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Abstract
In Hunter et al. (2025), we proposed an energy-based modelling framework and presented twoexemplar bond graph templates for solute carrier (SLC) transporter families: facilitated diffusionwith SLC2A2 (GLUT2) and sodium-glucose cotransport with SLC5A1 (SGLT1). In this article, weprovide detailed information on the parameterisation process for these two SLC families and theinformation required to reproduce the results presented in Hunter et al. (2025).
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1 Introduction
Wepresented the bond graph (BG) models for the solute carrier (SLC) family members SLC2A2 andSLC5A1 in Hunter et al. (2025). The models have been implemented using CellML (Cuellar et al.,2003) and the model implementation is available in the Physiome Model Repository (PMR) (Yuet al., 2011) at: https://models.physiomeproject.org/workspace/b65. In that workspace (and in theaccompanying OMEX archive) the folders Facilitated transporter and Electrogenic
cotransporter hold the models of SLC2A2 and SLC5A1, respectively. Brief descriptions of theCellMLmodel files can be found in the PMR exposure: https://models.physiomeproject.org/e/cd3/.In Sections 3 & 4 we provide detailed introductions to these two exemplar models from Hunteret al. (2025). The instructions for reproducing all the simulation experiments presented in Hunteret al. (2025) are provided in Sections 3.3 & 4.2 for SLC2A2 and SLC5A1, respectively, withinstructions on how to initialize these simulation experiments given in section 2.
2 Model and simulation setup
In addition to the CellMLmodels, this studymakes use of Python scripts to facilitate simulation andpresentation. All files required to reproduce and reuse this study can be obtained by downloadingthe associated OMEX archive. Alternatively, readers familiar with git may clone the repository athttps://models.physiomeproject.org/workspace/b65 using their preferred git client. Please notethat as the repository uses git submodules, cloning should be performed recursively. With Gitversion 2.13 and later, use git clone --recurse-submodules or follow the appropriateinstructions based on your Git client.
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After obtaining the required files, a Python environment with the required capabilities can be cre-ated by installing the dependencies listed in the requirements.txt file. This can be done usinga command similar to pip install -r requirements.txt or by following the appropriateprocedure for the chosen platform.
The src folder contains Python scripts for running simulations, processing simulation results,and plotting data. The primary scripts relevant to this manuscript are summarised here as well asmentioned as they are used in the following sections.

• sim_GLUT2.py: Performs simulations of SLC2A2 and saves the results to </Facilitated
transporter/CellMLV2/sim_results>.

• sim_SGLT1.py: Performs simulations of SLC5A1 and saves the results to </Electrogenic
cotransporter/CellMLV2/sim_results>.

• mergeData_GLUT2.py: Prepares the data in</Facilitated transporter/CellMLV2/sim_results>for plotting.
• mergeData_SGLT1.py: Prepares the data in</Electrogenic cotransporter/CellMLV2/sim_results>for plotting.
• plot_GLUT2.py: Plots the simulation results for SLC2A2.
• plot_SGLT1.py: Plots the simulation results for SLC5A1.

Other Python scriptswere used to generate the SED-MLfiles in</Facilitated transporter/CellMLV2/>and </Electrogenic cotransporter/CellMLV2/>. These SED-ML files are provided so users do notneed to run the scripts again.
3 SLC2A2 bond graph model parameterisation
The SLC2A2 (protein name GLUT2) uses the extracellular to intracellular glucose concentrationgradient to drive transmembrane transport of glucose in a process called ‘facilitated diffusion’,and we replicated the bond graph diagram in Figure 1 for convenience. The kinetic data that weused to obtain the parameters of the bond graph model were from Lowe and Walmsley (1986),and the kinetic model diagram is shown in Figure 2. Note that the notation and the parameternames in the kinetic diagram are different from the bond graph. Additionally, the bond graphmodel of SLC2A2 can be generalised and parameterised to represent any member of the SLC2family. The data from Lowe and Walmsley (1986) were measured for SLC2A1/GLUT1, whileSLC2A2/GLUT2 is used in this Physiome paper to remain consistent with the primary referenceHunter et al. (2025).

Figure 1. Bond graph of SLC2A2, replicated from Hunter et al. (2025).

Table 1 lists the kinetic parameters, which are the rate constants associated with the forward andreverse reaction fluxes in the traditional mass-action equations. The first column of Table 1 is thecorresponding parameter names for the reactions in the bond graph where the subscript indicatesthe reaction number, while the second column lists the kinetic parameter names in Lowe andWalmsley (1986).
3.1 Bond graph parameters
Pan (2019) introduced a method to convert kinetic parameters to bond graph parameters providedthat the kinetic models are thermodynamically consistent. Here, we use the SLC2A2 example
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Figure 2. Kinetic model diagram adapted from Lowe and Walmsley (1986). Note that the
notations for the conformation states of the transporter are different from the bond graph:

Co − Eo (BG ); Ci − Ei (BG ); GCo − EoGl c (BG ); GCi − EiGl c (BG ); Go − Gl co (BG );
Gi − Gl ci (BG ). The letters associated with the edges are the rate constants and the arrows

indicate the flux directions.

