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The current clinical standard of Static Cold Storage (SCS) which involves preservation on ice (about +4°C) in a hypoxic state limits storage to a few hours for metabolically active tissues such as the liver and the heart. This period of hypoxia during can generate superoxide and other free radicals from purine metabolism, a well-established component of ischemia/reperfusion injury (IRI). Machine perfusion is at the cutting edge of organ preservation, which provides a functional, oxygenated preservation modality that can avoid/attenuate IRI. In clinical application, perfusion usually follows a period of SCS. This presentation of oxygen following hypoxia can lead to superoxide and hydrogen peroxide generation, but machine perfusion also allows manipulation of the temperature profiles and supply of antioxidant treatments, which could be used to minimize such issues. However, metabolomic data is difficult to gather, and there are currently no mathematical models present to allow rational design of experiments or guide clinical practice. In this article, the effects of a gradual warming temperature policy and glutathione supplementation to minimize oxidative stress are studied. An optimal gradual warming temperature policy for mid-thermic machine perfusion of a liver metabolic model is determined using a combination of Nash Equilibrium and Monte Carlo optimization. Using this optimal gradual warming temperature policy, minimum GSH requirements to maintain hydrogen peroxide concentrations in the normal region are calculated using a different Monte Carlo optimization methodology. In addition, the dynamic behavior of key metabolites and cofactors are determined. Results show that the minimum GSH requirement increases and that the ratio of GSH/GSSG decreases with increasing hydrogen peroxide concentration. In addition, at high concentrations of hydrogen peroxide it is shown that cytochrome C undergoes dysfunction leading to a decrease in useful oxygen consumption and ATP synthesis from the electron transport chain and an overall reduction in the energy charge for the liver cells.
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1 INTRODUCTION
The current clinical standard of Static Cold Storage (SCS) which involves preservation on ice (about +4°C) in a hypoxic state limits storage to a few hours for metabolically active tissues such as the liver and the heart. This rather restrictive limit creates major logistical constraints that compound donor organ shortage and presents a major obstacle to on-demand tissue availability and global organ sharing. Given SCS by definition involves creating hypoxia for the organ, the field is pushing ex situ Machine Perfusion (MP) as a functional preservation method, providing oxygen and nutrients in the duration the organ is outside a body. While clinical successes are extremely promising and demonstrate MP as superior to SCS, there is a limited understanding about the metabolic processes underlying the improvement. In particular the organ recovery process invariably involves some amount of cold ischemia for the organs prior to initiation of MP, which makes it likely that the grafts experience some level of ischemia/reperfusion injury (IRI). There is very limited data on the metabolic trajectory an organ follows during this critical period, and moreover many metabolic processes occur very quickly, in the order of minutes, which make it problematic if not impossible to capture some changes experimentally. Mathematical models could illuminate these metabolic processes during the organ preservation period which in turn could guide experimental design and clinical practice.
There is extensive established evidence in the open literature that documents IRI (Salaris, et al., 1991; Shibuya et al., 1997; Galaris et al., 2006; Hines et al., 2013; Hines and Grisham, 2011; Tang et al., 2022; Bardallo et al., 2022) and the potential for complications that lead to organ transplantation failure. While IRI is a complex, multistage process, all articles on the subject cite the presence of reactive oxygen species (ROS) such as superoxide ([image: image], and hydroxyl ion ([image: image]) free radicals and hydrogen peroxide as the underlying cause of inflammation, mitochondrial dysfunction, and ischemia-reperfusion injury. ROS represent a double-edged sword in that normal levels of the free radicals are necessary for signaling and elimination of harmful microorganisms while excessive amounts can lead to cell proliferation in cancers and apoptosis. The most common types of ROS damage in organ preservation stem from 1) the breakdown of purines during hypoxia (e.g., in static cold storage) and/or 2) excessive superoxide production from electron leakage from the electron transport chain during reperfusion (i.e., the re-introduction of blood flow), resulting in excessive hydrogen peroxide production, glutathione (GSH) depletion, and mitochondrial dysfunction.
