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Abstract

Timely reperfusion after a myocardial infarction is necessary to salvage the ischemic region; 

however, reperfusion itself is also a major contributor to the final tissue damage. Currently, there is 

no clinically relevant therapy available to reduce ischemia-reperfusion injury (IRI). While many 

drugs have shown promise in reducing IRI in preclinical studies, none of these drugs have 

demonstrated benefit in large clinical trials. Part of this failure to translate therapies can be 

attributed to the reliance on small animal models for preclinical studies. While animal models 

encapsulate the complexity of the systemic in vivo environment, they do not fully recapitulate 

human cardiac physiology. Furthermore, it is difficult to uncouple the various interacting pathways 

in vivo. In contrast, in vitro models using isolated cardiomyocytes allow studies of the direct effect 

of therapeutics on cardiomyocytes. External factors can be controlled in simulated ischemia-

reperfusion to allow for better understanding of the mechanisms that drive IRI. In addition, the 

availability of cardiomyocytes derived from human induced pluripotent stem cells (hIPS-CMs) 

offers the opportunity to recapitulate human physiology in vitro. Unfortunately, hIPS-CMs are 

relatively fetal in phenotype, and are more resistant to hypoxia than the mature cells. Tissue 

engineering platforms can promote cardiomyocyte maturation for a more predictive physiologic 

response. These platforms can further be improved upon to account for the heterogenous patient 

populations seen in the clinical settings and facilitate the translation of therapies. Thereby, the 

current preclinical studies can be further developed using currently available tools to achieve better 

predictive drug testing and understanding of IRI. In this article, we discuss the state of the art of in 
vitro modeling of IRI, propose the roles for tissue engineering in studying IRI and testing the new 

therapeutic modalities, and how the human tissue models can facilitate translation into the clinic.

Introduction

Cardiovascular disease is a major cause of mortality in the world [1]. Myocardial infarction 

(MI) occurs when coronary blood flow is restricted by occlusion, thus preventing oxygen 

and nutrient delivery to the downstream ischemic region. The only available therapy to limit 

damage to the ischemic region following MI is reperfusion of the occluded artery, and 

reestablishment of nutrient delivery. The time lapse between occlusion and reperfusion is 

critical for preventing irreversible damage of the myocardium [2]. Paradoxically, reperfusion 

of the ischemic region can lead to an increase in myocardial damage and in the final infarct 
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size. Ischemia-reperfusion injury (IRI) involves the death of cells upon reperfusion that were 

still viable at the end of ischemic insult. IRI is recognized as a major contributor to the final 

damage after an MI, but is also a potentially preventable source of damage (Figure 1). It was 

first demonstrated by Murry and colleagues in 1986 that ischemic preconditioning of the 

heart could protect it against IRI [3]. However, preconditioning is not a clinically relevant 

therapy in the setting of an acute MI. Thus, attention has been turned to the discovery of 

medicines that can be introduced at the time of reperfusion. Despite promising results in 

animal models, all of the drugs that made it to phase III clinical trials failed to demonstrate 

clinical benefits [4–6]. Some criticisms have been levied on the specifics of these clinical 

trials [7], and the drug development process in general [8]. It is clear that more predictive 

testing needs to be done during translation of preclinical data into clinical trials. Currently, 

most of the preclinical testing is done in small animal models, which provide a cost-effective 

in vivo background to work in, but introduce multiple confounding factors that may 

obfuscate the effects of drugs [9]. While animal models remain critical for drug 

development, it may be worth considering human-cell-based in vitro and reductionist models 

of IRI. The in vitro models are important in that the direct effect of reperfusion and the drug 

on the cardiomyocytes can be observed, and any external factors can be isolated for and 

individually controlled.

There is a growing notion that current preclinical models of IRI fail to translate to the 

clinical setting [11]. An entirely new approach to preclinical studies of IRI may be needed 

that would utilize controllable models with sufficient power to predict the human 

pathophysiology of ischemia and reperfusion. In this article, we discuss the state of the art of 

in vitro modeling of IRI, and propose the roles for tissue engineering in studying IRI and 

testing the new therapeutic modalities, and how the human tissue models can facilitate 

translation into the clinic.

