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Abstract

Myocardial infarctions and chronic ischemic heart disease both commonly and disproportionately 

affect elderly patients more than any other patient population. Despite available treatments, heart 

tissue is often permanently damaged as a result of cardiac injury. This review aims to summarize 

recent literature proposing the use of modified autologous adult stem cells to promote healing of 

post-infarct cardiac tissue. This novel cellular treatment involves isolation of adult stem cells from 

the patient, in vitro manipulation of these stem cells, and subsequent transplantation back into the 

patient’s own heart to accelerate healing. One of the hindrances affecting this process is that 

cardiac issues are increasingly common in elderly patients, and stem cells recovered from their 

tissues tend to be pre-senescent or already in senescence. As a result, harsh in vitro manipulations 

can cause the aged stem cells to undergo massive in vivo apoptosis after transplantation. The 

consensus in literature is that inhibition or reversal of senescence onset in adult stem cells would 

be of utmost benefit. In fact, it is believed that this strategy may lower stem cell mortality and 

coerce aged stem cells into adopting more resilient phenotypes similar to that of their younger 

counterparts. This review will discuss a selection of the most efficient and most-recent strategies 

used experimentally to enhance the effectiveness of current stem cell therapies for ischemic heart 

diseases.
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Introduction

Adult stem cells are a unique type of cell present in nearly every tissue in the body. These 

cells retain the ability to remain dormant for unspecified periods of time, and when needed, 

are capable of differentiation to adopt the precise function necessary to maintain, grow, or 

repair surrounding tissue [1]. This review focuses on cardiac, mesenchymal, and 
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hematopoietic stem cells, all of which are adult stem cells and can be extracted from a 

consenting patient through various common clinical methods. They are then isolated, 

cultured and modified in vitro, and later transplanted back into that patient’s own heart to 

assist in healing of the damaged post-infarct myocardium [2]. Myocardial infarctions and 

other ischemic heart conditions are most common in the elderly, and can cause permanent 

damage to the heart, preventing proper recovery of cardiac tissue and function. Adult stem 

cells hold great potential to heal the damaged heart tissue in such cases, and thus can be 

utilized as treatment to accelerate healing and regeneration of myocardial infarction or 

otherwise damaged cardiac tissue [3]. Many clinicians currently prefer to utilize autologous 

adult cardiac stem cells due to the relative low cost and safety as compared to embryonic 

stem cell (ESC) or induced pluripotent stem cell (iPSC) use. Additionally, adult stem cells 

are not blocked by the various legal, religious, immune rejection, and ethical barriers that 

inevitably arise with the use of embryonic stem cells, or the high cost associated with the use 

of iPSCs.

Cardiac diseases disproportionately affect elderly patients rather than younger patients. Stem 

cells harvested from elderly patients thus tend to originate from aged niches, a direct effect 

of senescence-related factors collectively exerting negative effects on the environment, 

thereby slowing down natural cellular mechanisms. Telomeres in the stem cell chromosomes 

gradually become shorter and are likely to have suffered chemical and/or UV radiation 

damage throughout the lifetime of the patient [4]. Such age-associated changes within the 

stem cell negatively alters gene expression, which is crucial to the functional properties and 

to both the replicative and differentiation potentials of stem cells [5]. It is thought that cells 

from children and young adults may innately secrete proteins conducive to rapid growth and 

that such mechanisms may be slowed down or repressed as adult’s age. Thus, it is important 

to study ways of restoring pro-growth pathways in vitro after extraction from the patient in 

order to improve overall efficacy of stem cell treatment. There are various strategies 

currently available for donor stem cell modification, and with the correct combination of 

techniques, stem cell use may be optimized to provide methods to reduce myocardial infarct 

scars, promote cell proliferation and healing, and enhance angiogenesis and 

neovascularization to improve cardiac function in patients.

This review is organized in terms of three main strategies commonly utilized to combat the 

problem of cellular senescence in adult stem cells. These are: cellular preconditioning, 

prevention of senescence, and rejuvenation of stem cells. We noticed there are additional 

strategies to improve the effectiveness of stem cell therapy, such as stem cell conjugation 

with biomaterials [6], boosting the endogenous cardiac regeneration [7, 8], etc., all of which 

have been recently well-described in many other places [6–8], and will not be discussed here 

due to the page limitation. Each of these strategies is summarized in Fig. 1. The practice and 

various methods of cellular preconditioning will be discussed first, as many labs have 

established that this in vitro preparation of various types of stem cells is highly beneficial for 

enhancing transplant efficacy either when used alone or in combination with a genetic/

pharmacological manipulation. Next we will discuss techniques to delay the onset of 

senescence in stem cells habituated to the aged cellular niches within the patient’s tissues. 

