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            Modeling oxygen requirements in ischemic cardiomyocytes Received for publication, August 3, 2016, and in revised form, May 1, 2017 Published, Papers in Press, May 9, 2017, DOI 10.1074/jbc.M116.751826 Anthony D. McDougal ‡ and C. Forbes Dewey, Jr. ‡§1 From the Departments of ‡ Mechanical Engineering and § Biological Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts 02139 Edited by Norma Allewell Heart disease remains the leading cause of death globally. Although reperfusion following myocardial ischemia can pre- vent death by restoring nutrient flow, ischemia/reperfusion injury can cause significant heart damage. The mechanisms that drive ischemia/reperfusion injury are not well understood; cur- rently, few methods can predict the state of the cardiac muscle cell and its metabolic conditions during ischemia. Here, we explored the energetic sustainability of cardiomyocytes, using a model for cellular metabolism to predict the levels of ATP fol- lowing hypoxia. We modeled glycolytic metabolism with a sys- tem of coupled ordinary differential equations describing the individual metabolic reactions within the cardiomyocyte over time. Reduced oxygen levels and ATP consumption rates were simulated to characterize metabolite responses to ischemia. By tracking biochemical species within the cell, our model enables prediction of the cell’s condition up to the moment of reperfu- sion. The simulations revealed a distinct transition between energetically sustainable and unsustainable ATP concentra- tions for various energetic demands. Our model illustrates how even low oxygen concentrations allow the cell to perform essen- tial functions. We found that the oxygen level required for a sustainable level of ATP increases roughly linearly with the ATP consumption rate. An extracellular O 2 concentration of 0.007 mM could supply basic energy needs in non-beating cardiomyo- cytes, suggesting that increased collateral circulation may pro- vide an important source of oxygen to sustain the cardiomyocyte during extended ischemia. Our model provides a time-depen- dent framework for studying various intervention strategies to change the outcome of reperfusion. Globally, ischemic heart disease was the leading cause of death in 2012 and the most rapidly increasing cause of death during 2000 –2012 (1, 2). Ischemia occurs when the circulation of the blood is restricted, thereby limiting the delivery of nutri- ents and removal of metabolic by-products. The heart can be saved by restoring blood flow using reperfusion techniques such as percutaneous coronary intervention (3). However, even as the heart is saved, reperfusion carries the risk of damaging additional heart tissue. This damage is termed ischemia/reper- fusion injury. Various proposals for novel reperfusion tech- niques have been advanced, but our understanding of ischemia/ reperfusion injury and our ability to mitigate its risk are significantly lacking (4 –9). It is imperative we identify the quantitative conditions that exist in the cardiomyocyte following a period of ischemia. To date, a number of groups have modeled the dynamics of heart tissue (10 –16). However, only Ch’en et al. (10) model ischemic cardiomyocytes as fully deprived of oxygen, and their model does not provide quantitative data of the detailed transition in time between a fully oxygenated myocardium and one that is deficient of oxygen. Wu et al. (17) represent the onset of ische- mia from normal conditions (for 30 s). An alternative approach is taken by Karlsta ¨dt et al. (18) to construct an extensive model that identifies minimum substrate and oxygen requirements for normal function of the cardiomyocyte, but it does not address the changes that develop during hypoxia. The model by Zhou et al. (19) is the most “complete” in regards to including all of the subdomains of metabolism during ischemia, and elements of glycolysis, fatty acid metabolism, the citric acid cycle, and oxi- dative phosphorylation are included. Zhou et al. (19) use their model to illustrate the transition from oxygenated conditions to partial deoxygenation. Here, we build upon these efforts to present a model that describes metabolism through various levels of deoxygenation and metabolic demand. Our aim is to identify the precursor conditions developed during ischemia that leave cells suscepti- ble to ischemia/reperfusion injury. The conditions that are sus- pected to play a role in ischemia/reperfusion injury include cal- cium overload, oxidative stress, mitochondrial dysfunction, and signaling cues from death proteins. These conditions develop due to a lack of energy from ATP during the first stage of ischemia/reperfusion injury (ischemia up to the moment of reperfusion) and further evolve during a second stage, which begins upon the first instant of reperfusion. To understand the mechanisms driving ischemia/reperfusion injury, both stages require quantification of two aspects, the energy balance of the cell as well as the presence of biochemical species (and their interactions). We begin a first approach toward these objectives by evaluating the energy production of the cell during ischemia leading up to reperfusion, thereby tracking some of the metab- olites as well. More specifically, we ask how a drop in oxygen affects the ATP available for cellular functions. To this end, we have developed a model of cardiomyocyte metabolism that accounts for cytoplasmic metabolism via glycolysis, mitochon- This research was supported by the Singapore-MIT Alliance, Computational and Systems Biology Program. The authors declare that they have no con- flicts of interest with the contents of this article. The complete computational model developed in this paper has been submitted in SBML format to the Biomodels archive at the European Bioinformatics Insti- tute, Hingston, UK (www.biomodels.net). 1 To whom correspondence should be addressed: Dept. of Mechanical Engi- neering, Massachusetts Institute of Technology, Rm. 3-354, 77 Massachu- setts Ave., Cambridge, MA 02139. Tel.: 617-253-2235; E-mail: cfdewey@ mit.edu. cros ARTICLE 11760 J. Biol. Chem. (2017) 292(28) 11760 –11776 © 2017 by The American Society for Biochemistry and Molecular Biology, Inc. Published in the U.S.A. by guest on October 27, 2020 http://www.jbc.org/ Downloaded from 
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Modeling oxygen requirements in ischemic cardiomyocytesReceived for publication, August 3, 2016, and in revised form, May 1, 2017 Published, Papers in Press, May 9, 2017, DOI 10.1074/jbc.M116.751826
 Anthony D. McDougal‡ and C. Forbes Dewey, Jr.‡§1
 From the Departments of ‡Mechanical Engineering and §Biological Engineering, Massachusetts Institute of Technology,Cambridge, Massachusetts 02139
 Edited by Norma Allewell
 Heart disease remains the leading cause of death globally.Although reperfusion following myocardial ischemia can pre-vent death by restoring nutrient flow, ischemia/reperfusioninjury can cause significant heart damage. The mechanisms thatdrive ischemia/reperfusion injury are not well understood; cur-rently, few methods can predict the state of the cardiac musclecell and its metabolic conditions during ischemia. Here, weexplored the energetic sustainability of cardiomyocytes, using amodel for cellular metabolism to predict the levels of ATP fol-lowing hypoxia. We modeled glycolytic metabolism with a sys-tem of coupled ordinary differential equations describing theindividual metabolic reactions within the cardiomyocyte overtime. Reduced oxygen levels and ATP consumption rates weresimulated to characterize metabolite responses to ischemia. Bytracking biochemical species within the cell, our model enablesprediction of the cell’s condition up to the moment of reperfu-sion. The simulations revealed a distinct transition betweenenergetically sustainable and unsustainable ATP concentra-tions for various energetic demands. Our model illustrates howeven low oxygen concentrations allow the cell to perform essen-tial functions. We found that the oxygen level required for asustainable level of ATP increases roughly linearly with the ATPconsumption rate. An extracellular O2 concentration of �0.007mM could supply basic energy needs in non-beating cardiomyo-cytes, suggesting that increased collateral circulation may pro-vide an important source of oxygen to sustain the cardiomyocyteduring extended ischemia. Our model provides a time-depen-dent framework for studying various intervention strategies tochange the outcome of reperfusion.
 Globally, ischemic heart disease was the leading cause ofdeath in 2012 and the most rapidly increasing cause of deathduring 2000 –2012 (1, 2). Ischemia occurs when the circulationof the blood is restricted, thereby limiting the delivery of nutri-ents and removal of metabolic by-products. The heart can besaved by restoring blood flow using reperfusion techniquessuch as percutaneous coronary intervention (3). However, even
 as the heart is saved, reperfusion carries the risk of damagingadditional heart tissue. This damage is termed ischemia/reper-fusion injury. Various proposals for novel reperfusion tech-niques have been advanced, but our understanding of ischemia/reperfusion injury and our ability to mitigate its risk aresignificantly lacking (4 –9).
