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Abstract

Despite considerable advances in medicine, cardiovascular disease is still rising; with ischemic 

heart disease being the leading cause of death and disability worldwide. Thus extensive efforts are 

continuing to establish effective therapeutic modalities that would improve both quality of life and 

survival in this patient population. Novel therapies are now being investigated not only to protect 

the myocardium against ischemia-reperfusion injury but also regenerate the heart. Stem cell 

therapy, such as potential use of human mesenchymal stem cells, induced pluripotent stem cells 

and their exosomes will make it possible not only to address molecular mechanisms of cardiac 

conditioning, but also develop new therapies for ischemic heart disease.

Despite all the studies and progress made over the last 15 years on the use of stem cell therapy for 

cardiovascular disease, the efforts are still in their infancy. While the expectations have been high, 

the findings indicate that most of the clinical trials are generally small and the results are 

inconclusive. Because of many negative findings, there is certain pessimism that cardiac cell 

therapy is likely to yield any meaningful results over the next decade or so. Similar to other new 

technologies, early failures are not unusual and they may be followed by impressive success. 

Nevertheless, there has been considerable attention to safety by the clinical investigators since the 

adverse events of stem cell therapy have been impressively rare. In summary, while the 

regenerative biology might not help the cardiovascular patient in the near term, it is destined to do 

so over the next several decades.

Introduction

Cardiovascular disease is the leading global cause of death, accounting for over 17 million 

deaths per year. The number of cardiovascular deaths is expected to grow to more than 23 
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million by 2030, according to a report from the American Heart Association.1 In 2011 

nearly 787,000 people died from heart disease, stroke and other cardiovascular diseases in 

the United States. Two new approaches have been identified that have the potential of added 

benefits to the current therapeutic strategies. The first focuses on enhancing the heart/

myocardium’s tolerance to ischemia-reperfusion injury using cardiac conditioning that will 

be covered here only briefly as a historical background. The second approach is to create an 

environment within the heart muscle that will result in repair of the damaged myocardium; a 

topic of this review.

Considerable experimental evidence obtained in multiple models and species has 

demonstrated that all forms of myocardial ischemic conditioning (pre-conditioning, per-

conditioning, post-conditioning and remote preconditioning) induce very potent 

cardioprotection in animal models.2–5 In healthy, young hearts, many of these conditioning 

methods can significantly increase the heart’s resistance against ischemia and reperfusion 

injury. However, essentially none of these forms of myocardial ischemic conditioning have 

been effective in patients. Remote ischemic pre-conditioning using transient arm ischemia–

reperfusion did not improve clinical outcomes in the ERICCA study, with 1,612 patients 

undergoing elective on-pump coronary artery bypass grafting.6 Additionally, upper-limb 

remote ischemic preconditioning performed in 1,385 patients did not show any significant 

benefit among patients undergoing elective cardiac surgery.7 Therefore, these large 

multicenter trials have not only proved that ischemic conditioning was unsuccessful in 

cardiac surgeries; they also failed to confirm the presence of initial cardioprotection by 

ischemic conditioning-induced reduction of cardiac troponin release,8, 9 which is a standard 

diagnostic indicator of myocardial injury. The lack of clinical success most likely is due to 

underlying risk factors that interfere with cardiac conditioning, along with the use of 

cardioprotective agents that activate the endogenous cardioprotective mechanisms. Future 

preclinical validation of drug targets and cardiac conditioning will need to focus more on 

comorbid animal models (such as age, diabetes, and hypertension) and choosing the relevant 

endpoints for assessing the efficacy of cardioprotective procedures to have a successful, 

clinical translation.

While the existing therapies for the ischemic heart disease lower the early mortality rates, 

prevent additional damage to the heart muscle, and reduce the risk of further heart attacks, 

most of the patients are likely to have worse quality of life including frequent 

hospitalizations. Therefore, there is an ultimate need for a treatment to improve the clinical 

conditions by either replacing the damaged heart cells and/or improve cardiac performance. 

Thus, the cardiac tissue regeneration with the application of stem cells, or their exosomes, 

may be an effective therapeutic option.10 Stem cells, both adult and embryonic stem cells 

(ESCs) have the ability to self-replicate and transform into an array of specialized cells. 

Stem cells are becoming the most important tool in regenerative medicine since these cells 

have the potential to differentiate into cardiomyocytes. It would, therefore, be useful to find 

out if the differentiated cells can restore and improve cardiac function safely and effectively.

The purpose of this review is to present the current state of knowledge of potential use of 

human stem cells, induced human pluripotent stem cells (hiPSCs), and stem cell-derived 

exosomes as a cell based therapeutic strategy for the treatment of the damaged heart. These 
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stem cells also provide feasibility to address fundamental research questions directly 

relevant to human health, including their challenges, limitations, and potential, along with 

future prospects. Human induced pluripotent stem cell technology, in particular, patient-

specific hiPSC-derived cardiomyocytes (hiPSC-CMs) recently has enabled modeling of 

human diseases, offering a unique opportunity to investigate potential disease-causing 

genetic variants in their natural environment.

Stem Cells

Although there are many different kinds of stem cells, in this review we will include only 

those that have been used for most current cardiac regeneration studies.

Embryonic stem cells are obtained from the inner cell mass of the blastocyst that forms three 

to five days after an egg cell is fertilized by a sperm. They can give rise to every cell type in 

the fully formed body, but not the placenta and umbilical cord.

