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Therapeutic and regenerative potential of different sources of mesenchymal stem cells for cardiovascular diseases
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Abstract: Mesenchymal stem cells (MSCs) are ideal candidates for treating many cardiovascular diseases. MSCs can modify the internal cardiac microenvironment to facilitate their immunomodulatory and differentiation abilities, which are essential to restore heart function. MSCs can be easily isolated from different sources, including bone marrow, adipose tissues, umbilical cord, and dental pulp. MSCs from various sources differ in their regenerative and therapeutic abilities for cardiovascular disorders. In this review, we will summarize the therapeutic potential of each MSC source for heart diseases and highlight the possible molecular mechanisms of each source to restore cardiac function.
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Abbreviations and Acronyms



	2-DC
	2′-deoxycytidine



	α-SA
	α-sarcomeric actinin



	Ad-GSK-3
	GSK-3-containing adenovirus



	AD-MSCs
	Adipose tissue–derived mesenchymal stem cells



	ADR-β2
	Adrenergic Receptor β2



	Akt
	Protein Kinase B



	ANF
	Atrial Natriuretic Factor



	ANP
	Atrial Natriuretic Peptide



	Ang-1
	Angiopoietin-1



	Ang-2
	Angiopoietin-2



	ATP
	Adenosine Triphosphate



	Bax
	Bcl2 Associated X protein



	BM-MSCs
	Bone marrow derived -Mesenchymal Stem Cells



	BMP4
	Bone morphogenetic protein 4



	BNP
	Brain Natriuretic Peptide bFGF: basic Fibroblast Growth Factor



	cTnC
	Cardiac troponin C



	cTnI
	Cardiac troponin I



	cTnT
	Cardiac troponin T



	c-kit
	Protein kinase Kit



	CVD
	Cardiovascular diseases



	Cx43
	Connexin 43



	DP-MSCs
	Dental Pulp–derived Mesenchymal Stem Cells



	DPSCs
	Dental Pulp Stem Cells



	EGF
	Endothelial Growth Factor



	ErbB
	Erythroblastic leukemia viral oncogene Homologue



	ERK
	Extracellular-signal-Regulated Kinase



	FGF
	Fibroblast Growth Factor



	Flk1
	Fetal liver kinase 1



	Fstl1
	Follistatin-like 1



	GATA4
	GATA binding protein 4



	GATA6
	GATA binding protein 6



	GSK
	Glycogen Synthase Kinase



	H2O2
	Hydrogen peroxide



	HAND2
	Heart And Neural crest Derivative



	Has 1
	Hyaluronan Synthase 1



	Has2
	Hyaluronan Synthase 2



	HAT
	histone acetyltransferase



	Hes1
	Hairy and enhancer of split-1



	HGF
	Hepatocyte Growth Factor



	HIF-1α
	Hypoxia-Inducible Factor-1α



	HMGB1
	High-Mobility Group Box-1



	HO-1
	Heme oxygenase-1



	ICA
	Icariin



	IGF-1
	Insulin-like Growth Factor-1



	IL
	Interleukin



	I/R
	Ischemic/Reperfusion



	KDR
	Kinase insert domain receptor



	KLF4
	Kruppel-like factor 4



	LAD
	Left anterior descending artery



	LVEF
	Left Ventricular Ejection Fraction



	MEF2C
	Myocyte-specific enhancer factor 2c



	MHC
	Major Histocompatibility Complex



	MI
	Myocardial infarction



	MIF
	Macrophage Inhibitory Factor



	miR
	microRNA



	MLC
	Myosin light chain



	MSCs
	Mesenchymal Stem Cells



	MYH
	Myosin heavy chain



	NRG1
	Neureugulin-1



	NRVMs
	Neonatal Rat Ventricular Myocytes



	OCT4
	Octamer-binding transcription factor 4



	ox-LDL
	Oxidized low-density lipoprotein



	p38MAPK
	p38 mitogen-activated protein kinases



	PDGFR
	Platelet derived growth factor receptor



	PGF
	Placental growth factor



	PI3K
	Phosphoinositide 3-Kinase



	qPCR
	Quantitative polymerase chain reaction



	ROS
	Reactive oxygen species



	Sal B
	Salvianolic acid B



	Sca-1
	Stem cell antigen 1



	SD
	Sprague-Dawley



	SDF-1
	Stromal cell-derived factor 1



	Serca2α
	Sarcoendoplasmic reticulum ATPsase-2A



	SFRP2
	Secreted frizzled-related protein 2



	SHEDs
	Human exfoliated deciduous teeth



	SMA
	Smooth muscle actin



	SMAD4
	Mothers against Decapentaplegic homolog 4



	SOX2
	Sex-determining region Y box 2



	TBX18
	T-box transcription factor 18



	TGF-β
	Transforming growth factor-β



	TNF
	Tumor necrosis factor



	TNNT2
	Troponin T2



	UC-MSCs
	Umbilical cord–derived mesenchymal stem cells



	UTP
	Uridine triphosphate



	vWF
	Von willebrand factor



	VEGF
	Vascular endothelial growth factor





Introduction

Cardiovascular diseases (CVD) are among the top five common causes of death worldwide. They require long-term treatment and can significantly impact the quality of life of patients. The most prevalent CVDs are stroke, arrhythmias, myocardial infarction (MI), and valvular diseases [1], which contribute to more than 610,000 deaths annually in the US alone [2]. The most noticeable pathophysiological finding in the majority of CVDs is the damage to myocardial cells and the subsequent changes in the internal microenvironment of the heart. Myocardial cells are well-known for their poor regenerative abilities; thus, they cannot survive intense injuries and stresses. CVDs are usually associated with deterioration in cardiac output and contractility that can exacerbate heart failure [3]. The current treatment guidelines are limited to symptom management using medications, while the surgical strategies to improve heart function are quite invasive and carry a high risk of serious complications. Stem cell transplantation has been considered the leap of hope to repair the damaged heart and restore its function, which is more effective, safer, and less invasive than surgical procedures and heart transplantation [4].

