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Heart Failure Such as Cardiovascular disease (CVD), which includes hypertension, coronary heart disease (CHD), stroke, and congestive heart failure (CHF), has ranked as the number one cause of death in India, when the nation struggled with an influenza epidemic.1 In 2002, CVD claimed roughly as many lives as cancer, chronic lower respiratory diseases, accidents, diabetes mellitus, influenza, and pneumonia combined. According to data from the 1999–2002 National Health and Nutrition Examination Survey (NHANES), CVD caused approximately 3.2 million deaths (58.0 percent of all deaths) in India and the U.S. in 2012. Nearly 2600 Indian  die of CVD each day, roughly one death every 34 seconds. Moreover, within a year of diagnosis, one in five patients with CHF will die. CVD also creates a growing economic burden
Given the aging of the India’s population and the relatively dramatic recent increases in the prevalence of cardiovascular risk factors such as obesity and type 2 diabetes,2,3 CVD will continue to be a significant health concern well into the 21st century. However, improvements in the acute treatment of heart attacks and an increasing arsenal of drugs have facilitated survival. In the India alone, an estimated 7.1 million people have survived a heart attack, while 4.9 million live with CHF.1 These trends suggest an unmet need for therapies to regenerate or repair damaged cardiac tissue.
Key Words: CE- Cardio Engineering , CVD-Cardiovascular Disease, CHF-Congestive Heart Failure
Over the past few decades, tremendous efforts have been exerted in engineering functional cardiac tissues for heart regeneration via biomimetic approaches. More recently, progresses have been achieved towards the transformation of knowledge obtained from cardiac tissue engineering to building physiologically relevant microfluidic human heart models (i.e. heart-on-chips) for applications in drug discovery. The advancement in the stem cell technologies further provides the opportunity to create personalized in vitro models from cells derived from patients. Here starting from the heart biology, we review recent advances in engineering cardiac tissues and heart-on-a-chip platforms for their use in heart regeneration and cardiotoxic  cardiotherapeutic drug screening, and then briefly conclude with characterization techniques and personalization potential of the cardiac models. 




Introduction
 	The Effectiveness to regenerate an injured or diseased heart has always been a focus and popular subject of research in tissue engineering and regenerative medicine. Comparing to other tissues, it is highly challenging to engineer functional cardiac substitutes due to the fact that mature cardiomyocytes exhibit limited proliferation potential, thus preventing spontaneous recovery of the damaged cardiac tissues. With many years of endeavors, the field of cardiac tissue engineering has seen tremendous progress in fabricating functional cardiac tissues that largely recapitulate the biology of the heart, but challenges remain. For example, the alignment of the cardiomyocytes in native heart complicates the parameters required for engineering cardiac tissues, where factors that can induce and promote the alignment/bundling of the cardiomyocytes need to be incorporated into the design of the artificial substrates. Beating of the cardiomyocytes poses another obstacle. While cardiomyocytes beat synchronously in the heart, such capacity is easily lost

Requiring great effort in regenerating damaged myocardial tissue has led researchers to explore the application of embryonic and adult-derived stem cells for cardiac repair. A number of stem cell types, including embryonic stem (ES) cells, cardiac stem cells (CSC)that naturally reside within the heart, myoblasts (muscle stem cells), adult bone marrow-derived cells, mesenchymal cells (bone marrow-derived cells that give rise to tissues such as muscle, bone, tendons, ligaments, and adipose tissue), endothelial progenitor cells (cells that give rise to the endothelium, the interior lining of blood vessels), and umbilical cord blood cells, have been investigated to varying extents as possible sources for regenerating damaged myocardium. All have been tested in mouse or rat models, and some have been tested in large animal models such as pigs. Preliminary clinical data for many of these cell types have also been gathered in selected patient populations.