 It is imperative we identify the quantitative conditions thatexist in the cardiomyocyte following a period of ischemia. Todate, a number of groups have modeled the dynamics of hearttissue (10 –16). However, only Ch’en et al. (10) model ischemiccardiomyocytes as fully deprived of oxygen, and their modeldoes not provide quantitative data of the detailed transition intime between a fully oxygenated myocardium and one that isdeficient of oxygen. Wu et al. (17) represent the onset of ische-mia from normal conditions (for 30 s). An alternative approachis taken by Karlstadt et al. (18) to construct an extensive modelthat identifies minimum substrate and oxygen requirements fornormal function of the cardiomyocyte, but it does not addressthe changes that develop during hypoxia. The model by Zhou etal. (19) is the most “complete” in regards to including all of thesubdomains of metabolism during ischemia, and elements ofglycolysis, fatty acid metabolism, the citric acid cycle, and oxi-dative phosphorylation are included. Zhou et al. (19) use theirmodel to illustrate the transition from oxygenated conditionsto partial deoxygenation.
 Here, we build upon these efforts to present a model thatdescribes metabolism through various levels of deoxygenationand metabolic demand. Our aim is to identify the precursorconditions developed during ischemia that leave cells suscepti-ble to ischemia/reperfusion injury. The conditions that are sus-pected to play a role in ischemia/reperfusion injury include cal-cium overload, oxidative stress, mitochondrial dysfunction,and signaling cues from death proteins. These conditionsdevelop due to a lack of energy from ATP during the first stageof ischemia/reperfusion injury (ischemia up to the moment ofreperfusion) and further evolve during a second stage, whichbegins upon the first instant of reperfusion. To understand themechanisms driving ischemia/reperfusion injury, both stagesrequire quantification of two aspects, the energy balance of thecell as well as the presence of biochemical species (and theirinteractions). We begin a first approach toward these objectivesby evaluating the energy production of the cell during ischemialeading up to reperfusion, thereby tracking some of the metab-olites as well. More specifically, we ask how a drop in oxygenaffects the ATP available for cellular functions. To this end, wehave developed a model of cardiomyocyte metabolism thataccounts for cytoplasmic metabolism via glycolysis, mitochon-
 This research was supported by the Singapore-MIT Alliance, Computationaland Systems Biology Program. The authors declare that they have no con-flicts of interest with the contents of this article.
 The complete computational model developed in this paper has been submittedin SBML format to the Biomodels archive at the European Bioinformatics Insti-tute, Hingston, UK (www.biomodels.net).
 1 To whom correspondence should be addressed: Dept. of Mechanical Engi-neering, Massachusetts Institute of Technology, Rm. 3-354, 77 Massachu-setts Ave., Cambridge, MA 02139. Tel.: 617-253-2235; E-mail: [email protected].
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drial oxidation of pyruvate, ATP buffering, and ion transport.Glycolysis and glycogenolysis are described in particular detailto account for anaerobic metabolism.
 A significant amount of controversy surrounds the topics ofenergy demand, production, and regulation in cardiomyocytes(20). One focal aspect of this debate is the mechanism by whichATP consumption is regulated, whether by calcium, inorganicphosphate, creatine, or otherwise (21). Rather than evaluatingthese possible feedback mechanisms, we focus on understand-ing what ATP consumption rates are sustainable prior to rep-erfusion, given the resources and the method of metabolism ofthe cardiomyocyte. Using this approach, we are able to identifysets of reasonable and unreasonable outcomes for the heart cellby evaluating simulations across the entire range of possibleenergy demands.
 Our model uses reaction parameters from the literature tosimulate the time-development of cellular conditions followingthe onset of hypoxia. From these representative simulations, wepredict how the availability of oxygen impacts the sustainabilityof a cardiomyocyte’s energy demands, and hence survival. Thisis a crucial step in understanding the changes induced by rep-erfusion of the tissue, which has clinically been found to induceadditional tissue injury.
 In normal heart function, over 95% of ATP regenerationcomes from oxidative phosphorylation in the mitochondria;moreover, 50 –70% of ATP comes from fatty acids (22).However, during ischemia, �-oxidation of fatty acids slowswhile anaerobic glycolysis increases. One proposed strategyin the face of ischemia and reperfusion is to improve glucoseoxidation and its coupling to glycolysis (23). In this vein, weexplore the extent to which glycolysis can provide ATP aswell as pyruvate for oxidation and leave the contribution andinhibition of fatty acids for another study. Similarly, we donot detail the reactions of the mitochondria, but rather weexplore its ensemble performance to find the cell’s best-caseenergy performance under the challenging conditions ofischemia.
 The model contains the following three regions (see Fig. 1):the cytoplasm of the cell, the extracellular space, and a bloodvessel. The mitochondria is included within the cell as a singlerepresentative overall reaction of oxidative phosphorylation ofpyruvate. Each region was treated as a well mixed compart-ment. Because the purpose of this study was to evaluate theability of glycolysis to support energy demands, geometry andspace considerations were left for future development. Reac-tions were included to describe glycolysis (as depicted in Fig. 2),glycogenesis/glycogenolysis, mitochondrial oxidation of pyru-vate, ATP consumption, ATP buffering, effects of ion transporton pH, and oxygen permeation across compartments. Parame-ters for all reactions were taken from values reported in exper-iments, other computational models, or otherwise in the liter-ature. As our model focuses on glycolytic capabilities, we makesome assumptions regarding other processes. In real tissue, onewould expect changes to NAD, calcium, etc. to influence manyof the reactions. In general, we have accounted for the effect ofthese molecules within the expression of the reaction itself (forexample, hexokinase depends on the changing presence ATP).In the case of some molecules (e.g. NAD/NADH), we account
 for their impact on the reaction velocity but have held theconcentration of that species constant due to its interactionwith many other processes. Thus our model predominantlydescribes the development of species within the glycolyticmetabolism to first order.
 Consistent with our goal to find how the availability of oxy-gen impacts the sustainability of particular energy demands inthe myocyte, our model uses a fixed ATP consumption raterather than incorporating one of many debated mechanisms offeedback regulation. Instead of having a deterministic ATPconsumption, here we map out the cellular response by chang-ing only two parameters from simulation to simulation: theoxygen level present in the ischemic blood vessel and the levelof ATP consumption. In every simulation, the initial blood ves-sel oxygen was set to 0.133 mM (24) and subsequently droppedto a fixed ischemic level after 100 s. Simulations continued for5000 s, an interval that allowed all cases to reestablish a steadystate. Over 200 trials were simulated in CellDesigner with timesteps of 5 s. The details of the model are presented under “Com-putational methods.”
 Results
 The simulations predict the metabolic behavior of the car-diomyocyte upon hypoxia. Fig. 3 represents typical time histo-ries of ATP, ADP, and AMP and the energy buffers creatinephosphate and glycogen following a drop in blood oxygen. Theconcentration of ATP is maintained by a sequence of threeenergy buffers: we observe a drop in creatine phosphate, fol-lowed by the fall of glycogen, and finally a rise in AMP as ADP issacrificed. Throughout these events, the reactions of glycolysisare providing an anaerobic source of ATP. Fig. 3A illustrates atypical response to deoxygenation after a brief period of stable,oxygenated conditions. After 100 s of simulation, the supplied
 Figure 1. Overview of the metabolic components included in themodel. We focus on the increased role of glycolysis during hypoxia (22)and do not explore here the role of fatty acid metabolism. All parametersare taken from the literature. Our model evaluates system reactions usinga specified fraction of available oxygen and of the ATP consumption rate.
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oxygen is decreased and held at a new low level. After the energybuffers are depleted, [ATP] falls to zero in about 550 s, at whichpoint the consumption rate of ATP is no longer sustainable andATP hydrolysis fails. In comparison, Ch’en et al. (10) used acompletely anaerobic model and found [ATP] to last roughly800 s. Wu et al. (17) provide another point of comparisonregarding creatine phosphate (CrP)2: when totally occludingcanine coronary blood flow, CrP fell to 10 mM in 35 s; our sim-ulations take 110 s to show the same change but under incom-plete occlusion (the simulations of Wu et al. (17) are notextended to full depletion of CrP).