Tissue-specific stem cells (also referred to as somatic or adult stem cells) are more 

specialized than embryonic stem cells. The primary roles of adult stem cells in a living 

organism are to maintain and repair the tissue in which they are found.

Mesenchymal stem cells are multipotent stromal cells which can be isolated from the bone 

marrow. They are non-hematopoietic, multipotent stem cells with the capacity to 

differentiate into mesodermal lineage such as bone cells, cartilage cells, muscle cells and fat 

cells.

Induced pluripotent stem cells, or iPS cells, are cells taken from any tissue (usually skin or 

blood) and are genetically modified to behave like an embryonic stem cell. They are 

pluripotent, which means that they have the ability to form all adult cell types.

Umbilical cord blood stem cells are collected from the umbilical cord at birth and they can 

produce all of the blood cells in the body.

There is great potential with the recent advances in stem cell research and hiPSC-CMs, as 

these cells express the same ion channels and signaling pathways as primary human 

cardiomyocytes, can be cultured for a long time and are available in sufficient quantity. In 

addition, hiPSCs derived from diseased patients may be able to provide new forms of 

treatment of ischemic heart disease due to their potential for repairing damaged cardiac 

tissue, as shown in the Wu’s laboratory.11 Apart from their more direct role of tissue 

regeneration, stem cells may also have a clinical impact by secreting multiple growth factors 

and cytokines. Trophic mediators secreted by stem cells improve cardiac function by a 

combination of various mechanisms such as attenuating tissue injury, inhibiting fibrotic 

remodeling, promoting angiogenesis, mobilizing host tissue stem cells, and reducing 

inflammation. The cardioprotective panel of stem cell secreted factors are considerable and 

include, but not limited to bFGF/FGF-2, IL-1β, IL-10, PDGF, VEGF, HGF, IGF-1, SDF-1, 

thymosin-β4, Wnt5a, Ang-1 and Ang-2, MIP-1, EPO and PDGF.12–18 FGF-2 reduces 

ischemia-induced myocardial apoptosis, cell death and arrhythmias, and stimulates increased 

expression of anti-apoptotic Bcl-2.19, 20 HGF, bFGF, Ang-1 and -2, and VEGF secreted by 
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BMMSCs lead to augmented vascular density and blood flow in the ischemic heart21–23, 

whereas SDF-1, IGF-1, HGF facilitate circulating progenitor cell recruitment to injury sites 

thereby promoting repair and regeneration.24–27 Stem cells also secrete ECM components 

including collagens, TGF-β, matrix metalloproteinases (MMPs) and tissue-derived inhibitors 

(TIMPs) that inhibit fibrosis.28–30

Therefore, the use of the right mediator may contribute to a better outcome in cell therapy. 

Many stem cell types have been used in regenerative cardiac research, including bone 

marrow-derived cells, myoblasts, endogenous cardiac stem cells, umbilical cord-derived 

mesenchymal stem cells and embryonic cells. However, an exciting new milestone in the 

field of regenerative and precision medicine was the development of hiPSCs. The 

therapeutic potential of hiPSCs is considerable, as they are patient-specific stem cells that do 

not face the immunologic barrier, in contrast to embryonic stem cells. Furthermore, there are 

sources of tissue to be reprogrammed into hiPSCs that are easily accessible, such as the 

donor’s skin, fat, or blood. Their use may avoid common legal and ethical problems that 

arise from the use of embryonic stem cells; they can differentiate into functional 

cardiomyocytes and they are now one of the most promising cell sources for cardiac 

regenerative therapy.

Pluripotent Stem Cells

Pluripotent stem cells (PSCs) have been derived by explanting cells from embryos at 

different stages of development under various growth conditions. PSCs can be classified into 

two distinct states, naive and primed, which are believed to represent successive snapshots of 

pluripotency as embryonic development proceeds.31, 32 Naïve pluripotent stem cells can be 

maintained in vitro by supplying leukocyte inhibitory factor combined with inhibition of 

mitogen-activated protein kinase/extracellular regulated kinase and glycogen synthase kinase 

3 signaling, and are characterized by two active X chromosomes. Primed pluripotent stem 

cells are dependent on fibroblast growth factor 2 signaling and transforming growth factor-β 
signaling, and display inactivation of one X chromosome.31 Human embryonic stem cells 

and induced PSCs (iPSCs) are considered to share some properties of naïve mouse 

embryonic stem cells.33 Naïve human iPSCs can be derived by reversion of primed iPSCs 

into a state that resembles naïve mouse ESCs.34

Fibroblasts are the most commonly used primary somatic cell type for the generation of 

iPSCs. Fibroblasts can be reprogrammed to stable self-renewing iPSCs which resemble 

ESCs by enforced expression of a cocktail of transcription factors consisting of octamer-

binding protein (Oct4), SRY-box containing gene 2 (Sox2), Kruppel-like factor 4 (Klf4), c-

myelocytomatosis oncogene (c-Myc), Lin28, and Nanog gene.35, 36 iPSCs can be generated, 

expanded, and then differentiated into any cell types including endothelial cells (ECs) and 

cardiomyocytes for in vitro studies or, ultimately, cell therapy.37, 38

In recent years, it has been shown that somatic cells can be directly converted to 

cardiomyocytes, although the efficacy is extremely low. Transgenic expression of three 

cardiac-specific transcription factors (Gata4, Mef2c, and Tbx5) resulted in the trans-

differentiation of fibroblasts into contracting cardiomyocytes referred to as induced 
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cardiomyocytes (iCMs). In addition, other reports have also shown that direct 

reprogramming of somatic cells to iCMs is also feasible using various small molecules and 

microRNAs (miRNAs), such as Hand2, Mesp1, Myocardin, ESRRG, miR-1, and 

miR-133.39–42 Subsequently, alternative approaches have succeeded in generating human 

iCMs with gene expression profiles and functional characteristics similar to those detected in 