Pathophysiology of Ischemia-Reperfusion Injury

Ischemia

Any improvements in the identification of therapeutic targets and development of effective 

drugs for myocardial infarction patients can only be based on understanding the progression 

and basic mechanisms that drive ischemia-reperfusion injury (Figure 1).

MI occurs when a dislodged plaque clogs an artery and occludes blood flow to the 

downstream ischemic region. This occlusion prevents nutrient and oxygen delivery, and 

removal of metabolic by-products. During ischemia, the lack of oxygen causes 

cardiomyocytes to switch from aerobic respiration to anaerobic glycolysis for their primary 

ATP production. Because glycolysis is far less efficient at producing ATP than mitochondrial 

oxidative phosphorylation, this transition disrupts ATP turnover. The subsequent decrease in 

ATP production with an increase in ATP hydrolysis results in increased proton production 

and intracellular acidification [12]. Glycolysis also results in the production of lactate, which 

helps restore cytosolic NAD+ stores to support continued ATP generation from glycolysis 

and helps buffer intracellular pH by extruding protons through the lactate-proton 

cotransporter [13]. Importantly, the lack of blood flow during ischemia results in 

extracellular accumulation of lactate that prevents further efflux of lactate. The failure to 
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remove lactate inhibits glycolytic ATP production and contributes to continued intracellular 

acidosis [14].

The ischemic cardiomyocytes attempt to reestablish a normal intracellular pH by utilizing 

the sodium-hydrogen exchanger to excrete protons and accumulate sodium [15]. The lack of 

ATP prevents the sodium-potassium ATPase from excreting sodium. Instead, the high 

intracellular sodium concentration drives the sodium-calcium exchanger in reverse in an 

attempt to normalize intracellular sodium concentrations, resulting in intracellular 

accumulation of calcium (Figure 2a) [16].

Reperfusion

Reperfusion is achieved by unblocking the artery through percutaneous coronary 

intervention (PCI) or thrombolytic therapy. The restoration of blood flow salvages the 

ischemic region by reestablishing oxygen and nutrient delivery and removing metabolic by-

products; however, reperfusion also leads to an increase in cell death. Lethal reperfusion 

injury is the death of cardiomyocytes upon reperfusion that were otherwise viable at the end 

of the ischemic period.

Reperfusion restores extracellular ionic balance and normalizes the extracellular pH. The 

rapid normalization of the extracellular pH creates a large proton gradient that exacerbates 

the conditions seen in ischemia. The sodium-hydrogen exchanger accelerates excretion of 

hydrogen to restore physiological levels of intracellular pH. The rapid normalization of 

intracellular pH leads in turn to an even greater increase in the intracellular accumulation of 

calcium through the sodium-calcium exchanger [17]. The high intracellular calcium 

concentration helps to activate calpains, proteases that target intracellular proteins [18]. 

Reoxygenation also leads to an increase in the generation of reactive oxygen species (ROS) 

that contribute to cell injury [19].

Intracellular calcium overload and the generation of reactive oxygen species (ROS) lead to 

opening of the mitochondria permeability transition pores (MPTP). The opening of the 

MPTP is thought to be the critical step in IRI, because it causes a loss of mitochondrial 

membrane potential, decoupling of the electron transport chain, and eventually the failure of 

ATP production. It also allows water to enter, causing swelling of the mitochondrial 

membrane. If the mitochondrial membrane is ruptured, cell death signaling proteins are 

released into the cytosol, resulting in the loss of viability (Figure 2b) [20, 21].

Despite the identification of this major mechanism of reperfusion injury, the exact 

progression and mechanisms of IRI are still not completely defined. Inhibition of MPTP 

opening by targeting its regulator, cyclophilin D, has proven promising in animal studies 

[22]. However, the use of cyclosporine A, an inhibitor of cyclophilin D, has not been 

successful in clinical trials [4, 23]. It is unclear if the failure of cyclosporine A in clinical 

trials is due to overemphasizing the importance of the MPTP and some other factors related 

to the clinical setting [7]. Researchers have also found success in limiting IRI by targeting 

other pathways, such as the unfolded protein response or histone deacetylation [24, 25]. It is 

possible that there are more unknown therapeutic targets. It is clear that the field needs to 
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further develop our understanding of the mechanisms driving IRI and develop effective 

therapeutic modalities.