Table 1. The kinetic parameters in Lowe and Walmsley (1986).

Kinetic in BG Parameter in Lowe and Walmsley (1986) Value Unit
k +
1 h 0.726 s−1

k +
2 c 1113 s−1

k +
3 a 4.5e71 mM −1.s−1

k +
4 e 2.7e5 × 12.8459 2 s−1

k −
1 g 12.1 s−1

k −
2 d 90.3 s−1

k −
3 b 4.5e7 × 9.5 3 s−1

k −
4 f 2.7e51 mM −1.s−1

1 Not given in Lowe and Walmsley (1986), we use a large number to align with the fastbinding assumption (Lowe and Walmsley, 1986; Hunter et al., 2025).2 Apply the constraint e/f = 12.8459 (mM ).3 Apply the constraint b/a = 9.5 (mM )
to detail the link between the kinetic parameters in traditional mass-action equations and bondgraph parameters. In particular, kinetic models often capture the fluxes J using the unit suchas mM .s−1, while bond graph usually explicitly models the flow rate v using the unit such as
f mol .s−1 and potentials µ using the unit J .mol −1 for biochemical reactions. When we convert thekinetic parameters to bond graph parameters, we need to consider such dimensional differences.
Conventionally, the rate of biochemical reactions can be described by the law of mass action.The rate of the forward reaction J+ (mM .s−1) (also known as forward flux) is proportional tothe amount of the reactants (E, as shown in Equation 1), while the rate of the reverse reaction
J − (mM .s−1) (also known as reverse flux) is proportional to the amount of the products (P, asshown in Equation 2). [Ci ] (mM ) and [Cj ] (mM ) are the concentrations of reactants and products,
k + and k − are the forward and reverse rate constants, while νfi and νrj are the correspondingstoichiometric coefficients.

J+ = k +
∏
i ∈E

[Ci ]ν
f
i (1)

J − = k −
∏
j ∈P

[Cj ]ν
r
j (2)

The total rate of reaction J (mM .s−1) (i.e., net flux) is expressed in Equation 3.
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J = J+ − J − = k +
∏
i ∈E

[Ci ]ν
f
i − k −

∏
j ∈P

[Cj ]ν
r
j (3)

In the case of the reaction network of SLC2A2 (Figure 1), we can express the fluxes usingEquation 4.

J =


J1
J2
J3
J4

 =


k +
1 [C4] − k −

1 [C1]
k +
2 [C2] − k −

2 [C3]
k +
3 [C1] [CAo ] − k −

3 [C2]
k +
4 [C3] − k −

4 [C4] [CAi ]

 (4)

The bond graph formulation highlights thermodynamic consistency and the flow of chemicalspecies is driven by the chemical potentials (Pan, 2019). The chemical potential µi of a specicies i isdetermined by themolar amount of qi (f mol ), shown in Equation 5, where R = 8.314 (J .K −1.mol −1)is the ideal gas constant,T (K ) is the absolute temperature and Ki (f mol −1) is the thermodynamicconstant of the species.

µi = RT l n (Ki qi ) (5)
The rate of a reaction vR (f mol .s−1) can be expressed using the Marcelin-de Donder equation(Equation 6). Af

R (J .mol −1) is the forward affinity (the total chemical potential of the reactants)and Ar
R (J .mol −1) is the reverse affinity (the total chemical potential of the products).

vR = κ (eAf
R /RT − eA

r
R /RT ) (6)

For example, the flow rate of the reaction Re3 in Figure 1 can be given by Equations 7, 8 and 9.

v3 = κ3 (eA
f
3/RT − eA

r
3/RT ) (7)

Af
3 = µ1 + µAo = RT l n (K1q1) + RT l n (KAoqAo ) (8)

Ar
3 = µ2 = RT l n (K2q2) (9)

Equation 7 can be rearranged as Equation 10 by substituting Equations 8 and 9 into Equations 7.

v3 = κ3K1KAoq1qAo − κ3K2q2 (10)
The flow rates of the reaction network of SLC2A2 (Figure 1), can be expressed using Equation 11.

v =


v1
v2
v3
v4

 =


κ1K4q4 − κ1K1q1
κ2K2q2 − κ2K3q3

κ3K1KAoq1qAo − κ3K2q2
κ4K3q3 − κ4K4KAi q4qAi

 (11)
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The relationship between the molar amount qi (f mol ) and the concentration [Ci ] (mM ) of aspecies is qi = [Ci ]Vi , where Vi (pL) is the volume of the compartment in which the speciesresides. Equation 11 can be rewritten as Equation 12 if we incorporate the concentrations ofspecies rather than the molar amount.

v =


v1
v2
v3
v4

 =


κ1K4V4 [C4] − κ1K1V1 [C1]
κ2K2V2 [C2] − κ2K3V3 [C3]

κ3K1V1KAoVAo [C1] [CAo ] − κ3K2V2 [C2]
κ4K3V3 [C3] − κ4K4V4KAiVAi [C4] [CAi ]

 (12)