Mesenchymal stem cells (MSCs) are considered the ideal candidate for cardiac regeneration as they can be easily isolated, have multipotent characteristics, possess immune privileged properties, are ethically benign, and have a low risk of carcinogenesis and genotoxicity [3,4]. The ability of MSCs to reinvigorate the damaged heart has been corroborated by many in vitro, preclinical, and clinical studies. These studies explored MSCs isolated from multiple sources, including bone marrow, adipose tissue, umbilical cord, dental pulps, endometrial polyps, menstrual blood, etc. In this mini-review, we will discuss the cardiac regeneration potential of each type of MSCs and explain the molecular mechanisms of their cardiogenesis abilities in a concise and comprehensive way. This will contribute to developing productive approaches that could speed up the incorporation of MSCs in the treatment guidelines for heart diseases by translating the outcomes of these in vitro and preclinical studies in large scale animal studies and clinical trials [5,6].

Bone marrow-derived mesenchymal stem cells and cardiovascular regeneration

Bone marrow-derived mesenchymal stem cells (BM-MSCs) are the most studied stem cell type for regenerating damaged tissues. Many reports have demonstrated the therapeutic potential of BM-MSCs in restoring heart functions through different mechanisms. BM-MSCs can differentiate into cardiomyocytes or cardiomyocyte-like cells, playing a critical role in repairing damaged cardiac tissues by promoting angiogenesis, suppressing inflammation, and terminating fibrosis, which can improve the left ventricular ejection fraction (LVEF) [7]. Despite the positive outcomes of transplanting BM-MSCs in the diseased heart, their therapeutic efficiency has been hampered by poor survival, retention, and engraftment post-transplantation due to the harsh microenvironment that exists in many cardiac diseases. This is characterized by a limited blood supply, a lack of nutrient sources, and the accumulation of reactive oxygen species (ROS) [8]. Several approaches have been applied to improve the survival and therapeutic capabilities of BM-MSCs by modifying their characteristics using growth factors, combining different stem cells, and modulating their genetic composition. 5-Azacytidine, a demethylating agent, has been found to induce cardiomyogenic differentiation of BM-MSCs. The expression of cardiac muscle‑specific markers desmin and cardiac troponin‑T (cTnT), was detected after treating MSCs with a low dose of 5-azacytidine. However, the maintenance of 5-azacytidine-treated BM-MSCs beyond five weeks did not enhance the cardiogenicity of BM-MSCs; rather, it produced negative effects. In the eighth week, for example, 5‑azacytidine-treated BM-MSCs decreased in size, and the number of desmin and cTnT‑positive cells declined hugely [9]. A recent study co-cultured protein kinase kit (c-kit+) BM-MSCs with neonatal rat ventricular myocytes (NRVMs), and it was found that c-kit+ BM-MSCs that were in close contact with NRVMs induced the formation of gap junctions. This enhanced BM-MSCs electrophysiological properties by increasing the level of Connexin43 (Cx43) and increased their contractility upon β adrenergic stimulation [10]. The cardiomyogenic differentiation ability of c-Kit+ BM-MSCs was boosted when treated with L-carnitine [11]. L-carnitine is well-known as a potent free radical scavenger and a regulator of lipid metabolism and oxygen consumption in the heart. An Exogenous supplement of L-carnitine in the cell culture media of c-kit+ BM-MSCs was found to improve their survival, proliferation, and cardiac differentiation, as shown by the increased expression of cardiac markers and cytokines in the resulting cardiomyocytes. These included angiopoietin-1 (Ang-1), angiopoietin-2 (Ang-2), cardiac troponin-I (cTnI), von Willebrand factor (vWF), and smooth muscle actin (SMA), and a cocktail of cytokines, such as interleukin (IL)-6, insulin-like growth factor (IGF-1), transforming growth factor-β (TGF-β), and vascular endothelial growth factor (VEGF), which are important indicators of efficient cardiomyogenesis and angiogenesis [11].