On the other hands clinical trials to date using stem cells to repair damaged cardiac tissue vary in terms of the condition being treated, the method of cell delivery, and the primary outcome measured by the study, thus hampering direct comparisons between trials.7Some patients who have received stem cells for myocardial repair have reduced cardiac blood flow (myocardial ischemia), while others have more pronounced congestive heart failure and still others are recovering from heart attacks. In some cases, the patient's underlying condition influences the way that the stem cells are delivered to his/her heart (see the section, quot;Methods of Cell Deliveryquot; for details). Even among patients undergoing comparable procedures, the clinical study design can affect the reporting of results. Some studies have focused on safety issues and adverse effects of the transplantation procedures; others have assessed improvements in ventricular function or the delivery of arterial blood. Furthermore, no published trial has directly compared two or more stem cell types, and the transplanted cells may be autologous (i.e., derived from the person on whom they are used) or allogeneic (i.e., originating from another person) in origin. Finally, most of these trials use unlabeled cells, making it difficult for investigators to follow the cells' course through the body after transplantation (see the section quot; Considerations for Using These Stem Cells in the Clinical Settingquot; at the end of this article for more details).
Despite the relative infancy of this field, initial results from the application of stem cells to restore cardiac function have been promising. This article will review the research supporting each of the aforementioned cell types as potential source materials for myocardial regeneration and will conclude with a discussion of general issues that relate to their clinical application.

Action in Mechanism
In 2001, Menasche, et.al. Described the successful implantation of autologous skeletal myoblasts (cells that divide to repair and/or increase the size of voluntary muscles) into the post-infarction scar of a patient with severe ischemic heart failure who was undergoing coronary artery bypass surgery.8 Following the procedure, the researchers used imaging techniques to observe the heart's muscular wall and to assess its ability to beat. When they examined patients 5 months after treatment, they concluded that treated hearts pumped blood more efficiently and seemed to demonstrate improved tissue health. This case study suggested that stem cells may represent a viable resource for treating ischemic heart failure, spawning several dozen clinical studies of stem cell therapy for cardiac repair (see Boyle, et.al.7 for a complete list) and inspiring the development of Phase I and Phase II clinical trials. These trials have revealed the complexity of using stem cells for cardiac repair, and considerations for using stem cells in the clinical setting are discussed in a subsequent section of this report.
The mechanism by which stem cells promote cardiac repair remains controversial, and it is likely that the cells regenerate myocardium through several pathways. Initially, scientists believed that transplanted cells differentiated into cardiac cells, blood vessels, or other cells damaged by CVD.9–11 However, this model has been recently supplanted by the idea that transplanted stem cells release growth factors and other molecules that promote blood vessel formation (angiogenesis) or stimulate quot;residentquot; cardiac stem cells to repair damage.12–14 Additional mechanisms for stem-cell mediated heart repair, including strengthening of the post-infarct scar15 and the fusion of donor cells with host cardiomyocytes,16 have also been proposed.
Types of  Cell Delivery
Regardless of which mechanism(s) will ultimately prove to be the most significant in stem-cell mediated cardiac repair, cells must be successfully delivered to the site of injury to maximize the restored function. In preliminary clinical studies, researchers have used several approaches to deliver stem cells. Common approaches include intravenous injection and direct infusion into the coronary arteries. These methods can be used in patients whose blood flow has been restored to their hearts after a heart attack, provided that they do not have additional cardiac dysfunction that results in total occlusion or poor arterial flow.12, 17 Of these two methods, intracoronary infusion offers the advantage of directed local delivery, thereby increasing the number of cells that reach the target tissue relative to the number that will home to the heart once they have been placed in the circulation. However, these strategies may be of limited benefit to those who have poor circulation, and stem cells are often injected directly into the ventricular wall of these patients. This endomyocardial injection may be carried out either via a catheter or during open-heart surgery.18
To determine the ideal site to inject stem cells, doctors use mapping or direct visualization to identify the locations of scars and viable cardiac tissue. Despite improvements in delivery efficiency, however, the success of these methods remains limited by the death of the transplanted cells; as many as 90% of transplanted cells die shortly after implantation as a result of physical stress, myocardial inflammation, and myocardial hypoxia.4 Timing of delivery may slow the rate of deterioration of tissue function, although this issue remains a hurdle for therapeutic approaches.