By comparing Equations 4 and 12, we can see the relationship between the kinetic parameters(k +, k −) and the bond graph parameters (κ , K ):



k +
1

k +
2

k +
3

k +
4

k −
1

k −
2

k −
3

k −
4


=



κ1K4V4

κ2K2V2

κ3K1V1KAoVo

κ4K3V3

κ1K1V1

κ2K3V3

κ3K2V2

κ4K4V4KAiVi


(13)

By defining Ln as an element-wise logarithm operator, Equation 13 can be linearized and rewrittenas the matrix equation:

Ln



k +
1

k +
2

k +
3

k +
4

k −
1

k −
2

k −
3

k −
4


=



1 0 0 0 0 0 0 0 0 1
0 1 0 0 0 0 0 1 0 0
0 0 1 0 0 1 1 0 0 0
0 0 0 1 0 0 0 0 1 0
1 0 0 0 0 0 1 0 0 0
0 1 0 0 0 0 0 0 1 0
0 0 1 0 0 0 0 1 0 0
0 0 0 1 1 0 0 0 0 1


Ln



κ1
κ2
κ3
κ4

KAiVi

KAoVo

K1V1

K2V2

K3V3

K4V4



(14)

In Pan (2019), the above equation was generalised using Equation 15.

Ln(k) = MLn(Wλ) (15)
where

k =


k +

k −

K c

 , M =


Inr ×nr N f T

Inr ×nr N rT

0 N cT

 , λ =

[
κ
K

]
. (16)

Inr ×nr is an identity matrix of length nr , while nr is the number of reactions. N f T and N rT are thetranspose of forward and reverse stoichiometric matrices N f and N r , respectively. The vectors
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Table 2. Forward stoichiometric matrix N f for the SLC2A2.

Re1 Re2 Re3 Re4

Ai 0 0 0 0Ao 0 0 1 01 0 0 1 02 0 1 0 03 0 0 0 14 1 0 0 0
Table 3. Reverse stoichiometric matrix N r for the SLC2A2.

Re1 Re2 Re3 Re4

Ai 0 0 0 1Ao 0 0 0 01 1 0 0 02 0 0 1 03 0 1 0 04 0 0 0 1

of the forward and reverse kinetic rate constants k+, k− , and the vector of known constraints K c

between the species defined in the matrix N c for SLC2A2 are shown in Equation 17.

k+ =


k +
1

k +
2

k +
3

k +
4

, k
− =


k −
1

k −
2

k −
3

k −
4

, K
c = [], Nc = [] (17)

The orders of the elements in k+ and k− are the same order of the reactions, organized as columnsin the matrices N f and N r , shown in Table 2 and Table 3, while N c is organized by [number ofspecies]×[number of K c ]. Note that we do not need to add constraints in this case therefore both
K c and N c are empty.
The diagonal matrix W (Equation 18) accounts for the volumes of compartments and the sizeis 10 ([number of reactions]+[number of species]). The typical blood cell volumeVi = 0.09 (pL)according to McLaren et al. (1987) and we set the extracellular volume Vo = 0.09 (pL) as well.Since the protein SLC2A2 does not exist in a compartment, we set volumes of correspondingconformations of the proteinV1 =V2 =V3 =V4 = 1 (pL) (Pan, 2019). That is, their thermodynamicconstants are not related to the volumes.

W =



1 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0
0 0 0 0 Vi 0 0 0 0 0
0 0 0 0 0 VO 0 0 0 0
0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 1



(18)

Given the above vectors and matrices, we can obtain bond graph parameters λ by matrix inversion(Equation 19),
λ0 = W−1Exp(M+Ln(k)) (19)

6/18



Table 4. The bond graph parameters of the full BG model for SLC2A2.

Parameter Value Unit
κ1 0.36 f mol .s−1

κ2 0.26 f mol .s−1

κ3 1.01E+05 f mol .s−1

κ4 1.01E+04 f mol .s−1

KA
i 149.65 f mol −1

KA
o 149.65 f mol −1

K1 33.2 f mol −1

K2 4.25E+03 f mol −1

K3 344.59 f mol −1

K4 1.99 f mol −1

whereM+ is the Moore-Penrose pseudoinverse ofM and Exp is the element-wise exponential.The resulting bond graph parameters based on Equation 19 are shown in Table 4.
3.2 Parameters for steady state
Hunter et al. (2025) provided the analytical expression in Equation 20 (Hunter et al., 2025) tocalculate the parameters for the steady-state flux in Equation 19 (Hunter et al., 2025) using thebond graph parameters in Table 4. We refer the readers to the primary paper for the analyticalderivation process and calculation, while we explain here how we obtained the parameters fromthe steady-state data (Lowe and Walmsley, 1986).
The Michaelis-Menten formulation of zero trans influx (Lowe and Walmsley, 1986) of the trans-porter, i.e., set the intracellular concentration to be 0 (mM ), is shown in Equation 20,

Voi =V max
oi

[A]o
Koi + [A]o

(mM .s−1) (20)
where [A]o is the extracellular concentration of glucose, the maximum fluxV max

oi
is calculatedusing Equation 21 with the concentration of glucose carrier molecules [C ] in human red bloodcells of 6.67 (µM ) (Lowe and Walmsley, 1986).