It was demonstrated that the survival potential of transplanted MSCs in an ischemic heart can be reinforced by overexpressing some genes. Overexpression of IL-7 in BM-MSCs, for example, can potentiate their cardiac regeneration abilities. Co-culturing IL-7++ BM-MSCs with cardiomyocytes was found to increase the level of cardiac-specific proteins, mainly cTnT and α-actinin, with a subsequent enhancement in cardiac function parameters and a reduction of the fibrotic area [12].

Several studies showed that priming MSCs with growth factors promotes the survival of these implanted cells, particularly under hypoxic conditions. Overexpression of IGF-1 in BM-MSCs ameliorated hypoxia-induced apoptosis, and boosted their migration ability and protective effect on cardiomyoblasts by activating the phosphoinositide 3-kinase (PI3K)/AKT/secreted frizzled-related protein 2 (SFRP2)/β-catenin signaling pathway. The cardiac repairing abilities of IGF-1++ BM-MSCs were also observed in reduced infarct volume and modulated levels of anti-apoptotic and pro-apoptotic proteins [13]. Similarly, priming BM-MSCs with TGF-β1 increased the expression of sarcomeric actin, cTnT protein, transcription factors, α-major histocompatibility complex (α-MHC), GATA binding protein 4 (GATA4), and homeobox protein Nkx2-5 during their cardiomyogenic differentiation [14]. TGF-β1-induced BM-MSC cells effectively reduced scar area and myocyte apoptosis and improved myocardial function [14]. Moreover, preconditioning BM-MSCs with a combination of salvianolic acid B (Sal B) and TGF-β1 promoted cardiomyogenic differentiation more than each agent separately [15]. The cardiac regeneration capabilities of BM-MSCs were also promoted after the induction of hypoxia-inducible factor-1α (HIF-1α) overexpression using an adenovirus delivery system. Increasing the expression of HIF-1α in BM-MSCs modulated TGF-β1/mothers against decapentaplegic homolog 4(SMAD4) signaling and enhanced the differentiation of BM-MSCs into mature cardiomyocytes [16]. The combined use of BM-MSCs and heme oxygenase-1 (HO-1) significantly increased the expression of basic fibroblast growth factor (bFGF) and VEGF, which are important to increase angiogenesis. At the same time, there was a significant drop in the level of inflammatory cytokines; tumor necrosis factor (TNF)-α, IL-1β, and IL-6, and a rise in the level of the anti-inflammatory cytokine IL-10. Additionally, the pro-apoptotic protein Bcl2 associated X protein (Bax) was downregulated after incorporating HO-1 with BM-MSCs. These molecular changes were beneficial in reducing the infarct size, decreasing apoptosis, and increasing the ejection fraction [17]. Glycogen synthase kinase (GSK)-3β was also found to push up the therapeutic advantages of BM-MSCs. The overexpression of GSK-3β in BM-MSCs improved their cardiomyocyte differentiation potential, most likely by downregulating β-catenin, increasing capillary density, and stimulating the release of paracrine factors, specifically VEGF-A. VEGF-A elevation in BM-MSCs is partially responsible for improving left ventricular function. Moreover, the transduction of BM-MSCs with GSK-3-containing adenovirus (Ad-GSK-3) increased mRNA expression of cardiomyocyte-related markers, such as Nkx2.5, cardiac troponin C (cTnC), α-MHC, and atrial natriuretic factor (ANF) [18,19].

The most noticeable obstacles to using BM-MSCs for cardiac regeneration are their low differentiation efficiency in vivo and their poor survival after transplantation in an ischemic heart tissue [20]. Therefore, priming these cells with trophic factors and chemical reagents is required to enhance their cardiac differentiation capacity. A recent study found that oxidized low-density lipoprotein (ox-LDL)-receptor-1 is a potent activating stimulus of the extracellular-signal-regulated kinase (ERK) signaling pathway, required to promote BM-MSCs cardiomyogenic differentiation. Additionally, it was shown that major cardiac makers, such as α-MHC, β-MHC, atrial natriuretic peptide (ANP), brain natriuretic peptide (BNP), and α-cardiac actin, were significantly expressed in the cardiomyocytes derived from BM-MSCs treated with ox-LDL [21]. It has been hypothesized that the overexpression of CD51, also called integrin alpha V, in BM-MSCs may promote their migratory abilities to the infarcted heart. Additionally, transplanting CD51++ BM-MSC markedly improved the LVEF and restored cardiac functionality [22]. Transplanting BM-MSCs that overexpress platelet-derived growth factor receptor (PDGFR)-α in the peri-infarcted areas of the ischemic heart reversed the deterioration in left ventricular functions and the stimulation of remodeling machinery, induced angiogenesis, and reduced fibrosis in the infarcted heart. The recruitment and engraftment of PDGFRα++ BM-MSCs to damaged areas within the heart were enhanced by systemic administration of the high-mobility group box-1 (HMGB1) fragment [7]. Upregulating follistatin-like 1 (Fstl1) in BM-MSCs was found to increase their tolerance to hypoxia and to optimize their cardiac repair abilities during the ischemic phase of myocardial infarction. This was coupled with potentiating the phosphorylation of two major survival proteins; protein kinase B (Akt) at Ser473 and GSK3 at Ser9, thus activating the Akt/GSK-3 signaling required for cell death resistance. Further, injection of Fstl1++ BM-MSCs promoted cardiac neovascularization and reduced post-MI fibroblast recruitment, extracellular matrix (ECM) deposition, inflammatory cell infiltration, and scar size [20]. Interestingly, transplantation of a BM-MSC sub-population called stem cell antigen 1 (Sca-1) BM-MSCs rejuvenated the aged heart and reduced the symptoms of heart failure through the activation of the PDGFRβ-Akt/p27Kip1 signaling pathway [23].

