle panel) and the relevant implications for
management of cardiac pathologies. However, the therapeutic significance of MSC-derived car-
diomyocyte-like cells has since been heavily disputed (right panel). The past decade has seen the
research focus instead become directed toward the cardioprotective mechanismeelicited elements of
the MSC secretome (right panel). BM-MSC ¼ bone marrowederived mesenchymal stem cell.
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differentiation of MSCs has prompted protocol
refinement, with one group recently reporting
aggregate-based differentiation of first-trimester
human umbilical cord perivascular cells into clusters
of synchronously contracting cardiomyocyte-like
cells.71 However, despite this finding, the current
sentiment remains that human MSCs are not able to
differentiate into bona fide adult cardiomyocytes and
that their role in mediating cardiac repair is largely
though paracrine actions on newly injured tissue.15

What MSC Paracrine Effects Could Improve
Cardiomyocyte Function?

Given a relative lack of direct cardiomyocyte
differentiation potential, protection of injured
October 2020
cardiomyocytes has been deemed a key mechanism
by which MSCs can promote improved myocardial
contractile function. Co-culture with bone
marrowederived MSCs enhances survival among
H9C2 cardiomyocytes exposed to ischemia-
reperfusion injury.72 This antiapoptotic effect is at
least partially attributable to the formation of
tunneling nanotubes and subsequent mitochondrial
transfer between MSCs and cardiomyocytes.72 This
has been recognized as a common mechanism of
tissue repair elicited by MSCs across a number of
organ systems. Evidence supporting a paracrine
antiapoptotic role for MSCs includes the visualization
of 50- to 100-nm exosomes secreted by human
embryonic stem cellederived MSCs in culture
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medium.73 Lai et al73 elegantly described a direct
cardioprotective role for MSC-derived exosomes by
fractionating them away from the rest of the MSC
secretome, delivering them to an ex vivo murine
myocardial ischemia-reperfusion model, and
reporting significantly decreased myocardial
infarction. MSCs also can regulate apoptosis via
oxygen-dependent ubiquitylation of the alpha
regulatory subunit of hypoxia-inducible factor-
1a(HIF-1a).74 HIF-1a is inhibited in the low-oxygen
bone marrow microenvironment, and hypoxia-
preconditioned murine MSCs display high HIF-1a
activity. This is associated with upregulation of
antiapoptotic proteins such as phosphorylated Akt,
an important regulator of phosphatidylinositol 3-
kinaseemediated cell survival.75 Murine MSCs
overexpressing Akt exhibit enhanced antiapoptotic
capacity through paracrine secretion of secreted
frizzled related protein-2, which upregulates b-catenin
in hypoxic cardiomyocytes and thereby mimics
canonical Wnt signalling.76

Consistent with these proposed antiapoptotic
signaling mechanisms, intramyocardial delivery of
MSCs overexpressing Akt into ischemic rat hearts
produced a cell numberedependent improvement in
infarct volume as well as systolic and diastolic
function.67 Although the MSC secretome seems to serve
a number of important antiapoptotic functions in the
injured heart, comprehensively profiling it has remained
elusive due to technical limitations such as dependence
on antibody availability in ELISAs, as well as the
relative insensitivity of gel-based assays impairing
detection of MSC factors secreted in low quantities.
Newly developed direct immunofluorescence assays
using quantum dots offer higher sensitivity and may
therefore allow for a more complete assessment of
in vivo MSC paracrine secretions. Once possible,
screening the MSC secretome to identify the
components that confer the greatest therapeutic benefit
in different cardiac pathologies would provide a logical
direction for further investigation.

Do MSC Interactions With Endogenous Cardiac
Progenitors Modulate Cardiac Function?

MSCs also interact with a population of c-kit+ cells
in the mammalian heart that were previously believed
to represent endogenous adult CSCs. The concept of
an adult CSC population capable of differentiating
into cardiomyocytes (and therefore potentially
1884
regenerating injured myocardium) arose following
reports that adult hematopoietic2,77 and epithelial78

stem cells could self-renew and differentiate into
mature cardiac cell types, including cardiomyocytes.
Investigators used well-established adult
hematopoietic stem cell surface markers such as Sca-1
and c-kit to identify endogenous CSCs in the
mammalian heart and used cell culture and lineage
mapping techniques to observe these cells fusing with
and differentiating into cardiomyocytes.79,80

However, multiple independent laboratories have
recently used Cre recombinase-dependent lineage
mapping to show that, in the adult heart,
differentiation of c-kit+ cells into cardiomyocytes
occurs extremely rarely81e84 and, in fact, pales into
insignificance compared with the physiological rate of
cardiomyocyte turnover.85 The majority of new adult
cardiomyocytes are believed to differentiate from pre-
existing cardiomyocytes, and the predominant fate of
Sca-1+ and c-kit+ cells in the heart seems to be
endothelial,82 which is not surprising given these
markers were originally recognized in hematopoietic
stem cells. Therefore, although it was previously
hypothesized that MSCs could facilitate myocardial
regeneration by expanding an endogenous CSC
population and strengthening its commitment to the
cardiomyocyte lineage, this no longer seems likely.

