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Figure S1 Steady-state mitochondrial H2O2 emission during inhibitory titration of GR and TrxR in state 
3 and state 4. The model shows higher mitochondrial H2O2 emission in state 4 (black) than state 3 (blue) 
for both GR inhibition (A) and TrxR inhibition (B). As in the experimental data of Aon et al. (1), maximal 
H2O2 emission is greater under TrxR inhibition than under inhibition of GR. 

  



 

Figure S2 NADH and ΔΨ dynamics for state 0 to state 4 to state 3 transitions. (A)Kembro et al. model 
substrate addition (indicated by “Subst”) was simulated as an increase in AcCoA and glutamate from 
1x10-5 to 0.1 and 1x10-5 to 30, respectively. ADP addition represents an increase in extra-matrix ADP 
concentration from 0.01mM to 0.03mM, as in Kembro et al. (2), to simulate the state 4 to state 3 
transition. (B)The same protocol for the model presented here. (C)Experimental data from Kembro et al. 
(2) show the results of the addition of 5mM G/M (“Subst”) followed by 1mM ADP. 

 

Figure S3 Thioredoxin redox potential under mCU inhibition. Decreases in NADPH also drive the 
oxidation of mitochondrial Trx(SH)2 under control conditions (gray) and more extensively in the 
presence of mCU inhibition (black). 



 

Figure S4 Elevated [Na+]i depletes thioredoxin pool. 15mM [Na+]i conditions (black) lead to a larger 
oxidation of the mitochondrial thioredoxin pool after the onset of pacing compared with control 
conditions (gray). 

 

Figure S5: Decreased mitochondrial GSH pool size elevates resting [H2O2]m. As the mitochondrial GSH 
pool size is decreased from 3mM to 1mM, resting [H2O2]m increases slightly. For decreases beyond 
1mM, resting [H2O2]m is significantly elevated. 

 

 

Notes on table 1: 

Respiratory flux is given as (VNO+VO2SDH) for Kembro et al. model (in units of mM O/ms) or 2*VO2 
(where VO2 is actually in units of mM O2/ms) for this model, then adjusted to match the experimental 
data units with a scale factor of 2*60e3 to convert from mM/ms to nmol/min/mg protein. 



Mitochondrial ROS Production and Scavenging Model 
Table S1 System of differential and algebraic equations used in the ME-R model 
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=  (S5) 

𝒹ΔΨ𝑚
𝒹𝑡

=
𝑉𝐻𝑒 + 𝑉𝐻𝑒(𝑆𝐷𝐻) − 𝑉𝐻𝑢 − 𝑉𝐴𝑁𝑇 − 𝑉𝐻𝑙𝑒𝑎𝑘 − 𝑉𝑁𝑎𝐶𝑎 − 2𝑉𝑢𝑛𝑖 − 𝑉𝐼𝑀𝐴𝐶

𝐶𝑚𝑖𝑡𝑜  
(S6) 

𝒹[𝑁𝐴𝐷𝐻]𝑚
𝒹𝑡

= 𝑉𝑂2 + 𝑉𝐼𝐷𝐻 + 𝑉𝐾𝐺𝐷𝐻 + 𝑉𝑀𝐷𝐻 − 𝑉𝑇𝐻𝐷 
(S7) 
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= − − + + + +  
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[ ]m
ATPase PiC SL

d Pi V V V
dt

= − + −  
(S9) 

𝒹[𝐼𝑆𝑂𝐶]
𝒹𝑡

= 𝑉𝐴𝐶𝑂 − 𝑉𝐼𝐷𝐻 − 𝑉𝐼𝐷𝐻_𝑁𝐴𝐷𝑃 
(S10) 

𝒹[𝛼𝐾𝐺]
𝒹𝑡

= 𝑉𝐼𝐷𝐻 + 𝑉𝐼𝐷𝐻_𝑁𝐴𝐷𝑃 − 𝑉𝐾𝐺𝐷𝐻 + 𝑉𝐴𝑇𝑇 
(S11) 

[ ]    -  KGDH SL
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=  (S12) 
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[ ]    -  SL O SDH
d Suc V V
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=  (S13) 
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[ ]    -  O SDH FH
d FUM V V

dt
=  (S14) 

[ ]    -  FH MDH
d MAL V V

dt
=  (S15) 

[ ]    -    MDH CS AAT
d OAA V V V

dt
= −  (S16) 

𝒹[𝑁𝐴𝐷𝑃𝐻]𝑚
𝒹𝑡

= 𝑉𝐼𝐷𝐻_𝑁𝐴𝐷𝑃 + 𝑉𝑇𝐻𝐷 − 𝑉𝐺𝑅𝑚 − 𝑉𝑇𝑥𝑅𝑚
 

(S17) 

𝒹[𝑂2∙−]𝑚
𝒹𝑡

= 𝑠ℎ𝑢𝑛𝑡�𝑉𝑂2 + 𝑉𝑂2𝑆𝐷𝐻� − 𝑉𝑀𝑛𝑆𝑂𝐷 − 𝑉𝑅𝑂𝑆𝑇𝑟

 

(S18) 

𝒹[𝑂2∙−]𝑖
𝒹𝑡

=
𝑣𝑚
𝑣𝑖
𝑉𝑅𝑂𝑆𝑇𝑟 − 𝑉𝐶𝑢𝑍𝑛𝑆𝑂𝐷

 

(S19) 

𝒹[𝐻2𝑂2]𝑚
𝒹𝑡

=
1
2
𝑉𝑀𝑛𝑆𝑂𝐷 − 𝑉𝑑𝑖𝑓𝐻2𝑂2 − 𝑉𝐺𝑃𝑋𝑚 − 𝑉𝑇𝑥𝑃𝑋𝑚

 