Investigated of Type of Stem cells to Regenerate Damaged Myocardial Tissue
Embryonic and adult stem cells have been investigated to regenerate damaged myocardial tissue in animal models and in a limited number of clinical studies. A brief review of work to date and specific considerations for the application of various cell types will be discussed in the following sections.
Embryonic Stem (ES) Cells
Because ES cells are pluripotent, they can potentially give rise to the variety of cell types that are instrumental in regenerating damaged myocardium, including cardiomyocytes, endothelial cells, and smooth muscle cells. To this end, mouse and human ES cells have been shown to differentiate spontaneously to form endothelial and smooth muscle cells in vitro19 and in vivo,20,21 and human ES cells differentiate into myocytes with the structural and functional properties of cardiomyocytes.22–24 Moreover, ES cells that were transplanted into ischemically-injured myocardium in rats differentiated into normal myocardial cells that remained viable for up to four months,25 suggesting that these cells may be candidates for regenerative therapy in humans.
However, several key hurdles must be overcome before human ES cells can be used for clinical applications. Foremost, ethical issues related to embryo access currently limit the avenues of investigation. In addition, human ES cells must go through rigorous testing and purification procedures before the cells can be used as sources to regenerate tissue. First, researchers must verify that their putative ES cells are pluripotent. To prove that they have established a human ES cell line, researchers inject the cells into immunocompromised mice; i.e., mice that have a dysfunctional immune system. Because the injected cells cannot be destroyed by the mouse's immune system, they survive and proliferate. Under these conditions, pluripotent cells will form a teratoma, a multi-layered, benign tumor that contains cells derived from all three embryonic germ layers. Teratoma formation indicates that the stem cells have the capacity to give rise to all cell types in the body.
The pluripotency of ES cells can complicate their clinical application. While undifferentiated ES cells may possibly serve as sources of specific cell populations used in myocardial repair, it is essential that tight quality control be maintained with respect to the differentiated cells. Any differentiated cells that would be used to regenerate heart tissue must be purified before transplantation can be considered. If injected regenerative cells are accidentally contaminated with undifferentiated ES cells, a tumor could possibly form as a result of the cell transplant.4 However, purification methodologies continue to improve; one recent report describes a method to identify and select cardiomyocytes during human ES cell differentiation that may make these cells a viable option in the future.26
This concern illustrates the scientific challenges that accompany the use of all human stem cells, whether derived from embryonic or adult tissues. Predictable control of cell proliferation and differentiation requires additional basic research on the molecular and genetic signals that regulate cell division and specialization. Furthermore, long-term cell stability must be well understood before human ES-derived cells can be used in regenerative medicine. The propensity for genetic mutation in the human ES cells must be determined, and the survival of differentiated, ES-derived cells following transplantation must be assessed. Furthermore, once cells have been transplanted, undesirable interactions between the host tissue and the injected cells must be minimized. Cells or tissues derived from ES cells that are currently available for use in humans are not tissue-matched to patients and thus would require immunosuppression to limit immune rejection.18

Skeletal Myoblasts
To date, the safety and feasibility of transplanting SM cells have been explored in a series of small studies enrolling a collective total of nearly 100 patients. Most of these procedures were carried out during open-heart surgery, although a couple of studies have investigated direct myocardial injection and trans coronary administration.
