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Platelet-derived growth factors (PDGFs) are powerful inducers of cellular mitosis,
migration, angiogenesis, and matrix modulation that play pivotal roles in the
development, homeostasis, and healing of cardiac tissues. PDGFs are key signaling
molecules and important drug targets in the treatment of cardiovascular disease as
multiple researchers have shown that delivery of recombinant PDGF ligands during
or after myocardial infarction can reduce mortality and improve cardiac function
in both rodents and porcine models. The mechanism involved cannot be easily
elucidated due to the complexity of PDGF regulatory activities, crosstalk with other
protein tyrosine kinase activators, and diversity of the pathological milieu. This review
outlines the possible roles of PDGF ligands A and B in the healing of cardiac tissues
including reduced cell death, improved vascularization, and improved extracellular
matrix remodeling to improve cardiac architecture and function after acute myocardial
injury. This review may highlight the use of recombinant PDGF-A and PDGF-B as a
potential therapeutic modality in the treatment of cardiac injury.

Keywords: platelet-derived growth factors (PDGF), myocardial infarction, cardiac function, matrix remodeling,
angiogenesis

OVERVIEW OF THE MYOCARDIAL INFARCTION PATHOLOGY

Cardiovascular disease (CVD) is the leading cause of human death globally. Development of CVD
depends on pathological changes in the vascular wall, including endothelium damage, intimal
inflammation, vascular wall thickening by smooth muscle cell (SMC), and fibroblast activation, as
well as deposition of calcium and adipose tissue in the vascular wall (Libby and Theroux, 2005).
Cellular changes are mediated by humoral factors secreted by the inflammatory and activated
or damaged cells, generating a milieu that supports the development of atherosclerosis and
vascular pathologies. Myocardial infarction (MI) is one of the major CVD events with substantial
morbidity and mortality. Following an MI, cardiomyocytes die in large numbers in the area of
“ischemic attack,” and the area is repaired by fibrotic scar tissue as the postnatal cardiomyocytes in
mammalians possess extremely limited regenerative capacity (Mahmoud et al., 2014).

The level of scar tissue formation and subsequent cardiac function recovery are dependent
on a number of factors: (1) The size of the initial ischemic area dictated by the location of the
blockage, collateral circulation, health of the microcirculation, and timing of the revascularization
treatments (Bax et al., 2003). A larger area of infarct in patients with poorer collateral circulation
and microvascular health (in diabetes, for example) leads to greater loss of tissue architecture (Bax
et al., 2003; Adel and Nammas, 2010). (2) Infarct expansion dictated by the immune response to
the injury. Overreactive immune response after MI may lead to extensive infarct expansion and
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worsened cardiac function outcomes (Weisman and Healy,
1987). (3) Remodeling of the scar area in accordance with
extracellular matrix reconstitution and to a minor extent, if at all,
cardiomyocyte regeneration (Ramos et al., 2018).

OVERVIEW OF THE EFFECT OF PDGF
ON CARDIAC TISSUE

By far, the most effective treatment for acute MI has been
surgical revascularization, such as stent and bypass surgeries
to restore blood supply and use of anticoagulants that prevent
total occlusion of the vasculature. Stem cell treatments, especially
those involving mesenchymal stem cells (MSCs), have been
attempted with the intent to regenerate myocardium and
improve cardiac tissue structure. Numerous animal and clinical
trials have been conducted with minimally positive results in
cardiomyocyte regeneration. However, improvement of cardiac
function is seen in most of the trials that is thought to be
attributable to the trophic benefit of the injected MSCs. The
trophic effect of the MSCs alludes to the fact that cytokines
or growth factors may provide similar benefits for MI without
the complexity of cell delivery associated with cell culture
inconsistencies and donor disparities. Indeed, many cytokines
have shown their positive functions in animal models (White
and Chong, 2020), but only a few were trialed in humans with
the most recognized ones being the VEGF treatments (Taimeh
et al., 2013; Mohl et al., 2015; Yla-Herttuala et al., 2017; White
and Chong, 2020).

The authors of this review have been involved in animal
research of platelet-derived growth factor (PDGF)-AB treatments
in MI for many years. Overall experiences have been positive
with promising outcomes seen in both rodent and porcine
experiments. In a recent study by the Chong Laboratory,
recombinant human (rh) PDGF-AB promoted cardiac wound
repair by altering the mechanisms of scar formation of the
infarcted area in a porcine model of myocardial ischemia–
reperfusion. The randomized trial used 36 pigs subjected to a
sham procedure or balloon occlusion of the coronary artery with
a 7-day intravenous infusion of rhPDGF-AB. One-month post-
MI, the survival rate of the pigs improved by 40% compared
with the vehicle-treated group due to decreased ventricular
arrhythmias as shown by the Holter monitor. Overall cardiac
function was improved, presumably by the improved matrix
configuration in the infarct area. This study provides insights into
the potential clinical application of rhPDGF-AB as an adjunct to
current MI treatments (Thavapalachandran et al., 2020).

This observation is supported by recent studies in rodents
by our group using systemic delivery of PDGF-AB via jugular
catheter connected to a minipump to the myocardial infarcted
mice, which has shown improvements in cardiac anatomy
and function similar to the porcine study. In addition,
echocardiograms have shown a reduction in end-systolic and
diastolic dimensions and scar size (Asli et al., 2017). PDGF
deliveries using methods of direct intramyocardial injection,
slow deliveries using nanofiber or fibrin gel implantation have
also produced improved cardiac repair with differences in

ligand isotypes and their delivery approaches producing diverse
outcomes (Xaymardan et al., 2004; Zheng et al., 2004; Hsieh et al.,
2006a; Awada et al., 2015; Table 1).