V max
oi =

[C ]
1/c + 1/h = 0.0048 (mM .s−1) (21)

The Michaelis-Menten constant of Equation 20 is calculated using Equation 22 (Lowe and Walms-ley, 1986), where b
a is the dissociation constant of reaction Re3.

Koi =
b

a

1 + g/h
1 + c/h = 0.1094 (mM ) (22)

When the intracellular molar amount of glucose is zero, the steady-state expression (Equation 19in Hunter et al. (2025)) can be rearranged to Equation 23.
voi =

k 1
mvmq

A
o

k 1
m

KA
o
+ qA

o

(f mol .s−1) (23)

Substitute qA
o in the above equation with [A]oVo , and add theVE = 1 (pL) term to convert theunit from f mol .s−1 to mM .s−1 and rearrange it to Equation 24.

vmm
oi = k 1

mvm/VE
[A]o

k 1
m

KA
o Vo

+ [A]o
(24)
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We obtain the following relationships in Equations 25 and 26 by comparing Equations 20 and 24.
Ki o =

k 1
m

KA
oVo

(25)

V max
oi = k 1

mvm/VE (26)
Hence, we obtained the parameters k 1

m and vm using Equations 27 and 28.
k 1
m = KoiK

A
oVo = 1.4735 (27)

vm =V max
oi ∗VE /k 1

m = 0.003284 (f mol .s−1) (28)
The Michaelis-Menten of zero trans efflux (Lowe and Walmsley, 1986) i.e., set the extracellularconcentration to be 0 (mM ), is shown in Equation 29.

Vi o =V max
i o

[A]i
Ki o + [A]i

(mM .s−1) (29)
, where [Ai ] is the intracellular concentration of glucose, and the maximum fluxV max

i o
is calculatedusing Equation 30 (Lowe and Walmsley, 1986).

V max
i o =

[C ]
1/d + 1/g = 0.0712 (mM .s−1) (30)

The Michaelis-Menten constant is calculated using Equation 31 (Lowe and Walmsley, 1986),where e
f is the dissociation constant of reaction Re4.

Ki o =
e

f

1 + h/g
1 + d/g = 1.609 (mM ) (31)

When the extracellular molar amount of glucose is zero, the steady-state expression (Equation 19in Hunter et al. (2025)) can be rearranged to Equation 32.
vi o = −

k 2
mvmq

A
i

k 2
m

KA
i

+ qA
i

(f mol .s−1) (32)

Substitute qA
i in the above equation with [A]iVi , and add theVE = 1 (pL) term to convert the unitfrom f mol .s−1 to mM .s−1 and rearrange it to Equation 33.

vmm
io = k 2

mvm/VE
[A]i

k 2
m

KA
i
Vi

+ [A]i
(33)

By comparing Equations 29 and 33, we obtained Equation 34.
V max
i o = k 2

mvm/VE (34)
Then we can calculate the parameter k 2

m using Equation 35.
k 2
m =V max

i o ∗VE /vm = 21.671 (35)
k 3
m is calculated using Equation 20 in Hunter et al. (2025). The parameters are summarized inTable 5.
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Table 5. The parameters of the steady state bond graph model for SLC2A2.

Parameter Value Unit
vm 0.003284 f mol .s−1

k 1
m 1.4735 dimensionless

k 2
m 21.671 dimensionless

k 3
m 235.07 dimensionless

Table 6. Summary of the model files, parameters and corresponding simulation plots in Figure 3

Model file Parameters Plot in Figure 3
GLUT2_kinetic.cellml Table 1 Lowe AG and Walmsley AR (1986) in Fig-ure 3 (a) and (b)GLUT2_BG.cellml Table 4 Bond graph in Figure 3 (a) and (b)GLUT2_ss_oi.cellml Table 4 for Steady-stateEqs 19 and 20 and Table5 for Steady-state Eq. 19

Steady-state Eq. 19 and Steady-state Eqs19 and 20 in Figure 3 (a)
GLUT2_ss_io.cellml Table 4 for Steady-stateEqs 19 and 20 and Table5 for Steady-state Eq. 19

Steady-state Eq. 19 and Steady-state Eqs19 and 20 in Figure 3 (b)