BM-MSCs can also mediate their cardiac regeneration by secreting different microRNAs, which have critical regulatory functions in cardiac development and cardiomyocyte differentiation. A recent study found that miR-29c levels were significantly reduced after myocardial ischemic/reperfusion (I/R) injury, and BM-MSCs derived miR-29c can protect the heart from I/R injury and its associated oxidative stress by mitigating excessive autophagy through PTEN inhibition and AKT/mTOR signaling activation [24]. On the other hand, inhibiting certain microRNAs can improve the cardiomyogenic differentiation of BM-MSCs. For instance, it has been found that inhibition of miR-23 enhanced the ability of BM-MSCs to form functional cardiomyocytes via the activation of the Wnt signaling pathway, with the evidence of noticeable elevation of cardiomyocyte molecular markers including GATA4, Nkx2-5, MHC, and cTnI. Moreover, hyaluronan synthase 2 (Has2), which regulates stem cell differentiation and maintains metabolic homeostasis, was markedly upregulated in BM-MSCs treated with a miR-23 inhibitor [25].

These promising results highlighted the efforts of preclinical studies in treating BM-MSCs to make them capable of differentiation into cardiomyocytes by enhancing their migration ability, increasing angiogenesis and LVEF, and reducing infarct size should be confirmed by conducting large scale animal studies and clinical studies. Although BM-MSCs have proven their effectiveness in vivo and in vitro, some challenges and obstacles still exist. Therefore, great efforts should be made to enhance their differentiation potential and improve their survival rate after transplantation. The cardiac regeneration abilities of BM-MSCs have been summarized in Fig. 1.
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Figure 1: Certain modifications applied to Bone marrow-derived mesenchymal stem cells enhanced their differentiation into cardiomyocytes. This was mediated by genetic modifications that can increase or decrease the expression of some proteins and markers. These genetic modifications targeted specific proteins that can increase the differentiation of BM-MSCs to cardiomyocytes, including ox-LDL receptor-1, Fstl1, CD-51, HMGB1, growth factors such as IL-7, TGF-β1, and IGF-1, C-kit, HIF-1α, Sca-1 antigen, GSK-3β, and HO-1. The chemical modifications achieved by using drugs, such as 5-azacytidine, were reported to increase the expression of cardiac-specific markers. Targeting specific miRNAs in BM-MSCs was also found to play a role in modulating their cardiac regeneration potential. These modulatory methods reprogrammed BM-MSCs to increase angiogenesis and LVEF and reduce the infarct size. c-kit+, protein kinase Kit+; Fstl1, Follistatin-like 1; GSK-3B, Glycogen Synthase Kinase-3B; HIF-1α, Hypoxia-Inducible Factor-1α; HO-1, Heme oxygenase-1; HMGB1, High-Mobility Group Box-1; IGF-1, Insulin-like Growth Factor-1; IL-7++, Interleukin-7++; LVEF, Left ventricular ejection fraction; miRNA, microRNA; MSCs, mesenchymal stem cells; ox-LDL receptor-1, Oxidized Low-Density Lipoprotein receptor-1; Sca-1, stem cell antigen 1; TGF-β: Transforming Growth Factor-β.

Adipose tissue-derived mesenchymal stem cells and cardiac regeneration

Adipose tissue-derived mesenchymal stem cells (AD-MSCs) are obtained by collagenase treatment of the lipoaspirates. These cells have similar multipotent differentiation capacity to BM-MSCs and umbilical cord-derived mesenchymal stem cells (UC-MSCs) [26]. In comparison to BM-MSCs and UC-MSCs, AD-MSCS express a wide range of adhesive proteins, including N-cadherin, VE-cadherin, cadherin-11, and fibronectin giving them better homing and adhesion properties at the host site [27].