Animal Models of IRI

Currently, researchers primarily rely on animal models when testing the new therapeutics for 

IRI. Ischemia-reperfusion in animals is typically simulated by using a suture to occlude the 

left descending coronary artery for the designated ischemic time, and then releasing the 

suture to allow for reperfusion [26]. This approach best captures the process of hypoxia-

reoxygenation, but does not fully simulate the clinical setting where an atherosclerotic artery 

is clogged by a dislodged plaque and then reperfused by PCI. Animal models are useful in 

that they allow for examination of the interactions between various cell types during 

reperfusion. For example, it has been found that the adhesion of neutrophils to the 

endothelium can be modified and decreased IRI [27]. These interactions involve paracrine 

signaling through a multitude of molecules, such as TNF-α and nitric oxide [28], and are 

difficult to accurately simulate in vitro. These other cell types play important roles, and must 

be considered when studying IRI.

While animal models are very helpful, they fail to fully emulate human physiology. Pigs are 

the closest analogues because they have a comparable heart size and heart rate to humans, 

lack the protective coronary collateral blood flow found in dogs [29], and do not have the 

innate resistance to MI found in primates [30]. However, large animals are difficult and 

expensive to work with. Thus, most researchers rely on rodent hearts for their in vivo work. 

Compared to humans, rodent hearts have a much higher intrinsic beating rate [31], different 

myosin isoform predominance, higher cardiac basal metabolism [32], and different 

electrophysiology of the heart [33]. While the relative importance of these differences is 

undefined, they influence the response to IRI. The fact that the therapeutic demonstrating 

success in animal studies have not made the transition to clinical utility indicates that these 

animal models are not adequate.

Researchers have also explored the use of isolated perfused hearts. These models maintain 

the physiological simulation of ischemia-reperfusion, but allow for more control over the 

conditions. Researchers have demonstrated their effectiveness by reducing infarct size using 

various cardioprotective agents [34]. However, ex vivo models – similar to animal models – 

do not recapitulate human physiology. New preclinical platforms are needed that better 

emulate human physiology.

In Vitro Models of IRI

An alternative to animal models is to use the in vitro models based on isolated 

cardiomyocytes. While these models do not recapitulate the complexity of the heart, they 

allow examining the direct effect of drugs on cardiomyocytes, with better manipulation and 

control of the various confounding factors found in animal models. In vitro models could 

provide a platform to rigorously study the important pathways of IRI, and test the candidate 

therapeutic options in settings that are more predictive of the pathophysiology of ischemia-

reperfusion than animal models.
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Modeling of ischemic conditions in vitro

In vitro models examine IRI in a non-physiological setting, and simulate ischemia and 

reperfusion by manipulating the cellular environment. In addition to providing a hypoxic 

environment, simulation of the ischemic state must also encompass other factors, including 

hyperkalemia, acidosis, nutrient deprivation, and waste accumulation [35].

In vitro studies have attempted to simulate ischemic conditions by culturing cells in 

physiological salt solutions that are free of metabolic substrates, supplemented with 

additional potassium to achieve hyperkalemia, and titrated to an acidic pH [36]. 

Additionally, lactate is added to simulate its accumulation due to anaerobic glycolysis. Some 

studies have also added 2-deoxy-d-glucose, a nonmetabolizable glucose analogue, into the 

ischemic solution to inhibit glycolysis and further shutdown cellular metabolism [37]. It is 

unknown if the non-metabolized 2-deoxy-d-glucose phosphate interferes with the 

reperfusion process, and its effect needs to be further studied before being included in a 

simulated IRI model. The precise concentrations and compositions of the salt solutions vary 

across the different studies reviewed; however, a potassium concentration of 12 mM, lactate 

concentration of 20 mM, and pH of 6.5 are most commonly used [36, 38]. The cells are 

placed in a gas-tight chamber, which is then flushed with anoxic gas (95% N2, 5% CO2) to 

achieve a hypoxic environment.