 It should be reiterated that our simulations drive ATP con-sumption at a specified rate, rather than being controlled by aparticular feedback mechanism. In the real cardiomyocyte, asresources are exhausted and by-products build up, this feed-back will work to slow the consumption of ATP, prolonging thelife of the cell. Thus, Fig. 3A can serve as a worst case timelinefor the depletion of energy buffers.
 If the oxygen supply is decreased to an even lower value, therate of mitochondrial oxidation of pyruvate is additionallydecreased, further hampering the greatest energy source. Con-sequently, the energy buffers will deplete faster in an effort tokeep [ATP] at high levels, and the cell will crash more rapidly.
 2 The abbreviations used are: CrP, creatine phosphate; ROS, reactive oxygenspecies; SOD, superoxide dismutase; SBML, Systems Biology Markup Lan-guage; G6P, Glc-6-P; abbreviations used for biochemical species are foundin Table 1.
 Figure 2. Reactions included in the model of glycolysis. Abbreviations for biochemical species are found in Table 1. Reactions for glycolysis are shown inorange, and the reactions that the model simulates as interacting with components of glycolysis are shown in black.
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 Figure 3. Metabolite response to deoxygenation. Two example simula-tions of metabolite response to a decrease in the supply of oxygen in theblood. A, at the outset, oxygen in the blood [O2, V] � 0.133 mM and the systemstays at steady state; after 100 s (arrow), [O2, V] falls to 0.0150 mM. B, [O2, V] fallsfrom 0.133 to 0.0175 mM after 100 s (arrow). For both simulations, rATP �100%, i.e. constant ATP consumption rate of 0.570 mM/s, indicative of a beat-ing heart in a resting subject. Shown are predicted concentrations of: creatinephosphate (light blue), glycogen (dark blue), ATP (orange), ADP (yellow), andAMP (green). The arrow indicates the decrease of oxygen in the blood at 100 s.
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Conversely, if the oxygen is slightly increased, mitochondrialreactions are able to provide more energy to supplement anaer-obic metabolism, which lessens the pull on the buffers andextends the survival of the cell (see Fig. 3B). (A variable ATPconsumption rate will alter the time to ATP depletion; this isexplored under “Discussion.”)
 After the transient behavior of the system, we see that thefinal outcome of each simulation is determined by the amountof oxygen available and the amount of ATP being consumed. Ifthe supplied oxygen level is sufficiently high, the concentrationof ATP shows no perceptible change (see Fig. 4A). However,there is a transition range of oxygen concentrations that leadto an intermediate steady-state level of [ATP] (as in Fig. 3B).This result is surprising because it suggests that althoughATP demand can be matched by ATP regeneration, the celldoes not do so until after consuming its backup supply andallowing some decrease in [ATP]. Thus we see that, for aspecified ATP consumption rate, lowering oxygen can affectthe steady levels of ATP, resulting in catastrophically lowconcentrations at O2 levels below a fairly sharp threshold.As one may expect, if we decrease the energy consumptionrate under low O2 conditions, [ATP] no longer plummets(Fig. 4B).
 This leads to the following question: when is [ATP] too low tosustain cell energy demands? Even if there persists an extremelysmall, steady amount of [ATP] for energy turnover, any further
 perturbation could lead to decreasing [ATP] such that the ATPconsumption rate cannot be sustained. For the purposes of ourcomputations, we treat 0.1% of the initial [ATP] (� 0.007mM) as the lowest sustainable concentration of ATP. Simi-larly, we define “imperceptible changes” of [ATP] as less thana 0.1% change of the original concentration of 7.000 mM. Atthe lower bound, we recognize that concentrations may betoo low to model using reaction rates, and the biochemicalinteractions are better represented by the Langevin equationand become stochastic in nature. At such low levels, themolecular interactions will be slower than the reaction ratespredict.
 We iterated our model to find all the combinations of [O2]and ATP consumption rates that lead to these [ATP] thresh-olds. The ATP consumption rates from these simulations andthe resulting extracellular [O2, e] are plotted in Fig. 5.
 In the right-hand region of Fig. 5, [ATP] shows practically nochange from the original levels, and so from a metabolic stand-point, the oxygen supply and energy demand result in a sustain-able state for the tissue. In the left-hand region, [ATP] is at suchlow levels that even the slightest increase of ATP consumptionor the slightest decrease of O2 will cause [ATP] to be insuffi-cient. In the middle region, we see a thin range of oxygen con-centrations that represent the intermediate transition fromsustainable to unsustainable conditions. This “metabolic twi-light” region neither exhausts ATP nor maintains it at normallevels.
 These three distinct regions of metabolic outcomes offer anew and useful framework for interpreting cell performanceunder hypoxic conditions. Yet all of these changes occur onlyonce the oxygen supply is low, under 0.0160 mM extracellularO2 (about 12.8 mm Hg). This falls just under the venous PO2values of 15–20 mm Hg reported in the literature (24, 25).Additionally, the fact that such small changes in oxygen canresult in drastically different metabolic outcomes is consistent
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with the well known fact that patients with significant collateralcirculation upon X-ray angiography have improved outcomesfollowing reperfusion (26).
 Given this map, we can begin to identify some parametersthat are key for the survival of the cardiomyocyte. Das andHarris (27) analyzed the energy consumed by rat cardiomyo-cytes under stimulation. Unstimulated, non-contractingcells were found to consume 3.7 �mol ATP/min/mg. Cellsthat were stimulated were found to have an increasingamount of ATP consumption, plateauing at 6.6 �mol ATP/min/mg. Thus, Das and Harris (27) indicate that a non-con-tracting cell consumes 56% of the energy that a contractingcell consumes (see Fig. 6).
 Rolfe and Brown (28) provide a review investigating the allo-cation of energy among various cellular processes. By compilingtheir data as listed in Fig. 7, we can consider that 79% of energyis directed toward contraction, whereas 21% is directed toward“cellular maintenance.” From these estimates, we can define therange of oxygen that might possibly sustain cardiomyocytes,allowing us to determine the cells that are targeted duringreperfusion.
 Combining the ATP state information in Fig. 5 with the ATPconsumption data in Figs. 6 and 7 to create Fig. 8, we find thatwhen the extracellular O2 drops below 0.011 mM extracellularoxygen in a non-beating heart, ATP begins to fall from itssustainable state (red line in Fig. 8). In a heart consumingenergy only for maintenance purposes (21%), the oxygen
 requirement for unaltered ATP (Fig. 8, red line) is around0.006 mM. For maintenance purposes, the unsustainableregion (Fig. 8, blue line) is reached at about 0.004 mM extra-cellular oxygen.
 Of course, ischemia will also produce a decrease in glucose,which will impact the cell’s metabolism. Our model holds theglucose level constant during any individual case. The full char-acterization of the interplay between glucose and oxygen is leftfor future study. Here, we illustrate some sample outcomes ofour model when the amount of available intracellular glucose ismoved from 1.91 to 0.191 mM, shown as dots in Fig. 8. For thesevalues of glucose, at ATP consumption rates seen in the non-beating heart, we find that the transition region is nearlyunchanged.
 Overall, these simulation results suggest that the cell can bal-ance energy demands using different reactions to differentextents. With less oxygen, mitochondrial oxidation of pyruvateis slowed, decreasing the availability of ATP. Over the next 15min or so, the buffers all attempt to keep the adenosine poolshifted toward ATP as much as possible. Interestingly, the cell
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uses its buffers despite the fact that, under some conditions, it isable to match ATP supply and demand after the buffers havebeen depleted. In effect, it appears that the cell’s metabolismhas multiple safeguards that can be called upon, not only tokeep [ATP] at its normal level but also to match ATP supply anddemand despite low [ATP].