During normal respiration, superoxide has a concentration in the range of [image: image] to [image: image] molar (M) (Miriyala et al., 2011) and is converted into hydrogen peroxide in the mitochondria by superoxide dismutase (SOD2, EC 1.15.1.1)
[image: image]
Hydrogen peroxide is then converted into water and oxygen
[image: image]
by the enzyme catalase (EC 1.11.1.6). It is generally agreed that the mitochondrial matrix concentrations of [image: image] [also denoted [image: image]]] under physiological conditions is in the range [image: image] M. See, Sies (2017) and Valdez et al. (2018). Concentrations of [image: image] M and higher can lead to cell damage. Because hydrogen peroxide concentrations are more easily measured than free radical concentrations H2O2 is often used as a biomarker for oxidative stress and inflammation (Sies, 2017). Please note that in this work, we use [image: image] as the marker of inflammation, which allows using a metabolic model without the need to include NFkB signaling, immune cell recruitment among other processes, which we consider outside of scope for this manuscript.
Under normal physiological conditions, the antioxidant glutathione (GSH, [image: image]), which is transported from the cytosol to the mitochondria, is a primary scavenger of hydrogen peroxide. In the presence of glutathione peroxidase (EC 1.11.1.9) GSH and H2O2 undergo the following reaction
[image: image]
and produce water and glutathione disulfide (GSSG). Glutathione depletion and/or the concentration ratio [GSH]/[GSSG] are also often used as an indicator of oxidative stress. However, note that twice as much glutathione is needed to remove 1 mol (mol) of hydrogen peroxide and that 2 mol of water are produced for each mole of H2O2 removed. This is an important fact that can lead to glutathione depletion when an organ is under oxidative stress or inflammation. This, in turn, can result in elevated levels of [image: image] and suggests that exogenous glutathione supplementation could be used to alleviate oxidative stress during reperfusion. Others have suggested the use of antioxidants (Salaris et al., 1991; Hines et al., 2013) to combat oxidative stress.
The objective of this article is to test if the recently developed Nash Equilibrium (NE) modeling approach (Lucia and DiMaggio, 2019) to metabolic network analysis can be used to study oxidative stress and provide quantitative information for antioxidant supplementation in liver machine perfusion. This article is organized as follows. Section 2 presents our current model of liver metabolism. The logistics of the numerical simulations are described in Section 3. In Section 4, perturbations of hydrogen peroxide are used to simulate oxidative stress/inflammation during static cold storage (SCS) and liver machine perfusion. The goals of this work were to use Nash Equilibrium and Monte Carlo optimization to determine 1) the optimal temperature (or gradual warming) policy following SCS and 2) the minimum level of GSH supplementation to keep hydrogen peroxide concentration in the normal range during gradual warming. Select plots of changes in oxygen and glutathione consumption, hydrogen peroxide concentration, ATP synthesis, glutathione disulfide production, and [GSH]/[GSSG] for various levels of oxidative stress and inflammation during MP are presented along with illustrations of the time evolution of key metabolites and a discussion of the numerical simulation results. Conclusions of the study are drawn in Section 5.
2 A METABOLIC MODEL OF THE LIVER
Figure 1 is the network model of the liver that was used in this article. It contains five cellular compartments, twenty-six pathways, sixty-nine chemical reactions (including Eqs 1–3 shown in the introduction), three hundred thirty-seven metabolites and cofactors, two hundred and twenty-four atom (charge) balances, and eighty-seven standard state Gibbs free energies and enthalpies of formation, which are the only parameters used in the model.
[image: Figure 1]FIGURE 1 | Metabolic network model of the liver.
All key model assumptions and simplifications are described in the Supplementary Table S1. The two pathways shown in bright red in Figure 1 represent the major pathways for oxidative stress and antioxidant behavior and are the main focus of this article.