Finally, we will review specific ways to coerce aged stem cells to adopt rejuvenated 

phenotypes resembling those observed in younger, higher functioning stem cells. It is our 
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hope that a comprehensive summary of methods to attempt rejuvenation of aged human cells 

may aid future scientists in identifying the best combination of techniques to optimize stem 

cell function and therapy. All related signal pathways for these strategies are summarized in 

Fig. 2.

Strategy #1: Preconditioning

The cellular environment in the interior of an infarcted heart is neither as ideal nor as 

nurturing as that of a petri dish in a laboratory. Massive stem cell death usually occurs 

almost immediately when transplanted into a damaged patient heart without any prior 

“priming.” In fact, the few cells that do survive tend not to integrate very well with the host 

tissue [9]. One method for improving this dismally low survival rate is to precondition the 

stem cells by exposure before transplantation to in vitro conditions that mimic the harsh 

environment of an ischemic heart. Numerous labs have demonstrated the success of 

preconditioning in various types of adult stem cells including bone marrow derived mouse 

stem cells [10], mesenchymal stem cells, human cardiac progenitor cells [11], and human 

endothelial progenitor cells [12]. Preconditioning can be induced by a variety of techniques 

including (but not limited to): in vitro hypoxic shock, pharmacological manipulation, and 

molecular modification by anti-aging compounds [13]. These methods enhance post-

transplantation survival capabilities and stem cell therapeutic potential in areas of ischemic 

damage in the heart [14]. Preconditioned stem cells are known to adhere better to their post-

transplant niche, and in the case of stem cells transplanted into cardiac tissue, fare 

significantly better at inducing vital angiogenesis to the ischemic area [10].

One condition specific to the infarcted heart is hypoxia, defined as the lack of ample oxygen 

within the cellular environment. Prior exposure of a stem cell culture to brief periods of low 

oxygen levels has shown to greatly improve the chances of survival after transplantation 

back into the damaged tissue [15]. Stem cells cultured only in normoxia (normal oxygen 

levels) before implantation undergo more apoptosis than stem cells that have been 

previously exposed to brief periods of hypoxic shock. However, this technique must be 

carefully controlled, as extraneous oxygen deprivation can be detrimental. Numerous papers 

have been published on the topic of hypoxic preconditioning, suggesting that brief periods of 

hypoxia may activate certain pro-survival pathways within stem cells [15]. One pathway 

associated with hypoxia preconditioning is the HIF1α/TWIST/p21 axis [12] (Fig. 2, light 
green pathway). Endothelial progenitor cells (EPCs) cultured in hypoxia appear to 

upregulate Hypoxia-Inducible-Factor-1-α (HIF1α), which subsequently upregulates HIF1α’s 

target molecule TWIST. TWIST inhibits p21, whose primary function is to activate 

apoptotic pathways and cell-cycle inhibitors, indirectly causing the onset of cellular 

senescence. In addition to suppressing p21, hypoxia-exposed EPCs were observed to 

produce more growth factor proteins, cyclins, and cyclin-dependent kinases. This contributes 

to increased angiogenesis and capillary density, along with enhanced blood flow after 

transplantation into an ischemic mice hindlimb [12]. These results confirm that hypoxic 

preconditioning in vitro is indeed beneficial to enhancing stem cell therapy.

Hypoxia-like conditions may also be stimulated with the use of pharmacological agents. 

Prolyl hydroxylase inhibitors work exceptionally well for this function, as the prolyl 
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hydroxylase enzymes naturally inhibit HIF1α, granting p21 the ability to activate pro-

apoptotic pathways [16]. Dimethyloxalylglycine (DMOG) is an example of a prolyl 

hydroxylase inhibitor that allows for the HIF1α pathway to flourish (Fig. 2, light green 
pathway), leading to transcription of survival genes and growth factors. Liu et al. 

preconditioned rat bone marrow mesenchymal stem cells (BMSCs) with DMOG and found 

that this treatment mimicked the effects of hypoxic preconditioning by increasing expression 

of various growth factors and increasing cell survival in vitro through activation of the 

PI3K/Akt pathway. The preconditioned BMSCs also showed decreased caspase-3 activation, 

providing a secondary mechanism of apoptosis blockage [16]. After transplantation into 

myocardially infarcted rat hearts, the DMOG-preconditioned BMSCs showed less cell death, 

smaller infarct size, and enhanced cardiac function, suggesting that pretreatment with 

DMOG and possibly other types of prolyl hydroxylase inhibitors may be a useful, efficient 

way to induce effects similar to those caused by hypoxic preconditioning, but without having 

to perform the time and energy consuming hypoxic procedures.