In addition to cardiac treatments, PDGF ligands have been
investigated for their potential role in bone fracture healing in
osteoporotic or diabetic animals (Al-Zube et al., 2009; Graham
et al., 2009). Exogenous PDGF-BB has been used to treat non-
healing ulcers in humans (Mustoe et al., 1994; Pierce et al.,
1995). Topical application of PDGF-BB was reported to accelerate
the rate of wound healing in both normal and ischemic full-
thickness skin wounds, as well as burn wounds (Travis et al., 2014;
Gowda et al., 2015), shortening the duration of wound healing
with reduced wound contraction (Ehrlich and Freedman, 2002).
Improved alveolar bone and periodontal ligament regeneration
was possible when used on the patients with periodontitis as
reviewed (Khoshkam et al., 2015). The applications also include
worrying aspects that the PDGF and other growth factors are
increasingly being used in the unregulated areas of cosmetics as
wrinkle reduction measure without safety assessments (no peer
data available).

PDGF ligands and receptors are essential for revascularization
and stromal cell activation required for wound healing.
Conversely, as mitogens, potent stimulators of mesenchymal cell
angiogenesis, the PDGF/Rs are implicated in many pathological
processes such as atherosclerosis, fibrosis, and tumorigenesis
(Hoch and Soriano, 2003; Ostman, 2004; Olson and Soriano,
2009; Kong et al., 2014; He et al., 2015; Appiah-Kubi et al.,
2016; Wang et al., 2016; Klinkhammer et al., 2018; Bottrell
et al., 2019; Roehlen et al., 2020; Table 2). Search involving
PDGF receptors and cardiac diseases rendered 68 types of cardiac
diseases associated with PDGFRα and 106 types with associated
PDGFRβ1. The dichotomy calls for controlled studies on the
pharmacodynamic, long-term effect of the ligands before clinical
application is implemented.

In this review, we attempt to elucidate the roles of PDGF
signaling in the prevention of cell death, improvement of
vascularity, and a potential role in myocardial regeneration as
well as matrix remodeling. The focus is on the PDGF-A and B
ligands and their receptors α and β in cardiac repair. Aberrant
signaling of PDGF in pathological conditions is also covered
although to a lesser extent due the scope of this review.

ROLE OF PLATELET-DERIVED GROWTH
FACTOR IN CARDIAC INJURY MODELS

Platelet-Derived Growth Factor and
Platelet-Derived Growth Factor
Receptors
PDGFs are a group of multifunctional proteins that play key roles
in the processes of embryonic development, organogenesis, and
formation of blood vessels (Betsholtz, 1995; Hoch and Soriano,
2003). PDGF consists of four polypeptide chains, namely, the
PDGF-A, PDGF-B, PDGF-C, and PDGF-D, which form four

1https://platform.opentargets.org/target/ENSG00000134853?view=sec:
known_drug
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TABLE 1 | Publications reporting exogenous platelet-derived growth factor (PDGF)/platelet-derived growth factor receptor (PDGFR) recombinant protein or antibody
treatment in cardiac injury.

Treatment types Model and species Outcome

PDGF-AB combined with VEGF and angiopoietin-2
(Xaymardan et al., 2004)

Rat acute myocardial infarction (MI); intramyocardial
injection

Improved cardiac function; increased survival of
ear–heart transplant

PDGF-AB combined with BMC (Xaymardan et al.,
2004)

Rat acute MI; intramyocardial injection Improved cardiac function; increased survival of
transplanted bone marrow cells

PDGF-AB (Thavapalachandran et al., 2020) Porcine infarct reperfusion; intravenous continuous
delivery via minipump for 7 days

Improved mortality and cardiac function; vascularity
and matrix architecture

PDGF-AB (Asli et al., 2019) Mice cute infarct intravenous continuous delivery
via minipump for 5 days

Improved angiogenesis, reduced scar size, and
cardiac function

PDGF-BB (Hsieh et al., 2006a) Rat MI; self-assembling peptide nanofibers bearing
ligand, sustained release for 14 days

Improved mortality and cardiac function

PDGF-A and PDGF-D (Zhao et al., 2011) Rat with left ventricular anterior transmural MI via
ligation of left coronary artery

Enhanced PDGF-A and D during angiogenesis,
inflammatory and fibrogenesis response

VEGF and PDGF (Awada et al., 2015) Myocardial injection of factors in fibrin gel Improvement in cardiac function, ventricular wall
thickness, angiogenesis, cardiac muscle survival

Neutralizing antibodies to PDGFRα and PDGFRβ

(Zymek et al., 2006)
Mouse model of ischemic reperfusion; daily
injection of anti-PDGFRα and anti-PDGFRβ

antibodies

Anti-PDGFRα caused reduction in collagen
deposition; anti-PDGFRβ caused reduction of
angiogenesis

TABLE 2 | Examples of publications reporting effects of endogenous/transgenic PDGF/PDGFR overexpression.

Treatment types Model and species Outcome

Pdgfa and Pdgfb overexpression (Gallini et al.,
2016a)

Transgenic insertion of PDGFs under α-myosin
heavy chain (α-MHC) promoter in embryos

Pdgfa resulted in severe fibrosis, increase in cardiac
size leading to lethal cardiac failure soon after birth.
Pdgfb led to focal fibrosis and moderate cardiac
hypertrophy

Pdgfa, Pdgfb, Pdgfc and, Pdgfd overexpression
(Gallini et al., 2016a)

Intramyocardial delivery of Pdgf isoforms using
adenoviral vector in adult mice

Varied reactions observed: Pdgfa and c resulting in
small scars, while Pdgfb results in extensive
scarring

PDGF-C overexpression (Ponten et al., 2003) Transgenic insertion of PDGF-C under α-MHC
promoter in embryonic and adult mice

Cardiac fibroblast proliferation, deposition of
collagen, hypertrophy, vascular defects, and the
presence of Anitschkow cells in the adult
myocardium

PDGF-D overexpression (Ponten et al., 2005) Transgenic insertion under α-MHC promoter Dilated cardiomyopathy and subsequent cardiac
failure

homodimers including PDGF-AA, PDGF-BB, PDGF-CC, and
PDGF-DD and one heterodimer, PDGF-AB (Li et al., 2000;
Bergsten et al., 2001; Kazlauskas, 2017; Yue et al., 2019).