The interaction between MSCs and c-kit+ cells in the
heart involves both direct contact and paracrine
actions. Hatzistergos et al86 observed the formation
of N-cadherin mechanical connections and connexin-
43 gap junctions between MSCs and c-kit+ cells in
the infarcted swine heart. Interestingly, this
interaction was not only associated with a 20-fold
expansion of cardiac c-kit+ cells but also a 6-fold
increase in the number of cells expressing GATA-4,
which is a transcription factor expressed by adult
cardiomyocytes.86 Cardiac c-kit+ cells can also
become activated in response to components of the
MSC secretome such as insulin-like growth factor
and fibroblast growth factor,87 and undergo
migration according to hepatocyte growth factor
(HGF) gradients established by MSCs.88 However, a
murine myocardial infarction study with a
randomized controlled design found that MSCs do
not result in expansion of the cardiomyocyte pool.89

It thus follows that despite MSCs being capable of
inducing c-kit+ cell proliferation in the heart, any
associated therapeutic effect is unlikely to be
Volume 42 Number 10
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attributed to the production of a functionally
significant number of new cardiomyocytes. Given
that the overwhelming majority of cardiac c-kit+ cells
differentiate into endothelial cells,82 it is indeed
plausible that MSC-mediated mobilization of the
cardiac c-kit+ population yields benefit through
angiogenesis.

Does MSC-Induced Angiogenesis Contribute to
Improved Cardiac Function?

MSCs express a variety of angiogenic paracrine
factors that can facilitate revascularization of injured
myocardium by inducing endothelial cell survival,
proliferation, and migration. Human MSCs
conditioned in normal atmospheric oxygen levels
(21% oxygen) do not increase expression of
angiogenic factors such as vascular endothelial
growth factor (VEGF).90 However, given that the
tissues from which MSCs are generally extracted are
relatively hypoxic, preconditioning MSCs in low-
oxygen environments (2%e7% oxygen) in vitro
enables more accurate emulation of their natural
microenvironment. Real-time polymerase chain
reaction analysis showed that hypoxic pretreatment
(2%e7% oxygen) of rat MSCs upregulated HIF-1a
expression91 and increased transcription of HIF-
1aeresponsive angiogenic factors fibroblast growth
factor and VEGF by 2- to 8-fold and 10- to 20-fold,
respectively. Furthermore, murine MSCs
preconditioned with inflammatory mediator
transforming growth factor-a (TGF-a) were shown to
increase VEGF expression by 30% through a
mitogen-activated protein kinaseemediated
pathway.92 Therefore, the low-oxygen and
proinflammatory microenvironment of injured
myocardium is likely to potentiate MSC secretion of
angiogenic factors. Intramyocardial delivery of MSCs
into a canine model of chronic myocardial ischemia
significantly increased vascular density and was
associated with a 5% absolute increase in left
ventricular ejection fraction (LVEF) after 30 days
compared with control-treated animals, who
experienced a 9% decrease in LVEF.93

The CD146+ CD34e subpopulation of MSCs has
potential to differentiate into vascular smooth muscle
cells (vSMCs) and pericytes, enabling them to
support endothelial cells during angiogenesis.94

Contact-dependent TGF-b activation is a common
driver of MSC differentiation into both vSMCs and
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pericytes. Differentiation into vSMCs is believed to
involve a TGF-b/ALK signaling mechanism that is
deficient in disease states such as hereditary
hemorrhagic telangiectasia.95 Interestingly, human
cardiac MSC-like cells injected directly into the
infarcted rat heart directly induced host
vasculogenesis, and this action was associated with
improved left ventricular function.96 Furthermore,
bovine MSCs exposed to platelet-derived growth
factor (PDGF) gradients produced by endothelial cells
in culture differentiate into spindle-shaped cells
resembling vSMCs and undergo migration toward
the endothelial cells.97 Collectively, these data
indicate that MSCs may respond to endothelial TGF-
b in a concentration-dependent nature or that MSC
differentiation is directed by TGF-b acting in
conjunction with other factors (eg, PDGF).