(S20) 



𝒹[𝐻2𝑂2]𝑖
𝒹𝑡

=
1
2
𝑉𝐶𝑢𝑍𝑛𝑆𝑂𝐷 +

𝑣𝑚
𝑣𝑖
𝑉𝑑𝑖𝑓𝐻2𝑂2 − 𝑉𝐺𝑃𝑋𝑖 − 𝑉𝑇𝑥𝑃𝑋𝑖 − 𝑉𝐶𝐴𝑇

 

(S21) 

𝒹[𝐺𝑆𝐻]𝑚
𝒹𝑡

= 𝑉𝐺𝑅𝑚 − 𝑉𝐺𝑃𝑋𝑚 − 𝑉𝐺𝑅𝑋𝑚 + 𝑉𝐺𝑆𝑇 − 𝑉𝑃𝑆𝑆𝐺𝑚
 

(S22) 

𝒹[𝐺𝑆𝐻]𝑖
𝒹𝑡

= 𝑉𝐺𝑅𝑖 − 𝑉𝐺𝑃𝑋𝑖 − 𝑉𝐺𝑅𝑋𝑖 +
𝑣𝑚
𝑣𝑖
𝑉𝐺𝑆𝑇 − 𝑉𝑃𝑆𝑆𝐺𝑖

 

(S23) 

𝒹[𝐺𝑆𝑆𝐺]𝑚
𝒹𝑡

= 0.5(𝑉𝐺𝑃𝑋𝑚 − 𝑉𝐺𝑅𝑚) + 𝑉𝐺𝑅𝑋𝑚
 

(S24) 

𝒹[𝑇𝑥𝑅]𝑚
𝒹𝑡

= 𝑉𝑇𝑥𝑅𝑚 − 𝑉𝑇𝑥𝑃𝑋𝑚
 

(S25) 

𝒹[𝑇𝑥𝑅]𝑖
𝒹𝑡

= 𝑉𝑇𝑥𝑅𝑖 − 𝑉𝑇𝑥𝑃𝑋𝑖
 

(S26) 

𝒹[𝑃𝑆𝑆𝐺]𝑚
𝒹𝑡

= 𝑉𝑃𝑆𝑆𝐺𝑚 − 𝑉𝐺𝑅𝑋𝑚
 

(S27) 

𝒹[𝑃𝑆𝑆𝐺]𝑖
𝒹𝑡

= 𝑉𝑃𝑆𝑆𝐺𝑖 − 𝑉𝐺𝑅𝑋𝑖
 

(S28) 

 

Note that the differential equations for H2O2 contain corrections with regard to the stoichiometry of 
superoxide dismutase flux. 

Computational modeling of Reactive Oxygen Species scavenging systems 
The upgraded two-compartment computational model of mitochondrial energetics-redox (ME-

R) includes: (i) a complete array of antioxidant defenses in two compartments: mitochondrial matrix and 
extra-matrix (e.g. intermembrane space, cytoplasm); and (ii) two of the three main NADPH providers in 
mitochondria: NADP+-dependent isocitrate dehydrogenase (IDH2) in the TCA cycle, and 
transhydrogenase (THD). In this section we will provide a detailed description of the antioxidant 
defenses and mitochondrial NADPH handling. 

Modeling superoxide dismutase 

VMnSOD =
2 kSOD
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VCuZnSOD =
2 kSOD
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1  kSOD
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   (S30) 

 

H2O2 transport 



H2O2 can diffuse freely between the two compartments, following the equation: 

𝑉𝑑𝑖𝑓𝑓𝐻2𝑂2=𝑐𝑑𝑖𝑓𝑓𝐻2𝑂2([𝐻2𝑂2]𝑚−[𝐻2𝑂2]𝑖)        (S31) 

 

Gluthathione and glutaredoxin systems  
The gluthathione system was present in both mitochondrial matrix and extra-matrix compartments 

and expressed as a system of equations comprising glutathione peroxidase (VGPx) and reductase (VGR) 
activities. The rate expressions for VGPx and VGR used in the model were formulated as described in our 
mitochondrial model of ROS metabolism (3).  

𝑉𝐺𝑃𝑋𝑚 = 𝐸𝑇
𝐺𝑃𝑋𝑚[H2O2]m [GSH]m

Φ1[GSH]m + Φ2[H2O2]m
        (S32) 

𝑉𝐺𝑃𝑋𝑖 = 𝐸𝑇
𝐺𝑃𝑋𝑖[H2O2]i [GSH]i

Φ1[GSH]i + Φ2[H2O2]i
         (S33) 

V𝐺𝑅𝑚= kGR
1   ET

GRm

1+
KM

GSSG

[GSSG]+
KM

NADPH

[NADPH]m
+ KM

GSSG

[𝐺𝑆𝑆𝐺]𝑚
KM

NADPH

[NADPH]m

       (S34) 

V𝐺𝑅𝑖= kGR
1   ET

GRi

1+
KM

GSSG

V𝐺𝑆𝑆
+ KM

NADPH

[NADPH]i
+ KM

GSSG

[𝐺𝑆𝑆𝐺]𝑖

KM
NADPH

[NADPH]i

       (S35) 

The glutaredoxin system can then detoxify the glutathionylated proteins and uses GSH as cofactor (4, 
5). 