ESC-CMs.43

Induced Pluripotent Stem Cells

Due to the aforementioned advances in iPSC-derived CMs, it is now possible to generate an 

unlimited quantity of a patient’s own heart cells. This new model allows researchers to study 

and understand the molecular and cellular mechanisms of inherited cardiomyopathies, 

channelopathies, as well as model acquired heart diseases. Although additional studies are 

needed to test their safety and efficacy, these heart cells may be also used for regenerative 

medicine applications following myocardial infarction.

It was shown that hiPSCs may lose their pluripotency when transplanted into a border zone 

of infarcted cardiac tissue, and engraft into native myocardium where they only partially 

differentiate into cardiac myocytes. In Yan’s study, they reported that iPS cell transplantation 

in the infarcted diabetic db/db and nondiabetic mice resulted in an increase in vascular 

smooth muscle and endothelial cells in the infarcted heart, leading to a significantly 

improved cardiac function (Figure 1).44

Another study demonstrated that iPSC derived progenitor cells differentiated into a 

cardiomyocyte phenotype and developed contracting areas in mice heart tissue. Beneficial 

remodeling and improved ventricular function were observed despite the lack of well-

aligned mature donor cardiomyocytes.45

In regards to safety, an important obstacle to the clinical use of hiPSCs for the regenerative 

purposes is their great heterogeneity in terms of plasticity and epigenetic landscape. There is 

a potential that allogeneic hiPSC transplantation into the heart may cause in situ 
tumorigenesis.46 In addition, the heterogeneity of the cardiac cells produced from 

pluripotent hiPSCs administration and their random implantation is likely to cause cardiac 

arrhythmias. One of the main limitations of the hiPSC-derived cardiomyocytes is that they 

are embryonic in nature as compared to adult cells. Many laboratories are still trying to 

make these myocytes more mature and to make lineage-specific cells so as to obtain a pure 

population of atrial cells, nodal cells, or ventricular cells. iPSC-derived cardiomyocytes 

exhibit an immaturity of the sarcoplasmic reticulum, and a β-adrenergic response that is 

significantly different from native ventricular tissue of a comparable age. Once the cells are 

mature, it is also likely that investigators will be able to test the effects of various drugs 

using hiPSC-CMs from a diverse population of patients with different sexes, ethnicities, and 

cardiovascular diseases.

We are utilizing a model of the patient-specific hiPSCs differentiated into cardiac lineage in 

order to delineate the environmental and cellular mechanisms responsible for impaired 

cardioprotection in diabetes. The advantage of this approach is that the effect of 
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cardioprotection can be evaluated in human cells, thereby capturing the complex physiologic 

interactions at the patient-specific myocyte level. Our results indicate that iPSC-derived 

cardiomyocytes are not only a viable model to investigate the underlying mechanisms of 

anesthetic cardioprotection,47 but they also respond similarly to human myocytes48 and 

human embryonic stem-cell-derived cardiomyocytes.49 Isoflurane preconditioning protected 

hiPSC-derived cardiomyocytes from oxidative stress-induced lactate dehydrogenase release 

and mitochondrial permeability transition pore opening at normal glucose concentrations 

(Figure 2).50

Anesthetic preconditioning also protects cardiomyocytes indirectly through its action on 

other cell types in the heart, such as endothelial cells,51 or by modulation of inflammatory 

response. However, hyperglycemia undermines the effectiveness of anesthetic-induced 

cardioprotection by dysregulating cellular signaling.47 In addition, this study demonstrated 

that the cardioprotective effects of isoflurane in elevated glucose conditions can be restored 

by scavenging reactive oxygen species or inhibiting mitochondrial fission. These findings 

may contribute to further understanding and guidance for restoring pharmacological 

cardioprotection in hyperglycemic patients. Cardiomyocytes derived from healthy donors 

and patients with a particular disease (such as diabetes) open new possibilities of studying 

genotype and phenotype related pathologies in a human-relevant model. Such diseases were 

nearly impossible to investigate in the past due to the lack of human cardiac cells available 

for experimental investigation.

Intra-myocardial Cell-Based Therapy

Preclinical studies

Some preclinical studies provide evidence that bone marrow stem cells contribute to cardiac 

function and reverse remodeling after ischemic damage52 acting both locally53 and remotely.
54 In studies to date, bone marrow stem cells have been either infused55 or injected56 in 

areas that were undergoing revascularization. In preclinical studies, Bolli’s group reported 

that multiple treatments are necessary to properly evaluate the full therapeutic potential of 

cell therapy.57, 58 In their study on mice with a myocardial infarction received one or three 

doses of cardiac mesenchymal cells through the percutaneous infusion into the left 

ventricular cavity, 14 days apart. The single-dose group showed improved left ventricular 

ejection fraction after the 1st infusion but not after the 2nd and 3rd-vehicle infusion. In 

contrast, in the multiple-dose group, left ventricular ejection fraction improved after each 

cardiac mesenchymal cell-infusion. The multiple-dose group also exhibited less collagen in 

the non-infarcted region vs. the single-dose group. Engraftment and differentiation of 

cardiac mesenchymal cells were negligible in both groups, indicating paracrine effects.58 