These PDGF ligands exert their functions by binding to
two types of receptors (Figure 1) that are usually localized
to connective tissue cells. PDGFα and β belong to class III
receptor tyrosine kinase (RTK) and have different expression
patterns and physiological roles. The extracellular region of the
receptor consists of five immunoglobulin-like domains that bind
to ligands, while the intracellular part is a tyrosine kinase domain
for downstream transduction. Downstream signal transduction
pathways include phosphatidylinositol 2 kinase, MAPK, PI3K,
Src family kinases, and phospholipase Cγ (Valius and Kazlauskas,
1993; Chiariello et al., 2001).

The PDGF ligands help maintain homeostasis and remain
relatively dormant and tightly controlled in adult tissues
with transient enhancement of expression occurring during
wound healing. Dysregulation of these processes leads to
pathologies such as fibrosis and cancer (Ostman, 2004;
Olson and Soriano, 2009).

PDGF ligands are extremely stable molecules even in 100◦C
heat and varied pH conditions (Antoniades et al., 1979) and, thus,
presumably suitable for sustained delivery.

PDGFRα

PDGFRα is expressed by widely distributed non-
vascular interstitial fibroblasts (Ivey and Tallquist, 2016;
Sebastiao et al., 2018) including a subpopulation of cells
marking enriched MSC populations in all organs/tissues
(Farahani and Xaymardan, 2015; Ivey and Tallquist, 2016).
Detailed single-cell RNA (scRNA) analysis has shown that while
the PDGFRα cells in the mouse hearts are mostly fibroblastic
in nature, a small population co-expresses endothelial marker
CD31, and a further minor population co-expresses macrophage
markers. Both CD31 and macrophage marker expressions in
PDGFRα cells are upregulated in post-MI hearts at day 3 and
day 7 (Farbehi et al., 2019), although it is unclear whether this is
due to transdifferentiation or an influx of cells from elsewhere
(Souders et al., 2009). It is accepted that cardiac PDGFRα cells
are derived either from the mesoderm via the proepicardial organ
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FIGURE 1 | Schematic depiction of platelet-derived growth factor (PDGF)/platelet-derived growth factor receptor (PDGFR) types, interactions and ligand functions in
cellular survival, proliferation, migration, and ECM deposition. The lighter arrows represent weaker binding of ligand to the receptor, while the darker arrows show
high-affinity receptor binding (Gallini et al., 2016b). This sketch was generated with BioRender.com.

(Soriano, 1997; Chong et al., 2011; Smith et al., 2011) or the
neural crest (Tallquist and Soriano, 2003). During homeostasis,
they play a supportive role to the parenchymal cells of the tissues
and stay relatively dormant. In pathology, PDGFRα signaling
including reactivation of epicardium promotes angiogenesis and
extracellular remodeling to restore tissue integrity and tensile
strength (Horikawa et al., 2015; Quijada et al., 2020).

In mouse hearts, over 70% of the PDGFRα cells are positive for
SCA1 (Houlihan et al., 2012), which contains a rare population of
cardiac CFU-F-forming cells or so-called MSCs, while the SCA1
negative population does not give rise to CFU-F (Chong et al.,
2011). These cells migrate from the epicardial organ at E9.5 in
mouse embryos and reside in the type VI collagen matrix outside
of the vascular structure (Munoz-Chapuli et al., 2002; Chong
et al., 2011). They are negative for, or low in, PDGFRβ and other
pericyte markers (Santini et al., 2020; Figure 2). Pdgfrα is also
expressed in the cardiomyogenic progenitors in the lateral plate
mesoderm in embryos prior to heart tube formation (Bloomekatz
et al., 2017; Yoon et al., 2018), later diminishing with only a small
population of NKX2.5-positive myocytes co-expressing PDGFRα

in the right atrial area in embryonic day 8.5 in mice (Prall
et al., 2007). PDGFRα-positive cardiomyocyte progenitors may
exist in small numbers in adult human hearts, and whether or
not this can contribute to the repair of myocardium following
injury is unknown (Chong et al., 2013). In embryos, patch
deletion of Pdgfrα leads to cardiac defects, including enlarged
hearts and septum defects, as well as epicardial malformation,

resulting in early embryonic lethality in mice (Orr-Urtreger et al.,
1992; Soriano, 1997; Bax et al., 2010). In adult injury models,
PPDGFRα cells are thought to mainly give rise to myofibroblasts
and lipofibroblasts as reported in models of pulmonary injury (Li
et al., 2018) and myofibroblast in cardiac injury model (Asli et al.,
2019). The differentiated myofibroblasts express a lower level of
PDGFRα tested by scRNA or flow cytometer, respectively.

PDGFRβ

PDGFRβ is expressed in the cardiac pericytes, which are
predominantly found at vascular locations (Figure 2). The
expression and phosphorylation of Pdgfrβ in cardiomyocytes
increase dramatically in response to pressure overload stress
(Chintalgattu et al., 2010; Yue et al., 2019). Pdgfrβ knockout
produces embryonic lethality due to hemorrhage from vascular
malformation due to impaired pericytes and/or defects in
hemopoiesis. Inactivation of PDGFRβ signaling leads to
cardiac abnormalities, including ventricular septal defects,
late embryonic ventricular dilation, lack of coronary vascular
SMCs, myocardial hypertrabeculation, and hemorrhage
(Hellstrom et al., 1999; Bjarnegard et al., 2004; Mellgren et al.,
2008). Cardiomyocyte-specific inducible deletion of Pdgfrβ
(PdgfrβNkxcre) in embryos, however, do not exhibit remarkable
malformation, but when deleted in adults, the mice develop
severe ventricular dilation and heart failure in response to
pressure overload with a possible mechanism of impaired
activation of Akt and MAPK pathways (Chintalgattu et al., 2010).
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FIGURE 2 | PDGFRα and PDGFRβ expression in the healthy cardiac tissue of
a PdgfrαGFP mouse. PDGFRα+ (green, PdgfrαGFP ) cells are located in the
area of non-vascular interstitium, while PDGFRβ (red, antibody staining
against PDGFRβ) is expressed in the pericytes surrounding the endothelium
(pink, immunostaining of CD31).