𝑉𝐺𝑅𝑋𝑚 = 𝑘𝑔𝑟𝑥𝑚  𝐾𝑒𝑞𝐺𝑅𝑋 ([𝐺𝑆𝐻]𝑚)2  𝐺𝑟𝑥𝑇  [𝑃𝑆𝑆𝐺]𝑚 

�[GSSG]m+𝐾𝑒𝑞𝐺𝑅𝑋 ([𝐺𝑆𝐻]𝑚)2��
𝐾𝑒𝑞
𝐺𝑅𝑋  ([𝐺𝑆𝐻]𝑚)2  𝐺𝑟𝑥𝑇

[GSSG]m+𝐾𝑒𝑞
𝐺𝑅𝑋  ([𝐺𝑆𝐻]𝑚)2

+𝐾𝑚𝐺𝑟𝑥��[PSSG]m+𝐾𝑚𝑃𝑆𝑆𝐺�
     (S36) 

𝑉𝐺𝑅𝑋𝑖 =
𝑘𝑔𝑟𝑥𝑖 𝐾𝑒𝑞

𝐺𝑅𝑋  ([𝐺𝑆𝐻]𝑖)2  𝐺𝑟𝑥𝑇  [𝑃𝑆𝑆𝐺]𝑖 
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    (S37) 

V𝑃𝑆𝑆𝐺𝑚= kPSH
1   ET

PSH (𝑃𝑆𝑆𝐺𝑇−[𝑃𝑆𝑆𝐺]𝑚)

�1+
𝐾𝑀
𝐺𝑆𝐻

[𝐺𝑆𝐻]𝑚
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𝐾𝑎𝑐𝑡
𝐻2𝑂2 �

                     (S38) 

V𝑃𝑆𝑆𝐺𝑖= kPSH
1   ET

PSH (𝑃𝑆𝑆𝐺𝑇−[𝑃𝑆𝑆𝐺]𝑖)

�1+
𝐾𝑀
𝐺𝑆𝐻

[𝐺𝑆𝐻]𝑖
��1+

[𝐻2𝑂2]𝑖
𝐾𝑎𝑐𝑡
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        (S39) 

We have assumed that the total pool of glutathione, GT, is conserved, as indicated by equation 
S40, and from there the GSSG concentration in the extra-matrix compartment can be estimated (Eq. 
S41). 

G𝑇 =  G𝑇 − [GSH]m − [GSH]𝑖 − 2 [GSSG] − [PSSG]m − [PSSG]i − 2 [𝐺𝑆𝑆𝐺]𝑖  (S40) 



[GSSG]𝑖 = 0.5 (G𝑇 − [GSH]m − [GSH]𝑖 − 2 [GSSG]m − [PSSG]m − [PSSG]i)  (S41) 

In addition we have included passive GSH transport (VGST) across the inner mitochondrial membrane. 

𝑉𝐺𝑆𝑇 = 𝑐𝐺𝑆𝑇
([𝐺𝑆𝐻]𝑖−[𝐺𝑆𝐻]𝑚)

[𝐺𝑆𝐻]𝑖+𝑘0.5
𝐺𝑆𝑇         (S42) 

 

Thioredoxin system  
The Trx system includes peroxiredoxin (VPrx3) and thioredoxin reductase (VTrxR) (6). The rate expression 

for VTPrx3 was derived on the basis of the experimental studies performed by (7), from which we also 
obtained the rate constants. VTrxR represents a Michaelis-Menten rate expression with two substrates 
(NADPH and Trx(SS) with kinetic parameters derived from refs. (8) and (9).  

𝑉𝑃𝑟𝑥3𝑚 = 𝐸𝑇
𝑃𝑟𝑥3𝑚[𝐻2𝑂2]𝑚 [𝑇𝑟𝑥𝑆𝐻2]𝑚

𝛷1𝑃𝑟𝑥[𝑇𝑟𝑥𝑆𝐻2]𝑚 + 𝛷2𝑃𝑟𝑥[𝐻2𝑂2]𝑚
       (S43) 

 𝑉𝑃𝑟𝑥𝑖 = 𝐸𝑇
𝑃𝑟𝑥𝑖[H2O2]i [TrxSH2]i

Φ1𝑃𝑟𝑥[TrxSH2]i + Φ2𝑃𝑟𝑥[H2O2]𝑖
        (S44) 

V𝑇𝑟𝑥𝑅𝑚= kTrxR
1   ET

TrxR2m

1+
KM

TrxSS

[𝑇𝑟𝑥𝑆𝑆]𝑚
+ KMtrx

NADPH

[𝑁𝐴𝐷𝑃𝐻]𝑚
+ KM

TrxSS

[𝑇𝑟𝑥𝑆𝑆]𝑚
KMtrx

NADPH

[𝑁𝐴𝐷𝑃𝐻]𝑚

      (S45) 

V𝑇𝑟𝑥𝑅𝑖= kTrxR
1   ET

TrxRi

1+
KM

TrxSS

[𝑇𝑟𝑥𝑆𝑆]𝑖
+ KMtrx

NADPH

[𝑁𝐴𝐷𝑃𝐻]𝑖
+ KM

TrxSS

[𝑇𝑟𝑥𝑆𝑆]𝑖

KMtrx
NADPH

[𝑁𝐴𝐷𝑃𝐻]𝑖

       (S46) 

 [TrxSS]m = 𝑇𝑟𝑥𝑇𝑚 −  [TrxSH2]m        (S47) 

 [TrxSS]i = 𝑇𝑟𝑥𝑇𝑖 −  [TrxSH2]i        (S48) 

Extra-matrix Catalase 
𝑉𝐶𝐴𝑇 = 2𝑘𝐶𝐴𝑇1 𝐸𝐶𝐴𝑇𝑇 [H2O2]i𝑒−𝑓𝑟[H2O2]i        

 

  



Scavenging parameters are the same as in Kembro et al. with the exception of enzyme concentrations 
for GR and Trx, which were adjusted to match the proportional control of scavenging demonstrated in 
Figure 4.2. 