 Discussion
 The human heart and the cardiomyocyte are incredibly resil-ient. If an artery is blocked and insufficient O2 is available tokeep the ATP at a sustainable level, the myocytes must firstdrop the energetic load of contraction and then continue toshut the processes down until one reaches a bare minimum thatis consistent with the ATP production required to remain via-ble. If that is not possible, the ATP level rapidly falls to essen-tially zero, and there is no available energy to take care of criticalcellular processes.
 One conclusion of our model is that the cardiac myocyte isable to sustain ATP at a substantial and physiologically usefullevel for some time following the imposition of a low extracel-lular O2 level. To achieve this, the cell undergoes a transitionwhere initially the cell’s stores of creatine phosphate andglycogen are sacrificed to allow the ATP level to be main-tained. The level of energy reserves will persist for times onthe order of 90 min if the residual supply of oxygen issufficiently large. If the residual O2 is eliminated, the energystorage is rapidly consumed, and the ATP and ADP areexhausted in a matter of 10 min. For comparison, the recom-mended time for “first-medical-contact to device” interven-tion for patients with ST-elevation myocardial infarction isunder 90 min (29).
 The difference between residual oxygen levels that supportphysiological concentrations of ATP and residual levels that failto provide physiological levels of [ATP] is surprisingly small.Depending on the ATP consumption rate of the cell, this dif-ference could be as little as 10% of the “critical level” of O2where no change in [ATP] is detected. This means that ische-mic tissue with a gradient in O2 driven by diffusion from adistant source could produce a spatial change in the tissue, withthe tissue nearest the collateral source being salvageable by rep-erfusion and the tissue slightly further away being at risk. This isschematically illustrated in Fig. 9. The extent of this “twilightrange” depends on the external [O2] gradient.
 Others (30, 31) have suggested that low ATP is not correlatedwith cell death. However, the conditions for these claims pres-ent [ATP] still within the intermediate “twilight” range, ratherthan a truly “unsustainable” concentration. For example, earlystudies from Neely and Morgan (31) observed [ATP] as low asaround 3% of normal, compared with our value of 0.1%. At thelower value, slightly increased demand for energy becomes toomuch for ATP regeneration to keep pace, resulting in a break-down of the cell’s necessary functions (30).
 The spatial extent of cells transitioning from high to low[ATP] can occur over a range of 0.0015 mM O2. Thus, evenslight variations in oxygen that may arise due to extracellularand intracellular oxygen fluctuations may lead to substantialdifferences in the metabolic viability of a cell. We suggest that itis primarily the cells in this “transition region” that are partic-
 ularly susceptible to perturbations such as reperfusion. At firstglance, the range of [O2] that can effect an intermediate level ofATP seems to imply a remarkably thin tissue layer that is at risk.Many studies have suggested that, indeed, the spatial transitionfrom ischemic to functional tissue is sharp; yet historically,gathering data on transient intermediate states has been diffi-cult (32). To illustrate how oxygen may vary spatially, locationsalong the reaction-diffusion curve have an increasingly smallergradient of oxygen the further they are from the source, after aninitial region of sharp decay (see Fig. 9 for an illustrative draw-ing). Geometrical considerations will impact oxygen availabil-ity across tissue, affecting different regions of the heart, as wellas within the cell and across the mitochondrial membranes(33).
 During ischemia in vivo, the source of oxygen from neighbor-ing tissue may be augmented by anastomosis. This will shift thediffusion curve in Fig. 9 to the right, increasing the amount oftissue with a favorable prognosis. Humans have among thehighest attainable coronary collateral flow among mammals,which is key in clinical cases (26). Our simulations serve tofurther emphasize the importance of collateral circulationby demonstrating how even miniscule increases in theamount of oxygen can improve cell energy sustainability (asindicated by higher ATP production). If the oxygen beingsupplied by collateral circulation is sufficiently high, car-diomyocytes may even be able to sustain a high [ATP]threshold and thereby reduce their risk of ischemia/reperfu-sion injury. It may be worthwhile to point out that animalsgenerally have lower collateral flow, and thus they may havetissue skewed toward a higher risk of ischemia/reperfusioninjury compared with human tissue.
 The computational strategy we adopted was to fix the ATPconsumption rate for each simulation case, rather than employa variable ATP consumption rate as would be expected in realischemia. Thus, the computed time to ATP level stabilization inour model may differ compared with the corresponding physi-ological case. If one were to represent ATP consumption as afunction of metabolites in the cytoplasm, as is commonly done,
 Figure 9. Hypothetical diffusion-reaction curve showing the one-dimen-sional decay of oxygen as a function of distance from an oxygen source.At lower levels, oxygen decays less rapidly. Consequently, even over signifi-cant distances in the tissue we may see small variations in the extracellularoxygen concentration.
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one could deterministically simulate the cell’s final state for agiven amount of oxygen. This outcome will necessarily varyaccording to the model chosen for ATP consumption. How-ever, we fixed the ATP hydrolysis rate to a different level in eachsimulation, enabling us to map all possibilities of how both theenergy demand and the oxygen availability impact the finalsteady concentrations of the cell. These results are given in Figs.5 and 8.
 Although this approach produces some uncertainty in thetime to ATP depletion during the initial transient followingischemia, the final steady state of the cardiomyocyte should beaccurately determined by the two variables of ATP consump-tion rate and local oxygen concentration. An exception to thiswould be events with major excursions of cellular energydemand, e.g. transient contraction demands on compromisedmyocytes. Popel (34) and others have described how to solvethe reaction-diffusion equation for various spatial contexts totrack cell metabolism. Our simulations along with the Popelmodel could be employed as the basis for numerical integrationof the oxygen consumption in time and space in a compromisedvasculature.
 The lack of O2 and the shortage of ATP will lead to reactionsthat are involved in cellular death or cellular protection. Onefactor that is key in considering ischemia/reperfusion injury isthe rapid generation of reactive oxygen species (ROS) (5, 30,35). Recent studies (36) focus on the condition of the electrontransport chain as the cause for increased ROS. Succinatebuildup in response to insufficient ATP production is reportedto cause reversal of electron transport and ROS production(37). From our simulations, we can predict the cell ATP levelsfor a given oxygen availability and ATP consumption rate justprior to reperfusion. There is also experimental evidence (38)that there is a very substantial (45%) decrease of ATP followingreperfusion.
 Weakened cardiomyocytes may have less resources to han-dle ROS loads (39). The role of antioxidants, such as superoxidedismutase (SOD), during reperfusion remains unclear. Heartoutcomes appear to improve with increased activity of SOD(40, 41) as well as with administered antioxidants (42); yet SODappears to degrade quickly when administered intravenously(43), and the level of SOD activity throughout reperfusionremains unclear (44). In cells with a very low supply of ATPupon reperfusion, it seems feasible that the absence of ATPavailable for enzyme production may diminish the activity ofSOD, allowing ROS formation to advance unchecked (45).
 Another important player in both ischemia and ischemia/reperfusion injury is the calcium gradient across the innermembrane of the mitochondria. For example, Ca2�-ATPasepumps will weaken as ATP is decreased (46). In turn, thecalcium reduces the amount of ATP that can be produced,effectively dismantling the cell’s energy production andaccelerating the death of the cell. The rise of calcium mayalso trigger the opening of the mitochondrial permeabilitytransition pore (47). Our model shows that a small increasein the amount of oxygen available from collateral circulationmay dramatically improve the availability of ATP, whichcould improve the handling of Ca2� and ultimately improvethe outcome of the cell.
 The model presented here would benefit from additionaldevelopment. As mentioned previously, a major challenge inmodeling cardiomyocytes arises from the debate on how tospecify ATP consumption rates as functions of metabolite con-centrations (17, 18). Unfortunately, there is very little agree-ment to guide this modeling.
 We have set the effect of some molecular concentrations tobe constant during the onset of ischemia, even though theyare certainly changing. Examples include NADH, pH, glu-cose, and intermediate products of glycolysis that participatein other reactions (10, 12, 15, 48, 49). One illustration of theeffects due to these changing concentrations is demon-strated by Vinnakota et al. (49) as they explore the role of pHin the context of glycogenolysis. They show how accountingfor variation of the pH does affect the final buildup of by-products by around 30%, while producing similar intermedi-ate results.