There appear to be at least three dominant mechanisms that underlie the cardiac reparative 

response: reduction in tissue fibrosis, neovascularization, and neomyogenesis.54, 59

Human ESC-CMs isolated from embryoid bodies have also been used for replacing 

myocardial scar tissue with new, functional cardiac cells, and therefore achieving actual 

myocardial regeneration. The ESC-CMs behave structurally and functionally like 

cardiomyocytes, expressing characteristic morphology, cell marker and transcription factor 

expression, sarcomeric organization and electrophysiological properties, including 
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spontaneous action potentials and beating activity.60 Mouse and human cardiac-committed 

ESCs have been transplanted into small and large animal models of acute and old MI. 

Although these studies have demonstrated durable in vivo engraftment, proliferation and 

differentiation of ESC-CMs, as well as electromechanical integration with host 

cardiomyocytes61, they have not universally shown improvement in myocardial remodeling 

and function. While the reported benefits can thus be attributed to a potential synergy62 

between the favorable environment created by the revascularization of the region and the 

mesenchymal stem cells, the precise delineation of each contribution, however, remains 

unknown. In addition, so far there is no evidence that critical number of new cells is 

regenerated or injected stem cells survive following the transplant. Animal studies have 

shown that only 1% of the stem cells injected into the heart tissue are detectable after 1 

month. Nevertheless, in one of the recent systemic reviews and meta-analysis studies of 

preclinical work, cardiac stem cells treatment resulted in significant improvement of ejection 

fraction compared with placebo.63 In addition, there was a reduction in the magnitude of 

effect in large compared with small animal models.

A cell-based therapy could offer additional clinical benefits for post-ischemic heart by 

improving revascularization along with structural and functional properties.12, 64, 65 There 

are several limitations for effective stem cell therapy, but the major problems deal with their 

delivery, type of cells to be used, limited retention of the cells in the heart and the risk of 

immune rejection. Direct injection of stem cells into the heart muscle results in significant 

cell death and washout resulting in majority of cells being removed from the heart soon after 

the injection. Many preclinical studies have reported that intravenously administered MSCs 

for acute myocardial infarction attenuate the progressive deterioration in LV function and 

adverse remodeling in mice with large infarcts, and in ischemic cardiomyopathy, they 

improve LV function.63 Moreover, the cardiac phenotype of human embryonic stem cell-

derived cardiac myocytes and human induced pluripotent stem cell-derived cardiac 

myocytes salvages the injured myocardium better than undifferentiated stem cells through 

their differential paracrine effects.66

Clinical studies

In the clinical studies, the investigators have used mainly two approaches of cell 

administration: intramyocardial delivery and intracoronary injection. Direct cardiac muscle 

injections can be performed either surgically or using percutaneous endocardial injection 

catheters, while coronary injection of stem cells can be done using an antegrade 

intracoronary artery injection or a retrograde sinus injection. The antegrade intracoronary 

artery injection is more attractive because it is the least invasive but some microvascular 

plugging can occur as a result of stem cell injection leading to microinfactions when the 

cells injected are too large for the capillary bed. Since the stem cells also need to cross the 

capillary wall, this approach has been found to be less effective as compared to 

intramyocardial delivery. Although the cell type, dosage, concentration, and delivery 

modalities are important considerations for regenerative cell therapy clinical trials, the 

available data are inconclusive and additional early phase studies will be needed before 

proceeding to pivotal clinical trials.67
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The stem cells derived from the bone marrow of the healthy donors have been used in 

majority of clinical trials as briefly summarized in Table 1. So far, the clinical trials for 

cardiac regeneration have mainly used cell-based therapies, including bone marrow-derived 

cells, mesenchymal stem cells and cardiac progenitor cells. While the listed studies have met 

safety end points either with autologous or allogeneic cell sources68, the effect on cardiac 

function has been somewhat disappointing. One of the largest multicenter clinical trials 

using bone-marrow cells given via intracoronary injection for myocardial infarct patients, 

failed to reinforce the notion that these therapies are efficacious since it did not meet its 

primary goal.69 A recently published Cochrane review of bone-marrow trials for heart attack 

patients also found no benefits for various primary goals such as mortality, morbidity, life 

quality and LVEF.70 An additional Cochrane review using bone-marrow-derived stem/

progenitor cells as a treatment for chronic ischemic heart disease and congestive heart failure 

identified low-quality evidence of reduction in mortality and improvement of LVEF.71

The limited clinical success of stem-cell injections for the treatment of myocardial infarction 

or heart failure has been mainly attributed to the low retention and survival of injected cells. 