3 THE BASIS OF NUMERICAL SIMULATIONS USING NASH EQUILIBRIUM
3.1 Nash Equilibrium modeling
The modeling approach used in this manuscript is based on the Nash equilibrium (NE) framework for determining unknown fluxes throughout a given network recently developed by Lucia and coworkers (Lucia and DiMaggio, 2019). The application of NE to liver metabolism is discussed in detail in Lucia et al. (2022) and will be briefly summarized here:
1) Enzymes are players in a multi-player game.
2) Each player (enzyme) minimizes the Gibbs free energy of the reaction it catalyzes subject to element mass balances.
3) The goal of the metabolic network is to find the best overall solution given the natural competition for nutrients among enzymes.
3.2 Formulation
The NE formulation for an arbitrary metabolic network is a rigorous, first principles approach that does not ignore or constrain accumulation/depletion of intermediate metabolites and cofactors.
The NE formulation is given by a collection of [image: image] nonlinear programming (NLP) sub-problems of the form
[image: image]
where [image: image], the dimensionless Gibbs free energy, is the objective function associated with the appropriate enzyme that catalyzes one or more reactions at a given node [image: image] in the network, [image: image] is the universal gas constant, and [image: image] is absolute temperature. The conservation of mass constraints are elemental mass balances that often involve charged species and, as in other approaches, [image: image] represents the fluxes of metabolic material at node [image: image]. Finally, the vector, [image: image] denotes the optimal fluxes of all other sub-problems, [image: image]. The Gibbs free energy for sub-problem [image: image] is given by
[image: image]
where [image: image] are the standard Gibbs free energies of reaction at 25°C for the metabolic reactions associated with sub-problem [image: image], [image: image] are mole fractions, which are calculated from the fluxes, [image: image] are chemical potentials, [image: image] is a component index, and [image: image] is the number of components associated with a sub-problem [image: image] in the network.
Temperature effects are included using the Gibbs-Helmholtz equation, which is given by
[image: image]
where [image: image] is the reference temperature (usually 298 K), [image: image] is the temperature at which the reaction takes place (say 310 or 337 K), and [image: image] is the standard enthalpy change of reaction [image: image] at node [image: image] in the network. All standard Gibbs free energy changes due to reaction, [image: image], and the enthalpy changes due to reaction, [image: image], can be computed from Gibbs free energies and enthalpies of formation and reaction stoichiometry. For example,
[image: image]
where the [image: image]’s are the actual stoichiometric numbers based on conversion and [image: image] and [image: image] are the number of products and number of reactants respectively associated with reaction [image: image] and node [image: image].
All necessary Gibbs free energies of formation data has been assembled in a local database and was taken from eQuilibrator (http://equilibrator.weizmann.ac.il/). Feedbacks within any pathway are converged using successive substitution. Also, any number of enzyme-substrate reactions can be explicitly included in the model and require that:
1) The RCSB Protein Data Bank (https://www.rcsb.org/pdb/home/) for accurate enzyme and/or enzyme-substrate structure data.
2) AutoDock or 1-Click-Docking (https://mcule.com) to compute the necessary Gibbs free energies of binding (or binding affinities) for all key enzymes.
3.3 Nash Equilibrium pseudo-algorithm
The Nash Equilibrium algorithm is iterative.
1) Define a metabolic network.
2) Identify all pathways (and species: metabolites, cofactors, enzymes), pathway connections, and transport fluxes in the given metabolic network.
3) Read properties for all species (i.e., Gibbs free energies and heats of formation, molecular weights, etc.).
4) Break all feedback and transport fluxes in the network and estimate the initial values of these fluxes.
5) Determine an initial steady-state solution.
6) Perturb the metabolic network to elicit a response.
7) Solve each NLP sub-problem given by Eqs 4–7 for the minimum Gibbs free energy for all unknown fluxes, including feedback and transport fluxes.
8) Compare the new calculated transport fluxes with previously estimated flux values.
a) If the 2-norm of the difference is within a certain tolerance, [image: image], or a preset number of time steps have been taken, stop.
b) If not, replace estimated feedback and transport fluxes with the calculated ones; go to step 7.