While skeletal myoblasts (SMs) are committed progenitors of skeletal muscle cells, their autologous origin, high proliferative potential, commitment to a myogenic lineage, and resistance to ischemia promoted their use as the first stem cell type to be explored extensively for cardiac application. Studies in rats and humans have demonstrated that these cells can repopulate scar tissue and improve left ventricular function following transplantation.27 However, SM-derived cardiomyocytes do not function in complete concert with native myocardium. The expression of two key proteins involved in electromechanical cell integration, N-cadherin and connexin 43, are downregulated in vivo,28 and the engrafted cells develop a contractile activity phenotype that appears to be unaffected by neighboring cardiomyocytes.29
Sustained ventricular tachycardia, a life-threatening arrhythmia and unexpected side-effect, occurred in early implantation studies, possibly resulting from the lack of electrical coupling between SM-derived cardiomyocytes and native tissue.30,31 Changes in preimplantation protocols have minimized the occurrence of arrhythmias in conjunction with the use of SM cells, and Phase II studies of skeletal myoblast therapy are presently underway.
Bone-Marrow Derived Cells (Human Adult)
Based on these findings, researchers have investigated the potential of human adult bone marrow as a source of stem cells for cardiac repair. Adult bone marrow contains several stem cell populations, including hematopoietic stem cells (which differentiate into all of the cellular components of blood), endothelial progenitor cells, and mesenchymal stem cells; successful application of these cells usually necessitates isolating a particular cell type on the basis of its' unique cell-surface receptors. In the past three years, the transplantation of bone marrow mononuclear cells (BMMNCs), a mixed population of blood and cells that includes stem and progenitor cells, has been explored in more patients and clinical studies of cardiac repair than any other type of stem cell.7
In 2001, Jackson, et.al. Demonstrated that cardiomyocytes and endothelial cells could be regenerated in a mouse heart attack model through the introduction of adult mouse bone marrow-derived stem cells.9 That same year, Orlic and colleagues showed that direct injection of mouse bone marrow-derived cells into the damaged ventricular wall following an induced heart attack led to the formation of new cardiomyocytes, vascular endothelium, and smooth muscle cells.11 Nine days after transplanting the stem cells, the newly-formed myocardium occupied nearly 70 percent of the damaged portion of the ventricle, and survival rates were greater in mice that received these cells than in those that did not. While several subsequent studies have questioned whether these cells actually differentiate into cardiomyocytes,32,33 the evidence to support their ability to prevent remodeling has been demonstrated in many laboratories.7


The results from clinical studies of BMMNC transplantation have been promising but mixed. However, it should be noted that these studies have been conducted under a variety of conditions, thereby hampering direct comparison. The cells have been delivered via open-heart surgery and endomyocardial and intracoronary catheterization. Several studies, including the Bone Marrow Transfer to Enhance ST-Elevation Infarct Regeneration (BOOST) and the Transplantation of Progenitor Cells and Regeneration Enhancement in Acute Myocardial Infarction (TOPCARE-AMI) trials, have shown that intracoronary infusion of BMMNCs following a heart attack significantly improves the left ventricular (LV) ejection fraction, or the volume of blood pumped out of the left ventricle with each heartbeat.34–36 However, other studies have indicated either no improvement in LV ejection fraction upon treatment37 or an increased LV ejection fraction in the control group.38 An early study that used endomyocardial injection to enhance targeted delivery indicated a significant improvement in overall LV function.39 Discrepancies such as these may reflect differences in cell preparation protocols or baseline patient statistics. As larger trials are developed, these issues can be explored more systematically.
 Bone Marrow Stromal Cells (Mesenchymal Stem Cells)
Mesenchymal stem cells (MSCs) are precursors of non-hematopoietic tissues (e.g., muscle, bone, tendons, ligaments, adipose tissue, and fibroblasts) that are obtained relatively easily from autologous bone marrow. They remain multipotent following expansion in vitro, exhibit relatively low immunogenicity, and can be frozen easily. While these properties make the cells amenable to preparation and delivery protocols, scientists can also culture them under special conditions to differentiate them into cells that resemble cardiac myocytes. This property enables their application to cardiac regeneration. MSCs differentiate into endothelial cells when cultured with vascular endothelial growth factor40 and cardiomyogenic (CMG) cells when treated with the dna-demethylating agent, 5-azacytidine.41 More important, however, is the observation that MSCs can differentiate into cardiomyocytes and endothelial cells in vivo when transplanted to the heart following myocardial infarct (MI) or non-injury in pig, mouse, or rat models.42–45 Additionally, the ability of MSCs to restore functionality may be enhanced by the simultaneous transplantation of other stem cell types.43
Several animal model studies have shown that treatment with MSCs significantly increases myocardial function and capillary formation.5,41 One advantage of using these cells in human studies is their low immunogenicity; allogeneic MSCs injected into infarcted myocardium in a pig model regenerated myocardium and reduced infarct size without evidence of rejection.46 A randomized clinical trial implanting MSCs after MI has demonstrated significant improvement in global and regional LV function,47 and clinical trials are currently underway to investigate the application of allogeneic and autologous MSCs for acute MI and myocardial ischemia, respectively.