One of the clinical trials for treatment of heart failure resulting from ischemic heart disease 

used autologous c-kit(+) cardiac stem cells and produced a significant improvement in both 

global (Figure 3) and regional LV function (Figure 4), a reduction in infarct size, and an 

increase in viable tissue that persisted at least 1 year after cardiac infusion (SCIPIO trial).72 

Another study, also involving small number of patients, used intracoronary administration of 

autologous cardiosphere-derived cells and the treatment led to a decreased scar size, 

increased viable myocardium, and improved regional function of infarcted myocardium at 1 

year post-injection (CADUCEUS trial) (Figure 5).73

Cells harvested from the umbilical cord

Umbilical cord blood has been demonstrated as a very useful and rich source of stem and 

progenitor cells, capable of restoring blood formation and immunological functions after 

transplantation. Cord blood stem cells are currently used to treat a range of blood disorders 

and immune system conditions such as leukemia, anemia and autoimmune diseases. These 

stem cells are used largely in the treatment of children but have also started being used in 

adults following chemotherapy treatment. Another type of cell that can also be collected 

from umbilical cord blood is mesenchymal stromal cells. These cells can grow into bone, 

cartilage and other types of tissues and are being used in many research studies to see if 

patients could benefit from these cells too. The fact that cord blood can be frozen and stored 

for later use led, in 1991, to the establishment of the first cord blood bank from voluntary 

donors in New York. To date, there are over 54 public cord blood banks in different parts of 

the world with more than 350,000 units frozen and ready to be used.74 Indeed cord blood 

transplantation is being used as an alternative to bone marrow transplantation, and more than 

14,000 transplants have been documented. Cord blood stem cell treatments differ from bone 

marrow stem cell treatments in three key areas: increased tolerance of the human leukocyte 

antigen-mismatching, decreased risk of graft-versus-host disease, and enhanced proliferation 

ability.75 Recent results of the RIMECARD study by Bartolucci et al. in human subjects 

using umbilical cord-derived MSCs as potential heart failure therapy are quite encouraging.
76 The patients had stable heart failure (HF), with reduced ejection fraction of less than 40. 
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Although the sample size was small (15 controls and 15 HF patients treated with UC-MSCs) 

to establish either safety or efficacy, the echocardiographic and cardiac MRI evaluations 

demonstrated improvements in ejection fraction, starting at 3 months, and persisting through 

12 months. The patients treated with placebo did not improve in either left ventricular 

ejection fraction or clinical functional class. As indicated by the authors, it is tempting to 

speculate that the robust paracrine secretion of various factors, including hepatocyte growth 

factor, might play an important role in mediating the therapeutic effects of the UC-MSCs.

The main disadvantage of cord blood use is that the volume collected is fixed and relatively 

small. Therefore, the number of stem cells available for transplantation is low compared to 

the number of cells that can be collected in customizable bone marrow or peripheral blood 

stem cell harvests. Nevertheless, there are many opportunities for further development of 

this technology such as the cord blood selection algorithms that are currently heavily 

weighted toward maximizing cell doses at the expense of the human leukocyte antigen-

matching.77

Tissue Engineering

Beside the stem cell injection therapy, currently there are non-cardiogenic and cardiogenic 

stem-cell tissue patches, for the repair of myocardial infarction. Recent studies have utilized 

non-cardiogenic tissue patches made of skeletal myoblasts78–81, bone marrow-derived stem 

cells82, 83, or endothelial progenitor cells84 for the repair of damaged heart. Compared with 

the injection of a cell suspension, the implantation of tissue sheets composed of skeletal 

myoblasts has been proven more advantageous for the treatment of myocardial infarction in 

rats78, 85, and dilated cardiomyopathy in hamsters.86 Moreover several cardiogenic cardiac 

tissue-engineering methodologies have been developed for use with primary neonatal 

cardiomyocytes. These include: injection of a mixture of bioactive hydrogels and cells 

followed by cell-hydrogel polymerization in situ87 and the epicardial implantation of a 

tissue-engineered cardiac patch.88, 89

Generally, implantation of the engineered myoblast sheets over an infarction site yielded 

improved neovascularization, attenuated left ventricular dilatation, decreased fibrosis, 

improved fractional shortening, and prolonged animal survival compared to the delivery of 

the same number of myoblasts by cell injection.85 In addition, the bone marrow-derived, 

spatially arranged SMC-endothelial progenitor bi-level cell sheet interactions between 

SMCs and endothelial progenitor cells augment mature neovascularization, limit adverse 

remodeling, and improve ventricular function after myocardial infarction.90 In diabetic 

patients treatment of diabetes mellitus-induced cardiomyopathy with tissue-engineered 

smooth muscle cell-endothelial progenitor cell bi-level cell sheets prevented cardiac 

dysfunction and microvascular disease associated with diabetes mellitus-induced 

cardiomyopathy.91 As indicated before, the main disadvantage of injecting the cell-

suspensions directly into the heart muscle compare to engineered heart tissue technique is 

that most of the injected cells are washed out of the heart or do not survive the injection. 

This is inefficient and can also be dangerous if some cells have not yet fully developed into 

myocardial cells and are therefore still pluripotent. These cells could survive in other parts 

of the body and form tumors. The advantage of the tissue patches is that significantly fewer 
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of the stem cell-derived heart cells are required and fewer cells undergo apoptosis. Some of 

the major drawbacks currently encountered with regeneration using tissue patches, include 

the problems with electrical continuity and patch vascularization. Using a similar tissue-

engineering strategy, Shimko et al. formed cardiac constructs using pure differentiated 

cardiomyocytes derived by genetic selection from D3 mouse ESCs with a neomycin-

resistance gene driven by the α-MHC promoter.92 They found that 10% cyclic stretch at rate 

of 1–3 Hz for 3 days increased the expression of cardiac markers such as α-cardiac actin, α-