Some MSCs also have the capacity to differentiate
into endothelial-like cells during neovascularization
of injured myocardium. Endothelial-like cells derived
from human bone marrowederived MSCs cultured
in the presence of VEGF express the endothelial
markers KDR and VEGF receptor-1 and form
capillary-like structures, supporting their angiogenic
role in infarcted tissue.98 A separate in vitro study in
which MSCs were cultured in endothelial growth
medium and exposed to shear forces found that
differentiated cells lacked expression of the
endothelial markers platelet endothelial cell adhesion
molecule 1 (PECAM-1) or kinase insert domain
receptor (KDR),99 which was possibly attributable to
lower growth medium VEGF content. However, the
endothelial-like cells still exhibited typical endothelial
morphology and gene expression profile, and formed
a capillary network in three-dimensional culture in
in vivo conditions,99 indicating that they were still
able to participate in neovascularization. A possible
explanation for this phenomenon may be that MSCs
produce functional hybrid endothelial-like cells
through ROCK-actin/myosin pathway-dependent
fusion or entosis with resident cells.100

Is Modulation of Fibrosis Responsible for MSC-
Derived Cardiac Improvement?

MSCs exhibit extracellular matrix (ECM)-protective
effects during the early reparative response to tissue
injury, preventing extensive degradation of intact
ECM. Human MSCs exposed to proinflammatory
cytokines IL-1b and soluble TNF-a in vitro abrogate
1885
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matrix metalloproteinase (MMP) activity by
expressing tissue inhibitor of metalloproteinase
(TIMP).101 MSC secretion of TIMP reduced MMP-
mediated degradation of the ECM components such
as fibronectin, type IV collagen, and laminin-5,
preventing an increase in human endothelial cell tube
permeability. Although a topic of uncertainty,
inflammatory mediator-induced MSC upregulation of
TIMP may occur through nuclear factor kB signaling,
given that the nuclear factor kB inhibitor IkB kinase-
b was shown to impair human MSC antifibrotic
signaling in response to binding IL-1ba.102

During the fibrotic phase of myocardial repair,
MSCs modulate the deposition of new ECM through
the secretion of antifibrotic paracrine factors. In vitro
data suggest that rat MSC-conditioned medium
reduces cardiac fibroblast viability by 30% and
impairs differentiation of cardiac fibroblasts into
myofibroblasts, resulting in significantly reduced
deposition of type I and type III collagen fibers.103

Rats administered intramyocardial bone
Figure 2. Key mechanisms of cardiac repair elicited by m
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marrowederived MSCs 4 weeks after receiving
isoproterenol-induced global heart failure upregulated
antifibrotic factor HGF, strongly correlating with
reduced type I and III collagen expression,104 and
indicating the possible involvement of an HGF-
mediated mechanism. Furthermore, TGF-
bestimulated rat MSCs significantly reduced murine
vocal fold fibroblast type I and III collagen
production and increased MMP-1 expression relative
to a noneTGF-betreated MSC group,105 indicating
that inflammatory mediators such as TGF-b may
potentiate the MSC antifibrotic response. Moreover,
given that type I collagen accumulation reduces MSC
expression of VEGF,106 MSC antifibrotic mechanisms
may indirectly facilitate angiogenesis by removing
suppression of VEGF. The functional significance of
the antifibrotic action of MSCs in the heart was
highlighted by increased LVEF after 2 weeks and a
15% reduction in ventricular fibrosis sustained after
2 months in a murine postinfarct heart failure model
administered with intramyocardial MSCs.103
esenchymal stem cells (MSCs).
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CONCLUSIONS
Despite new insights into mechanisms involved, the use
of MSCs remains a promising potential therapeutic
approach to elicit cardiac repair in pathologic states.
MSCs facilitate cardiac repair through 3 broad
effects: (1) maintenance of myocardial contractility;
(2) induction and potentiation of angiogenesis; and
(3) modulation of fibrosis (Figure 2). Mechanisms
such as MSC differentiation into mature adult
cardiomyocytes as well as MSC-directed expansion
and differentiation of endogenous CSCs into
cardiomyocytes were historically favored but now
seem less plausible; rather, much of the MSC
cardioprotective role seems to arise from paracrine
secretion and direct contact with local cells within the
heart. Furthermore, the efficacy of MSCs as
mediators of cardiac repair can be enhanced by
emulating the microenvironment of the injured heart
by preconditioning MSCs in the presence of low-
oxygen conditions and inflammatory mediators such
as TGF-b. This should be taken into consideration
during the future development of MSC-based
therapeutic protocols. Remaining challenges include
comprehensively evaluating the entire MSC secretome
in the injured heart microenvironment and
developing a detailed understanding of relevant
downstream intracellular signaling pathways. In
contrast to some other cardiac stem/progenitor cell
therapies, MSCs have shown more consistent promise
at the level of early-phase clinical trials. Cardiac
MSC therapy therefore merits escalation to larger
scale randomized controlled trials.
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