The numerical simulations of the liver model shown in Figure 1 consisted of
1) University of Wisconsin (UW) flush of the liver followed by 6 h of static cold storage at 4°C. Following Southard et al. (1990), the UW flush used in our simulations contains only the important constituents of the solution—adenosine and glutathione. The UW solution approximation used in this work is shown in Table 1. There is superoxide present primarily from purine metabolism to hypoxanthine, xanthine, and uric acid by xanthine oxidase since the cells are in a hypoxic state during SCS. However, note that the UW solution contains the antioxidant glutathione so there should be some glutathione present in the cells following static cold storage.
2) Machine Perfusion at [image: image]°C (i.e., mid-thermic MP or MMP) for 8 h using Williams Medium E (WME). The approximation of Williams Medium E used in this work is shown in Table 2. During MP, the majority of superoxide synthesis comes from leakage of electrons in the electron transport chain and is estimated at [image: image]% of the oxygen consumed (Miriyala et al., 2011). In this work we assume that there is a 2% leakage of O2 from the mitochondria to form superoxide.
TABLE 1 | UW solution components included in the model.
[image: Table 1]TABLE 2 | Williams medium E solution components included in the model.
[image: Table 2]The mathematical model of the network shown in Figure 1 served as the basis for the numerical studies in this paper. More specifically, all reactions were solved to (some desired level of) chemical equilibrium using Gibbs free energy minimization in an inner loop while the transport fluxes shown in blue in Figure 1 were solved in an outer loop. In addition, while osmotic equilibrium is assumed in the model, chemical equilibrium between intra- and extracellular metabolites is not invoked. The same network model and algorithm were used for both SCS and MP. Algorithmic details can be found in Lucia et al. (2022).
4 NUMERICAL PERTURBATION STUDIES OF OXIDATIVE STRESS AND INFLAMMATION
The numerical studies in this article included the following sequence of simulations/optimizations:
1) A baseline simulation of liver metabolism that included static cold storage and machine perfusion.
2) Monte Carlo temperature policy optimization of mid-thermic machine perfusion (MMP).
3) Monte Carlo optimization of GHS in the medium for addressing oxidative stress/inflammation.
All results presented in this section represent samples of the many simulations/optimizations conducted for this work, with simulations being repeated >100 times in each case as previously detailed in Lucia et al., 2022. Note that the optimizations of temperature policy and GSH supplementation were decoupled. All computations were performed on a Dell Vostro 5510 laptop using the Lahey-Fujitsu (LF95) compiler.
4.1 Baseline simulation
The baseline for all numerical perturbation studies of ischemia-reperfusion injury were as follows:
1) The liver was flushed with UW solution and then simulated for 6 h of SCS.
2) The resulting SCS solution was used as the starting point for the MP simulations/optimizations using Williams Medium E.
3) All MMP simulations/optimizations were run for 8 h.
During all MMP simulations/optimizations, several key biomarkers were used to ensure that the NE solution was physiologically meaningful. In particular, the NE methodology considered a solution to be physiologically meaningful if and only if the following conditions were satisfied:
1) Glycolysis produced a net amount of ATP.
2) The ratio of net ATP from the Krebs cycle to glucose consumed was between 0 and 2.
3) Oxidative phosphorylation synthesized ATP.
4) The malonyl-CoA synthesis reaction only proceeded in the forward direction because it is the committed step in fatty acid synthesis and therefore is irreversible.
5) Synthesis of fatty acids consumed ATP.
6) A net amount of glutathione disulfide was produced.