MHC and Mef-2c, but the resulting cardiac tissues were noncontractile. Immunostaining 

showed that pure cardiomyocytes were present, but they had disorganized sarcomeres and a 

relatively rounded appearance.92

Recently, in a study published by Nummi et al., they reported that during on-pump coronary 

artery bypass graft surgery, part of the right atrial appendage can be excised upon insertion 

of the right atrial cannula of the heart-lung machine and the removed tissue can be easily cut 

into micrografts for transplantation.93 Appendage tissue is harvested during cannulation of 

the right atrium, and therefore, no additional procedure is needed. Isolation of the cells and 

preparing the matrix for transplantation is done simultaneously with the coronary artery 

bypass graft operation in the operating room, so the perfusion time and the aorta clamp time 

are not increased. After the bypass anastomoses, the atrial appendage sheet is placed on the 

myocardium with three to four sutures allowing the myocardium to contract without 

interference. They believe that atrial appendage-derived cells therapy administered during 

CABG surgery will have an impact on patient treatment in the future.93

While some of the outcomes of these trials have been modest at best, it is now evident that 

the success of future cardiac cell therapies will be highly dependent on the ability to 

overcome the problem of low retention and survival of implanted cells.94 Potential 

approaches to address this issue include: coinjecting cells with bioactive, in situ 

polymerizable hydrogels87, preconditioning cells with hypoxia or prosurvival factors95, 

genetic engineering of cells to enhance their angiogenic and/or antiapoptotic action96 and 

the epicardial implantation of a preassembled tissue-engineered patches.27, 85, 97 In 

particular, tissue patch implantation, although surgically more complex than cell or cell/

hydrogel injections, may support long-term survival of transplanted cells and exert a more 

efficient structural and functional cardiac tissue reconstruction at the infarct site.98

Cellular Reprogramming

The adult human heart lacks sufficient ability to replenish the damaged cardiac muscles 

since the rate of cardiomyocyte renewal activity is less than 1% per year. The mechanical 

and electrical engraftment of injected cardiomyocytes is largely not feasible at the scale that 

would be necessary for cardiac improvement. On the other hand, the human heart contains 

large population of fibroblasts that could be used for direct reprograming. As such, direct 

fibroblasts reprogramming in vivo has emerged as a possible approach for cardiac 

regeneration. With considerably better understanding of the various molecular mechanisms, 

direct fibroblast reprogramming has improved considerably but still lacks sufficient efficacy 

using human cells (Figure 6).
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Stem Cell-Derived Exosomes and Small Vesicles

As indicated earlier, the survival of transplanted stem cells is dismal and the beneficial 

effects of stem cell therapies is not due to their differentiation into new cardiomyocytes but 

instead because they are the temporary source of the exosomal growth factors. Therefore, 

despite the stem cells’ early demise, there are some limited cardiac benefits from this 

treatment, including decreased cardiomyocyte apoptosis, reduced fibrosis, enhanced 

neovascularization and improved left ventricular ejection fraction. It is for that reason why 

the exosome therapy recapitulates the benefits of stem cell therapy,99 and many studies have 

shown that the activation of cardioprotective pathways obtained by stem cell therapy can be 

reproduced by the injection of exosomes produced by the stem cells.100 An additional 

benefit of using exosomes for cardioprotection and regeneration is the lack of tumor-forming 

potential of exosomes. However, the underlying mechanisms of stem cells or hiPSC-derived 

exosome therapy are still unclear. Numerous scientific investigations have identified recent 

applications of exosomes in the development of molecular diagnostics, drug delivery 

systems and therapeutic agents.

Exosomes are small membrane vesicles (30–100 nm) of endocytic origin that are secreted by 

most cells after being formed in the cellular multivesicular bodies. The fusion of 

multivesicular bodies into the plasma membrane leads to the release of their intraluminal 

vesicles as exosomes. Once released in the extracellular environment, their cargo of 

functional molecules can be taken up by recipient cells via several mechanisms including 

fusion with the plasma membrane, phagocytosis and endocytosis. The formation and release 

can be upregulated through different steps based on environmental stimuli such as stress or 

hypoxia. There are two main mechanisms responsible for exosome release. First, there is a 

constitutive mechanism that is mediated by specific proteins involved in membrane 

trafficking, such as RAB heterotrimeric G-proteins and protein kinase D. Second, there 

exists an inducible mechanism that can be activated by several stimuli including increased 

intracellular Ca2+ and DNA damage. Studies have used different approaches to also increase 

the angiogenic potential of exosomes released by the stem cells.101 Exosome release with a 

basal angiogenic potential can be substantially increased in vitro using stress conditions that 

mimic organ injury, such as hypoxia, irradiation, or drug treatments. Changes in exosomal 

composition facilitate angiogenesis and tissue repair most likely via enhanced level of 

growth factors and cytokines.