 Our model predicts that changing the extracellular glu-cose concentration by a factor of 10 does not substantiallychange the history of ATP levels in the cell immediately fol-lowing the onset of ischemia (see Fig. 8). In the same vein, asensitivity analysis of various parameters in the model maygive further insight regarding the robustness of various func-tions in the cell. Sensitivity analysis could also indicate thedegree to which parameters, such as Km, O2 for oxidativephosphorylation, are sufficient or warrant furtherrefinement.
 Additionally, although our model offers detail on glycolysis,other models emphasize details in other aspects of metabolism,such as the tricarboxylic acid cycle and the electron transportchain. Further details of all the relevant reactions within themitochondria remain an active area of research, as summarizedby a recent review paper (50). These include the following: ele-ments of mitochondrial structure, such as the membrane per-meability transition pore (51); ion regulation and transport,including mitochondrial potassium and calcium (52); pools ofkey molecular species, for example NAD/NADH (53); andinformation on molecular behavior, such as the detailsregarding ROS generation (12, 54). A complete understand-ing of metabolism during extreme conditions will depend onsimultaneous integration of the strengths of each of thesemodels. The integration process and the additional compu-tational complexity can be carried out with reasonable effort(55). For example, the mitochondrial model iAS253 for fluxbalance analysis by Smith and Robinson (56) was employedby Chouchani et al. (37) to demonstrate how the buildup ofsuccinate during ischemia may drive reverse electron trans-port and the generation of ROS during reperfusion. Futureintegration of the model iAS253, our model, and spatialdetermination of oxygen in cardiac tissue may enable us topredict the entire time course of ischemia/reperfusioninjury.
 Looking ahead to extending our current model into predic-tions following reperfusion, we are very interested in seeingwhat happens not only to the ROS but also in what happens toanaerobic and aerobic ATP production. The transient state ofthe cardiac myocyte is key. One cannot understand this processusing equilibrium conditions where nothing is changing
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because the transient in ATP following reperfusion is a majorfactor. If ATP is decreased significantly, even if only for a shorttime, and if the influx of metabolites and oxygen during reper-fusion results in non-optimal ATP consumption, we could havea serious energy crisis that would put the myocyte in a veryprecarious position prior to the possibility of replenishing theATP levels through large-scale ATP production in the mito-chondria. The initial rush of reperfusion may transiently dropthe ATP/ADP levels sufficiently low that irreversible damageoccurs to the myocyte.
 Computational methods
 We created a computational model of a cardiomyocyte usingthe Systems Biology Markup Language (SBML) (57, 58). Reac-tions were represented as a system of coupled ordinary differ-ential equations and then evaluated in the CellDesigner Simu-lation environment (59).
 Biochemical species
 The model includes 56 reactions to explicitly calculate 32biochemical species while including the effect of other spe-cies as detailed in Tables 1–3. The concentration of everyspecies was recorded for all time steps. Unless otherwiseindicated, concentrations refer to values in the cytoplasm.Extracellular concentrations are denoted with a subscript “e”
 and concentrations in the blood vessel are denoted with asubscript “v.” We record all parameters with an accuracy ofthree significant figures, regardless of whether these reac-tion rates were originally reported with more or less signifi-cant figures.
 Table 1Species evaluated in the modelKashiwaya et al. (60) report the concentrations of metabolites found in working hearts from Wistar rats prepared with a modified Langendorff technique. The values fromCh’en et al. (10) listed here are from hearts prepared with a buffer solution containing 10 mM glucose.
 Species Abbreviation Initial value Source
 mM
 1,3-Bisphosphoglycerate 13BPG 8.69 � 10�4 602-Phosphoglycerate 2PG 0.00900 603-Phosphoglycerate 3PG 0.0710 60Adenosine diphosphate ADP 0.00 10Adenosine monophosphate AMP 1.00 � 10�5 10a
 Adenosine triphosphate ATP 7.00 10Bicarbonate HCO3
 � 12.5 Calculated from Ref. 64Bicarbonate, extracellular HCO3
 �,e 25.0 48
 Creatine Cr 0.00 10Creatine phosphate CrP 25.0 10Dihydroxyacetone phosphate DHAP 0.0360 60Fructose 1,6-bisphosphate F16BP 6.78 � 10�4 60Fructose 6-phosphate F6P 0.0410 60Glucose 1,6-bisphosphate G16BP 0.00700 60Glucose 1-phosphate G1P 0.0200 60Glucose 6-phosphate G6P 0.169 60Glyceraldehyde 3-phosphate GAP 0.00162 60Glycerol 3-phosphate Gly-3-P 0.158 b
 Glycogen Glg 21.4 60Hydrogen H� 7.94 � 10�5 10Inorganic phosphate Pi 7.00 10Lactate L� 0.247 c
 Lactic acid LaH 156 c
 Myoglobin, free Mb 0.00543 d
 Myoglobin, saturated MbO2 0.185 d
 Oxygen (intracellular) O2 0.110 e
 Oxygen, extracellular O2,e 0.129 e
 Phosphoenolpyruvate PEP 0.0130 60Pyruvate PYR 0.0550 60Uridine diphosphate UDP 0.0340 60Uridine diphosphate glucose UDPG 0.0990 60Uridine triphosphate UTP 0.194 60
 a Initial �AMP� is considered to be 0 by Ch’en et al. (10). Here we have set the initial value to be a very low, negligible quantity to avoid a “divide by zero” error.b Data were calculated from Denton et al. (66) and Kashiwaya et al. (60).c Data were calculated using the value for L�
 e and equations in Ch’en et al. (10).d Endeward (65) identifies �Mbtot� � 0.19 mM. The initial values for �Mb� and �MbO� are the resulting equilibrium values given the association rates for oxygen binding (see
 below) and �O2�.e Early iterations of the model were run with the given �O2, v� value, and observed to find the steady �O2, e� and �O2�.
 Table 2pH parameters used in the model
 Attribute Symbol Source
 pH, cellular pH 7.10 (initial, variable) 10pH, extracellular pHe 7.40 (fixed) 10
 Table 3Species of fixed value in the model
 Fixed species Species Value Source
 mM
 Oxidized nicotinamide adenine dinucleotide NAD 2.26 15, 24a
 Nicotinamide adenine dinucleotide NADH 0.714 15, 24a
 Lactate, extracellular L�e 0.330 61
 Glucose, intracellularb Glc 1.91 60a The following data are from Beard (24) and later Wu et al. (15): �NADtot� �
 2.97 � �NAD� � �NADH�. Simulations found in Wu et al. (15) indicate that�NADH�/�NAD� �0.3 as the heart is actively regenerating ATP.
 b We hold the concentration of intracellular glucose constant in this study to focuson the effects of hypoxia. In an ischemic event, glucose could also become de-pleted over time. We use the concentration of intracellular glucose that was re-ported as the result of plentiful glucose (10 mM) delivered to the perfuse ratheart (60).