Table S2 Parameter values used in the simulations: ROS production and scavenging – mitochondrial model 
Symbol Value Units Description Eq Reference 

kSOD1
 

1.2×103 mM-1ms-1 Second-order rate constant of SOD S29,S30 (2) 

 kSOD3
 

24 mM-1ms-1 Second-order rate constant of SOD S29,S30 (2) 

 kSOD5
 

2.4×10-4 ms-1 First-order rate constant of SOD S29,S30 (2) 

Ki
H2O2

 
0.5 mM Inhibition constant for H2O2 S29,S30 (2) 

 EMnSOD 
T  3×10-4 mM Mitochondrial matrix concentration of 

MnSOD 
S29 (2) 

 ECuZnSOD 
T  2.4×10-4 mM Concentration of Cu,ZnSOD S30 (2) 

𝑐𝑑𝑖𝑓𝑓𝐻2𝑂2  2×10-4 ms-1 Diffusion constant for H2O2  S31 (2) 

Φ1 5.0×10-3 mM ms Constant for GPX activity S32,S33 (2) 

Φ2 0.75 mM ms Constant for GPX activity S32,S33 (2) 

𝐸𝑇𝐺𝑃𝑋𝑚 1×10-4 mM Mitochondrial matrix concentration of GPX S32 (2) 

𝐸𝑇𝐺𝑃𝑋𝑖 5×10-5 mM Extra-matrix concentration of GPX S33 (2) 

kGR1  2.5×10-3 ms-1 Catalytic constant of GR S34,S35 (2) 

 ETGRm 2.25×10-4 mM Mitochondrial matrix concentration of GR S34 Adjusted 

 ETGRi 2.25×10-4 mM Extra-matrix concentration of GR S35 Adjusted 

KM
NADPH 0.015 mM Michaelis constant for NADPH of GR S34,S35 (2) 

KM
GSSG 0.06 mM Michaelis constant for GSSG of GR S34,S35 (2) 

[NADPH]i 7.5×10-2 mM Extra-matrix NADPH concentration S34,S35 (2) 

GT 6 mM Total pool of glutathione S40,S41 (2) 

𝑘𝑔𝑟𝑥𝑚  3.6×10-4 mM s-1 Rate constant of mitochondrial matrix 
glutaredoxin reaction 

S36 (2) 

𝑘𝑔𝑟𝑥𝑖  3.6×10-4 mM s-1 Rate constant of extra-matrix glutaredoxin 
reaction 

S37 (2) 



𝐾𝑒𝑞𝐺𝑅𝑋 1.37×10-3 mM-1 Equilibrium constant of glutaredoxin S36,S37 (2) 

𝐾𝑚𝐺𝑟𝑥 0.01 mM Michaelis constant for GSH of GRX S36,S37 (2) 

𝐾𝑚𝑃𝑆𝑆𝐺  0.0005 mM Michaelis constant for glutathionylated 
protein of glutaredoxin 

S36,S37 (2) 

kPSH
1  0.64 ms-1 Rate constant of protein glutathionylation  S38,S39 (2) 

 ET
PSH 8×10-4 mM Concentration of proteins that can become 

glutathionylated 
S38,S39 (2) 

𝐾𝑀𝐺𝑆𝐻 0.75 mM Michaelis constant of GSH for 
glutathionylation 

S38,S39 (2) 

𝐾𝑎𝑐𝑡𝐻2𝑂2 1×10-3 mM Activation constant of H2O2 for protein 
glutathionylation 

S38,S39 (2) 

𝐺𝑟𝑥𝑇   0.002 mM Glutaredoxin concentration S38,S39 (2) 

cGST 1.5×10-8 ms-1 Rate constant of glutathione transporter S42 (2) 

𝑘0.5
𝐺𝑆𝑇 2.6 mM transport association constant of GSH S42 (2) 

𝐸𝑇𝑃𝑟𝑥3𝑚 3.0×10-3 mM Mitochondrial matrix concentration of Trx 
peroxidase (Prx) 

S43 (2) 

𝐸𝑇𝑃𝑟𝑥3𝑖 0.1 mM Extra-matrix concentration Prx S44 (2) 

Φ1𝑃𝑟𝑥 3.83 mM  ms Constant for TxPX activity S43,S44 (2) 

Φ2𝑃𝑟𝑥 1.85 mM  ms  Constant for TxPX activity S43,S44 (2) 

 ET
TrxR2m 1.225×10-4 mM Mitochondrial matrix concentration of TrxR2 S45 Adjusted 

 ET
TrxRi 1.225×10-4 mM Extra-matrix concentration of TrxR S46 Adjusted 

KM
TrxSS 0.035 mM Michaelis constant for oxidized Trx [Trx[SS]] 

of TrxR 
S45,S46 (2) 

KM, Trx
NADPH  0.012 mM Michaelis constant for NADPH of TrxR S45,S46 (2) 

kTrxR
1  22.75×10-3 ms-1 Rate constant of TrxR S45,S46 (2) 

𝑇𝑟𝑥𝑇𝑚 0.025 mM Total pool of mitochondrial matrix 
thioredoxin 

S47 (2) 

𝑇𝑟𝑥𝑇𝑖 0.05 mM Total pool of extra-matrix thioredoxin S48 (2) 



𝑘𝐶𝐴𝑇1  17 mM-1ms-1 Rate constant of catalase (CAT) S49 (2) 

𝐸𝐶𝐴𝑇𝑇  1.0×10-6 mM Extra-matrix concentration of CAT S49 (2) 

fr 5.0×10-2 mM-1   Hydrogen peroxide inhibition factor of CAT S49 (2) 

 
Adjustments were made to several of the scavenging parameters for the cellular model to better approximate the experimental 
results for isolated myocytes undergoing high frequency pacing. Parameters not included in Table S3 remain the same as those 
specified in Table S2. 
Table S3 Parameter values used in the simulations: ROS production and scavenging – cellular model 