4.2 Monte Carlo temperature policy optimization
An initial MMP temperature policy of [image: image]°C was selected. Monte Carlo temperature policy (or warming rate) optimization (Eqs 8–10) was conducted following the procedure described in Lucia and Uygun (2022) and briefly summarized here. The objective function used for the constrained temperature policy optimization reflects the viability criteria in Laing et al. (2017), the need for bile production, and a measure of liver energy state and had the form:
[image: image]
where Glu is glucose consumption, ATP is net ATP production, Mev is mevalonate production (a measure of bile production), EC is energy charge, and w1—w4 are weights. Following Laing et al. (2017), the liver viability constraints used in this study were:
[image: image]
The optimization problem was defined as follows:
[image: image]
where [image: image] is discrete and given by [image: image] and [image: image] is the number of discrete time steps. Monte Carlo acceptance criteria required that 1) [image: image] increase, 2) [image: image], and 3) all six of the conditions described in Section 4.1 be satisfied. Table 3 shows the concentrations of key metabolites and cofactors along with pH and energy charge for SCS followed by MMP using Williams medium E for both conventional MMP and MMP with temperature policy optimization (i.e., OPT MMP which stands for optimal gradual warming MMP).
TABLE 3 | Baseline solutions: 6 h of SCS followed by 8 h of MMP and OPT MMP.
[image: Table 3]Figure 2 presents plots of the optimal temperature policies and the dynamics of a few key metabolites for 6, 8, and 10 h of gradual warming MMP.
[image: Figure 2]FIGURE 2 | Optimal temperature policies and dynamic behavior of key metabolites for OPT MMP. (A) Optimal temperature policy. (B) Glucose consumed. (C) Net ATP synthesized. (D) Net bile produced. [image: FX 1]6 h MMP, [image: FX 2]8 h MMP, [image: FX 3]10 h MMP.
Table 3; Figure 2 show that SCS ATP depletion, pH, and energy charge were qualitatively consistent with prior results reported in Lucia et al. (2022) and Bruinsma et al. (2013). While conventional MMP simulation and all MMP with temperature policy optimizations resulted in increased ATP synthesis and energy charge from the same SCS metabolic state, 8 h of gradual warming MMP resulted in significantly more ATP production. Also, concentrations of [image: image] following MMP and all OPT MMP were ∼ [image: image] M and were approaching the range where, according to Sies (2017), Valdez et al. (2018), Lehtinen and Bonni (2006), Jurczuk et al. (2006), and Thomas et al. (2009), there is potential for oxidative stress. In addition, glutathione depletion was greater in all OPT MMP when compared to conventional MMP and despite the addition of GSH in the SCS UW flush, both MMP and OPT MMP had low glutathione concentration, which is normally in the range 10−3 M in a healthy functioning liver.
Also, note that the simulations showed that the net bile synthesis after 8 h of MMP was negative, while for OPT MMP it was positive. Finally, despite the difference in ATP production between MMP and OPT MMP, there was only a slight difference in energy charge.
4.3 Optimization of GSH supplementation using hydrogen peroxide perturbation
Note that the UW solution and Williams medium E shown in Table 3 used in the baseline MMP and OPT MMP simulations resulted in hydrogen peroxide concentrations outside the normal range.
Using 6 h of SCS followed by 8 h of OPT MMP with the temperature policy determined in the previous section, an optimization problem was formulated to find the minimum amount of glutathione supplementation needed to keep hydrogen peroxide in the normal range and was defined by Eqs 11, 12:
[image: image]
such that
[image: image]
where [image: image] and [image: image] are lower and upper bounds on the amount of GSH.
In the numerical experiments that follow, the lower bound on GSH was set to [image: image] nmol/cell and the upper bound was [image: image] nmol/cell. The initial amount of hydrogen peroxide was perturbed at the start of OPT MMP over the range [1, [image: image] nmol/cell], which resulted in initial intracellular hydrogen peroxide concentrations ranging from [image: image] to [image: image] M. Oxidative stress and inflammation were measured using the ratio of GSH/GSSG, which is known to decrease as stress and inflammation increase because GHS is consumed and GSSG is synthesized.