In recent scRNA studies in adult injuries, PDGFRβ is found in
circulating fibrocytes and myofibroblasts in kidney fibrosis and
myofibroblasts in lung injury models (Kramann et al., 2018;
Li et al., 2018).

PDGF-A
Protein is encoded by the PDGF-A gene, which encodes for
PDGF-A and VEGF. PDGF-A is proteolytically cleaved to form
a subunit and either homodimerize or heterodimerize with the
B subunit. PDGF-AA is widely expressed in the embryonic and
postnatal tissues including the heart with knockout producing
embryonic lethality (Andrae et al., 2014). PDGF-AA acts mostly
in a paracrine signaling manner post-gastrulation, interacting
with PDGFRα in embryos where the ligand is expressed in
endoderm or ectoderm and the receptor predominantly in
mesoderm (Bloomekatz et al., 2017). In adults, the ligand is
frequently found in the epithelium or endothelium. In the
normal adult heart, PDGF-A is shown to be expressed in the
interstitial cells where the receptor-positive cells reside, and
the level of PDGF-A is significantly increased following MI
(Zhao et al., 2011).

PDGF-B
Protein is encoded and proteolytically cleaved similar to
the A subunit. This ligand is the only PDGF that binds
to all three receptor combinations with high affinity and
is required for normal proliferation and recruitment of
pericytes and vascular SMCs. Knockout embryos develop septum
defects, underdeveloped valvular structure, abnormal cardiac
innervation, and hypoplastic compact myocardium largely
similar to cases of Pdgfrβ deletion; Pdgfrβ knockout embryos also

die from hemorrhage due to the lack of pericyte lining of the
blood vessels (Leveen et al., 1994; Van den Akker et al., 2008).

Pdgfa/rα and Pdgfb/rβ Signaling May Have Distinct
Functions in Development and Adult Homeostasis
and Pathology
It is believed that Pdgfa/rα and Pdgfb/rβ can cross-activate
each other and may have overlapping functions. However,
the “overlap” is perhaps partial at best, as mutation of one
fails to be compensated by the other during development.
Deletion of Pdgfa/rα and Pdgfb/rβ present non-identical
developmental malformations. This evidence indicates a lineage
independence of Pdgfa/Pdgfrα and Pdgfb/Pdgfrβ signaling.
The lack of compensatory offset also indicates that both
autocrine and paracrine signaling processes are important in
this ligand/receptor interaction. For example, autocrine signaling
activation is necessary in early embryos or in pathological
states where more homogenous tissue expansion is prioritized,
and paracrine signaling may come into play for the organized
interactions between diverse cell types to aid in migration and
differentiation (Palmieri et al., 1992).

Upregulation of both receptors and PDGF-B is noted at
day 7 in a mouse ischemic reperfusion model, with blockage
of the PDGFRβ causing leaky blood vessels, while blocking
the PDGFRα significantly decreases collagen deposition in the
infarct, both impairing healing (Zymek et al., 2006). Single-
cell analysis at day-7 post-MI has shown involvement of
the interstitial cells in PDGF ligand secretion, the cell types
including endothelial, fibroblast, immune, and mural cells.
The interaction of the ligands with their own receptors and
receptors that mediate various cellular activities is illustrated in
Figure 3, demonstrating the targeting of interstitial cell types that
contribute to angiogenesis, collagen deposition, cell proliferation,
and mural cell regulations (Farbehi et al., 2019; Figure 3).

PDGF-C and D
PDGF-C and D are synthesized and secreted as latent growth
factors, which require proteolytic removal of the N-terminal
CUB domain for receptor binding. The C and D ligands only
form homodimers. C and D ligands work through the dimerized
receptors α and β similar to ligands A and B. However, they
differ from A and B ligands in their molecular structures with
longer pro-sequences that include a large N-terminal CUB
domain, and the relative hydrophilicity of these ligands may
make them less flexible and have shorter binding duration for
receptors compared with A and B ligands, which in turn produce
a differed effect of the PDGF signaling cascade, as reviewed
(Fredriksson et al., 2004; Chen et al., 2013). Pdgfc−/− mice
display cleft palate and craniofacial malformation (Ding et al.,
2000), while Pdgfd−/− mice present mild vascular abnormality
and disorganized NG2+ pericytes, their offspring are born
generally healthy and enjoy a normal lifespan (Gladh et al., 2016).

ROLES IN ANTI-APOPTOSIS

Reducing myocardial cell death following an ischemic insult
is desirable and is currently the most effective treatment
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FIGURE 3 | Tree plot showing signaling networks of PDGF-A and B ligands and receptors α and β at day 7 post-MI. Cardiac interstitial cells shown at the top layer of
this graph secrete PDGF-A/B, which interacts directly with the α and β receptor-presenting cells shown at the bottom layer. These data was derived from a
publication by Farbehi et al. (2019). The analysis did not show significant changes in C and D ligands post-MI in this model.

available in developed countries where most patients receive
percutaneous angioplasties to reduce the duration of ischemia
and prevent further cell death (Castellani et al., 2010) but
not without complications (Hausenloy and Yellon, 2013;
Davidson et al., 2019).