3.3 Simulation results
Weencoded the full bond graphmodel (Hunter et al., 2025) inGLUT2_BG.cellml and the parametersin params_BG.cellml. To simulate the inward flux, we set the molar amount of intracellular glucose
qAi to be a very small value 0.09e − 4 (f mol ), and varied the molar amount of extracellular glucose
qAo from 0.09e − 4 (f mol ) to 2.25 (f mol ). For each extracellular glucose value, we simulate themodel for 250 seconds to get the steady-state flow rate. Similarly to simulate the outward flux,we set the molar amount of extracellular glucose qAo to be a very small value 0.09e − 4 (f mol ),and varied the molar amount of intracellular glucose qAi from 0.09e − 4 (f mol ) to 2.25 (f mol ). Foreach intracellular glucose value, we simulate the model for 250 seconds to get the steady-stateflow rate.
We encoded the Equations 20 and 29 in GLUT2_kinetic.cellml and simulated the zero transinflux and efflux by varying the extracellular glucose concentration and intracellular glucoseconcentration respectively from 1e − 8 (mM ) to 25 (mM ).
The steady-state model in Equations 19 and 20 in Hunter et al. (2025) were encoded in
GLUT2_ss_oi.cellml and GLUT2_ss_io.cellml. GLUT2_ss_oi.cellml sets the molar amount of intracellu-lar glucose qAi to be very small value 0.09e −8 (f mol ) and varies the molar amount of extracellularglucose qAo from 0.09e − 8 (f mol ) to 2.25 (f mol ); GLUT2_ss_io.cellml sets the molar amount ofextracellular glucose qAo to be very small value 0.09e − 8 (f mol ) and varies the molar amount ofintracellular glucose qAi from 0.09e − 8 (f mol ) to 2.25 (f mol ).
Figure 3 shows the steady-state fluxes from the full bond graph model and steady-state modelin Hunter et al. (2025) compared to the zero trans influx (Equation 20) and efflux (Equation 29)in Lowe and Walmsley (1986). The plots in red used the parameters in Table 5 for Equation 19in Hunter et al. (2025), while the magenta lines used the parameters in Table 4 to calculate theparameters for Equation 19 in Hunter et al. (2025) according to Equation 20 in Hunter et al.(2025).
We summarize the models, parameters, and corresponding simulation plots in Table 6. We haveprovided the Python scripts under the folder <src> to run the simulations and plot the data, whilethe SED-ML files in <Facilitated transporter\CellMLV2> detail the simulation settings. To get theresult in Figure 3, the Python scripts sim_GLUT2.py, mergeData_GLUT2.py, plot_GLUT2.py shouldrun in sequence.
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Figure 3. (a) Inward flux as a function of [A]o when [A]i = 0, and (b) outward flux as a
function of of [A]i when [A]o = 0. Note that in order to compare with the kinetic data in Lowe
and Walmsley (1986), the molar amount of glucose in the bond graph model was converted to

glucose concentrations.This is Figure 8 in Hunter et al. (2025).

4 SLC5A1 bond graph model parameterization
The SLC5A1 (SGLT1) uses the sodium gradient to drive glucose into the cell, typically when thetransmembrane glucose gradient is insufficient to provide the required flux of glucose. The bondgraph is shown in Figure 4. We parameterize the bond graph model to fit the data in Parentet al. (1992), and the kinetic model diagram is shown in Figure 5. Note that the notation and theparameter names in the kinetic diagram are different from the bond graph.

Figure 4. Bond graph of SLC5A1, replicated from Hunter et al. (2025).

The kinetic parameters in in Parent et al. (1992) are listed in Table 7 and Table 8. The first columnis the corresponding kinetic parameters for the reactions in the bond graph where the subscriptis the reaction number. The original units in Parent et al. (1992) were mol e−2.s−1, mol e−1.s−1 or
s−1, while the units were changed to M −2.s−1, M −1.s−1 or s−1 in Eskandari et al. (2005) wherethe model (Parent et al., 1992) was reused. We found that using the units in Eskandari et al.(2005) gave the right dynamic outputs, so we used M −2.s−1, M −1.s−1 or s−1 in this article andthe primary paper (Hunter et al., 2025).
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Figure 5. Kinetic model diagram adapted from Figure 1 of Parent et al. (1992). Note that the
notations are different from the bond graph: [C ]′ − Eo (BG ); [C ]′′ − Ei (BG );

[CN a2]′ − Eo2N a+ (BG ); [CN a2]′′ − Ei 2N a+ (BG ); [SCN a2]′ − Eo2N a+Gl c (BG );
[SCN a2]′′ − Ei 2N a+Gl c (BG ); [N a]′ − N ao (BG ); [N a]′′ − N ai (BG );[S ]′ − Gl co (BG );
[S ]′′ − Gl ci (BG ). δ = 0.7 ,α ′ = 0.3 and we omitted the electrical field between [C ]′′ and

[CN a2]′′ because α ′′ = 0 in Parent et al. (1992). µ = FV
RT whereV is the membrane potential,

F = 96485C/mol and R = 8.314J/mol /K are Faraday constant and universal gas constant,
respectively, andT = 293K is temperature. The letters associated with the edges are the rate

constants and the arrows indicate the flux directions.