4.3.1 Minimum GSH supplementation
In the first set of numerical perturbation studies, initial hydrogen peroxide perturbations were restricted such that H2O2 concentrations lied in the range from normal to just below the threshold for oxidative stress given in Sies (2017), which is [image: image] M. For each perturbation, the minimum amount of GSH required for hydrogen peroxide concentration to be in the normal range at the end of OPT MMP was computed using a Monte Carlo optimization method. Figure 3 is a plot of the minimum GSH supplementation and corresponding GSH/GSSG ratio as a function of hydrogen peroxide concentration. Note that as hydrogen peroxide concentration increases, the minimum amount of GSH needed to keep [H2O2] in the normal range increases, as one would expect. However, the horizontal line in Figure 3A shows that the amount of glutathione in standard Williams Media E is insufficient when hydrogen peroxide concentration is above the upper limit for the normal range. In Figure 3B the ratio of GSH/GSSG decreases with increasing [H2O2], indicating movement toward oxidative stress.
[image: Figure 3]FIGURE 3 | Minimum glutathione requirements as a function of hydrogen peroxide concentration. (A) Minimum GSH supplementation such that [H2O2] is in the normal range at the end of OPT MMP. (B) GSH/GSSG ratio corresponding to minimum GSH supplementation. Note that [H2O2] > [image: image] M is defined as oxidative stress (Sies 2017).
Figure 4 is a plot of the dynamics of [[image: image]], [image: image] and GSH consumed, and GSSG synthesized for a hydrogen peroxide perturbation of [image: image] nmol/cell for OPT MMP with WME GSH and with minimum GSH. Note that there is no difference in oxygen and GSH consumed between conventional MMP and OPT MMP, most likely because the levels of hydrogen peroxide were not very different. On the other hand, the most significant difference was in the synthesis of GSSG. OPT MMP produced roughly twice the amount of GSSG, [image: image] nmol/cell, compared to [image: image] nmol/cell for conventional MMP.
[image: Figure 4]FIGURE 4 | Dynamics of key metabolites in liver cell in oxidative stress. (A) H2O2 concentration. (B) O2 consumed. (C) GSH consumed. (D) GSSG synthesized. Note that inf in this figure (B,C), the min GSH level and WME GSH level curves overlap nearly perfectly.
4.3.2 Inflammation
One fundamental aspect of oxidative phosphorylation is the need for oxygen to produce ATP. Cytochrome C oxidase (or enzyme complex IV) of the electron transport chain (ETC.) is responsible for reducing oxygen (i.e., O2 accepts electrons from cytochrome C) and the reduced oxygen is combined with hydrogen ions to form water prior to the production of ATP in complex V (ATP synthase or ATPase). Cyt C oxidase is also responsible for pumping hydrogen ions to the intermembrane space to increase the proton gradient. Protons then re-enter the inner membrane through the F0 portion of ATP synthase and are used to power the F1 portion (or rotary motor) of ATPase to produce ATP. Unfortunately, oxidative stress/inflammation can lead to cytochrome C oxidase dysfunction (Srinivasan and Avadhami, 2012). This dysfunction can result in reduced useful oxygen consumption (i.e., the amount of oxygen excluding O2 converted to superoxide), an increase in water synthesis as enzymes catalase and glutathione peroxidase attempt to remove hydrogen peroxide, a reduction in the proton gradient to drive ATPase, and less ATP.
In the second set of numerical experiments, perturbations of hydrogen peroxide were increased to place [H2O2] in the inflammation regime as defined by Sies (2017) while the total amount of GSH was fixed at the amount available in Williams Medium E (see Table 2). Results for oxygen consumption, ATP synthesis from the, ETC., energy charge, and GSH/GSSG as a function of [H2O2] are shown in Figure 5.
[image: Figure 5]FIGURE 5 | Metabolic behavior in the inflammation regime. (A) O2 consumed vs. [H2O2]. (B) GSH/GSSG ratio vs. [H2O2]. (C) ATP synthesis from oxidative phosphorylation vs. [H2O2]. (D) Energy charge vs. [H2O2].
Figure 5A is indicative of cytochrome c oxidase dysfunction resulting is a reduction of useful oxygen consumption. Figure 5B shows that the conventional biomarker for measuring oxidative stress and inflammation, GSH/GSSG, decreases as a function of [H2O2]. In Figures 5C, D one can see that ATP synthesis and energy charge decrease with increasing levels of inflammation. All of the behavior shown in Figure 5 is consistent with observations associated with oxidative stress/inflammation.