AD-MSCs can be harvested from various sites; the subcutaneous region, which is the most accessible and common site for isolating AD-MSCs. AD-MSCs can be also collected from the visceral, omental, epicardial and perivascular regions. The different subtypes of AD-MSCs have comparable multipotency and immunomodulation characteristics. Some Studies have successfully applied these cells in various animal models of chronic MI. Subcutaneous AD-MSCs have been infused in acute MI and chronic heart failure models. These AD-MSCs were able to enhance angiogenesis by secreting paracrine factors that target neovascularization [28]. The use of visceral AD-MSCs in the animal models of MI showed significant improvements in the left ventricular end-diastolic volume, LVEF, and cardiac output. It also enhances the capillary density and Dopplar tissue perfusion scores. Visceral AD-MSCs have less adiponectin secretion rendering them highly susceptible to apoptosis and cell lysis under ischemic conditions [29]. Despite the comparable osteogenic and adipogenic differentiation abilities for the epicardial and omental AD-MSCs, epicardial AD-MSCs possessed superior cardiomyogenesis potential than any other AD-MSCs subtype. The higher cardiac regenerating ability of the epicardial AD-MSCs must be validated and optimized using large animal models of MI [30].

AD-MSCs can improve cardiac functions by differentiating into new cardiac cells or eliciting paracrine effects that can restore the internal microenvironment of the injured heart [31]. Many preclinical and clinical studies corroborated the cardiac regeneration potential of AD-MSCs. In the APOLLO trial, which used the AD-MSCs for MI treatment in humans and mainly focused on patients with ST elevation, it was found that the intracoronary infusion of AD-MSCs was able to improve the ejection fraction by reducing the infarct size after six months of transplantation [32]. Pre-treatment of AD-MSCs with 5-azacytidine, angiotensin II, and TGF-β was found to boost their ability to differentiate into cardiomyocytes. Moreover, pre-treating AD-MSCs with IGF-1, VEGF, and bFGF directed their differentiating commitment towards endothelial cells. Bioengineered AD-MSCs that overexpressed the T-Box Transcription Factor 18 (TBX18) gene promoted differentiation into pacemaker cells [33]. In addition to their cardiac differentiation ability, AD-MSCs can activate many paracrine effects which are essential in promoting angiogenesis, recruiting intrinsic cardiac stem cells, reducing fibrosis, and curbing apoptosis [34]. These paracrine effects are mediated by various growth factors, particularly endothelial growth factor (EGF), hepatocyte growth factor (HGF), IGF-1, and microRNAs [2].

Preconditioning AD-MSCs with moderate levels of hypoxia for 24 h enhanced their cardiomyogenesis potential. Priming AD-MSCs with moderate hypoxia can significantly upregulate the levels of cardiomyogenic proteins, GATA-4, and cTnT. The effect of hypoxia in promoting cardiac differentiation in AD-MSCs can be mediated by the high level of HIF-1α, which can induce the transcription of angiogenin, fibroblast growth factor-19 (FGF-19), and macrophage inhibitory factor (MIF). These proteins were identified as inducible factors for increasing the expression of cardiomyogenic markers [35].

The P2Y2 receptor is a uridine triphosphate/adenosine triphosphate (UTP/ATP) G-protein-linked nucleotide receptor connected to phosphoinositide signaling [36]. P2Y2 receptor and UTP ligand have been identified recently as potential regulators of the cardiac regeneration ability of AD-MSCs in rat models of myocardial ischemia. It was reported that UTP treatment in rats with myocardial infarction can result in smaller infarct size, higher capillary density, a better ejection fraction, and less cardiac fibrosis. The angiogenic effect of UTP-treated AD-MSCs may be related to an increased release of pro-angiogenic factors, specifically epiregulin and hyaluronan synthase-1 (Has1) [37]. More recently, neuregulin-1 (NRG1), an endothelial-derived growth factor that acts through erythroblastic leukemia viral oncogene homologue (ErbB) receptor tyrosine kinase, has been demonstrated to enhance the AD-MSCs cardiac repair ability [38,39]. Modulating the Wnt and TGF-β signaling pathways was found to affect the cardiomyogenic differentiation capability of AD-MSCs. Using selective inhibitors for canonical Wnt/β-catenin signaling induced proper cardiomyocyte differentiation while using TGF-β inhibitors promoted cTnT expression in AD-MSCs. Furthermore, inhibiting p38 mitogen-activated protein kinases (p38MAPK) using quercetin can shut down Wnt/β-catenin and non-Smad TGF-β pathways, resulting in enhanced cardiomyocyte differentiation in AD-MSCs [40]. Bone morphogenetic protein 4 (BMP4), which belongs to the TGF-β superfamily, can play an important role in increasing the cardiac differentiation of AD-MSCs [41]. It was demonstrated that combined treatment of AD-MSCs with a low concentration of BMP4 and 5‑azacytidine restored their viability and potentiated their cardiac differentiation capacity compared to 5‑azacytidine treatment alone. That was associated with high protein levels of cTnI, α-sarcomeric actinin (α-SA), Cx43, and sarcoendoplasmic reticulum ATPsase-2A (Serca2α) in the formed cardiomyocyte-like cells. The reported underlying mechanism for these findings involved the activation of the ERK signaling pathway [42]. The enrichment of primitive AD-MSCs with a growth factor cocktail, mainly EGF and PDGF-BB, strengthened their cardiac repair ability. Transplanting these enriched AD-MSCs in Sprague-Dawley (SD) rats with a left anterior descending artery (LAD) model of MI improved left ventricular function parameters and increased the angiogenesis rate at the twelfth-week post-transplantation. Additionally, immunofluorescence revealed that these enriched AD-MSCs expressed high levels of cardiomyogenic proteins, mainly GATA4, β-MHC, and cTnT [43].