4.1 Bond graph parameters
We apply the same method (Pan, 2019) to convert the kinetic parameters to bond graph pa-rameters. Since we have described how to link kinetic parameters to bond graph parametersin Section 3.1, we directly solve Equation 15 to get the bond graph parameters for SLC5A1without repeating the derivation process. First, we construct matrices k+, k− , Nf, Nr andW toget Equation 15 for SLC5A1. The vectors of the forward and reverse kinetic rate constants k +,
k − are defined below and the values are from Table 7 and Table 8.

k+ =



k +
1

k +
2

k +
3

k +
4

k +
5

k +
6

k +
7


, k− =



k −
1

k −
2

k −
3

k −
4

k −
5

k −
6

k −
7


(36)

Note that we do not need to add constraints therefore both K c and N c are empty in this case.The forward and reverse stoichiometric matrices (N f ,N r ) are shown in Table 9 and Table 10,respectively. The first row lists the reactions while the first column denotes the species.
Based on McLaren et al. (1987) we set the volume of blood cells toVi = 8.5 × 10−2 (pL) and usethe same value for the extracellular volume. The diagonal matrixW that accounts for the volumesof compartments is constructed in Equation 37.
Note that when preparing this Physiome manuscript we discovered a unit conversion error of thecell volume used to calculate parameter values in the Primary paper (Hunter et al., 2025). This errorscaled up the thermodynamical parameters of N a and Gl c by 107, i.e., K N a

i
K N a
o ,KGl c

i
and KGl c

o
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Table 7. The kinetic parameters for simulation of Fig. 10 in Parent et al. (1992).

Kinetic in BG Parameter Value Unit Remark
k +
1 k12 80000 M −2.s−1 8 × 104 × 10−6 (mM −2.s−1)

k +
2 k23 1e5 M −1.s−1 1 × 105 × 10−3 (mM −1.s−1)

k +
3 k34 50 s−1

k +
4 k45 800 s−1

k +
5 k56 10 s−1

k +
6 k61 5 s−1

k +
7 k25 0.3 s−1

k −
1 k21 500 s−1

k −
2 k32 20 s−1

k −
3 k43 50 s−1

k −
4 k54 1.8285e7 1 M −1.s−1 1.8285e7 × 10−3 (mM −1.s−1)

k −
5 k65 50 M −2.s−1 50 × 10−6 (mM −2.s−1)

k −
6 k16 35 s−1

k −
7 k52 1.371 2 s−1

1 k54 is calculated by the detailed balance equations k54 = k23 ∗ k34 ∗ k45 ∗ k52/(k32 ∗ k43 ∗ k25).2 k52 is calculated by the detailed balance equations k52 = k12 ∗ k25 ∗ k56 ∗ k61/(k21 ∗ k65 ∗ k16).
Table 8. The kinetic parameters for simulation of Fig. 5 in Parent et al. (1992).

Kinetic in BG Parameter Value Unit Remark
k +
1 k12 80000 M −2.s−1 8 × 104 × 10−6 (mM −2.s−1)

k +
2 k23 1e5 M −1.s−1 1 × 105 × 10−3 (mM −1.s−1)

k +
3 k34 50 s−1

k +
4 k45 800 s−1

k +
5 k56 10 s−1

k +
6 k61 3 s−1

k +
7 k25 0.3 s−1

k −
1 k21 500 s−1

k −
2 k32 20 s−1

k −
3 k43 50 s−1

k −
4 k54 1.0971e7 1 M −1.s−1 1.0971e7 × 10−3 (mM −1.s−1)

k −
5 k65 50 M −2.s−1 50 × 10−6 (mM −2.s−1)

k −
6 k16 35 s−1

k −
7 k52 0.823 2 s−1

1 k54 is calculated by the detailed balance equations k54 = k23 ∗ k34 ∗ k45 ∗ k52/(k32 ∗ k43 ∗ k25).2 k52 is calculated by the detailed balance equations k52 = k12 ∗ k25 ∗ k56 ∗ k61/(k21 ∗ k65 ∗ k16).
Table 9. Forward stoichiometric matrix N f for the SLC5A1.

Re1 Re2 Re3 Re4 Re5 Re6 Re7

Nai 0 0 0 0 0 0 0Nao 2 0 0 0 0 0 0Glci 0 0 0 0 0 0 0Glco 0 1 0 0 0 0 01 1 0 0 0 0 0 02 0 1 0 0 0 0 13 0 0 1 0 0 0 04 0 0 0 1 0 0 05 0 0 0 0 1 0 06 0 0 0 0 0 1 0
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Table 10. Reverse stoichiometric matrix N r for the SLC5A1.

Re1 Re2 Re3 Re4 Re5 Re6 Re7

Nai 0 0 0 0 2 0 0Nao 0 0 0 0 0 0 0Glci 0 0 0 1 0 0 0Glco 0 0 0 0 0 0 01 0 0 0 0 0 1 02 1 0 0 0 0 0 03 0 1 0 0 0 0 04 0 0 1 0 0 0 05 0 0 0 1 0 0 16 0 0 0 0 1 0 0

with corrected values given in Tables 11, 12 and 13. Since the product of the thermodynamicalparameter and cell volume, e.g., K N a
i

Vi , determines the dynamics of the system, the scaling effect(K N a
i

· 107 ·Vi · 10−7) is canceled. Therefore, this change does not affect the model dynamics orsimulation results.