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Glycolysis
 Fig. 2 depicts the biochemical species and reactions involvedin glycolysis. All reaction values of the glycolysis pathway aretaken from rat cardiomyocyte data reported by Kashiwaya et al.(60). In our model, reactions are generally represented asreversible Michaelis-Menten equations with modifiers fromsecondary reactants and products.Hexokinase (HK) (Table 4, Reaction 1, and Equation 1):
 Glc � ATP3 G6P � ADP � H�
 Reaction 1
 (Eq. 1)
 Phosphoglucose isomerase (PGI) (Table 5, Reaction 2, andEquation 2):
 G6P3 F6P
 Reaction 2
 (Eq. 2)
 Phosphofructokinase (PFK) (Table 6, Reaction 3, and Equation3):
 F6P � ATP3 F16BP � ADP � H�
 Reaction 3
 (Eq. 3)
 Fructose-bisphosphate aldolase (F16BP) (Table 7, Reaction 4,and Equation 4):
 F16BP3 DHAP � GAPReaction 4
 vFBA �Vf,FBA � �F16BP�
 Kmf,FBA � �F16BP�(Eq. 4)
 Triosephosphate isomerase (TPI) (Table 8, Reaction 5, andEquation 5):
 DHAP3 GAPReaction 5
 vTPI �Vf,TPI � �DHAP�
 Kmf,TPI � �DHAP�(Eq. 5)
 Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (Table9, Reaction 6, and Equation 6):
 GAP � NAD � Pi3 13BPG � NADH � H�
 Reaction 6
 (Eq. 6)
 Cumulative distribution function (switch function)—A modelwith reactions such as ours does not account for effects at very
 Table 4Parameters for hexokinase (HK)
 Parameter Value Units Source
 Rate of HK vHK mM/s 60Vf, HK 0.550 mM/s 60Kmf, HK 0.0720 mM 60Vr, HK 1.06 � 10�4 mM/s 60Kmr, HK 0.0420 mM 60KHKm, ATP 0.236 mM 60
 Table 5Parameters for phosphoglucose isomerase
 Parameter Value Units Source
 Rate of PGI vPGI mM/s 60Vf, PGI 10.1 mM/s 60Kmf, PGI 0.425 mM 60Vr, PGI 9.60 mM/s 60Kmr, PGI 0.175 mM 60
 Table 6Parameters for phosphofructokinase
 Parameter Value Units Source
 Rate of PFK vPFK mM/s 60Vf, PFK 1.33 mM/s 60Kmf, PFK 0.224 mM 60KPFKm, ATP 0.127 mM 60
 Table 7Parameters for fructose-bisphosphate aldolase
 Parameter Value Units Source
 Rate of FBA vFBA mM/s 60Vf, FBA 0.992 mM/s 60Kmf, FBA 0.0380 mM 60
 Table 8Parameters for triose-phosphate isomerase (TPI)
 Parameter Value Units Source
 Rate of TPI vTPI mM/s 60Vf, TPI 5.93 mM/s 60Kmf, TPI 1.53 mM 60
 Table 9Parameters for glyceraldehyde-3-phosphate dehydrogenase
 Parameter Value Units Source
 Rate of GAPDH VGAPDH mM/s 60a
 Vf, GAPDH 5.35 mM/s 60Kmf, GAPDH 0.0420 mM 60KGAPDHm, NAD 0.0580 mM 60
 a (1 � (Km, Pi)/(�Pi�))�1 has been omitted from this reaction because the modeldoes not fully track inorganic phosphate. Moreover, Ch’en et al. (10) illustratehow �Pi� increases, driving this term from 0.83 during normal conditions toward1 under hypoxia.
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low concentrations of substrates (and, in reversible reactions,products). One consequence of this is the possibility of calcu-lating negative products of a particular species, indicating thatthe model fails at this point. Two possible strategies can handlethis: 1) stop the computation when a product approaches zero,or 2) introduce a pseudo-term to restrict this possibility.Although both slow the reaction rate to approach 0, the lat-ter strategy allows us to observe future effects on the overallsystem. This approach has been used by others (10, 61) via acumulative distribution to represent the effects of a Boltz-mann distribution. One may think of it in signal terms, wherea reaction is gradually “switched” off as less molecules areavailable for reacting. Parameters for this function are givenin Table 10 and Equation 7.
 sq �1
 1 � e��q� � a
 b
 (Eq. 7)
 Phosphoglycerate kinase (PGK) (Table 11, Reaction 7, andEquation 8):
 13BPG � ADP � H�3 3PG � ATP
 Reaction 7
 (Eq. 8)
 Phosphoglycerate mutase (Table 12, Reaction 8, and Equation9):
 3PG3 2PG
 Reaction 8
 (Eq. 9)
 Enolase (ENO) (Table 13, Reaction 9, and Equation 10):
 2PG3 PEP � H2OReaction 9
 (Eq. 10)
 Pyruvate kinase (PK) (Table 14, Reaction 10, and Equation 11):
 PEP � ADP � H�3 PYR � ATPReaction 10
 (Eq. 11)
 The flux into the pentose phosphate pathway, away fromG6P, is represented by G6P dehydrogenase. This flux has a
 Table 10Parameters for the cumulative distribution function
 Parameter Value Units Source
 Switch function s1(q) (Unitless) 10, 61�q� Current species value mMa 1 � 10�4 mMb 1 � 10�5 mM
 Table 11Parameters for phosphoglycerate kinase
 Parameter Value Units Source
 Rate of PGK vPGK mM/s 60Vf, PGK 251 mM/s 60Kmf, PGK 0.0210 mM 60Vr,PGK 16.0 mM/s 60Kmr, PGK 0.510 mM 60KPGKm, ATP 0.00800 mM 60KPGKm, ADP 0.565 mM 60
 Table 12Parameters for phosphoglycerate mutase
 Parameter Value Units Source
 rate of 3PGM V3PGM mM/s 60Vf, 3PGM 11.2 mM/s 60Kmf, 3PGM 0.145 mM 60Vr, 3PGM 48.0 mM/s 60Kmr, 3PGM 0.139 mM 60
 Table 13Parameters for enolase
 Parameter Value Units Source
 Rate of ENO vENO mM/s 60Vf, ENO 1.85 mM/s 60Kmf, ENO 0.0450 mM 60Vr, ENO 2.00 mM/s 60Kmr, ENO 0.0890 mM 60
 Table 14Parameters for pyruvate kinase
 Parameter Value Units Source
 Rate of PK vPK mM/s 60Vf, PK 9.43 mM/s 60Kmf, PK 0.110 mM 60Vr, PK 0.00105 mM/s 60Kmr, PK 10.0 mM 60KPKm, ADP 0.00268 mM a
 a Kashiwaya et al. (60) give KPKm, ADP � 0.268 mM. However, other simulations(19, 61) do not account for a Km for ADP. We thus weakened the term due to�ADP� by decreasing KPKm, ADP by 2 orders of magnitude.
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maximum rate (0.0950 mM/s indicated by Kashiwaya et al.(60)) and is set to run at a percentage level equivalent to thepercentage of maximum flux through phosphoglucoseisomerase.Glucose-6-phosphate dehydrogenase (G6PD) (Table 15, Reac-tion 11, and Equation 12):
 G6P3 �
 Reaction 11
 vG6PD �Vf, G6PD � vPGI
 vss,PGI(Eq. 12)
 Glycerol-3-phosphate dehydrogenase is responsible forcausing a flux of DHAP away from glycolysis. Wu et al. (62) givethe parameters for a random sequential bi bi equation to calcu-late this flux.Glycerol-3-phosphate dehydrogenase (G3PD) (Table 16, Reac-tion 12, and Equation 13):
 DHAP � NADH3 Gly-3-P � NAD
 Reaction 12
 (Eq. 13)
 Glucose-1,6-bisphosphate synthase is an enzyme that pro-duces G1,6BP and 3PG from G1P and 1,3BPG (53, 63). How-ever, to the best of our knowledge, the literature is lacking dataregarding its quantitative role in specific tissues. We took stepsto estimate the reaction as follows, but as this synthase becomesbetter understood, this model should be updated accordingly.Glucose-1,6-bisphosphate synthase (GBPS) (Table 17, Reac-tion 13, and Equation 14):
 13BPG � G1P3 3PG � G16BP
 Reaction 13
 (Eq. 14)
 In our model, G16BP is set to degrade at the same rate it iscreated, effectively leaving it constant.
 Glycogenesis and glycogenolysis
 Phosphoglucomutase (Table 18, Reaction 14, and Equation15):
 G1P3 G6P
 Reaction 14
 (Eq. 15)
 Inhibition of glycogenolysis and glycogenesis by AMP(Table 19)—Although many of the parameters for glycolysis/glycogenolysis are given by Kashiwaya et al. (60), inhibi-tion by AMP is not included by those authors. To preventglycogen from being employed too soon, the actual cell uses
 Table 15Parameters for glucose-6-phosphate dehydrogenase
 Parameter Value Units Source
 Rate of G6PD vG6PD mM/s a
 Vf, G6PD 0.0950 mM/s 60Vss, PGI 0.125 mM/s 60
 a Data were calculated as a rate proportional to the rate of phosphoglucoseisomerase.