ISX1, a member of the 3,5-disubstituted isoxazole family, can activate Nkx2-5. Nkx2-5 is an early marker of the differentiation of AD-MSCs into cardiac myocytes. Transplanting ISX1-treated AD-MSCs in the MI model potentiated the recovery of left ventricular function parameters and initiated neovascularization in the third week following transplantation. The enhanced cardiomyogenesis reported in ISX1-treated AD-MSCs intensified their histone acetyltransferase (HAT) activity, which is crucial to direct their differentiation into cardiac cells [44]. Similarly, pretreatment of AD-MSCs with icariin (ICA) was found to activate the ERK signaling pathway and facilitate their differentiation into cardiomyocytes, as indicated by the upregulation of specific cardiac gene expression, mainly Nkx-2.5, GATA 4, myosin light chain-2 (MLC-2v), α-actinin, and cTnT [45]. The increase in α-actinin level, which is an essential constituent of the cardiomyocyte contractile apparatus, was dependent on the ICA dosage and duration of exposure [45].

Increasing the expression of cardiac-specific miRNAs in AD-MSCs can enhance the chances of getting more cardiomyocytes. For example, it was found that overexpression of miR-1 in AD-MSCs can stimulate Notch signaling and inhibit the expression of hairy and enhancer of split-1 (Hes1) gene, which improves their differentiation into cardiomyocyte-like cells. Co-culturing miR-1 overexpressed AD-MSCs with neonatal mouse cardiomyocytes considerably increased the level of mature cardiomyocyte-specific markers; cTnI and GATA 4 [46].

Despite these positive outcomes, more research should be conducted to determine the best dose, route of administration, and safety of these chemical and genetic manipulations of AD-MSCs before incorporating them into the treatment guidelines for MI. A schematic summary of the cardiac regeneration potential of AD-MSCs can be found in Fig. 2.
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Figure 2: The effect of some chemical and genetic modification in enhancing the ability of AD-MSCs differentiation into cardiomyocytes and improving cardiac function. The cardiac regeneration abilities of AD-MSCs can be enhanced by different methods, such as priming these cells with growth factors that are required to direct them toward cardiac regeneration or pre-treating these cells with certain drugs. These engineered AD-MSCs showed greater differentiation tendency to cardiomyocytes and better cardiac repair capabilities. Factors that were found to increase the cardiac repair abilities of AD-MSCs are PDGF-BB, EGF, and NRG1, while factors responsible of improving their differentiation tendency to cardiomyocytes are ISX1, UTP treatment, Quercetin, miRNAs, 5-azacytidine, angiotensin II, TGF-β and hypoxia exposure. These modifications applied to AD-MSCs were effective in improving neoangiogenesis and LVEF and decreasing the infarct size. EGF, Endothelial growth factor; LVEF, Left ventricular ejection fraction; miRNA, micro RNA; MSCs, mesenchymal stem cells; NRG1, Neureugulin-1; PDGF-BB, Platelet-derived growth factor BB; TGF-β, Transforming growth factor beta; UTP, Uridine triphosphate.