Another method to achieve a hypoxic state has depended on the pelleting of cells with a 

minimal amount of media under a layer of mineral oil that hindered oxygen diffusion to 

create a hypoxic environment [39]. The key idea behind this model is to achieve ischemia 

through a more physiological means, with gradual reduction of nutrients and accumulation 

of wastes. However, this method is more variable and the pelleting through centrifugation 

can lead to mechanical damage to the cells.

Metabolic inhibition through compounds, such as cyanide, to decrease oxygen consumption 

has also been explored [40]. These chemicals may be hard to wash out or have irreversible 

effects that can disrupt a physiologically accurate reperfusion process. It is recommended to 

utilize a salt solution simulating ischemic conditions and a hypoxic chamber to maximize 

control over the in vitro model.

The necessary ischemic time in vitro has also not been precisely determined. In animal 

experiments, ischemic times are relatively short and well defined. Thirty minutes is all that is 

needed to achieve an ischemic state within the tissue [26, 41]. However, isolated 

cardiomyocytes cultured in vitro are at different levels of maturity and oxygen dependency 

than those in intact mature tissue. The embryonic heart is more resistant to hypoxia than the 

adult heart, and has improved recovery after an ischemic insult [42]. As a result, much 

longer ischemic times, ranging from 90 minutes [43] to 9 hours [26], are needed to 

demonstrate a decrease in cell viability. The necessary duration of ischemia is dependent on 

the cell source used, but can also vary within the cell types used. One study had to adjust the 

ischemic time to two to five hours [25].

Further complicating the matter, it has been found in vivo that after a certain length of 

ischemia, preconditioning no longer has cardioprotective effects with respect to the final 
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infarct size [3]. This time dependence of the effectiveness of ischemic conditioning must be 

accounted for when assessing the potential of a therapeutic. The European Society of 

Cardiology Working Group Cellular Biology of the Heart has recommended that the 

combined ischemic and reperfusion times should be selected to result in 50% cell death [9]. 

Each in vitro model must therefore independently establish an ischemic time that causes 

enough cell death, but is not too long to affect possible preconditioning or drug benefits.

Simulating reperfusion in vitro

Reperfusion must also be simulated through non-physiological means in vitro. In clinical 

settings, the aim of reperfusion therapy is to restore nutrient and oxygen delivery and to 

remove the accumulated metabolic by-products. Reperfusion is typically simulated in vitro 
by replacing the ischemic solution to remove metabolic waste, adding normal culture media 

for nutrient delivery, and removing the system from the hypoxic chamber to return the 

environmental levels of oxygen to normoxia [44, 45].

The composition of culture media added to simulate reperfusion must be carefully selected. 

Most in vitro studies utilize commercially available basal media supplemented with serum. 

However, it is unclear if normal cell culture media best simulates physiological conditions. 

The reperfusion solution needs to provide nutrients to the cells and normalize extracellular 

pH and ion balance in order to cause intracellular calcium overload and allow for the 

generation of ROS. Cell culture media provide nutrients in the forms of glucose in the basal 

media, and lipids in the serum. Cardiomyocytes are more dependent on lipids for 

metabolism [46]; however, serum supplementation may be problematic. The exact 

composition of serum is unknown and has lot-to-lot variations, which introduces many 

variables that may obfuscate the effect of the therapeutic of interest. Serum also contains 

antioxidants that may ameliorate the oxidative stress seen in IRI. Serum-free media are 

utilized in cardiomyocytes derived from human iPS cells [47] and a chemically defined 

reperfusion solution can help establish a consistent response to IRI.

It is important to also re-establish the physiological extracellular calcium concentration (1-2 

mM) [48] because intracellular calcium overload is one of the important effectors of 

reperfusion damage [35]. Certain types of basal media contain less calcium, and it has been 

recognized that physiological calcium levels are required for normal function of 

cardiomyocytes [49].