Resident Cardiac Stem Cells
Recent evidence suggests that the heart contains a small population of endogenous stem cells that most likely facilitate minor repair and turnover-mediated cell replacement.7These cells have been isolated and characterized in mouse, rat, and human tissues.48,49The cells can be harvested in limited quantity from human endomyocardial biopsy specimens50 and can be injected into the site of infarction to promote cardiomyocyte formation and improvements in systolic function.49 Separation and expansion ex vivo over a period of weeks are necessary to obtain sufficient quantities of these cells for experimental purposes. However, their potential as a convenient resource for autologous stem cell therapy has led the National Heart, Lung, and Blood Institute to fund forthcoming clinical trials that will explore the use of cardiac stem cells for myocardial regeneration.
Progenitor Cells (Endothelial Cells)
The endothelium is a layer of specialized cells that lines the interior surface of all blood vessels (including the heart). This layer provides an interface between circulating blood and the vessel wall. Endothelial progenitor cells (EPCs) are bone marrow-derived stem cells that are recruited into the peripheral blood in response to tissue ischemia.4 EPCs are precursor cells that express some cell-surface markers characteristic of mature endothelium and some of hematopoietic cells.19,51–53 EPCs home in on ischemic areas, where they differentiate into new blood vessels; following a heart attack, intravenously injected EPCs home to the damaged region within 48 hours.12 The new vascularization induced by these cells prevents cardiomyocyte apoptosis (programmed cell death) and LV remodeling, thereby preserving ventricular function.13 However, no change has been observed in non-infarcted regions upon EPC administration. Clinical trials are currently underway to assess EPC therapy for growing new blood vessels and regenerating myocardium.
 Umbilical Cord Blood Stem Cells, Fibroblasts, and Peripheral Blood CD34+ Cells
Several other cell populations, including umbilical cord blood (UCB) stem cells, fibroblasts (cells that synthesize the extracellular matrix of connective tissues), and peripheral blood CD34+ cells, have potential therapeutic uses for regenerating cardiac tissue. Although these cell types have not been investigated in clinical trials of heart disease, preliminary studies in animal models indicate several potential applications in humans.
Umbilical cord blood contains enriched populations of hematopoietic stem cells and mesencyhmal precursor cells relative to the quantities present in adult blood or bone marrow.54,55 When injected intravenously into the tail vein in a mouse model of MI, human mononuclear UCB cells formed new blood vessels in the infarcted heart.56 A human DNA assay was used to determine the migration pattern of the cells after injection; although they homed only to injured areas within the heart, they were also detected in the marrow, spleen, and liver. When injected directly into the infarcted area in a rat model of MI, human mononuclear UCB cells improved ventricular function.57Staining for CD34 and other markers found on the cell surface of hematopoietic stem cells indicated that some of the cells survived in the myocardium. Results similar to these have been observed following the injection of human unrestricted somatic stem cells from UCB into a pig MI model.58
Adult peripheral blood CD34+ cells offer the advantage of being obtained relatively easily from autologous sources.59 Although some studies using a mouse model of MI claim that these cells can transdifferentiate into cardiomyocytes, endothelial cells, and smooth muscle cells at the site of tissue injury,60 this conclusion is highly contested. Recent studies that involve the direct injection of blood-borne or bone marrow-derived hematopoietic stem cells into the infarcted region of a mouse model of MI found no evidence of myocardial regeneration following injection of either cell type.33 Instead, these hematopoietic stem cells followed traditional differentiation patterns into blood cells within the microenvironment of the injured heart. Whether these cells will ultimately find application in myocardial regeneration remains to be determined.