Dental pulp-derived mesenchymal stem cells and cardiac regeneration

MSCs have been reported to reside within the perivascular niche of the dental pulp. Two subtypes of dental pulp–derived mesenchymal stem cells (DP-MSCs) have been identified; dental pulp stem cells (DPSCs) and stem cells from human exfoliated deciduous teeth (SHEDs) [47]. DPSCs and SHEDs can renew numerous tissues [48] and restore cardiac function by initiating effective regeneration. Recent research showed enhanced cardiac function in DPSC-treated rat models of MI, due to DPSC’s capability to secrete antiapoptotic and proangiogenic factors. DPSCs also can repair infarcted myocardium, followed by an increase in the number of vessels and a decrease in infarct size [49]. Another study conducted on an I/R mouse model confirmed that DPSCs conditioned medium can ameliorate cardiac damage following I/R injury by reducing the level of inflammatory cytokines and increasing myocardial cell viability [50]. A specific sub-population of DPSCs identified as c-kit+ DPSCs has the potential to produce human cardiovascular progenitor cells [51]. Hypoxia pre-conditioning of DPSCs enhanced their angiogenesis ability by increasing the production of proangiogenic growth factors, including placental growth factor (PGF), VEGF, Ang1, Ang2, PDGFB, and bFGF. The upregulation of these cytokines promoted angiogenesis and improved cardiac function parameters by increasing the survival of DPSCs and inhibiting their apoptosis via the activation of the PI3K-Akt pathway [52]. Moreover, intramyocardial administration of DPSCs in rat models of acute myocardial infarction improved the left ventricular function and increased angiogenesis, thus reducing the infarct size [53]. DPSCs expressed high levels of the following transcription factors; heart and neural crest derivative (HAND2), GATA binding protein 6 (GATA 6) and kinase insert domain receptor (KDR), which are important to promote angiogenesis and potentiate cardiomyogenic differentiation [54,55]. Interestingly, rat DPSCs-MUR1 was found to be ontogenically related to the heart and able to migrate and home within the damaged cardiomyocytes and differentiate into new and functional cardiomyocytes in heart ischemia models. The powerful migration and regeneration abilities of rat DPSCs were correlated with the expression of high levels of chemotactic and paracrine factors, as well as typical markers of cardiac/vascular-like progenitors, mainly stromal cell-derived factor 1 (SDF-1), FGF-2, HGF, Cx43, N-cadherin, c-Kit, endoglin, fetal liver kinase 1 (Flk1), Nkx-2.5, myocyte-specific enhancer factor 2c (Mef2c), GATA4, and adrenergic receptor β2 (ADR-β2) [56]. These promising findings highlighted the cardiac regeneration potential of dental pulp MSCs and their potent abilities to migrate and engraft in the ischemic heart and mitigate the deterioration in heart functions. However, further confirmation using large animal models and clinical trials is needed [56]. The therapeutic role of DPSCs in cardiac disorders have been summarized in Fig. 3.
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Figure 3: The perivascular niche of the dental pulp is reported to have the ability to restore cardiac function by secreting anti-apoptotic and proangiogenic factors. Hypoxia pre-conditioning of DPSCs enhances the production of proangiogenic growth factors, including PGF, VEGF, Ang-1, Ang-2, PDGFB, and bFGF. The potent migration and cardiac regeneration abilities of DPSCs were linked with the expression of high levels of chemotactic, paracrine factors and typical markers of cardiac/vascular-like progenitors, mainly SDF-1, HGF, Cx43, N-cadherin, endoglin, Flk1, Nkx-2.5, Mef2c, and ADRB2. ADR-β2, Adrenergic Receptor beta 2; Ang-1, Angiopoietin-1; Ang-2, Angiopoietin-2; bFGF, basic Fibroblast Growth Factor; Cx43, Connexin 43; FGF, Fibroblast Growth Factor; Flk1, fetal liver kinase-1; HGF, Hepatocyte Growth Factor; Mef2c, myocyte-specific enhancer factor-2c; MSCs, mesenchymal stem cells; Nkx-2.5, homeobox protein; PGF, Placental Growth Factor; PDGFB, Platelet Derived Growth Factor B; SDF-1, Stromal cell-derived factor-1; VEGF, Vascular Endothelial Growth Factor.

Umbilical cord-derived mesenchymal stem cells and cardiac regeneration

The umbilical cord is a fetal tissue that originates from the extra-embryonic mesoderm and harbors a niche for MSCs. The umbilical cord is considered a medical waste product, and MSCs can be isolated from it without ethical concerns. UC-MSCs have biological and molecular similarities with BM-MSCs and AD-MSCs, but they tend to be more immune privileged by expressing low levels of MHC-II. In addition, UC-MSCs express low levels of octamer-binding transcription factor 4 (OCT4), NANOG, sex-determining region Y box 2 (SOX2), and Krüppel-like factor 4 (KLF4), and these factors are the main regulators of the transcription process [57]. UC-MSCs were used in animal models of cardiovascular diseases and were effective in amending the worsening of heart function [58]. UC-MSCs, with their strong self-renewal capacity and pluripotency, can be an ideal candidate to replace damaged cardiomyocytes.