The time after reperfusion before measuring cell viability is also important. Using LDH 

release as a measure for cell injury it was determined that there were two separate peaks of 

LDH release. Cardioprotective treatments affected one or both of these peaks [50]. The 

assessment of a drug thus needs to take into consideration all these factors in order to 

properly determine therapeutic benefit.

Isolated cardiomyocytes as models of ischemia and reperfusion

In vitro models of IRI primarily rely on isolated cardiomyocytes derived from animals, 

immortalized cell lines, or human pluripotent stem cells (iPS cells). The cardiomyocyte 

source affects its response to IRI, and thus, its predictive power for pharmacologic testing.
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Most of the in vitro work has utilized cardiomyocytes derived from animals. Primary 

cardiomyocytes have been isolated for study from a variety of animal types, including rats, 

pigs, and rabbits, and from animals of different levels of maturity. Cardiomyocytes derived 

from adult animals are more relevant for the studies of IRI, because the immature cells 

derived from neonatal animals are more resistant to hypoxia than adult human 

cardiomyocytes [42]. This resilience causes neonatal hearts to respond very differently to 

IRI. For example, ischemic preconditioning does not protect neonatal hearts [51], and 

neonatal cardiomyocyte mitochondria are not as sensitive to IRI-induced membrane 

permeabilization [52]. These physiological differences are significant, and need to be 

accounted for when comparing preclinical data. Therefore, therapeutics should be tested in 

adult-derived cardiomyocytes.

Researchers have also explored the use of cell lines, such as immortalized mouse atrial HL-1 

cells or rat H9c2 cardiomyoblasts. They are more cost effective than primary 

cardiomyocytes, and have demonstrated similar drug responses to IRI as primary 

cardiomyocytes [26, 53]. However, these cell lines do not recapitulate the cardiac 

physiology. The cells are dividing, unlike mature cardiomyocytes, and display differences in 

their cell death pathways and bioenergetics [54, 55]. Because mitochondria are important 

effectors of IRI, caution must be exercised when extrapolating results obtained with cell 

lines.

Human cardiomyocytes would be ideal for in vitro models of IRI, because they can provide 

a more biomimetic platform to conduct studies in by avoiding the problem of interspecies 

comparisons. Animal and adult human cardiomyocytes differ in many aspects, such as the 

beating rate, myosin isoform predominance, ATP utilization, and electrophysiological 

properties [56, 57]. These differences can affect the cell response to IRI and would make it 

difficult to extrapolate results from animals to humans. The challenge is that human primary 

cardiomyocytes are impossible to work with because they are terminally differentiated and 

have limited proliferative potential, and are also very difficult to obtain.

In an attempt to provide models based on adult human cardiomyocytes, researchers have 

developed a proliferating human cardiomyocyte cell line (AC16) by fusing primary cells 

from human ventricular tissue with transformed fibroblasts [58]. These cells are 

differentiated following transfer into mitogen-depleted media that stops their proliferation, 

and they express cardiac-specific proteins and maintain cardiac nuclear and mitochondrial 

DNA. AC16 cardiomyocytes have been used and validated in an in vitro study that examined 

the effect of asiatic acid of IRI [59]. The results were consistent with other studies in a rat 

model and an in vitro H9c2 cardiomyoblast model that also demonstrated asiatic acid 

attenuation of IRI [60, 61]. Still, there are concerns about the physiologic relevance of 

transformed and fused cell lines.

The most attractive cell source for biomimetic studies of IRI are cardiomyocytes derived 

from human induced pluripotent stem cells (hiPS-CMs) or embryonic stem cells (hESC-

CMs) (Table 1). It has been demonstrated that human stem cell derived cardiomyocytes can 

be cultured and differentiated in a defined and reproducible manner [47], and they have been 

used in IRI studies with some success.
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Hsieh et al found that the simulation of IRI in hESC-CMs caused an increase in the qPCR 

ratio of anti-apopototic BCL-2 to the apoptotic BAX gene following a pretreatment with 

sodium nitrite [62]. Paloczi et al demonstrated the cardioprotective effect of exogenous nitric 

oxide supplementation in simulated IRI experiments on hESC-CMs derived from embryoid 

bodies (EB) [45]. However, these studies failed to specifically separate the cardiomyocytes 

from the other cells in the EBs, and instead relied on a GFP expression to identify cardiac 

regions and quantify cell death. The narrow range of methods that these studies employed 

makes it unclear if hESC-CMs are a suitable cell source to study IRI.