Symbol Value Units Description Eq Reference 

Φ1 5.0×10-5 mM ms Constant for GPX activity S32,S33 Adjusted 

Φ2 27 mM ms Constant for GPX activity S32,S33 Adjusted 

𝐸𝑇𝐺𝑃𝑋𝑚 9.77×10-5 mM Mitochondrial matrix concentration of GPX S32 Adjusted 

 ETGRm 2.3×10-3 mM Mitochondrial matrix concentration of GR S34 Adjusted 

KM
NADPH 6.54×10-2 mM Michaelis constant for NADPH of 

mitochondrial GR 
S34,S35 Adjusted 

KM
GSSG 20.6×10-3 mM Michaelis constant for GSSG of 

mitochondrial GR 
S34,S35 (10) 

GT,mito 1 mM Total mitochondrial pool of glutathione S40,S41 Adjusted 

GT,cyto 2 mM Total cytosolic pool of glutathione S40,S41 (11) 

 ET
PSH 0 mM Concentration of proteins that can become 

glutathionylated 
S38,S39  

𝐺𝑟𝑥𝑇   0 mM Glutaredoxin concentration S38,S39  

cGST 0 ms-1 Rate constant of glutathione transporter S42  

 ET
TrxR2m 3.5×10-4 mM Mitochondrial matrix concentration of TrxR2 S45 (2) 

 ET
TrxRi 3.5×10-4 mM Extra-matrix concentration of TrxR S46 (2) 

KM, Trx
NADPH  0.065 mM Michaelis constant for NADPH of TrxR S45,S46 Adjusted 

 

Mitochondrial NADPH handling – mitochondrial model 
In this section we will provide a detailed description of the mitochondrial NADPH handling. 

𝑁𝐴𝐷𝑃𝑚 = 𝐶𝑁𝐴𝐷𝑃𝑚 − [𝑁𝐴𝐷𝑃𝐻]𝑚        (S50) 



𝑉𝐼𝐷𝑃_𝑁𝐴𝐷𝑃 = �1 + [𝐻+]𝑚
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𝐻+ � �1 + [𝐼𝑆𝑂𝐶]
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𝑁𝐴𝐷𝑃 �1 + 𝑘𝑖_𝐼𝐷𝑃

𝑁𝐴𝐷𝑃

𝑁𝐴𝐷𝑃𝑚
� + [𝑎𝐾𝐺]

𝑘𝑚_𝐼𝐷𝑃
𝑎𝐾𝐺 + [𝑁𝐴𝐷𝑃𝐻𝑚]

𝑘𝑚_𝐼𝐷𝑃
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𝑘𝑚_𝐼𝐷𝑃
𝐼𝑆𝑂𝐶  𝑁𝐴𝐷𝑃𝑚

𝑘𝑚_𝐼𝐷𝑃
𝑁𝐴𝐷𝑃  �1 +
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𝑘𝑚_𝐼𝐷𝑃
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𝑘𝑚_𝐼𝐷𝑃
𝐼𝑆𝑂𝐶  [𝑁𝐴𝐷𝑃𝐻𝑚]

𝑘𝑚_𝐼𝐷𝑃
𝑁𝐴𝐷𝑃𝐻 + [𝑎𝐾𝐺]

𝑘𝑚_𝐼𝐷𝑃
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𝑘𝑚_𝐼𝐷𝑃
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𝑁𝐴𝐷𝑃

𝑁𝐴𝐷𝑃𝑚
��     (S51) 

𝑉𝐼𝐷𝐻𝑁𝐴𝐷𝑃 =
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𝑁𝐴𝐷𝑃𝐻
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𝑘𝑚_𝑇𝐻𝐷
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𝑘𝑚_𝑇𝐻𝐷
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𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝐻𝑚

𝑁𝐴𝐷𝑃𝑚
𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝑃 𝑒(𝐹/10𝑅𝑇).∆𝜇𝐻−𝐸𝑇

𝑇𝐻𝐷.𝑘𝑏
𝑇𝐻𝐷 𝑁𝐴𝐷

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷

[𝑁𝐴𝐷𝑃𝐻𝑚]
𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝑃𝐻  𝑒�1−(𝐹/10𝑅𝑇).∆𝜇𝐻�

𝑉𝑇𝐻𝐷𝑒𝑛
   (S54) 

 

Table S4 Parameter values used in the simulations: Mitochondrial NADPH handling – mitochondrial model 
Symbol Value Units Description Eq. Reference 

CNADPm 0.1 mM Sum of NADPH plus NADP+ S50 (2) 

𝑘𝑚_𝐼𝐷𝑃
𝐻+

 
0.5 mM Dissociation constant for H+ of IDH2 S51 (2) 

𝑘𝑚_𝐼𝐷𝑃
𝐼𝑆𝑂𝐶  3.9×10-3 mM Michaelis constant for ISOC  in IDH2 S51,S52 (2) 

𝑘𝑚_𝐼𝐷𝑃
𝑁𝐴𝐷𝑃  6.7×10-3 mM Michaelis constant for NADP in IDH2 S51,S52 (2) 

𝑘𝑖_𝐼𝐷𝑃𝑁𝐴𝐷𝑃 2×10-6 mM Inhibition constant for NADP in IDH2 S51,S52 (2) 

𝑘𝑚_𝐼𝐷𝑃
𝑁𝐴𝐷𝑃𝐻 1.2×10-2 mM Michaelis constant for NADPH in IDH2 S51,S52 (2) 

𝑘𝑚_𝐼𝐷𝑃
𝑎𝐾𝐺

 
0.51 mM Michaelis constant for αKG in IDH2 S51,S52 (2) 