A novel method of preconditioning involves the exposure of stem cells to the small molecule 

cobalt-protoporphyrin (CoPP). Our lab has shown that preconditioning human cardiac stem 

cells with CoPP, an inducer for Heme Oxegenase-1 (HO-1), significantly enhances in vitro 

cell survival [17], and results in greater improvement in LV remodeling and in indices of 

cardiac function after infarction [18]. This process is associated with the activation of 

multiple signaling pathways, including the ERK/NRF2 pathways (Fig. 2, yellow pathway), 

which both lead to transcription of the gene for HO-1 [17]. In addition, CoPP-induced up-

regulation of HO-1 in cultured cardiomyocytes is shown to inhibit the depolarization of the 

mitochondrial membrane, providing an indirect anti-apoptotic pathway by blocking 

cytochrome c release [19]. Such increases in survival and cytoprotection of the cardiac stem 

cells are especially beneficial in later transplantation into the harsh ischemic environment of 

an infarct heart in an immunodeficient murine model [18]. Other small molecules such as 

bradykinin (BK) can be used for preconditioning stem cells as well. BK is an important 

metabolite that holds cytoprotective functions within the ischemic heart, and thus is an ideal 

candidate for molecular preconditioning in vitro [20]. Sheng et al. showed that BK 

suppresses apoptosis by reducing caspase-3 activation, leading to increased cell survival 

both in vitro and in vivo [20]. Akt and VEGF expression levels were upregulated as well 

(Fig. 2, blue pathway), and the infarct size of the left ventricle in the mouse model was 

significantly reduced after transplantation with BK-preconditioned human endothelial 

progenitor cells (hEPCs). Cardiac function also improved, and the heart weight/body weight 

ratio was lower in the preconditioned group of mice as compared to the control groups. 

These results suggest that small molecules such as CoPP/bradykinin may be a resource for 

pretreatment to improve stem cell therapies in the heart.

A variety of medications and specific pharmacological treatments may also be utilized to 

improve stem cell performance and activate cytoprotective responses in the cell’s own 

mechanisms. Diazoxide and pinacidil are two ATP channel openers that have been 

successful in enhancing survival of stem cells. These drugs work primarily by influencing 

mitochondrial membrane ATP channels to stay open when the cell is under oxidative stress, 

allowing for more potassium molecules to enter the mitochondria while simultaneously 

preventing dangerous depolarization of the membrane [21]. The influx of potassium prevents 
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the release of the pro-apoptotic complex cytochrome c, effectively blocking the activation of 

programmed cell death that is ubiquitous in stem cell transplants (Fig. 2, dark green 
pathway). Thus, these drugs may be used in proper doses as a technique to increase cell 

survival and proliferation in vivo. The use of these pharmacological agents acting upon the 

mitochondria is extremely significant as recent evidence has suggested that the mitochondria 

may play a bigger role than previously anticipated in the failing heart.

Sildenafil (Viagra) is a pharmacological agent that inhibits the enzyme phosphodiesterase-5 

(PDE-5), and has been shown to improve cardiac function and cell survival in mice. 

Phosphodiesterase-5 is intrinsically involved in contraction of vascular smooth muscle and 

thus plays a large role in heart functionality [22]. Hoke et al. preconditioned adipose tissue 

derived stem cells (ASCs) with sildenafil, transplanted those cells intramyocardially, and 

found that these ASCs increased cell survival and growth factor transcription [22]. Cardiac 

function was significantly improved 4 weeks after transplantation of the preconditioned 

ASCs, and increased angiogenesis was observed. Thus, pharmacological inhibitors of PDE-5 

may also be optimal for preconditioning stem cells for myocardial transplantation.

Histone deacetylase (HDAC) inhibitors such as Trichostatin A (TSA) also have been used as 

a method of preconditioning to achieve similar effects. Zhang et al. found that TSA 

increased cardiomyocyte proliferation and enhanced functional recovery of the infarcted 

myocardium, but only in c-kit positive stem cells [23]. The effects of TSA were found to be 

null in cells that had a c-kit mutation (classified as KitW/KitW-v). In the c-kit+ stem cells, 

angiogenesis was enhanced and the infarct scar of the mouse heart was greatly reduced upon 

transplantation of c-kit+ CSCs treated with the HDAC inhibitor. These results suggest that 

the HDAC inhibitor pathway, while cytoprotective, may be dependent on c-kit signaling. 

This would limit the field of possible candidates of cardiac stem cell therapy to only those 

stem cells which are c-kit positive.