W =



1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 Vi 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 Vo 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 Vi 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 Vo 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1



(37)

Given that we have constructed all the matrices needed in Equation 15, we now apply the methodin Equation 19 to obtain the bond graph parameters for SLC5A1, which are shown in Table 11and Table 12.
Equations 37 and 38 in Hunter et al. (2025) gave the steady-state flux under the assumption thatbinding and unbinding occur very rapidly in comparison with the transition rates for the carrierprotein. We arbitrarily set high values of reaction rate constants to reflect the fast binding andunbinding assumptions, and the parameters are shown in Table 13.
Figure 6 shows the steady-state fluxes from the bond graphmodel (encoded in SGLT1_BG_fast.cellml)and steady-state models (encoded in SGLT1_ss_fast.cellml) using the parameters in Table 13, whichconfirms that the analytic steady-state equations 37 and 38 is a good approximation of the fullbond graph model when the fast binding and unbinding assumption holds, and the slippage(reaction Re7 in Figure 4 ) is negligible.
To get the steady state flux from the full bond graph</Electrogenic cotransporter/SGLT1_BG_fast.cellml>,we need to use OpenCOR to manually run each simulation and export the required output vari-ables. The SED-ML file </Electrogenic cotransporter/SGLT1_BG_fast.sedml> provides the required
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Table 11. The bond graph parameters of the full BG model for SLC5A1 corresponding to Fig.10
of Parent et al. (1992) .

Parameter Value Units
κ1 47.906 fmol.s−1
κ2 2.325 fmol.s−1
κ3 5.813 fmol.s−1
κ4 93.002 fmol.s−1
κ5 0.21 fmol.s−1
κ6 15.66 fmol.s−1
κ7 0.029 fmol.s−1
K N a
i

0.322 fmol−1
K N a
o 0.322 fmol−1

KGl c
i

48.5 fmol−1
KGl c
o 48.5 fmol−1
K1 2.235 fmol−1
K2 10.437 fmol−1
K3 8.602 fmol−1
K4 8.602 fmol−1
K5 47.713 fmol−1
K6 0.319 fmol−1

Table 12. The bond graph parameters of the full BG model for SLC5A1 corresponding to Fig.5 of
Parent et al. (1992) .

Parameter Value Unit
κ1 47.905 f mol .s−1

κ2 2.325 f mol .s−1

κ3 5.812 f mol .s−1

κ4 92.998 f mol .s−1

κ5 0.349 f mol .s−1

κ6 15.661 f mol .s−1

κ7 0.029 f mol .s−1

K N a
i

0.322 f mol −1

K N a
o 0.322 f mol −1

KGl c
i

48.5 f mol −1

KGl c
o 48.5 f mol −1

K1 2.235 f mol −1

K2 10.437 f mol −1

K3 8.602 f mol −1

K4 8.602 f mol −1

K5 28.628 f mol −1

K6 0.192 f mol −1
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Figure 6. The steady-state results predicted by the full bond graph model, compared with the
results from the reduced steady-state model. Both simulations use the assumption of fast

binding/unbinding. This is Figure 10 in Hunter et al. (2025).

simulation settings. For each simulation, the readers need to modify the test potential (variable
test_volt in the component run_SGLT1_BG) to one of the values −0.15, −0.12, −0.08, −0.05, −0.03,
0, 0.04, 0.05, 0.08 (V ), and the extracellular glucose concentration (variable Glco in the component
run_SGLT1_BG) to 1e − 12 (mM ) or 1 (mM ) for before and after addition of glucose, respectively.
The variables to export are V0_Vm and Ii in the component SGLT1_BG. For the Python script
mergeData_SGLT1.py in the src folder to process the data, readers must export the simulationdata as a CSV file and follow a specific format when naming these files. The string indicatingthe experiment is SGLT1_BG_step_ss_fast_Data, followed by the glucose condition and the testpotential in mV .
For example, SGLT1_BG_step_ss_fast_Data_sugar_m50mV.csv denotes the test potential is−50 (mV )and extracellular glucose concentration is 1 (mM ), while SGLT1_BG_step_ss_fast_Data_50mV.csvindicates the test potential is 50 (mV ) and extracellular glucose concentration is 1e − 12 (mM ) (nosugar present in the filename). Under default conditions, the Ii value should be approximately5,658,461.44 f A at the end of the simulation, while Ii equals 399,880.12 f A when test_volt is setto 0 V. Please note that the value may vary slightly due to numerical solving errors on differentcomputers.
We have provided the data in <Electrogenic cotransporter\CellMLV2\sim_results>. The simulationprotocol and the calculation process for the I-V curve are the same as for Fig. 5 in Parent et al.(1992), which will be detailed in the following section.
4.2 Simulation results
We followed the experiment conditions in Parent et al. (1992) to simulate the time course of thecarrier-mediated currents (Fig.10 in Parent et al. (1992)) and the steady-state glucose-dependentI-V curve (Fig.5 in Parent et al. (1992)). The experiment conditions for Fig. 5 and Fig. 10 in Parentet al. (1992) are summarized in Table 14.
We use the parameters in Table 11 with the experiment conditions specified in Table 14 tosimulate the time course of the carrier-mediated currents of the bond graph model as shown inFigure 7.
A pulse protocol is applied. The holding potential is −50 (mV ), and at time t = 4.75 (ms ), thepotential was stepped to the test potential for 80 (ms ) (Parent et al., 1992). The test potentials are