PDGF is a principal survival factor that inhibits apoptosis
and promotes proliferation (Harrington et al., 1994). As
the mechanisms of cell proliferation and differentiation are
intrinsically linked to the process of apoptosis, the default of
proliferating cells is to die unless specific survival signals are
provided (Harrington et al., 1994). PDGF roles in anti-apoptosis
have been linked to activation of cMyc and Ras/PIK13 pathways
(Romashkova and Makarov, 1999) in cancer cells and indeed
cardiomyocytes (Hsieh et al., 2006a).

In rodents, delivery of PDGF-AB via direct myocardial
injection 24 h prior to MI or co-injection with VEGF and
angiopoietin-2 at the time of coronary occlusion was able
to suppress acute myocardial cell death by >50%, thereby
reducing the extent of MI by providing a cardioprotective benefit
(Xaymardan et al., 2004).

PDGF-BB was tested on the resistance of apoptotic induction
in engineered tissue from neonatal rat cardiomyocytes. The
treated hearts were at least partially protected from caspase-
3-induced apoptosis (Vantler et al., 2010). Peptide nanofibers
(NF) with PDGF-BB injected into the myocardium ensured a
sustained release of the PDGF-BB after coronary occlusion in
the rats, which dramatically decreased caspase-3 activation after
1 day, reducing apoptosis in a dose-dependent manner. It was
demonstrated that the activation of Akt in the myocardium
is induced by injection of NF/PDGF-BB, showing that this

strategy induces survival signaling in the myocardium in vivo
(Hsieh et al., 2006a).

Impaired PDGFRα pathways lead to apoptosis in relevant
tissues. Pdgfrα deletion in embryos resulted in apoptosis in
the receptor-expressing tissue, contributing to malformation
of the embryos (Qian et al., 2017). Similarly, conditional
deletion of Pdgfrα caused mesenchyme apoptosis and urorectal
developmental anomalies in mice (Qian et al., 2019).

PDGFRβ signaling is important for cardioprotection as shown
in the aortic constriction model where PDGFRβ was upregulated
and phosphorylated in response to stress. Conditional knockout
of Pdgfrβ (PdgfrβNkx2.5cre) leads to ventricular dilation with age
and severe heart failure upon induction of pressure overload.
AKT/ERB signaling pathways were also indicted in these
experiments (Chintalgattu et al., 2010). The protective effect of
the PDGF may be dose dependent as shown in cultured vascular
MSCs; the increased dose of PDGF-BB induced apoptosis via
bcl2 upregulation or inactivation of BAD (Okura et al., 1998;
Zhou et al., 2000).

Overall, the anti-apoptotic properties of the PDGFRα

and PDGFRβ are reasonably clear. While the ligands and
receptors play a certain role in earlier embryonic cardiac
development, the mechanism may largely be dependent on
epi/endocardial induction. The cardiomyocyte expression
of these factors cannot be entirely ruled out and may
be minimal. PDGF-B and PDGFRβ signaling, on the
other hand, seems to be more profoundly involved in
the anti-apoptotic function of these factors, achieving
cardioprotection through a specific downstream signaling
pathway dictated by AKT/ERB.
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ROLE IN TARGETING ANGIOGENESIS

The majority of cardiac disorders stem from vascular dysfunction
and poor perfusion. The problem further deteriorates after MI,
where cardiac hypertrophy and fibrosis cause a further decrease
in vascularity to cellularity ratio, worsening perfusion deficit of
the cardiac tissue. Encouraging angiogenesis pre- or post-MI will
help protect cardiomyocytes from further apoptosis and improve
the microenvironment for cellular functions of the heart.

PDGF/R are well-accepted vasculogenic and angiogenic
promoters by either direct participation in vascular assembly
by α/β receptor-presenting cells or by providing migratory
cytokines and extracellular matrix support for vessel formation.
Pdgfrα-positive cells contribute early embryonic endothelial cells
in the lateral plate mesoderm (Ding et al., 2013). In adults,
Cre-induced Pdgfrα knockout suppressed neovascularized areas
in implanted sponge presumably through suppression of the
wound matrix assembly (Horikawa et al., 2015). PDGFRβ is
involved in an assembly of principle vascular cell types, the
endothelium, SMA, and pericytes to form blood vessels in many
organs of embryos (Hellstrom et al., 1999). PDGF-BB is a major
mitogen for vascular endothelial cells and are involved in pericyte
recruitment, which also can directly stimulate endothelial cell
proliferation in vitro as well as in embryonic chorioallantoic
(Battegay et al., 1994; De Marchis et al., 2002) and vascular
growth in hind limb ischemia model in adult mice (Brown
et al., 1995). Injection of PDGF-BB into rabbit myocardium was
shown to indirectly stimulate angiogenesis by increasing VEGF
protein production (Affleck et al., 2002). Conversely, Pdgfb-
deficient mice endothelium unable to recruit pericytes, thus, form
microaneurysm (Lindahl et al., 1997).

Both PDGFRα and β are expressed in the culture endothelial
cells (Lee et al., 2013) and newly formed blood vessels
in mouse cornea (Cao et al., 2002). Minor populations of
cardiac endothelial cells express PDGFRα with an increase
in CD31+PDGFRα+ cells seen post-MI, indicating that the
PDGFRα is conducive to post-MI angiogenic regulation during
cardiac wound healing (Zhao et al., 2011; Awada et al., 2015;
Farbehi et al., 2019). PDGF ligands can directly activate both
endothelial cells and pericytes. It is also possible that family cross-
family PDGF to VEGFR2 interactions exist, for example. VEGF-
A is proposed to bind directly to PDGFRα and β; Conversely,
PDGFs crosstalk to VEGF receptors to enact angiogenic function
(Mamer et al., 2020).