The establishment of hIPSCs as a source of human cardiomyocytes has allowed researchers 

to avoid the ethical concerns of using hESCs and to also derive patient-specific cell lines. 

Specifically, hiPS-CMs allow for studies of patient-specific disease backgrounds [63]. There 

is a great interest and some success in utilizing hIPS-CMs in pharmacological screening [64, 

65], but very little work has been done in the setting of reperfusion injury. In one of the few 

IRI studies done using hIPS-CMs, Wei et al. demonstrated their utility by confirming the 

cardioprotective effects of Danshen in vitro [66]. These results were consistent with previous 

studies in animal models demonstrating the therapeutic benefit of Danshen [41]. However, 

hIPS-CMs are relatively immature and more closely resemble fetal cardiomyocytes than 

adult cardiomyocytes [67]. As known, the fetal phenotype and bioenergetics are associated 

with non-physiologic responses to reperfusion injury, and can pose challenges to predictive 

testing of drug efficacy and safety.

Organ-On-Chip Models

Because the fetal nature of hIPS-CMs limits their use in IRI studies, tissue engineering 

provides an intriguing avenue for maturing these cells into a more adult phenotype. Previous 

studies have demonstrated that incorporating hIPS-CMs into tissue engineered heart 

constructs has helped mature their gene expression profile, ultrastructure, and 

electrophysiological properties [49, 68–72]. However, these cells still fall short of adult 

cardiomyocyte function, but much progress is being made.

One study utilized an engineered heart tissue model of IRI [73], but unfortunately, the tissue 

constructs were based on neonatal rat cardiomyocytes. Nevertheless, it is instructive to look 

into how tissue engineering can help advance the IRI research. The study examined how 

hypoxia affected electrical conduction in the tissue, and used protein expression to 

characterize reperfusion injury. Cyclosporine A, akin to animal studies [74], showed 

cardioprotective effects in this system. This study helped establish tissue engineering as a 

useful tool for studying IRI and testing of therapeutic options.

Tissue engineered heart constructs are of interest because of the potential for real-time 

measurements of contractile function. The twitch and peak stresses of engineered heart 

tissues can be determined by calculating the deflection of a cantilever from video recordings 

[75]. The model was precise enough to capture the changes in force due to genetic mutations 

in the patient-derived hiPS cell line. The force generated by engineered cardiac tissue could 

potentially be correlated to the ejection fraction of the heart. Currently, most animal studies 

use the infarct size as the readout, but physicians are much more interested in left ventricular 
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function. Using force as the measurement in vitro will allow for better correlation with the 

clinical outcomes.

Overall, in vitro models can capture the effects of treatments or drugs on cardiomyocytes, 

while avoiding the confounding factors encountered in animal models. As detailed above, 

the source and maturity of cardiomyocytes can help obtain a more physiological response to 

IRI. These models can be further improved by taking into consideration the aspects of IRI 

that affect the clinical setting (Figure 3).

Modeling Microvascular Obstruction

In addition to the direct effects of reperfusion on the cardiomyocytes, a long-lasting source 

of damage is microvascular obstruction [76–78]. In the heart, microvascular obstruction is 

the failure of coronary artery reperfusion to fully reperfuse the underlying myocardial 

microvasculature. This is an independent risk factor that correlates with worsened clinical 

outcomes [79]. Reperfusion causes the influx of leukocytes and platelets, endothelial 

damage, and vasoconstriction, which all contribute to microvascular obstruction [80–82]. 

These phenomena could be studied in vitro in a heart muscle engineered to contain 

microvasculature. There have been many advances in engineering vascularized cardiac tissue 

for implantation [83–85], and the existing platforms could potentially be further developed 

to examine microvascular obstruction in a tissue model of IRI. With the functional 

microvasculature and surrounding pericytes, it would be possible to study in vitro the 

endothelial damage and vasoconstriction associated with microvascular obstruction. Tissue 

engineered constructs with a functional microvasculature will help better recapitulate the 

clinical setting of IRI.