H2S has similarly been used to precondition human adipose derived stem cells (hASCs) in 

co-culture with rat cardiomyoblasts. This treatment provided significant cytoprotective 

effects to the stem cells, such as upregulation of cellular antioxidant defense pathways, as 

well as increased survival rates of both types of cells within the co-culture after a simulated 

myocardial ischemia-reperfusion injury. Levels of MAPK (ERK1/2) were elevated in the 

preconditioned-hASCs (Fig. 2, yellow pathway) and cell proliferation increased as a result 

of H2S preconditioning, and decreased when a H2S inhibitor was used. In the human body, 

H2S is also known to inhibit cytochrome c oxidase and help open mitochondrial potassium 

channels to prevent mitochondrial membrane depolarization. This, in effect, provides similar 

cytoprotective effects as the aforementioned drugs diazoxide and pinacidil. Each of these 

endpoints were tested in vitro, and suggest that H2S may be an example of yet another small 

molecule that may provide success in preconditioning human stem cells for better survival 

and proliferation after transplantation.

It is also possible to enable transcription of a multitude of protective genes that can be 

related to a variety of growth factor proteins, RNAs, and other signaling molecules to 

enhance cell survival (Fig. 2, blue pathway). An example is the molecular modification of 

cells to overexpress anti-apoptotic oncogenes. Veis et al. observed that mice deficient in 
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Bcl-2 incurred extensive, abnormal cell death in certain organs [24]. Bcl-2 is known to 

inhibit activation of the pro-apoptotic caspase cascade [25], so a modification for Bcl-2 

overexpression is likely to benefit cell survival. Kutschka et al. demonstrated this by 

showing that silenced Bcl-2 in rat cardiomyoblasts leads to frequent cell death while 

overexpression leads to higher stem cell survival post-transplantation [26]. Murphy et al. 

suggested that a reason for such pro-survival effects may be Bcl-2’s role in regulation of 

mitochondrial membrane actions, such as calcium ion uptake [27]. To test this, Li et al. 

injected human mesenchymal stem cells with Bcl-2 overexpression into the anterior wall of 

the left ventricles of acute myocardially infarcted rats, and found highly enhanced secretion 

of VEGF in these modified hMSCs as compared to the wild-type cells, suggesting that 

overexpression of the Bcl-2 gene may lead to downstream activation of VEGF transcribers 

[28]. This is highly significant, as VEGF has been known to enhance engraftment of donor 

stem cells into surrounding recipient tissue [10].

Some types of stem cells can also be grown with access to extra growth factors in vitro, and 

cause similar pro-survival effects to take place. This is the case with endothelial progenitor 

cells (EPCs) that were grown in media containing supplemental VEGF2 [29]. The EPCs 

showed levels of apoptosis inversely proportional to the dosage of supplemental VEGF2 in 

each experimental group (Fig. 2, light blue pathway). Thus, it may be worthwhile to 

consider adding supplement growth factors such as VEGF to stem cells in vitro, and also to 

induce overexpression of known anti-apoptotic genes such as Bcl-2 to optimize the effects of 

preconditioning on stem cells being primed for transplantation of hCSCs in the future.

There are a variety of ways in which to grow and culture the stem cells in vitro prior to 

transplantation into the patient. Each technique may not be optimal for each type of stem 

cell, and so it is crucial to differentiate between the different possibilities that exist for each 

purpose. But overall, preconditioning is the basis from which all in vitro methods can begin 

to combat the problem of senescence. Once stem cells have attempted adaptation to harsh 

ischemic environments, then only can they endure additional modifications to prevent the 

onset of cellular senescence and attempt to induce rejuvenation of the aged stem cell.

Strategy #2: Preventing Senescence

Once stem cells have been preconditioned in one or more of the various ways mentioned 

above, they must overcome the natural onset of cellular senescence. Preconditioning gives 

the cells an advantage in terms of better survival in vivo, but that is not sufficient to 

accelerate cardiac healing. Stem cells are not required to solely stay alive, but also to 

proliferate, differentiate, and engraft within the tissue into which they are transplanted. One 

way to assist this process is to utilize molecules involved in cell adhesion, mobilization, and 

proliferation. Use of these molecules and paracrine factors to artificially block natural pro-

aging pathways is highly useful to achieve maximal success of post-transplant stem cells. 

Hypoxic, pharmacological, and molecular preconditioning techniques work in some measure 

to prevent such pathways from advancing, but these in vitro preconditioning treatments 

cannot be continued post-transplantation. Thus, it is necessary to modify the cells in a 

permanent way so that the change continues to be in effect in vivo long after transplantation.
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Inhibition of senescence-related genes and proteins may be an option to try and improve 

youthful phenotypes within aged stem cells (Fig. 1). For example, the CDK-inhibitor 

p16INK4a is a tumor suppressor protein known to cause aging defects and negatively affect 

stem cell division and proliferation [30]. Expression of this gene is negligible in young cells, 

but as organisms age or as cells are exposed to high amounts of stress, p16INK4a expression 

becomes more ubiquitous [31]. It is directly correlated with decreased abilities of stem cells 

to migrate and engraft within a particular tissue. Mice deficient in p16INK4a have been 

observed to undergo programmed cell death less frequently than their wild type 

counterparts, suggesting that up-regulation of this gene could be harmful to the survival of 

the mesenchymal stem cells [32]. This gene is also present in aged populations of stem cells 

that tend to be low in number, slow in proliferation, and show decreased stem cell homing 

ability [33]. Silencing this gene may possibly lead to successful post-infarct healing and 

tissue regeneration, as well as increased stem cell survival in vivo. This modification holds 

great potential for rejuvenating cardiac stem cells, and should be considered in future 

studies, once genetic modification becomes commonly compatible with clinical application.