15/18



Table 13. The bond graph parameters for SLC5A1 with the fast binding/unbinding assumption.
Parameter Value Unit

κ1 1.52E+04 f mol .s−1

κ2 6.24E+02 f mol .s−1

κ3 0.156 f mol .s−1

κ4 2.50E+04 f mol .s−1

κ5 1.11E+02 f mol .s−1

κ6 9.562 f mol .s−1

κ7 9.09E-04 f mol .s−1

K N a
i

1.41 f mol −1

K N a
o 1.41 f mol −1

KGl c
i

57.2 f mol −1

KGl c
o 57.2 f mol −1

K1 3.66 f mol −1

K2 3.30E+02 f mol −1

K3 3.21E+02 f mol −1

K4 3.21E+02 f mol −1

K5 9.05E+02 f mol −1

K6 0.314 f mol −1

Table 14. The experiment conditions in Fig.5 and Fig. 10 of Parent et al. (1992).

Variable Meaning Value Unit Fig # Remark
[N a+]i intracellular N a+concentration 20 mM Fig.5, Fig.10 qN a

i
= [N a+]i ×Vi

[N a+]o extracellular N a+concentration 100 mM Fig.5, Fig.10 qN a
o = [N a+]o ×Vo

[αMDG ]i intracellular glucoseconcentration 10e-3 mM Fig.5, Fig.10 qGl c
i

= [αMDG ]i ×
Vi

[αMDG ]o extracellular glucoseconcentration 0 mM Fig.5, Fig.10without glu-cose
qGl c
o = [αMDG ]o ×

Vo

[αMDG ]o extracellular glucoseconcentration 1 mM Fig.5, Fig.10with glucose qGl c
o = [αMDG ]o ×

Vo

CT the number of trans-porters per oocyte 6 × 1010 Fig.5, Fig.10 qt ot = CT

6.022×1023 ×
1015

hol dvol t Holding potential −50 mV Fig.5, Fig.10
t estvol t Test potential 50 and −150 mV Fig.10 More values for Fig.5.

16/18



Figure 7. The time course of the carrier-mediated currents. (a) The electrical current when
[Gl c]o = 0 (mM ), and (b) the current when [Gl c]o = 1 (mM ); The output of the bond graph
model is the current −Ii , and the data of Parent et al. (1992) were derived using digitizing

software Engauge (Mitchell et al., 2020) from Fig 10 (Parent et al., 1992). This is Figure 11 in
Hunter et al. (2025).

50 (mV ) and −150 (mV ) for upper plots and lower plots in Fig 10 (Parent et al., 1992), respectively.For the bond graph model, we applied the test potential at t = 1204.75 (ms ) to allow the systemto reach steady-state. In Figure 7, we aligned the simulation traces with the data from Parentet al. (1992).
In the bond graph model (encoded in SGLT1_BG.cellml), the positive sign of Ii = z1F v1 + z1F v1 +
z2F v6 + z2F v6 with z1 = 0.3, z2 = 0.7 indicates the current from extracellular to intracellular, whilethe direction of current in Parent et al. (1992) is from intracellular to extracellular. Hence, weshow the model currents −Ii before and after the addition of glucose in Figure 7.
To produce the steady-state glucose-dependent I-V curve in Fig 5 (Parent et al., 1992), we apply arange of test potentials including −150, −120, −80, −50, −30, 0, 40, 50, 80 (mV ) and the parametersin Table 12. After the application of test potential at t = 1.20475 (s ), the current −Ii at t = 2.9845(s ) is saved as steady-state value. For each test potential, we simulated the steady-state current
−Ii under two conditions: before and after the addition of glucose (i.e., when [αMDG ]o = 0 (mM )and [αMDG ]o = 1 (mM )). The glucose-dependent current was calculated using the differencein the current values −Ii when [αMDG ]o = 1 (mM ) and [αMDG ]o = 0 (mM ). The bond graphsimulated result is shown in red plot in Figure 8. The data from Parent et al. (1992) were derivedusing digitizing software Engauge (Mitchell et al., 2020).
We have provided the Python scripts under the folder <src> to run the simulations and plot thedata, while the SED-ML files in <Electrogenic cotransporter\CellMLV2> detail the simulationsettings. To get the result in Figures 8 and 7, the Python scripts sim_SGLT1.py,mergeData_SGLT1.py,
plot_SGLT1.py should run in sequence.
5 Conclusion
We have provided here detailed information on the two exemplar models presented in Hunter et al.(2025) to demonstrate the application of the energy-based modelling framework. The derivationof the bond graph parameters has been shown and instructions on reproducing the simulation
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Figure 8. The steady-state glucose-dependent I-V curve of the full bond graph model compared
with the data in Fig. 5 in Parent et al. (1992). This is Figure 12 in Hunter et al. (2025).

experiments presented in Hunter et al. (2025) provided. All the required model definition filesand execution scripts are provided in the OMEX archive associated with this article.
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