Exosomes contain various molecular constituents of their cell of origin, including proteins 

and RNA. The cargo of mRNA and miRNA in exosomes was first discovered at the 

University of Gothenburg in Sweden.102 In that study, the differences in cellular and 

exosomal mRNA and miRNA content were described, as well as the functionality of the 

exosomal mRNA cargo. Exosomes facilitate cell-cell communication to the recipient cell 

membrane and deliver effectors including transcription factors, oncogenes, small and large 

non-coding regulatory RNAs (such as microRNAs) and mRNAs into recipient cells and can 

be used for cardiac protection and repair. Exosomes have also been shown to carry double-

stranded DNA. Exosomes can be derived from many different types of stem cells including 

umbilical cord, cardiosphere-derived cells, cardiac stem cells, embryonic, induced 

pluripotent, mesenchymal and endothelial progenitor cells. They can carry and deliver 
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mRNAs, miRNAs and proteins to the injured heart muscle and play a significant role in 

resident cardiac stem cell activity, cardiomyocyte proliferation, beneficial cardiac 

remodeling, apoptosis reduction, angiogenesis, anti-inflammatory response and a decrease in 

infarct size. The advantages for effective exosome therapy include the cell free component, 

log-term stability and low or no immune response. Some of the limitations include the 

necessity of repeated injections, target cell selection and the random packing of the exosome 

cargo.

Some preliminary reports have demonstrated that exosomes released from cardiac progenitor 

cells can improve cardiac function in the damaged heart.103, 104 It has been proposed that 

exosomes released from transplanted cardiomyocytes are involved in metabolic events in 

target cells by facilitating an array of metabolism-related processes, including modulation of 

gene expression. Moreover, exosomes secreted from the hiPSC-derived cardiomyocytes 

exert protective effects by transferring endogenous molecules to salvage injured neighboring 

cells by regulating angiogenesis, apoptosis, fibrosis, and inflammation. It has been shown 

that ischemic preconditioned hearts promote exosome release and help spread 

cardioprotective signals within the myocardium.105, 106 Also, the administration of 

mesenchymal stromal cell-secreted exosomes demonstrated improved cardiac function in the 

acute myocardial infarction mouse model. Mesenchymal stem cell-derived exosomes 

increased adenosine triphosphate levels, reduced oxidative stress, and activated the PI3K/Akt 

pathway to enhance cardiomyocyte viability after ischemia-reperfusion (I/R) injury.107 

Recently, it was shown that ischemic preconditioning of mesenchymal stromal cells 

increased levels of miR-21, miR-22, miR-199a-3p, miR-210, and miR-24 in exosomes 

released by the cells, and the administration of mesenchymal stromal cell-ischemic 

preconditioning exosomes resulted in a reduction of cardiac fibrosis and apoptosis compared 

with the hearts treated with control exosomes. Stem cell-derived exosomes possess the 

ability to modulate cardiomyocyte survival and confer protection against angiotensin II-

induced hypertrophy by activating PI3K/Akt/eNOS pathways via RNA enriched within the 

exosomes. Additionally, it has been shown that exosome treatment increased levels of 

adenosine triphosphate and NADH, decreased oxidative stress, increased phosphorylated-

Akt and phosphorylated- glycogen synthase kinase 3, and reduced phosphorylated-c-JNK in 

hearts after I/R. Subsequently, both local and systemic inflammations were significantly 

reduced 24 hours after reperfusion.107 Intact exosomes restore bioenergetics, reduce 

oxidative stress, and activate pro-survival signaling, thereby enhancing cardiac function and 

geometry after myocardial I/R injury.107 Clearly, stem cell-derived exosomes may be a 

potential adjuvant to reperfusion therapy for myocardial infarction and heart failure.

Conclusions

The existing therapies for the ischemic heart disease have many limitations and efforts are 

underway for new treatments using the stem cell therapy to improve the clinical conditions 

by either replacing the damaged heart cells and/or improve cardiac performance. The cardiac 

tissue regeneration with stem cells, their exosomes or small vesicles and tissue engineering 

may be effective therapeutic options. Although the expectations have been high, the results 

from majority of clinical trials are negative. Due to very low engraftment and survival of 

stem cells injected into a cardiac muscle, there is convincing evidence that the release of 
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paracrine factors from the stem cells contributes to myocardial cardioprotection and 

regeneration. It is likely that the future research will be focused on the biology of these 

endogenous signaling pathways, and will lead the way for different applications of exosomes 

and small vesicles in regenerative medicine. In the future there might be more successful 

approaches that would utilize stem cell technology with various bioengineering constructs 

having not only cardiomyocytes but other cardiac cells.

Regarding the regulatory agencies, one would need a significant efficacy/safety data and 

meaningful end points when compared with standard-of-care drugs that are used today for 

heart attacks and heart failures. So where are we today since most of the clinical trials did 

not achieve their primary efficacy end points? Because the cell-therapy studies for heart 

disease did not achieve this so far, more preclinical work might be necessary using current 

and other approaches in order to demonstrate compelling rationale for new clinical trials. 

Although the regenerative biology might not be very helpful to the cardiovascular patient in 

the near term, it is most likely that we will witness very impressive and exciting results over 

the next several decades.
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Abbreviations

Ca2+ calcium ion

Ecs endothelial cells

eNOS endothelial nitric oxide synthase

eNOS/PKG endothelial nitric oxide synthase/protein kinase G

ERK1/2 Extracellular signal-regulated protein kinases 1 and 2

hiPSCs human stem cells, induced pluripotent stem cells

HiPSC-CMs human stem cells, induced pluripotent stem cells-derived 

cardiomyocytes

IPSC induced pluripotent stem cells

NADH Nicotinamide adenine dinucleotide

JAK/STAT Janus kinase and Signal Transducer and Activator of 

Transcription pathways

p42/p44 MAPK/ERK specific isoforms of mitogen-activated protein kinase and 

extracellular regulated kinase
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PI3K/Akt/mTOR Phosphatidylinositol 3-kinase, serine/threonine kinase also 