A similar method to prevent senescence is up-regulation of Sirt3, a well-known 

mitochondrial protein deacetylase [34]. Sirt3 expression is normally decreased in patients 

with Type II diabetes, and can be regulated by caloric restriction. When Sirt3 levels drop 

significantly, there is a decline in oxygen consumption and an increase of oxidative stress in 

skeletal muscle [35]. These factors contribute greatly to premature cellular aging by slowing 

down cellular metabolisms (Fig. 2, orange pathway). Jing et al. postulated that up-regulation 

of Sirt3 would decrease the amount of ROS production and oxidative stress within the cell, 

and stated that caloric restriction (CR) is one possible method to up-regulate Sirt3 [35]. CR 

is a technique known to prevent in vitro glucose-induced senescence, which Stolzing et al. 

demonstrated by growing rat mesenchymal stem cells (MSCs) in cultures supplemented with 

varying amounts of glucose [36]. MSCs grown in environments with 25–60 % less calories 

than the control encountered less programmed cell death, more proliferation, and bigger size 

of the cells within the colonies in vitro. This was attributed to controlled levels of glucose 

allowing the EGFR signaling pathway to flourish and lead to cell growth, proliferation, and 

successful in vitro cell culture expansion [36]. In contrast, the cells grown in media supplied 

with the most glucose showed massive apoptosis and shortest life spans [36]. Cells exposed 

to CR show suppression of pro-apoptotic proteins, as well as decreased ROS generation 

[37]. Reactive oxygen species are produced in high quantities when glucose is ubiquitous, as 

the glucose leads PKC to activate NADPH oxidase, which then up-regulates ROS production 

[38]. Based on these results, it is highly likely that CR may be an effective method to prevent 

senescence and improve stem cell therapeutic efficiency.

It is also necessary to ensure that a portion of the modified stem cells retains their multi-

potency after transplant into the recipient, as maintenance of a healthy, undifferentiated stem 

cell pool in the heart is crucial for long-term repair and regeneration of the cardiac tissue. 

One technique for accomplishing this is the treatment of cells in vitro with 1,25-

dihydroxyvitamin D3 [39]. Klotz et al. showed that treatment of human mesenchymal stem 

cells with 1,25-dihydroxyvitamin D3 (1,25D3) delays signs of senescence while 

simultaneously helping the stem cells retain their multipotent capacities (Fig. 2, maroon 
pathway). The senescence marker β-galactosidase was stained significantly less in 1,25D3 
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treated cells than in the untreated cells, meaning that the untreated population contained 

more senescent cells than the treated population. Additionally, the treated cells showed 

down-regulated expression of the aging-related gene p16INK4a, and significantly less cell 

death after 72 h when compared to the control groups. However, the 1,25D3 treatment 

simply delayed senescence while allowing the cells to retain their multi-potent qualities; it 

did not influence the cells to differentiate into any specific lineage, so if this treatment is to 

be used, it must be used in conjunction with a differentiating agent [39]. To retain multi-

potency, it is essential to conserve a population of quiescent cells so that in case of future 

injury, these cells can readily contribute to the healing process. Quiescent cells are a type of 

backup population of cells that are activated in extreme cases of inflammation or injury, by 

mechanisms that receive feedback from damage of the activated cells [40].

One such damage-sensing mechanism involves the proteins Wnt, BMP, and Noggin. In 

mesenchymal stem cells, the central marrow region harbors stimulatory signals of the 

Wnt/BMP pathway, while the endostea bone marrow region contains inhibitory signals for 

the same pathway [41]. This is consistent with the idea of separate zones being maintained 

by expression of different proteins, and helps spatially segregate niches of the active and 

non-active zones. This zoning also helps the quiescent population replace itself faster 

through regeneration while preventing mutations or tumor formation [41]. Proteins 

expressed in the aged niche have a disruptive effect on the quiescent populations of stem 

cells by influencing them to become active at inopportune times, which eventually leads to 

unnecessary depletion of the reserve zones [40]. FGF2 is one of those proteins, and was 

found to be upregulated in the niche of the aged mouse stem cell population. Its high 

expression seemed to negatively affect cellular self-renewal ability, by causing a rapid loss 

of quiescence and simultaneous large-scale entry into the cell cycle [40]. Accelerated growth 

is beneficial to the organism, but quickly becomes harmful when the quiescent stem cell 

population becomes fully depleted. The tissue then has no way to protect itself and heal in 

case of future ischemia, injury, or inflammation. To prevent this fiasco, over-expression of 

Spry1 can be used to maintain the quiescent population, as it inhibits the pro-cycling FGF 

pathway [40]. Further study and over-expression of Spry-1 and similar function genes may 

be a unique method to prevent loss of quiescence and onset of senescence.