In MI models, promoting vascularity through both AB and
BB ligand delivery has been shown to improve the post-MI
milieu and cardiac function, although questions on long-term
benefits and effectiveness in humans are still unclear. PDGF-AB
(Xaymardan et al., 2004) and BB (Hsieh et al., 2006a) delivery
directly into the myocardium in mouse and rat models and
systemic delivery in mouse and pig models have all shown
improvements in angiogenesis in post-MI cardiac tissue, which
is presumably, in part, responsible for improved cardiac function
and myocardial anatomy. In these studies, the roles of PDGF-
A and B are not dissected. PDGF-AB seems to generate stable
vessels and arterioles (Zhang et al., 2009). PDGF-C, as a newer
ligand in the PDGF family, has been increasingly shown to induce

angiogenesis via PDGFRα (Cao et al., 2002; Lee and Li, 2018),
however, its role has not been investigated from the perspective
of cardioprotection.

No pharmacodynamic studies have been performed; however,
sustained delivery methods such as intravenous infusions (Chong
et al., 2011) and sustained release using nanoparticles (Hsieh
et al., 2006a) or fibrin gel (Su et al., 2020) may be superior to one-
off direct injections into the myocardium. In the case of one-off
injection, concomitant delivery of other factors (e.g., VEGF) may
be necessary. The newer PDGF ligand C has been increasingly
associated with angiogenesis.

TARGETING CARDIOMYOCYTE
PROLIFERATION

The ideal scenario after a cardiac injury would be the
regeneration of cardiomyocytes to restore contractile function of
the heart, ensuring normal cardiac output. However, rebuilding
the myocardium through regeneration of the cardiomyocytes in
the adult mammalian seems to be a formidable task. The difficulty
is highlighted by the collapse of the “house of cards” built by
Anversa et al. around the notion of using bone marrow or cardiac
cKit cells to regenerate cardiomyocytes (Davis, 2019).

In reality, carbon-14 dating results indicate that adult
cardiomyocytes may have a low-rate cell cycling ability
(Bergmann et al., 2009) that is far from sufficient for the heart
to recover from a catastrophic insult such as MI. Zebrafish
and some amphibians, even neonatal mice, display regrowth of
cardiomyocytes predominantly via cell cycle reentry mechanisms
(Wills et al., 2008; Porrello et al., 2011), but adult mammalian
hearts do not seem to possess this advantage.

Whether or not PDGF can stimulate regeneration of
cardiomyocytes is elusive. However, it is clear that PDGFs and
their receptors play important roles in the early development
during the heart tube formation stage when primordial cardiac
crescent myocytes fuse along the midline. PDGF is secreted
by the adjacent endoderm to guide the migration and fusion
of the heart tube with the mutation of Pdgfrα disrupting the
heart tube assembly in both zebrafish and mice (Bloomekatz
et al., 2017). Initial embryonic heart tissue is founded by non-
dividing cardiomyocyte progenitors; the proliferation resumes
following cardiac looping, especially in the compact myocardium.
Cardiomyocyte proliferation is induced by epicardial-derived
signals following the establishment of cardiac fibroblasts marked
by PDGFRα and predominantly derived from the epicardium
(Chong et al., 2011); this indicates the mitotic function of
PDGFRα signaling.

As determined by measurements of the atrioventricular length
and left ventricular length and width, exposure of rat embryos
to PDGF-AA resulted in a 42% increase in total protein levels
in the heart but did not result in a significant increase in heart
growth. Exposure of embryos to PDGF-BB resulted in a 77%
increase in total protein levels and a significant increase in the
measured heart parameters. Although a comparison of control
and PDGF-AA-treated embryos showed no increase in the overall
size of the heart, confocal microscopy showed an increase in
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the size and number of myofibrillar bundles in the developing
myocardium (Price et al., 2003). No cardiomyocyte proliferation
assay was performed; thus, the observation of increased heart size
stimulated by PDGF was likely due to hypertrophic response of
the cardiomyocytes and interstitial cell proliferation.

Intravenous infusion of PDGF-AB in mice with surgical MI
has been shown to increase EDU-positive myocyte numbers in
the remote area of the sub-endocardium. However, it is unclear
whether the DNA activities are due to cytokinesis or karyokinesis
(Asli et al., 2017). The mechanism behind this observation is not
clear but mostly likely to be attributed to the paracrine effect of
the interstitial cell activation rather than a direct effect.

PDGFRα may demark cardiomyocyte progenitors in mouse
and human embryonic stem cells (Uosaki et al., 2012). A rare
population of cardiomyocytes express PDGFRα in human fetal
and adult hearts, and a small fraction of PDGFRα cells are
able to differentiate into cardiomyocytes in vitro (Chong et al.,
2013) notwithstanding that the in vivo effect of these cells
in injury repair is unknown. Recently, Yue et al. (2019)
reported that with age, levels of phospho-PDGFRβ decreased,
and this correlated to the loss of cardiomyocyte proliferative
capacity after apical resection. For example, high expression
of phospho-PDGFRβ was seen in mice up to 7-day postnatal
age, and only trace amounts were retained in the adult mice
hearts. Cardiac-specific and sustained activation of the PDGFRβ

restore cardiomyocyte regenerative capacity in adult mice. This
proliferation was driven by an upregulation of the enhancer of
ZESTE homolog2 EZH2, which promotes the proliferation of
cardiomyocytes with the conditional knockout of Ezh2 blocking
CM proliferation (Yue et al., 2019), although genetic upregulation
of the PDGF pathways may risk extensive fibrosis after injury as
discussed below.