𝑉𝑓𝐼𝐷𝐻  8.72×10-5 mM ms-1 Maximal rate of IDH2 in the forward direction S52 (2) 

𝑉𝑏𝐼𝐷𝐻  5.45×10-6 mM ms-1 Maximal rate of IDH2 in the reverse direction S52 (2) 

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝑃𝐻 0.02 mM Michaelis constant for NADPH in 

transhydrogenase (THD) 
S53,S54 (2) 

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝐻𝑚 0.01 mM Michaelis constantfor  NADH in THD S53,S54 (2) 

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷  0.125 mM Michaelis constant for NAD in THD S53,S54 (2) 

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝑃  0.017 mM Michaelis constant for NADP in THD S53,S54 (2) 



𝐸𝑇𝑇𝐻𝐷 1.1875×10-5 mM Concentration of THD enzyme S54 (2) 

𝑘𝑓𝑇𝐻𝐷  1.17474 ms-1 Forward catalytic constant of THD S54 (2) 

𝑘𝑏𝑇𝐻𝐷 10 ms-1 Reverse catalytic constant of THD S54 (2) 

 

Mitochondrial NADPH handling – cellular model 
In this section we will provide a detailed description of the mitochondrial NADPH handling. 

𝑉𝑇𝐻𝐷 =
𝐸𝑇
𝑇𝐻𝐷.𝑘𝑎𝑇𝐻𝐷 [𝑁𝐴𝐷𝐻]𝑚

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝐻𝑚

𝑁𝐴𝐷𝑃𝑚
𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝑃 𝑒(𝑥𝑑𝐹/𝑅𝑇).∆𝜇𝐻−𝐸𝑇

𝑇𝐻𝐷.𝑘𝑏
𝑇𝐻𝐷 𝑁𝐴𝐷

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷

[𝑁𝐴𝐷𝑃𝐻𝑚]
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𝑉𝑇𝐻𝐷𝑒𝑛
   (S54) 

 

Table S5 Parameter values used in the simulations: Mitochondrial NADPH handling – cellular model 
Symbol Value Units Description Eq. Reference 

𝑘𝑚_𝐼𝐷𝑃
𝐼𝑆𝑂𝐶  0.045 mM Michaelis constant for ISOC  in IDH2 S51,S52 (12) 

𝑘𝑚_𝐼𝐷𝑃
𝑁𝐴𝐷𝑃  0.046 mM Michaelis constant for NADP in IDH2 S51,S52 (12) 

𝑘𝑖_𝐼𝐷𝑃𝑁𝐴𝐷𝑃 2×10-6 mM Inhibition constant for NADP in IDH2 S51,S52 (2) 

𝑘𝑚_𝐼𝐷𝑃
𝑁𝐴𝐷𝑃𝐻 1.2×10-2 mM Michaelis constant for NADPH in IDH2 S51,S52 (2) 

𝑘𝑚_𝐼𝐷𝑃
𝑎𝐾𝐺

 
0.080 mM Michaelis constant for αKG in IDH2 S51,S52 (12) 

𝑉𝑓𝐼𝐷𝐻  8.72×10-2 mM ms-1 Maximal rate of IDH2 in the forward direction S52 Adjusted 

𝑉𝑓𝑏𝐼𝐷𝐻  5.45×10-3 mM ms-1 Maximal rate of IDH2 in the reverse direction S52 Adjusted 

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝑃𝐻 4×10-3 mM Michaelis constant for NADPH in 

transhydrogenase (THD) 
S53,S54 Adjusted 

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝐻𝑚 0.01 mM Michaelis constant for  NADH in THD S53,S54 (2) 

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷  0.125 mM Michaelis constant for NAD in THD S53,S54 (2) 

𝑘𝑚_𝑇𝐻𝐷
𝑁𝐴𝐷𝑃  0.02 mM Michaelis constant for NADP in THD S53,S54 Adjusted 

𝐸𝑇𝑇𝐻𝐷 1×10-3 mM Concentration of THD enzyme S54 Adjusted 

𝑘𝑓𝑇𝐻𝐷  1.17474 ms-1 Forward catalytic constant of THD S54 (2) 

𝑘𝑏𝑇𝐻𝐷 17.2756 ms-1 Reverse catalytic constant of THD S54 Adjusted 



d 0.5    (13) 

x 0.1    (13) 

 

Mitochondrial Model of Energy Metabolism and ion dynamics 
The detailed explanation of the mathematical expressions and parameters of the model were previously 

presented in Wei et al. (2011). 

Computational modeling of Na+/H+ exchanger (NHE) and phosphate carrier (PiC) 
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Table S6 Parameter values for the mitochondrial Na+/H+ proton exchanger and phosphate carrier – mitochondrial and 
cellular models 
Symbol Value Units Description Reference 

1k +  0.0252 ms-1 NHE forward rate constant  (2) 

1k −  0.0429 ms-1 NHE backward rate constant  (2) 

4k +  0.16 ms-1 NHE forward rate constant (2) 

4k −  0.0939 ms-1 NHE backward rate constant (2) 

KNa_NHE 24  mM Na+Dissociation constant (2) 

KH_NHE 1.585×10-4  mM H+Dissociation constant (2) 

pKi 8.52   Proton inhibitory constant  (2) 

ni_NHE 3  Hill coefficient for H+ binding (2) 

NHEc  0.00785 
(mitochondria) 

mM NHE concentration (2) 

KPi,i 11.06 mM Extra-matrix Pi binding constant (2) 

KPi,m 11.06 mM Mitochondrial matrix Pi binding 
constant 

(2) 

KOH,i 4.08×10-5 mM Extra-matrix OH- binding constant (2) 