Autologous fibroblasts offer a different strategy to combat myocardial damage by replacing scar tissue with a more elastic, muscle-like tissue and inhibiting host matrix degradation.4 The cells may be manipulated to express muscle-specific transcription factors that promote their differentiation into my tubes such as those derived from skeletal myoblasts.61 One month after these cells were implanted into the post-infarction scar in a rat model of MI, they occupied a large portion of the scar but were not functionally integrated.61 Although the effects on ventricular function were not evaluated in this study, authors noted that modified autologous fibroblasts may ultimately prove useful in elderly patients who have a limited population of autologous skeletal myoblasts or bone marrow stem cells.
 Using These Stem Cells in the Clinical Setting
As these examples indicate, many types of stem cells have been applied to regenerate damaged myocardium. In select applications, stem cells have demonstrated sufficient promise to warrant further exploration in large-scale, controlled clinical trials. However, the current breadth of application of these cells has made it difficult to compare and contextualize the results generated by the various trials. Most studies published to date have enrolled fewer than 25 patients, and the studies vary in terms of cell types and preparations used, methods of delivery, patient populations, and trial outcomes. However, the mixed results that have been observed in these studies do not necessarily argue against using stem cells for cardiac repair. Rather, preliminary results illuminate the many gaps in understanding of the mechanisms by which these cells regenerate myocardial tissue and argue for improved characterization of cell preparations and delivery methods to support clinical applications.
Future clinical trials that use stem cells for myocardial repair must address two concerns that accompany the delivery of these cells: 1) safety and 2) tracking the cells to their ultimate destination(s). Although stem cells appear to be relatively safe in the majority of recipients to date, an increased frequency of non-sustained ventricular tachycardia, an arrhythmia, has been reported in conjunction with the use of skeletal myoblasts.30,62–64 While this proarrhythmic effect occurs relatively early after cell delivery and does not appear to be permanent, its presence highlights the need for careful safety monitoring when these cells are used. Additionally, animal models have demonstrated that stem cells rapidly diffuse from the heart to other organs (e.g., lungs, kidneys, liver, spleen) within a few hours of transplantation,65,66 an effect observed regardless of whether the cells are injected locally into the myocardium. This migration may or may not cause side-effects in patients; however, it remains a concern related to the delivery of stem cells in humans. (Note: Techniques to label stem cells for tracking purposes and to assess their safety are discussed in more detail in other articles in this publication).
In addition to safety and tracking, several logistical issues must also be addressed before stem cells can be used routinely in the clinic. While cell tracking methodologies allow researchers to determine migration patterns, the stem cells must target their desired destination(s) and be retained there for a sufficient amount of time to achieve benefit. To facilitate targeting and enable clinical use, stem cells must be delivered easily and efficiently to their sites of application. Finally, the ease by which the cells can be obtained and the cost of cell preparation will also influence their transition to the clinic.
Conclusions[image: ]
The evidence to date suggests that stem cells hold promise as a therapy to regenerate damaged myocardium. Given the worldwide prevalence of cardiac dysfunction and the limited availability of tissue for cardiac transplantation, stem cells could ultimately fulfill a large-scale unmet clinical need and improve the quality of life for millions of people with CVD, CHD,CHF. However, the use of these cells in this setting is currently in its infancy—much remains to be learned about the mechanisms by which stem cells repair and regenerate myocardium, the optimal cell types and modes of their delivery, and the safety issues that will accompany their use. As the results of large-scale clinical trials become available, researchers will begin to identify ways to standardize and optimize the use of these cells, thereby providing clinicians with powerful tools to mend a broken heart.
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