Complete cell cycle arrest leads to senescence, which is detrimental to stem cell treatment 

efficacy, but over-cycling can lead to tumor formation and depletion of the quiescent 

population of stem cells, thus harming treatment efficacy. It is essential to find the precise 

balance of gene expression that will regulate the cycle and block aging-related phenotypes 

while maintaining a still thriving population of stem cells within the patient’s injured tissue. 

This may be done by combining one of the aforementioned techniques to prevent the onset 

of senescence with an additional in vitro manipulation that will simultaneously rejuvenate 

stem cells.

Strategy #3: Rejuvenation

The last and perhaps most significant strategy for improving stem cell treatment is the act of 

restoring the phenotypes of aged stem cells so that they more closely resemble their younger 

counterparts (Fig. 1). In such a scenarios, growth factors, cytokines, and chemokines are 
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made to be expressed in similar levels to young cells. This seems to make the old stem cells 

behave “younger” in that they are able to regain their regenerative and proliferative 

potentials. Studies that manipulate gene and/or protein levels within aged stem cells have 

been successful in neurons [42], liver cells [5], and skeletal muscle of mice [43], and cardiac 

progenitor cells [44]. Such studies have shown promising results in up-regulating cell 

proliferation, differentiation, and engraftment for senescent stem cells.

The membrane protein Notch is essential for tissue and muscle repair, and helps enhance 

regeneration properties within stem cells [5]. It is usually highly activated in younger stem 

cells, and loss of Notch has been shown to cause massive death of the stem cells in skeletal 

muscle [5]. One of Notch’s main mechanisms of action is to bind its extracellular ligand 

known as Delta (Fig. 2, purple pathway). When this binding occurs, Notch is intracellularly 

cleaved by γ-secretase into NICD (Notch Intracellular Domain), which translocates into the 

nucleus to activate proliferative gene expression [45]. Loss of Notch leads to an increase in 

pSmad3, a protein that up-regulates CDK inhibitors to block growth and proliferation of 

stem cells, leading to the premature onset of senescence [46]. Carlson et al. postulates that 

when conditions are ideal (i.e., in young, healthy organisms), Notch and pSmad3 levels 

show a natural abundance of Notch and scarcity of pSmad3 [46]. Healthy cells maintain a 

precise balance between Notch and pSmad3 in order to facilitate cell proliferation in 

favorable conditions and halt it when conditions are not ideal (i.e., disease or cancer). This 

regulation is disrupted in senescent organisms, and thus it was hypothesized that it is the 

imbalance in molecular levels of these proteins (specifically, the loss of Notch) that causes 

premature aging [47]. When Notch is lost, as is the case with senescent stem cells, TGFβ/

pSmad3 and their downstream CDK inhibitors such as p27, p21, p15 (Fig. 2, navy blue 
pathway) are upregulated, furthering the aging process and in the replicative decline of aged 

stem cells [46]. Knockout of TGFβ has shown restoration of proliferative potential, and 

attenuation of pSmad3 has shown an increase in Notch levels and subsequent regeneration 

ability of older muscle cells [46]. This lines up with the hypothesis that an ideally balanced 

Notch pathway will exhibit high Notch and low TGFβ/pSmad3 (Fig. 2, purple & navy blue 
pathway). Thus, manipulation of this pathway by knocking out either TGFβ or pSmad3 may 

potentially serve as a convenient tool to rejuvenate the Notch balance, and therefore the aged 

stem cells themselves.

Another protein associated with the rejuvenation of senescent stem cells is Pim-1 kinase 

[44]. It has been shown that Pim-1 kinase enhances cell proliferation [48], and is involved in 

neovasculogenesis [49], that forms a basis of cardiac repair and regeneration response. 

Pim-1 also serves as a prosurvival factor by preserving mitochondrial integrity with Bcl-2 

activation and upregulation of other known cell survival proteins such as STAT3 [48] (Fig. 2, 

Blue pathway). Recent studies from the Sussman group indicate that transplantation of 

human cardiac progenitor cells (hCPCs) modified with Pim-1 kinase resulted in the superior 

regeneration and functional improvement in a murine myocardial infarction model by using 

cells isolated from an aged patient with heart failure at the time of left ventricular assist 

device (LVAD) implantation [50]. Pim-1 is known to preserve telomere length and 

telomerase activity consistent with a youthful cellular phenotype [50], and genetic 

modification of Pim-1 kinase showed amelioration of the senescence characteristics of 

hCPCs. This resulted in the rejuvenation of phenotypic and functional properties [44], 
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indicating that the use of Pim-1 modification should be incorporated into cell-based 

therapeutic approaches to overcome the challenges that are associated with the senescent 

phenotype of aged hCPC.