KOH,m 4.08×10-5 mM Mitochondrial matrix OH- binding 
constant 

(2) 

VPIC,f 90  μmol min-1 mg 
protein-1 

Forward Vmax (2) 

VPIC,b 90  μmol min-1 mg 
protein-1 

Backward Vmax (2) 

PiCc  4.9 mg protein ml-1 PiC concentration Adjusted 

 

TCA cycle rate equations 
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Table 7 Parameter values used in the simulations: Tricarboxylic acid cycle  -- mitochondrial model 
Symbol Value Units Description Reference 

[AcCoA] 1×10-5-1 mM Acetyl CoA concentration (2) 

CS
catk  2.3523×10-4 ms-1 Catalytic constant of CS (2)* 

CS
TE  0.4 mM Concentration of CS (2) 

AcCoA
MK  0.0126 mM Michaelis constant for AcCoA (2) 

OAA
MK  6.4×10-4 mM Michaelis constant for OAA (2) 

intkC  1.3 mM Sum of TCA cycle intermediates (2) 

ACO
fk  1.1688×10-4 ms-1 Forward rate constant of ACO (2)* 

ACO
EK  2.22  Equilibrium constant of ACO (2) 

,i NADHK  0.19 mM Inhibition constant by NADH (2) 

IDH
catk  11.88 ms-1 Rate constant of IDH (2)* 

IDH
TE  0.109 mM Concentration of IDH (2) 

,1hk  1×10-5 mM Inoization constant of IDH (2) 

,2hk  9×10-4 mM Inoization constant of IDH (2) 

ISOC
MK  1.52 mM Michaelis constant for isocitrate (2) 

ni
 2.0  Cooperativity for isocitrate (2) 



NAD
MidhK  0.923 mM Michaelis constant for NAD+ (2) 

a
ADPK  0.62 mM Activation constant by ADP  (2) 

a
CaK  5×10-4 mM IDH activation constant for Ca2+ (2) 

KGDH
TE  0.5 mM Concentration of KGDH (2) 

KDGH
catk  0.0132 ms-1 Rate constant of KGDH (2)* 

KG
Mkα

 
30 mM Michaelis constant for αKG (2) 

_
NAD
M kgdhK  

38.7 mM Michaelis constant for NAD+ of 
KGDH 

(2) 

,1h ak  4×10-5 mM Ionization constant of KGDH (2) 

,2h ak  7×10-5  mM Ionization constant of KGDH (2) 

2Mg
DK

+

 0.0308 mM Activation constant for Mg2+ (2) 

2Ca
DK

+

 1.5×10-4 mM Activation constant for Ca2+ (2) 

KGnα  1.2  Hill coefficient of KGDH forαKG (2) 

2[ ]mMg +  0.4 mM Mg2+ concentration in 
mitochondria 

(2) 

2[ ]iMg +  
1.0 mM Mg2+ concentration in 

cytosol/buffer 
(2) 

SL
fk  0.028 mM-

1ms-1 
Forward rate constant of SL (2)* 

SL
EK  3.115  Equilibrium constant of the SL 

reaction 
(2) 

[CoA] 0.02 mM Coenzyme A concentrations. (2) 

FH
fk  8.3×10-3 ms-1 Forward rate constant for FH. (2)* 

FH
EK  1.0  Equilibrium constant of FH (2) 

1hk  1.131×10-5 mM Ionization constant of MDH (2) 



2hk  26.7 mM Ionization constant of MDH (2) 

3hk  6.68×10-9 mM Ionization constant of MDH (2) 

4hk  5.62×10-6 mM Ionization constant of MDH (2) 

offsetk  3.99×10-2  Offset of MDH pH activation 
factor 

(2) 

MDH
catk  0.1242 ms-1 Rate constant of MDH (2)* 

MDH
TE  0.154 mM Total MDH enzyme concentration (2) 

MAL
MK  1.493 mM Michaelis constant for malate (2) 

OAA
iK  0.031 mM Inhibition constant for 

oxaloacetate 
(2) 

NAD
MK  0.2244 mM Michaelis constant for NAD+ (2) 

[GLU] 1×10-5 - 30 mM Glutamate concentration. (2) 

AAT
fk  0.0214 ms-1 Forward rate constant of AAT (2)* 

AAT
EK  6.6  Equilibrium constant of AAT (2) 

ASPk  1.5×10-6  ms-1 Rate constant of aspartate 
consumption 

(2) 

 

*While these parameters may differ from the supplement of Kembro et al., they were taken from code 
provided by those authors that successfully reproduces the figures from the paper. 

 

Table 8 Parameter values used in the simulations: Tricarboxylic acid cycle  -- mitochondrial model 
Symbol Value Units Description Reference 

[AcCoA] 1 mM Acetyl CoA concentration (2) 

CS
catk  1.5891×10-4 ms-1 Catalytic constant of CS (2)* 

ACO
fk  7.8959×10-5 ms-1 Forward rate constant of ACO (2)* 

IDH
catk  0.5350 ms-1 Rate constant of IDH (2)* 



KDGH
catk  0.0179 ms-1 Rate constant of KGDH (2)* 

SL
fk  0.0284 mM-

1ms-1 
Forward rate constant of SL (2)* 

FH
fk  8.4×10-3 ms-1 Forward rate constant for FH. (2)* 

MDH
catk  0.1259 ms-1 Rate constant of MDH (2)* 

[GLU] 30 mM Glutamate concentration. (2) 

AAT
fk  0.0217 ms-1 Forward rate constant of AAT (2)* 

 

Oxidative phosphorylation equations for the mitochondrial model are the same as for Gauthier et al. 
(14) with the exception of k010, which was increased from 50 to 600 to match experimental data from 
Aon et al. 2012 (1) on ROS production from isolated mitochondria.  Rate constants were scaled to yield 
fluxes in /ms units.  Parameter changes for the cellular model are noted below. 