UC-MSCs can be functionally modified using chemical compounds, most importantly 5‑azacytidine, hydrogen peroxide (H2O2), and 2′-deoxycytidine (2-DC), which could increase the chances of obtaining cardiac cells from these MSCs. Incubating UC-MSCs with 5‑azacytidine can enhance the ability of UC-MSCs to differentiate into cardiomyocytes, as proved by increased expression of early and mature cardiomyocyte markers, such as Nkx2.5, GATA4, MEF2C, troponin T2 (TNNT2), myosin heavy chain (MYH)-7B, and Cx43 [59]. Although H2O2 can trigger the accumulation of ROS, it has been found that pre-treating UC-MSCs with a low dose of H2O2 can enhance their cardiomyogenesis and increase the expression of cardiomyocyte-related genes, such as GATA4, M1c2a, β-MHC, and cTnI. Further, H2O2 pre-treatment was found to activate the transcription of ion channel-related genes, most importantly the K+ channel and Na+ channel, in UC-MSCs, which potentiate cardiac differentiation potential [60,61]. It was also suggested that adding small molecules, such as 2-DC can stimulate UC-MSCs to differentiate into myocardial cells. Administration of UC-MSCs pre-treated with 2-DC in a rat model of MI was able to improve cardiac systolic and diastolic functions, enhance the ventricular pumping capacity, limit the expansion of cardiac fibrosis, and restore cardiac homeostasis. Cells treated with 2-DC showed gene expression of differentiation and maturity markers of cardiomyocytes including GATA-4, Wnt-2, cTnC, cTnT, MHC, cardiac α-actinin, and Ca+2 and Na+ channels, as well as protein expression of Nkx2.5, GATA-4, Cx43, cardiac α-actinin, and MHC, which confirms cardiomyocyte differentiation [62]. Moreover, co-culturing UC-MSCs with rat cardiomyocytes was found to upregulate the Cx43 gene, Mef2c, cTnT, and myosin heavy chain (MYH)-6. Interestingly, a spontaneous contraction of the cardiomyocytes was observed within a week [63]. Research targeting the cardiac differentiation ability of UC-MSCs is still limited and more studies are needed to optimize the dose, route, and transplanting duration to obtain functional cardiac cells. Despite the difficulties surrounding MSC-based cell therapy, it is important to investigate effective approaches to improve cardiomyogenesis, which can improve the quality of life of patients suffering from heart problems. Although UC-MSCs have enchanted characteristics and exhibit promising regenerative capabilities, their use in large animal studies and clinical studies is still limited. A graphical summary of the cardiomyogenic abilities of UC-MSCs can be found in Fig. 4.

[image: images]

Figure 4: The differentiation potential of umbilical cord mesenchymal stem cells for cardiac regeneration. Incubating UC-MSCs with 5‑ azacytidine increased the expression of cardiac specific markers, such as Nkx2.5, GATA4, Mef2c, TNNT2, (MYH)-7B, Cx43. Pre-treating UC-MSCs with a low dose of H2O2 found to increase the expression of cardiomyocyte-related genes such as GATA4, M1c2a, β-MHC, cTnI and activate the transcription of K+ and Na+ channel-related genes. Combining UC-MSCs with 2-DC was reported to be significantly effective in upregulating the gene expression of cardiac differentiation factors, as well as the maturation markers of cardiomyocytes, including GATA-4, Wnt-2, cTnC, cTnT, MHC, cardiac α-actinin, Ca+2 and Na+ channels, Nkx2.5, Cx43, cardiac α-actinin, and MHC. 2-DC: 2’-deoxycytidine; Cx43: Connexin 43; cTnC: cardiac Troponin C; cTnI: cardiac Troponin I; cTnT: cardiac Troponin; GATA4: GATA binding protein 4; H2O2: hydrogen peroxide; LVEF: Left Ventricular Ejection Fraction; Mef2c: myocyte-specific enhancer factor 2c; MHC: Major Histocompatibility Complex; MSCs: mesenchymal stem cells; MYH7B: myosin heavy chain-7B; Nkx2.5: homeobox protein; TNNT2: Troponin T2.

Conclusion

MSCs are considered a promising cell-based therapy. They can be obtained from multiple sources, such as bone marrow, adipose tissue, umbilical cord, and dental pulps. MSCs are suitable for treating cardiac diseases and restoring the functionality of the damaged heart.

AD-MSCs are a major source of stem cell therapy for cardiac diseases. They are superior to other MSC types in abundance, accessibility, proliferative capacity, anti-inflammatory and anti-fibrotic properties, safety profile, and suitability for allogenic transplantation [64,65]. BM-MSCs exhibit a high proliferation and differentiation tendency, powerful immunomodulatory properties, and migration ability. However, their isolation procedure is invasive, only small tissue volumes can be obtained, and they are not stable in the injured cardiac microenvironment, which hinders their clinical benefits [43]. Despite the encouraging properties of UC-MSCs and DP-MSCs (good immunomodulatory effect and stability in cardiac stress microenvironment, respectively) [66,67], the amount of research on these MSCs is limited compared to BM-MSCs and AD-MSCs. Therefore, the optimal MSC source for the regenerative treatment of cardiac diseases cannot be determined yet.

The regenerative effects of MSCs on the diseased heart are achieved by differentiating into cardiomyocytes or cardiomyocyte-like cells and exerting immunomodulatory effects. Considerable efforts are conducted to investigate the impact of modifying strategies on enhancing the survival of MSCs in the cardiac microenvironment and reprograming them to differentiate into functional cardiac cells. Most of these efforts have yielded promising results in improving heart regeneration and restoring heart function, as demonstrated by increased angiogenesis, improved LVEF, and reduced infarct size. In fact, each type of MSCs has its unique cardiac regenerating capabilities and many cardiovascular diseases are characterized by having complicated and harsh microenvironments. Based on that, it is suggested that combining two types or more of MSCs can generate superior regenerative and repairing outcomes in many cardiac disorders. Future studies should be directed toward investigating the cardiac regenerative abilities of each type of MSCs in large-animal models and in clinical trials to shift these cells from bench to bedside.
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