Because the environment surrounding the stem cells is usually what contributes to exposure 

(or lack thereof) of growth factors, it is extremely critical that the correct proteins are 

expressed within these environments. Disruption of protein levels in the stem cell niche can 

inhibit optimal function of the cells, but in the case of aged patients, it may be a plethora of 

proteins that require manipulation. Rather than trying to modify expression levels for 

multiple proteins at once, one could simply modify the entire extracellular environment by 

“replacing” the cell niche entirely. When performed in the circulatory system, such a 

technique is known as parabiosis, and has been used to rejuvenate aged stem cells [5]. When 

a shared circulatory system was created between two aged mice or between two young mice 

(known as isochronic parabiosis), there was no difference between the rates of cellular 

proliferation that the cells in each animal expressed. However, when a single circulatory 

system was connected between one young mouse and one aged mouse (heterochronic 

parabiosis), a significant increase in proliferation and regeneration in the stem cells of the 

aged mouse was detected, along with a slight decrease in the regeneration capabilities of the 

younger mice [5]. This suggests that it is indeed the cellular environment (the blood) of an 

organism that heavily influences its satellite stem cell survival abilities. Notch ligand Delta 

activation was thought to be involved in this process, as upregulated Delta in the 

extracellular environment increases its binding to Notch, leading to induced expression of 

proliferative genes as explained above [45]. This heterochronic parabiosis repeatedly showed 

the importance of enhancing stem cell niches in regulating cell functions and behaviors, and 

can serve as a significant method for rejuvenation of stem cells.

Aged stem cells can also be pharmacologically manipulated to induce expression of proteins 

for rejuvenation of stem cells. Rapamycin is a drug that can be utilized for such a purpose, 

as it inhibits the pro-senescence mTOR pathway [51]. When exposed to stem cells, 

Rapamycin is known to increase cellular lifespan and restore self-renewal [52]. It inhibits 

the TORC1 complex, effectively pulling aged cells out of senescence and back into the 

quiescent state for proliferation and growth [53]. An alternate definition of cellular aging can 

include the hyperactivity of certain cellular signaling processes which create unnecessary 

cell growth. The mTOR pathway fits these criteria by sensitivity to DNA damage 

accumulation, which is often induced by over-expression of the protein progerin. The 

subsequent mTOR pathway response is over-activation of DNA damage control mechanisms 

[54]. Using Rapamycin has effectively blocked this hyperactivity in multiple organisms, 

reducing the damaging effects of cellular decline. This drug has also demonstrated an ability 

to inhibit apoptosis while enhancing self-renewal in multiple types of stem cells. This was 

measured by a decrease in expression of senescence markers on the stem cells, such as p21 

and p16INK4a [55]. Resveratrol can be used in combination with Rapamycin in order to 

induce maximal rejuvenating effects on cardiac stem cells taken from post-infarct mouse 

hearts. Resveratrol is similar to Rapamycin as it is also able to suppress TORC1 activity, and 

therefore can aid in reducing the amount of senescent cells in a population [56]. These two 

drugs combined are able to activate the AMPK pathway which has been shown to be 

reduced in aged cells as compared to younger cells (Fig. 2, magenta pathway). Similarly, the 
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two drugs also help inhibit IL-1β over-secretion (an interleukin cytokine involved in 

inflammation), which is up-regulated in aged cells at a greater level than in young cells [56]. 

Exposure to these drugs in vitro helps the stem cells regain their abilities to repair a post-

infarct heart after transplantation by increasing angiogenesis and decreasing levels of 

apoptosis of these once-senescent stem cells. In this way, the injury site is eventually 

reduced in size, and minimal scarring is observed while the number of c-kit positive cardiac 

stem cells is increased [56]. This double-drug treatment is simple in that it only requires in 

vitro exposure of the stem cell culture to the drugs and subsequent transplantation back into 

the infarcted heart. It is also significantly more efficient than the alternative treatments, 

which often involve complex genetic manipulations of one or more senescence-related 

pathways in the cells. The ex vivo resveratrol/rapamycin treatment achieves the similar 

desired effects as genetic manipulation does, but is cheaper, more time efficient, and has 

fewer potential side effects [56]. Thus, this holds potential for use as a common method for 

rejuvenation of human cardiac stem cells in vitro.