PLATELET-DERIVED GROWTH FACTOR
IN MATRIX REMODELING/WOUND
STRENGTH/ANTI-ARRHYTHMIA:
TARGETING FIBROBLASTS

Perhaps the most authentic and prominent roles of the PDGFs
are in the areas of improving matrix remodeling and tissue
architecture configuration. There is clear evidence that the
Pdgfrα is expressed in most of the mesenchymal cell population,
including the post-gastrulation mesoderm/neural crest stem
cells, progenitors of bone, teeth, and fibroblasts. These are all
matrix producers that provide structural and humoral support
to parenchymal cells (not excluding the potential of their own
differentiation to parenchymal cell types such as osteocytes and
odontoblasts) (Farahani and Xaymardan, 2015). Similarly, Pdgfrβ
is a prominent pericyte marker, participating in the maintenance
of vascular bed and extracellular matrix remodeling.

In adults, PDGF-AA or PDGF-AB induce fibroblast
proliferation (Lepisto et al., 1995), and PDGF-BB is a potent
recruiter of the pericytes and SMA. PDGF-BB has also been
shown to alter matrix integrin expressions, which may alter the
chemotaxis of the fibroblasts in ECM, therefore, changing the

ECM properties (Xu and Clark, 1996). PDGF-D has been shown
to increase fibroblast activity in rat hearts (Zhao et al., 2013).

The mechanistic pathway by which the PDGFs stimulate ECM
deposition may be in collaboration with TGF-β through both
non-Smad and Smad-dependent manners (Fischer et al., 2007).
Activation of MAPK and PI3K have been shown to modulate the
extracellular matrix composition and stiffness via Wnt/β-catenin
(Astudillo, 2020). PDGFRα is required for TGFβ signaling
of cultured human hepatic satellite cell transdifferentiation
to myofibroblasts, and PDGFRα knockdown inhibits Smad-
dependent TGFβ signaling (Liu et al., 2014). Activities of
PDGF efficiently are suppressed by TGFβ neutralization or
interference with the SMAD/TβR1 or PI3K/Akt pathway
(Charbonneau et al., 2016). The complexity is not easily
dissected but indicative of mutual regulatory effect between these
potent ECM modulators.

In the myocardium, interstitial non-cardiomyocyte cells
entangled within a network of extracellular matrix proteins
providing structural support, network communication, and
humoral signaling to the organ, acting as the primary “caretakers”
of the health of the extracellular matrix. In acute diseases such
as MI, the cardiac fibroblasts rapidly proliferate and change
in phenotype and function (e.g., from negligible expression of
SMA to SMA-rich myofibroblasts), and deposit extracellular
matrix to prevent cardiac rupture in mammalians. The types of
extracellular matrix deposition may have importance in cardiac
tissue elasticity and, therefore, cardiac function recovery. Stiffness
and elasticity may also impact the stem/progenitor functions
and have further impact on the regeneration of cardiomyocytes
and endothelium alike. Studies show that increased stiffness has
detrimental effects on cardiac recovery, as it suppresses early
cardiac marker expression (Ranganath et al., 2012; Sullivan et al.,
2014). Crosstalk of the fibroblasts with cardiomyocytes may also
modulate cardiomyocyte proliferation or hypertrophy depending
on the fibroblast phenotype (Musa et al., 2013). Utilizing the
natural reparative processes of fibroblasts to modify properties
of the forming cardiac scar is quietly emerging as an exciting
therapeutic avenue.

General consensus regarding the role of PDGF ligands and
receptors is that they are profibrotic, and gain of function studies
largely support this notion.

Overexpression, or persistent expression of PDGFs or their
receptors have serious adverse effect specifically on the heart.
For example, the transgenic expression of the natural isoforms
of Pdgfa and b under the α-myosin heavy chain (α-MHC)
promoter has shown severe fibrotic reactions, increase in
cardiac size, and cardiac failure a week after birth, whereas
overexpression of Pdgfb showed focal fibrosis and cardiac
hypertrophy (Gallini et al., 2016b).

Cardiac-specific overexpression of PDGF-C conditional
to α-MHC increased cardiac fibroblast proliferation,
collagen deposition, hypertrophy, and vascular defects
and, additionally, sex-dependent changes, such as male
mice exhibiting hypertrophy and female mice experiencing
dilated cardiomyopathy and heart failure (Ponten et al.,
2003). Transgenic overexpression of PDGF-D stimulated the
proliferation of cardiac interstitial fibroblasts and arterial
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vascular SMCs, resulting in cardiac fibrosis followed by
dilated cardiomyopathy and subsequent cardiac failure
(Ponten et al., 2005). Expression induced by intramyocardial
adenoviral-mediated delivery; however, produced slightly mixed
results showing that Pdgfc and c decreased the amount of
scar tissue and increased the numbers of PDGFRα-positive
fibroblasts, while Pdgfb induced large scars with extensive
inflammation, and Pdgfd produced a small and dense scar
(Gallini et al., 2016a).

A recent study on cardiomyocytes differentiated from induced
pluripotent stem cells (IPSCs) was derived from an LMNA
mutant patient showing single-cell base arrhythmia. The authors
found an increase in PDGFRβ in these mutant cardiomyocytes.
Interestingly, they found that inhibition of the PDGF signaling
pathway ameliorated the arrhythmic in vitro (Lee et al., 2019).

The recent preclinical porcine study exploring the role of
PDGF-AB in the attenuation of myocardial fiber heterogeneity
within a scar and organized collagen fiber alignment have shown
significant improvements in cardiac function and a reduction
in cardiac arrhythmia. Musa et al. (2013) showed that the
atrial myocytes demonstrated significant disturbance in calcium
channel density to potentially provoke arrhythmia, which can be
neutralized when myofibroblasts are pretreated with PDGF-AB.

The role of exogenously delivered ligands in fibrosis is less
clear. Types of ligands, dosage, and duration of ligand presence,
as well as activated cell types may switch the processes from a
protective would healing and tissue regeneration to adverse effect
of fibrosis or tumor formation.