Accounting for Comorbidities

A common criticism levied on preclinical IRI studies (and in fact most preclinical studies, 

both in cell culture and in animal models) is that therapies are tested on a homogenous, 

young, and healthy population. In contrast, myocardial infarction primarily affects a diverse 

older population with many different comorbidities, such as diabetes and cardiac 

hypertrophy. These additional factors affect the cardiomyocyte response in different ways, 

usually by increasing their susceptibility to reperfusion injury and decreasing the 

effectiveness of treatments [86–88].

In recent years, the researchers have begun demonstrating that hiPSCs can recapitulate the 

key features of chronic diseases. Drawnel et al. established a diabetic hiPS-CMs screening 

platform using cells exposed to a prodiabetic environment and hiPS cell lines derived from 

diabetic patients [89]. The diabetic patient-specific hIPS-CMs were not exposed to any 

diabetes-specific environmental signals, and yet they demonstrated a diabetic phenotype and 

the corresponding responses to drugs. These findings indicate that the hIPS-CMs 

recapitulating the disease phenotype should be a part of patient-specific diabetic models. A 

diabetic phenotype was also demonstrated in an engineered heart tissue model, utilizing 

neonatal rat cardiomyocytes [90]. In addition, diabetic susceptibility to IRI has been 

demonstrated in an animal model [91], but not in vitro using human cells or tissues.
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Tissue engineering could be instrumental for modeling comorbidities in vitro. In some 

models, engineered heart tissue was suspended between two attachment sites to allow for 

mechanical stress and auxotonic contractions [92]. Hirt et al. was able to expand upon this 

concept by inserting metal braces to increase the afterload sensed by the cardiac tissue. 

Consequently, the cardiomyocytes developed a pathologic cardiac hypertrophic phenotype. 

The results were validated against a hypertrophy-promoting pharmacologic conditioning 

protocol [93]. In summary, there is increasing evidence that tissue engineering enables 

various approaches to model comorbidities of interest, and could thus provide a more 

biomimetic model of IRI.

Concomitant Drugs

It has been found that many of the medications taken to treat the comorbid conditions found 

in patients can alter the effects of IRI and could be cardioprotective themselves. For 

example, statins are cardioprotective, but also interfere with the cardioprotective effects of 

ischemic preconditioning [94]. Some of the anesthetics used during PCI to reperfuse the 

artery are also cardioprotective, while others are not [95, 96]. Further complicating the 

matter, it has been found that comorbid conditions, such as diabetes, can interfere with the 

cardioprotective effect of anesthetics and statins [97, 98]. These interactions are not being 

systematically tested and identified in preclinical animal models, and may play a role in 

clinical trials of promising drugs. In fact, the concomitant drug may be providing 

cardioprotection through the same pathway as the therapeutic of interest, or may be actively 

hindering the therapy.

The cardioprotective features of anesthetics have been demonstrated on isolated human atrial 

trabeculae ex vivo [99]. In vitro models would be ideal for performing these studies in a 

high-throughput manner. In particular, tissue engineered cardiac constructs derived from 

patient-specific hIPS-CMs will be of value in identifying the drug-drug interactions. As the 

patient population grows older and requires more drugs for treating multiple comorbidities, 

such screenings will become even more important. Reductionist models could be very 

helpful for understanding how different drugs and conditions interact, in order to avoid false 

negative results.