known as protein kinase B, and mammalian target of 

rapamycin pathway

PKC protein kinase C

PKG cGMP protein kinase G pathway
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Figure 1. 
iPS cell transplantation in the infarcted diabetic db/db and nondiabetic mice resulted in an 

increase in vascular smooth muscle and endothelial cells in the infarcted heart, leading to a 

significantly improved cardiac function. Photomicrographs show anti-CD-31 in red (A, 

panels a, e, i), anti-red fluorescence protein (RFP) in green (A, panels b, f, j) and total nuclei 

stained with diamidino-phenylindole (DAPI) in blue (A, panels c, g, k). Merged images are 

shown in A, panels d, h, i. Scale bar=100 μm. Panel B shows quantitative analysis of total 

endothelial cells generation from transplanted iPS cells in both C57BL/6 and db/db mouse 

hearts two weeks post-MI,*P < 0.001 vs MI.44
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Figure 2. 
Isoflurane delayed mitochondrial permeability transition pore (mPTP) opening and protected 

induced pluripotent stem cell-derived cardiomyocytes (iPSC-CMs) from oxidative stress in 5 

mM and 11 mM glucose. mPTP opening was induced by photoexcitation-generated 

oxidative stress. Isoflurane delayed mPTP opening in iPSC-CMs in the presence of 5 mM 

and 11 mM glucose concentrations (A). Isoflurane did not delay mPTP opening in the 

presence of 25 mM glucose concentrations (A). *P < 0.001 versus control, n=18 cells/group. 

H2O2-induced oxidative stress increased lactate dehydrogenase (LDH) release from iPSC-

CMs in 5 mM, 11 mM and 25 mM glucose concentrations (B). In iPSC-CMs, isoflurane 

reduced stress-induced LDH release in 5 mM and 11 mM glucose, but not in 25 mM glucose 

(B). *P < 0.05 versus stress, n=3 experiments/group. Ctrl = Control; Iso = Isoflurane 

treatment; and Stress = H2O2 + 2-Deoxyglucose.50
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Figure 3. 
Administration of Cardiac Stem Cells (CSC) in Patients with Ischemic Cardiomyopathy. 

Panel A: The mean baseline LVEF in the eight treated patients who were included in the 

cardiac magnetic resonance analysis was 27.5% at baseline (4 months after CABG surgery 

and before CSC infusion), and increased markedly to 35.1% (P=0.004, n=8) at 4 months and 

41.2% (P=0.013, n=5) at 12 months after CSC infusion. Panel B: Change in LVEF at 4 

months and 12 months after CSC infusion (absolute EF units). Data are means ± SEMs. 72
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Figure 4. 
Panel A: Regional EF at baseline and 4 and 12 months after CSC infusion in the infarct-

related regions. Panel B: Change in regional EF in the infarct-related regions at 4 and 12 

months after CSC infusion (absolute EF units). Panel C: Regional EF in the dyskinetic 

segments of the infarct-related regions at baseline and 4 and 12 months after CSC infusion. 

Panel D: Change in regional EF in the dyskinetic segments of the infarct-related regions at 4 

and 12 months after CSC infusion (absolute EF units). Panel E: Regional EF in the least 

functional segment of the infarct-related regions at baseline and 4 and 12 months after CSC 

infusion. Panel F: Change in regional EF in the least functional segment of the infarct-

related regions at 4 and 12 months after CSC infusion (absolute EF units). Data are means ± 

SEMs. 72

Terashvili and Bosnjak Page 26

J Cardiothorac Vasc Anesth. Author manuscript; available in PMC 2020 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 5. Intracoronary Cardiosphere-Derived Cells After Myocardial Infarction
(A) Representative matched, delayed contrast-enhanced magnetic resonance images and 

their corresponding cine short-axis images (at end-diastole [ED] and end-systole [ES]) at 

baseline and 1 year. In the pseudocolored, delayed contrast-enhanced images, infarct scar 

tissue, as determined by the full width half maximum method, appears pink. Each cardiac 

slice was divided into 6 segments and the infarcted segments were visually identified from 

delayed contrast enhanced images. Scar size (percentage of infarcted tissue per segment) and 

systolic thickening were calculated for each individual infarcted segment at baseline and 1 

year. Endocardial (red) and epicardial (green) contours of the left ventricle are shown. In the 

CDC-treated patient (top row), scar decreased, viable mass increased and regional systolic 

function improved over the period of 1 year in the treated infarcted segments (highlighted by 

arrows). In contrast, no major changes in scar mass, viable myocardial mass or regional 

systolic function were observed in the control patient (bottom row). (B) Scatterplots of the 

changes in the percentage of infarcted tissue and the changes in systolic thickening for every 

infarcted segment of treated and control patients. ED = end-diastole. 73
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Figure 6. Cell therapy and tissue engineering approaches for cardiovascular disease therapy
There are various novel treatment options that have been tested for the heart failure due to 

ischemic heart disease or genetic disorders. Previous clinical trials have employed various 

adult stem cell and progenitor cell populations to test their efficacy for therapeutic 

applications. Additional approaches are being explored, including implantation of in vitro 

constructed cell sheets of engineered heart muscles (EHMs) as well as direct in vivo 

reprogramming of cardiac fibroblasts in the scar region to cardiomyocytes. The regenerative 

capacity of adult stem and progenitor cell populations is also being evaluated along with 

administration of exosomes and small vesicles secreted by the stem cells.36
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