 Table 16Parameters for glycerol-3-phosphate dehydrogenase
 Parameter Value Units Source
 Rate of G3PD vG3PD mM/s 62Vf, G3PD 20.0 mM/s a
 Kia, NADH 0.00107 mM 62Km, DHAP 0.300 mM 62Km, NADH 0.00284 mM 62
 a The maximum velocity was set at a value that allowed the species in glycolysis torapidly stabilize near the values given by Kashiwaya et al. (60) when glucose andpyruvate concentrations were held constant. The steady-state ratio of G6P andglycerol 3-phosphate from Denton et al. (66) were used to calculate the steadyglycerol 3-phosphate level from the G6P level reported by Kashiwaya et al. (60).
 Table 17Parameters for glucose-1,6-bisphosphate synthase
 Parameter Value Units Source
 Rate of GBPS vGBPS mM/s a
 Vf, GBPS 10.0 mM/s a
 Kmf, GBPS 0.0210 mM a
 Vr, GBPS 6.00 mM/s a
 Kmr, GBPS 0.510 mM a
 Km, G1P 0.00800 mM a
 Km, G16BP 0.565 mM a
 a All Km values for this reaction were treated as identical to the correspondingparameters in phosphoglycerate kinase. Because GBPS is expected to give only aminor contribution to glycolysis “parallel to” PGK, the maximum forward rateVf, GBPS was set to approximately 1/25 of Vf, PGK. Additionally, the ratio Vf, GBPS/Vr, GBPS was approximated as Vf, 3PGM/Vr, 3PGM on account of the links between3PGM and GBPS (60).
 Table 18Parameters for phosphoglucomutase
 Parameter Value Units Source
 Rate of PGM vPGM mM/s 60Vf, PGM 1.93 mM/s 60Kmf, PGM 0.0450 mM 60Vr, PGM 1.12 mM/s 60Kmr, PGM 0.670 mM 60
 Table 19Parameters used for inhibition by AMP
 Parameter Value Units Source
 Km, AMP 0.0160 mM 48
 h 1.50 (Unitless) 48
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AMP to inhibit glycogen phosphorylase, which can be rep-resented (48) as shown in Equation 16.
 �1 �Km, AMP
 �AMP�� (Eq. 16)
 However, to maintain equilibrium within the glycolysis/glycogenolysis loop during perfuse conditions, our simula-tion required all equations to be inhibited by AMP, and sothe inhibition term is included for UDP-glucose pyrophos-phorylase, glycogen synthase D-form, glycogen synthaseI-form, and glycogen phosphorylase. Parameters for thisinhibition are given below.UDP-glucose pyrophosphorylase (UGP) (Table 20, Reaction15, and Equation 17):
 G1P � UTP � H�3 UDPG � 2 � Pi
 Reaction 15
 (Eq. 17)
 Glycogen synthase D-form (GSD) (Table 21, Reaction 16,and Equation 18): Kashiwaya et al. (60) report the rates andconstants of both the D-form and the I-form of glycogen syn-thase. We include both in our model.
 UDPG3 UDP � GlgReaction 16
 (Eq. 18)
 Glycogen synthase I-form (GSI) (Table 22, Reaction 17, andEquation 19): Kashiwaya et al. (60) report the rates and con-
 stants of both the D-form and the I-form of glycogen synthase.We include both in our model.
 UDPG3 UDP � GlgReaction 17
 (Eq. 19)
 Glycogen phosphorylase (GP) (Table 23, Reaction 18, andEquation 20):
 Glg � Pi3 G1PReaction 18
 (Eq. 20)
 Mitochondrial oxidation of pyruvate (OxP)
 We elected to represent the mitochondrial oxidation of pyru-vate as a single ensemble reaction (48, 61) because we primarilyemphasize glycolysis, and the reactions are more heavily repre-sented during anaerobic considerations. Equations to directlymodel pyruvate dehydrogenase, the citric acid cycle, electrontransport chain, and related reactions and ion exchanges areincluded in the estimation below. Other models (12, 15, 19)consider the details of various aspects of these components, andfuture efforts may incorporate equations from those models.Parameters for this equation are given in Table 24. (See Reac-tion 19 and Equation 21).
 15 � ADP � 15 � Pi � 3 � O2 � PYR � NADH3 15 � ATP
 � 3 � CO2 � NADReaction 19
 Table 20Parameters for UDP-glucose pyrophosphorylase
 Parameter Value Units Source
 Rate of UGP vUGP mM/s a
 XUGP 10000 (Unitless) a
 kf, UPG 4.36 1/s 60a
 kr, UPG 0.880 1/s 60a
 Km, AMP 0.0160 mM 48h 1.50 (Unitless) 48
 a UGP is treated as working effectively at equilibrium in a fashion similar to crea-tine kinase above, where the magnitude of the relative rates were approximatedby a large factor X. However, unlike creatine kinase, we did not have the equilib-rium concentrations for all the species involved in UGP. Thus, we use the Keq �4.36 given by Kashiwaya et al. (60) to approximate the relative reaction rates:Keq � �UDPG�eq�unknown�/�G1P�eq. Solving for �unknown� allowed us to ob-tain Keq/�unknown� � kf, UPG/kr, UPG.
 Table 21Parameters for glycogen synthase D-form
 Parameter Value Units Source
 Rate of GSD vGSD mM/s a
 Vf, GSD 0.147 mM/s 60Kmf, GSD 1.42 mM 60Km, AMP 0.0160 mM 48h 1.50 (Unitless) 48
 a Data modified from Kashiwaya et al. (60).
 Table 22Parameters for glycogen synthase I-form
 Parameter Value Units Source
 Rate of GSI vGSI mM/s a
 Vf, GSI 0.147 mM/s 60Kmf, GSI 0.0800 mM 60Km, AMP 0.0160 mM 48h 1.50 (Unitless) 48
 a Data modified from Kashiwaya et al. (60).
 Table 23Parameters for glycogen phosphorylase
 Parameter Value Units Source
 Rate of GP vGP mM/s a
 Vf, GP 0.782 mM/s 60Kmf, GP 0.100 mM 60Vr ,GP 55.8 mM/s 60Kmr, GP 5.00 mM 60Km, AMP 0.0160 mM 48h 1.50 (Unitless) 48
 a Data modified from Kashiwaya et al. (60).
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vOxP � vPK � � �ADP�
 �ADP� � Km, ADP� � � �O2�
 �O2� � Km, O2� (Eq. 21)
 ATP consumption (ATPh)
 The live cardiomyocyte expresses a variable ATP consump-tion rate as a result of various possible feedback mechanisms.Our model explores how well the metabolic system behavesacross the range of possible consumption rates by varying aset rate of hydrolysis over our simulations. We use a baseATP consumption rate as reported on beating canine heartexperiments (17). Each of our simulations then exploressome percentage rATP of this rate. See Reaction 20 and Equa-tion 22.
 ATP3 ADP � Pi � H�
 Reaction 20
 vATPh � rATP � VRcell, cyto � XATPh � s2ATP (Eq. 22)
 Parameters for ATP consumption are given in Table 25.The s2 cumulative distribution function merely serves to haltthe fixed consumption rate once ATP falls to a physiologi-cally low value (see the discussion of Equation 7). s2 can beconsidered as essentially unity, and ATP is essentially con-stant because our results and the analysis do not consider[ATP] less than 0.007 mM (parameters for s2 are given inTable 26). See Equation 23.
 s2q �1
 1 � e��q� � a
 b
 (Eq. 23)
 ATP buffering
 Two enzymes in the cytoplasm contribute to bufferingATP levels. Creatine kinase transfers a phosphate group toADP, whereas adenylate kinase transfers a phosphate groupfrom one ADP to another. Both reactions are considered towork at quasi-equilibrium when compared with the otherreactions in the model, and so their reaction velocities are
 driven at some high value to achieve their equilibrium ratio(24).Creatine kinase (CK) (Table 27, Reaction 21, and Equation 24):
 ADP � CrP � H�3 ATP � Cr
 Reaction 21
 (Eq. 24)
 Adenylate kinase (AK) (Table 28, Reaction 22, and Equation 25):
 2 � ADP3 ATP � AMP
 Reaction 22
 vAK � XAK � KAK � �ADP�2 � �AMP� � �ATP� (Eq. 25)
 Effects of ion transport on pH
 Two equations of our model, creatine kinase (Equation 24)and lactic acid association (Equation 35), depend on the num-ber of hydrogen ions available, which requires some estimationof pH in the cell.