Santini et al. (2020) demonstrated the diversity in the Pdgfrα
cell cultured from injured and uninjured mice skeletal muscle
tissues. The study showed that the activated and terminally
differentiated Pdgfrα cells lose their regenerative capacity and
display fibrotic activities. A subpopulation of Gli-1-positive
PDGFRβ cells was more likely to differentiate into myofibroblasts
(Kramann et al., 2015) indicating that inhibition or promotion
of a specific subpopulation may avoid widespread adverse effect
when using the PDGF pathway as a treatment modality.

CONCLUSION AND FUTURE
PERSPECTIVE

Preclinical trials in porcine model have shown promising
evidence that PDGF-AB exerts a cardioprotective effect following
MI with rodent studies reporting similar results (Xaymardan
et al., 2004; Zheng et al., 2004; Hsieh et al., 2006a,b; Awada
et al., 2015; Asli et al., 2017; Thavapalachandran et al., 2020).
Although no human trials have been performed thus far,
the results from animal studies suggest a possible clinical
application of PDGF ligands in improving therapeutic outcomes
in MI patients. Short-term treatments used in swine and
rodent studies showed no adverse effects of PDGF-AB when
delivered intravenously for 7 days. In addition, the matrix
remodeling seen in the porcine model points to a favorable
tensile strength augmentation that contributes to improved
cardiac function and reduced arrhythmia, which was thought
to contribute to the reduced mortality in the subjects. No

extensive scarring was observed in either the pig or mice studies
(Asli et al., 2019; Thavapalachandran et al., 2020). Intravenous
infusion of PDGF-AB in mice also failed to demonstrate
increased myofibroblast activity post-MI using scRNA analysis
(Asli et al., 2019). Indeed, there is a clear link between
PDGF signaling pathways and fibrosis. The most convincing
supporting evidence is derived from genetically upregulated
murine models where increased PDGFRα is shown to cause
lung fibrosis and conditional knockout of PDGFRα shown to
attenuate liver fibrosis (Andrae et al., 2008). However, there is
no clear evidence that exogenous ligand delivery would produce
similar effects. In fact, improved matrix remodeling seems to be
beneficial for the healing of cardiac tissue after injury. Studies of
PDGF-AB delivery in pigs resulted in directional synchrony in
collagen fibers, which may have contributed to better preserved
architecture of the infarcted area and to the vascularity of scar
tissue (Thavapalachandran et al., 2020).

Matrix remodeling is one of the mechanisms that facilitates
improved functional outcomes after infarction. PDGF pathway
regulation also contributes to improved cell survival, increasing
angiogenesis and, perhaps to a lesser degree, activation of the
cardiomyocyte cell cycling machinery, although this pathway
may not be potent enough to induce cellular proliferation
and contribute to the regeneration of the myocardium. The
exogenous delivery of PDGF to aged mice also compensates
for age-related downregulation in the PDGF pathway
(Xaymardan et al., 2004).

Inhibition of PDGF pathways, on the other hand, leads to
worsened cardiac outcomes in mice after MI. For example,
administering PDGF receptor inhibitor imatinib to mice
experiencing MI caused a reduction in vascularity and ejection
fraction when compared with non-treated mice (Fazel et al.,
2006). It can be argued that the imatinib is not specific to PDGFRs
as it also impacts c-Kit. However, specific neutralizing antibodies
against PDGFRα and β have led to reductions in vascularity and
collagen deposition in post-infarction hearts and demonstrated
the importance of PDGF receptors in cardiac wound healing
(Zymek et al., 2006). Interestingly, neutralizing antibodies
also had effects on inflammatory cells, anti-PDGFRα resulted
in increased macrophage infiltration, while the inhibition of
PDGFRβ prolonged the duration of leukocyte infiltration post-
MI (Zymek et al., 2006). This indicates that PDGF signaling
pathways may have additional roles in immune regulation that
impacts repair post-MI. This is further supported by our studies
showing M1/M2 conversion in the PDGF-AB-treated mice (Asli
et al., 2019). Excessive inflammation is related to fibrosis and
worsened infarct expansion, which can be attenuated by anti-
inflammatory treatments that produce beneficial effects both in
animal models and human trials of MSC treatments, as most
of the benefits seem to be attributable to the anti-inflammatory
effect of the MSC trophic activities. In some cases, more potent
anti-inflammatory drugs are used to treat acute MI patients
with improved mortality and cardiac function (Giugliano et al.,
2003), although high-dose steroid can produce opposite effects
by reducing collagen deposition (Giugliano et al., 2003).

To date, the primary pharmaceutical applications of PDGFs
have been the inhibition of PDGF pathways in the treatment of
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cancer and the prevention of fibrosis with clinically approved
drugs including small inhibitory molecules, such as imatinib,
and protein antagonists (Bruggemann et al., 1989; Wollin
et al., 2014; Ying et al., 2017; Papadopoulos and Lennartsson,
2018; Olsen et al., 2019). Pharmacological augmentation studies
regarding therapeutic roles of PDGFs in cardiac repair and
overall wound healing aspects are limited. Studies on direct
comparison of all five dimers of PDGFs would be valuable
for identifying the most useful isotypes or the combinations
of PDGFs that improve mortality and morbidity and cardiac
function. Pharmacodynamics on dose, duration, and benefit
versus toxicity including longer-term adverse effect will be
informative for establishing applicational modalities. These
studies will be formidable due to the laboriousness of the
cardiac injury models and the cost of the recombinant
proteins. Future studies including animal models with risk

factors of hypertension and diabetes would be presentative
of the human population with MI risk. The mechanism
of the beneficial roles of the PDGF in cardiac healing or
regeneration is not elucidated. The complexity of the pathway
suggests that the PDGFs provide a multitude of benefits to
improve many aspects of cardiac wound healing and may be
a promising therapeutic target for the treatment of post-MI
cardiac pathologies.
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