Conclusion

IRI has been extensively studied ever since it was discovered that ischemic preconditioning 

could provide cardioprotection. However, the field has failed to produce therapeutic 

modalities to treat IRI in the clinical setting. There have been many issues in the drug 

development process that have contributed to the lack of success, emphasizing the need to 

develop better in vitro models. These reductionist models would allow for better control and 

study of various contributing factors. Much of the previous work in vitro has been performed 

using animal-derived cells, but the recent uptick of research into hiPS-CMs provides an 

avenue to model IRI using human cardiomyocytes. Tissue engineering techniques further 

these recent developments by helping to mature hIPS-CMs into a more adult phenotype. The 

engineered platforms can be further modified to include clinical comorbidities and thereby 

provide a more accurate setting for drug screening and testing for possible interactions 
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between the drugs and comorbidities. There is a great need to develop therapeutics to treat 

IRI, and the current tools hold promise to further our understanding of the progression of IRI 

and support testing of drugs under controllable conditions.

Future Work

Future directions should first establish the presence of IRI in a tissue engineered cardiac 

construct utilizing hIPS-CMs. Next, the use of patient-specific hIPS-CMs and tissue 

engineering techniques to form disease models will allow us to better understand the effect 

different comorbidities have on IRI and its potential treatments.
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Lay Summary

Heart attacks are treated by unblocking the occluded blood vessel; however, the 

restoration of blood flow to the damaged area causes additional injury, termed ischemia-

reperfusion injury (IRI). Many treatments have successfully decreased IRI in animals, but 

none have shown the same success in humans. This failure may be because animal hearts 

have important functional differences compared to human hearts. Human engineered 

tissue models are important tools to overcome this hurdle because they utilize human 

cells in a highly controllable environment. In this article, we discuss models of IRI and 

how they can facilitate the development of treatments for patient use.
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Figure 1. Timeline of ischemia-reperfusion injury
Cell death due to ischemic injury increases with ischemic time (red line). Reperfusion by 

primary percutaneous coronary intervention (PPCI) halts the progression of ischemic injury 

(green line), but causes additional damage that leads to a larger final infarct size than 

predicted by ischemic injury alone (black line). This additional reperfusion injury is 

potentially preventable, and limiting it through therapeutics would lead to better clinical 

outcomes. Adapted from Hausenloy D, et al. [10].
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Figure 2. Pathophysiology of ischemia-reperfusion injury after an acute MI
(a) During ischemia, the lack of oxygen drives cells from aerobic respiration to anaerobic 

glycolysis for ATP production. The subsequent decrease in ATP turnover leads to 

intracellular acidosis. Lactate from glycolysis helps to buffer the accumulated protons, but 

the stagnation of blood flow prevents the removal of lactate. Cardiomyocytes attempt to 

reestablish normal intracellular pH through the sodium-hydrogen exchanger. The subsequent 

accumulation of intracellular sodium drives the sodium-calcium exchanger in reverse, and 

causes intracellular accumulation of calcium. (b) During reperfusion, the rapid 

normalization of extracellular pH exacerbates the conditions seen in ischemia. The large 

proton gradient increases proton efflux and results in intracellular calcium overload. 

Reoxygenation also leads to increased reactive oxygen species (ROS) generation. 

Intracellular calcium overload and rapid ROS generation contribute to opening of the 

mitochondrial permeability transition pore (MPTP), decoupling of oxidative 

phosphorylation, and eventually cell death.
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Figure 3. Potential improvements to preclinical studies of IRI
Current preclinical models of IRI can be improved by utilizing human cardiomyocytes that 

better recapitulate human physiology and response to IRI. In vitro models can also be 

improved by accounting for the heterogeneous patient population seen in the clinical 

settings.
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Table 1
Cardiomyocyte sources for in vitro models of Ischemia-Reperfusion Injury

Cardiomyocyte Source Ease of use Predictive Utility Cell Source Issue

Animal cell source

 Isolated primary cardiomyocytes

  Adult cardiomyocytes Low Medium Interspecies physiolocal differences

  Neonatal cardiomyocytes Low Low-Medium Immature phenotype, Interspecies physiological 
differences

 Immortalized cell lines (e.g. HL-1, H9c2) High Low Proliferating cell line, Interspecies physiolocal 
differences

Human cell source

 Transformed cell line (e.g. AC16) High Low Proliferating cell line

 Cardiomyocytes derived from Pluripotent Stem Cells

  hESC-CMs Medium Low-Medium Immature phenotype

  hIPS-CMs Medium Low-Medium Immature phenotype
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