Table 9 Parameter values used in the simulations: electron transport chain  -- cellular model 
Symbol Value Units Description Reference 

ρc1 24.9302 mM Complex I concentration Adjusted 

a61* 3.3290×107 mM/s  Adjusted 

a16* 432.7642 mM/s  Adjusted 

k010 1700 mM/min Reverse reaction constant for 
reduction of oxygen by SQp 

Adjusted 

 

Table 10 Parameter values used in the simulations: oxidative phosphorylation  -- mitochondrial model 
Symbol Value Units Description Reference 

1p  1.346×10-4  Sum of products of rate 
constants 

 

2p  7.739×10-7  Sum of products of rate 
constants 

 

3p  6.65×10-15  Sum of products of rate 
constants 

 

1Fρ  5 mM Concentration of F1F0-ATPase (2) 



ATPase
eqK  1.71×106  Equilibrium constant of ATP 

synthesis 
 

[Pi]i 3 mM Inorganic phosphate 
concentration 

 

CA 1.01 mM Total sum of adenine nucleotides (2)* 

VmaxANT 3.15 mM ms-1 Maximal rate of the ANT (2) 

hANT 0.5  Fraction of
B∆Ψ   

gH 2×10-6 mM ms-1 
mV-1 

Ionic conductance of the inner 
membrane 

(2) 

PNC  1.0 mM Total sum of pyridine nucleotides  

mitoC  1.812×10-3 mM mV-1 Inner membrane capacitance  

 

Table 11 Parameter values used in the simulations: oxidative phosphorylation -- cellular model 
Symbol Value Units Description Reference 

1Fρ  5 mM Concentration of F1F0-ATPase Adjusted 

 

Table 12 Parameter values used in the simulations: Mitochondrial Ca2+ handling – mitochondrial model 
Symbol Value Units Description 

max
uniV  4.46×10-3 mM ms-1 Vmaxuniporter Ca2+ transport  

∆Ψ  91 mV Offset membrane potential 

actK  3.8×10-4 mM Activation constant 

transK  0.019 mM Kd for translocated Ca2+ 

L  110.0  Keq for conformational transitions in uniporter 

an  2.8  Uniporter activation cooperativity 

max
NaCaV  1.83×10-4 mM ms-1 Vmax of Na+/Ca2+ exchanger 

b  0.5  
m∆Ψ dependence on Na+/Ca2+ exchanger 



NaK  9.4 mM Exchanger Na2+ constant 

CaK  3.75×10-4 mM Exchanger Ca2+ constant 

n  3.0  Na+/Ca2+ exchanger cooperativity 

Caδ  3 ×10-4  Fraction of free [Ca2+]m 

 

Table 13 Parameter values used in the simulations: Mitochondrial Ca2+ handling – cellular model 
Symbol Value Units Description Reference 

max
uniV  1.2295×10-4 mM ms-1 Vmaxuniporter Ca2+ transport  Adjusted 

max
NaCaV  4.6650×10-5 mM ms-1 Vmax of Na+/Ca2+ exchanger Adjusted 

For Ru360 protocols, Vuni was 99% blocked.  For CGP protocols, VNaCa was 85% blocked. 

 

Table 14 Parameter values used in the simulations: Mitochondrial H+ and Na+ handling – mitochondrial model 
Symbol Value Units Description Reference 

Hδ  1×10-5 dimensionless mitochondria H+ buffering 
capacity 

(2) 

Ka,ADP
 

4.17×10-7  ADP dissociation constant (2) 

Ka,ATP 
 

3.31×10-7  ATP dissociation constant (2) 

Ka,Pi
 

1.78×10-7  Pi dissociation constant (2) 

KMg,ATP 6.46×10-5  Mg2+ATP dissociation constant (2) 

KMg,ADP
 

5.62×10-4  Mg2+ADP dissociation constant (2) 

Ka,SUC
 

6.3×10-6  Ka of succinate dissociation 
constant 

(2) 

2,a H OK  1×10-14 M dissociation constant for water (2) 

[ ]iH +  1×10-4 mM cytosolic H+ concentration (2) 

[ ]iNa+  10 mM cytosolic Na+ concentration (2)* 

2[ ]iCa +  1×10-4 mM cytosolic Ca2+ concentration (2) 

[ADP]i 0.01~1.0 mM cytosolic ADP concentration (2) 

 



Table 15 Parameter values used in the simulations: Mitochondrial H+ and Na+ handling – cellular model 
Symbol Value Units Description Reference 

[ ]iNa+  5-15 mM cytosolic Na+ concentration (15) 

2[ ]iCa +  1×10-4 mM diastolic cytosolic Ca2+ 
concentration 

(2) 

Control Nai is 5mM, heart failure simulations used 15mM. 

 

Table 16 Parameter values used in the simulations: ROS transport – mitochondrial and cellular models 
Symbol Value Units Description Reference 

a 1×10-3 dimensionless Basal IMAC conductance (2) 

b 1×104 dimensionless Activation factor by cytoplasmic 
O2

.- 
(2) 

Kcc 1×10-2 mM Activation constant by cytoplasmic 
O2

.- 
(2) 

GL 3.5×10-8  Integral conductance for IMAC (2) 

Gmax 3.9085×10-6  Leak conductance of IMAC at 
saturation 

(2) 

K 7.0×10-2 mV-1 Steepness factor (2) 

∆Ψ𝑚𝑏  4 mV Potential at half saturation (2) 

j 0.1 dimensionless Fraction of IMAC conductance (2) 

𝑅𝑇
𝐹

 26.730818   (2) 
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