 The model incorporates a preliminary accounting of theeffect that ion flow has on pH (10). Cl�-HCO3
 � exchange(AE), Cl�-OH� exchange (CHE), Na�-H� exchange (NHE),and Na�-HCO3 symport (NHS) can all be represented asfunctions of pH; the following Equations 26 –29 in their longform are taken directly from Ch’en et al. (10), with a signchange where appropriate for the direction of relevant ionflux. One caveat: the ion fluxes J have empirical formulasgiven to represent experimental data. The number of digitsin each term do not represent the level of confidence in theaccuracy of the data but are given to allow researchers tocompare models avoiding numerical rounding errors for thecurves.
 Table 24Parameters for the mitochondrial oxidation of pyruvate
 Parameter Value Units Source
 Rate of OxP vOxP mM/s a
 Km, ADP 5.00 mM 60Km, O2 0.00297 mM 61
 a This reaction is modified from Cloutier et al. (61). We removed their “switchingfunction” (Equation 7) because of its handling of ADP, which is already ac-counted for. Additionally, because we are abbreviating reactions following pyru-vate kinase, we likewise removed the term for activation by pyruvate in thisequation, instead opting to match the maximum velocity to the velocity of pyru-vate generation vPK.
 Table 25Parameters for ATP consumptionNA means not applicable.
 Parameter Value Units Source
 Rate of ATPh vATPh mM/s 17rATP
 a (Unitless) NAVRcell, cyto 1.47 Ratio of cellular to cytoplasmic volume 24XATPh 0.390 mmol/(s�cellular liter) 17
 a rATP represents the fixed percentage of ATP consumption, which is one of thetwo values changed from simulation to simulation.
 Table 26Parameters for the switch function for ATP consumption
 Parameter Value Units Source
 Switch function s2(q) (Unitless) 10, 61�q� Current species value mMa 1 � 10�3 mMb 1 � 10�4 mM
 Table 27Parameters for creatine kinase
 Parameter Value Units Source
 Rate of CK vCK mM/s 24XCK 1 � 104 mM/(s�mM2) 24KCK 1.66 � 10�6 1/mM 24
 Table 28Parameters for adenylate kinase
 Parameter Value Units Source
 Rate of AK vAK mM/s 24XAK 1 � 104 mM/(s�mM2) 24KAK 1 (Unitless) 10
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In addition, [HCO3�] is estimated as per Lagadic-Gossmann
 et al. (64) as shown in Equation 30,
 (Eq. 26)
 (Eq. 27)
 (Eq. 28)
 (Eq. 29)
 �HCO3�� � �HCO3e
 �� � 10pH�pHe (Eq. 30)
 Using these parameters, and �[HCO3�]� (the magnitude of the
 concentration of [HCO3�] in mM), we can estimate the pH
 change (10) as shown in Equation 31
 (Eq. 31)
 where you get Equation 32,
 �H�� � 1000 � 10�pH in mM (Eq. 32)
 Lactate transport, lactate dehydrogenase, and lactic acidassociation
 Lactate affects both the pH and pyruvate levels. The presenceof lactate evolves according to the following reactions.Lactate dehydrogenase (LDH) (Table 29, Reaction 23, andEquation 33):
 PYR � NADH � H�3 L� � NADReaction 23
 (Eq. 33)
 Lactate/H� cotransporter (LHX) (Table 30, Reaction 24, andEquation 34):
 Le� � He
 �3 L� � H�
 Reaction 24
 vLHX �Vf, LHX � �Le
 � �
 Kmf, LHX � �Le� �
 �Vr, LHX � �L��
 Kmr,LHX � �L��(Eq. 34)
 Table 29Parameters for lactate dehydrogenase
 Parameter Value Units Source
 Rate of LDH vLDH mM/s 60Vf, LDH 23.9 mM/s 60Kmf, LDH 0.125 mM 60KLDHm, NADH 0.00100 mM 60
 Table 30Parameters for lactate/H� cotransporter
 Parameter Value Units Source
 Rate of LHX vLHX mM/s 10Vf, LHX 0.0482 mM/s 10Kmf, LHX 2.20 mM 10Vr, LHX 0.182 mM/s 10Kmr, LHX 6.92 mM 10
 Table 31Parameters for lactic acid association
 Parameter Value Units Source
 Rate of LA vLA mM/s 10KLA 1.259 � 10�7 mM 10XLA 10,000 1/s 10
 Table 32Initial oxygen value
 Species Initial value Source
 mM
 Oxygen, in blood vessel O2, v 0.133 24a
 a The partial pressure at the arterial entry is approximately P1 � 100 mm Hg (24).This is found as a concentration via O2, v, � P1 � Hct � CHb � SHb, whereSHb � P1
 nH/(P1
 nH � P50, Hb
 nH), � 1.3 � 10�6 M mm Hg�1, Hct � 0.45,
 CHb � 0.0213 mol, P50, Hb � 30 mm Hg, nH � 2.55; however, it is the dissolvedoxygen that is immediately available for membrane permeation, thus �O2, v� �P1.
 Table 33Parameters for oxygen transport from blood vessel to extracellularcompartment
 Parameter Value Units Source
 Rate of O2ve vO2ve mM/s 24PA 50.0 liter/s 24Ve 0.241/0.0684 1 24
 a SBML automatically handles volume sizes across compartments by calculatingtotal amount of substance crossed, i.e. concentration times an implicit compart-ment volume; we have added the ratio of the compartments here for ease ofreading. Beard (24) gives the relative volumes of each compartment. Calculatingthese relative to the cytoplasm, we have Vextracellular/Vcytoplasm � 0.241 andVvessel/Vcytoplasm � 0.0684.
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Lactic acid association (LA) (Table 31, Reaction 25, and Equa-tion 35):
 L� � H� 3 LaHReaction 25
 vLA � XLA � ��L�� � �H��
 KLA� �LaH�� (Eq. 35)
 Oxygen transport
 The oxygen level in the blood vessel supplying the myocyte isone of the two fixed variables in the simulation. (The second isthe ATP consumption rate.) After 100 s, the blood vessel oxy-gen concentration is dropped from its prescribed initial value(Table 32) to any desired level of hypoxia.
 Our model accounts for membrane permeability of oxygenacross the vessel-extracellular space barrier and across the cellmembrane. The mitochondrion is modeled as sharing the sameoxygen pool as the cytoplasm. The value of oxygen for the blood ves-sel compartment is held fixed and allows the oxygen to enter newcompartments, each of which is approximated as being well mixed.Permeation of O2 (vessel-extracellular, O2ve) (Table 33, Reac-tion 26, and Equation 36):
 O2,v3 O2,e
 Reaction 26
 vO2ve �PAve
 Ve�O2, v� � �O2, e� (Eq. 36)
 Permeation of O2 (extracellular-cellular, O2ec) (Table 34, Reac-tion 27, and Equation 37):
 O2, e3O2, c
 Reaction 27
 vO2ec�PAec
 Vc�O2, e� � �O2, c� (Eq. 37)
 Myoglobin-oxygen binding (MB) (Table 35)
 Although the dynamics for myoglobin-enhanced transportare on a fast time scale for the results in this model, they arenonetheless incorporated to facilitate future simulations (65).See Reaction 28 and Equation 38.
 Mb � O23MbO2
 Reaction 28
 vMB � ka � �Mb� � �O2� � ka � �MbO2� (Eq. 38)
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