Whether it be a technique as complex as a heterochronic parabiosis, or as simple as exposure 

to a pharmacological inhibiting agent, there are a variety of methods to induce cellular 

rejuvenation phenotypes. Genetic manipulations of the stem cells are the most common, but 

require extensive studies before they can be directly applied to the clinical treatment of 

human patients. Each of the discussed experiments provides valuable insight into harnessing 

the power of natural signaling pathways to rejuvenate stem cells, and should be considered 

in future studies involving improvement for current stem cell therapies.

Conclusion and Future Directions

This review discusses different novel strategies of improving the use of donor stem cells as a 

treatment for myocardial infarction and other ischemic heart diseases. Though stem cells 

certainly harbor the intrinsic ability to accelerate healing by rejuvenation of damaged tissue, 

it is advisable to perform the preliminary chemical/genetic in vitro modification to enhance 

this regeneration potential. Once delivered via intracoronary injection, adult stem cells have 

demonstrated extremely deficient rates of survival in the ischemic, post-infarct heart [57]. 

Cellular senescence can negatively impact this dismally low rate of transplanted cell 

survival, and numerous studies have shown that it is possible to improve this rate by priming 

stem cells prior to transplant. Donor stem cells can be preconditioned with pharmacological 

agents, molecular manipulations, or periods of oxygen deprivation to trigger activation of 

cytoprotective pathways. There is also the obstacle of cell integration, as donor stem cells do 

not usually engraft very well into the host tissue nor are able to generate any significant type 

of angiogenesis to sustain themselves. To tackle this challenge, stem cells can be further 

biochemically manipulated in vitro with certain growth factors, or by genetic engineering. 

Once cells are successfully readied in vitro, they are injected back into the infarct tissue, but 

must be closely observed to ensure proper survival and function. Intracoronary stem cell 

infusion to combat heart diseases remain in practice in clinical trials thus far, and have yet to 

become commonplace as many additional large-scale studies are needed to establish full 

competence of this procedure [58]. However, this technique has been growing in popularity 

in recent years, and thus it is of utmost importance to continue efforts for improving 

effectiveness of this stem cell therapy for the damaged heart.
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Not all adult stem cells are created equal; to advance towards the noble goal of finding 

methods to enhance efficacy of stem cell treatment for healing of the infarcted human heart, 

we believe it is crucial to optimize and carefully hand-pick the exact combination of 

techniques that will prepare selected stem cells for maximum in vitro survival and 

proliferation.
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Fig. 1. 
Summary of strategies utilized to enhance the efficacy of adult stem cell therapy for heart 

disease. Endogenous resident cardiac stem cells are surgically isolated most commonly from 

the myocardium of an aged, injured heart, and must be manipulated in vitro to prevent post-

transplantation apoptosis, and increase cell proliferation. Such modifications are 

characterized here by their function: preconditioning of stem cells before transplantation, 

prevention of senescence onset, and rejuvenation of post-senescent stem cells. Other 

strategies, including conjugation with biomaterials and boosting the endogenous 

regeneration, are not discussed here. Successful techniques performed on aged donor stem 

cells are expected to rejuvenate cell phenotype and provide optimal regeneration of cardiac 

tissue through reduced apoptosis, increased proliferation, and smaller infarct size
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Fig. 2. 
Molecular signal pathways that are associated with enhancing stem cell therapeutic 

effectiveness. The following is the summary of major pathways mentioned in the text, and 

described in counterclockwise order. Dark green: Diazoxide and pinacidil cause an influx of 

potassium into the mitochondria, preventing the release of cytochrome c and thus inhibiting 

apoptosis; Orange: Upregulation of Sirt3 by caloric restriction decreases oxidative stress by 

inhibiting ROS production; Maroon: 1,25-dihydroxyvitamin D3 delays the onset of 

senescence; Magenta: Rapamycin and resveratrol suppress the mTORC1 complex, which 

inhibits the AMPK growth pathway and the upregulation of CDK inhibitor p16INK4a; 

Bright green: Hypoxia upregulates HIF1α, which upregulates TWIST, and inhibits the CDK 

inhibitor p21; Purple & Navy Blue: Delta binding to Notch causes NICD to translocate into 

the nucleus to activate gene expression. Notch and pSmad3 mutually inhibit each other; 

Yellow: CoPP preconditioning activates ERK, ERK activates Nrf2 which binds to the ARE 

promoter to induce transcription of pro-survival antioxidant genes such as HO-1. Light blue: 

Growth with supplemental VEGF activates the PLC pathway leading to activation of pro-

growth NF-kB protein; Blue: Supplemental growth factors lead to Akt expression which 
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activates Pim-1 kinase, and its downstream effectors STAT3 and Bcl-2, which leads to 

downstream activation of VEGF transcribers
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