It is interesting to note that the optimal temperature policy (warming rate) does not change with GSH supplementation. Although the heat of reaction for conversion of hydrogen peroxide to water (Eq. 8) by GSH is exothermic and large ([image: image] kJ/mol), the amount of hydrogen peroxide generated is very small (∼10−5 nmol/cell) so the net energy released per cell is ∼2 [image: image] 10−12 kJ/cell. In addition, small amounts of GSH are consumed and only small amounts of ATP are needed to replenish GSH.
On the other hand, the net amount of ATP generated is on the order of 1 nmol/cell and requires ∼20 kJ/mol. Here the net energy required for ATP synthesis is ∼2 × 10−8 kJ/cell, which is four orders of magnitude greater that the energy released by consuming hydrogen peroxide. Therefore, since ATP synthesis has a direct impact on the return function both directly and indirectly through the energy charge (Eq. 8), the dominating energy effects of ATP synthesis compared to the energy generated by hydrogen peroxide consumption show that GSH supplementation has essentially no effect on rewarming rate (or temperature policy).
5 CONCLUSION
In this article the metabolic behavior of a Nash Equilibrium model of liver metabolism under oxidative stress and inflammation during mid-thermic machine perfusion was studied using hydrogen peroxide perturbations. Monte Carlo optimization was used to determine an optimal gradual warming MMP temperature policy (OPT MMP). Using this MMP optimal temperature policy, perturbations in hydrogen peroxide were used to invoke oxidative stress and inflammation. Monte Carlo optimization was used again to determine the minimum amount of glutathione supplementation that kept [H2O2] in the normal range of [image: image] to [image: image] M during oxidative stress. Results also showed that the ratio GSH/GSSG decreased as oxidative stress increased. Additional hydrogen peroxide perturbations were conducted in the inflammation regime. Here oxygen consumed, GSH/GSSG, ATP synthesis from the electron transport chain, and energy charge were computed. Results showed that the metabolic behavior of the liver model in an inflammation state exhibited cytochrome c oxidase (or mitochondrial) dysfunction resulting in reductions in useful oxygen consumption, ATP synthesis, and energy charge per cell.
The medium optimization described in this paper considered the optimization of one compound in Williams Medium E. However, the Monte Carlo procedure described in this work can be extended to find optimal amounts of 1) multiple compounds in Williams Medium E, 2) compounds in other nutrient media such as Histidine-Tryptophan-Ketoglutarate (HTK) or Exsanguinous Metabolic Support (EMS) solution, and 3) therapeutic drugs.
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OPT MMP
Glutathione (nmol/cell)* 03 222x10° 222x10°°
Oxygen consumed (nmol/cell) 0 2.064 2432
Superoxide (M) 3.988 x 1071 2494 x 1071 6.026 x 10712
Hydrogen peroxide (M)" 3017 x 107 1468 x 10 1485 x 10
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Net change in GHS (nmol/cell) -0.234 -0.063 ~0.068
Net GSSG synthesis (nmol/cell) 3.123%x 107 1.496 x 107 1481 x 107
ATP (mM) 0837 4169 5.360
Net change in ATP (nmol/cell) -1.246 0814 2398
Net change in bile (nmol/cell) 0037 ~1.030 x 107 2543x 10
pH 7.56 7.71 7.67
Energy charge 05071 0.6038 06124

"GHS, in SCS, comes from UW, solution.

"MMP, and 8 h of OPT MMP, were perturbed with 2.5 x 10-7 nmol/cell of hydrogen peroxide following SCS, to elicit a response.

“‘Consumed in SCS, by GSH, in UW, solution.
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Learginine 005 0.0025 17411 00319 02872
Leaspartate 003 0.0015 133.04 0.0250 02254
Lecysteine 0.04 0.0020 12102 0.0367 03306

 Bicarbonate 2 [ 60.99 36432 32,6043

sActual amounts of WME, constituents used in machine perfusion simulations.
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