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SUMMARY

A virtual metabolic human model is a valuable complement to experimental
biology and clinical studies, because in vivo research involves serious ethical
and technical problems. I have proposed a multi-organ and multi-scale kinetic
model that formulates the reactions of enzymes and transporters with the regu-
lation of hormonal actions at postprandial and postabsorptive states. The compu-
tational model consists of 202 ordinary differential equations for metabolites
with 217 reaction rates and 1,140 kinetic parameter constants. It is the most
comprehensive, largest, and highly predictive model of the whole-body meta-
bolism. Use of the model revealed the mechanisms by which individual disorders,
such as steatosis, b cell dysfunction, and insulin resistance, were combined to
cause diabetes. The model predicted a glycerol kinase inhibitor to be an effective
medicine for type 2 diabetes, which not only decreased hepatic triglyceride but
also reduced plasma glucose. The model also enabled us to rationally design com-
bination therapy.

INTRODUCTION

Virtual metabolic human is an attractive goal for synthetic biology, systems biology, and bioinformatics,

which greatly contributes to advances in medicine and life science. Many scientists have raised its concepts

and have been developing computational frameworks based on genome-scale gene networks and whole-

body-scale omics data (Thiele et al., 2013, 2020; Viceconti and Hunter, 2016; Yugi et al., 2014). In 2019, the

virtual metabolic human database has been presented to facilitate computational modeling by linking

genome-scale networks of humanmetabolism to diseases and nutrition (Noronha et al., 2019). On the other

hand, multi-scale, large-scale dynamic models have been developed to understand human metabolism

(Ashworth et al., 2016; Berndt et al., 2018a, 2018b; Berndt and Holzhutter, 2018; Kim et al., 2007; Konig

et al., 2012; Li et al., 2010; Sluka et al., 2016).

Metabolism plays a critical role in human health and diseases (Frayn, 2010). Perturbation of genetics and

changes in lifestyle habitats, including excessive diet and inactivity, result in the development and progres-

sion of complex metabolic diseases, such as hyperglycemia, hyperlipidemia, obesity, non-alcoholic fatty

liver disease (Kitade et al., 2017; Xia et al., 2019), and diabetes (Ashcroft and Rorsman, 2012; Perry et al.,

2014; Saltiel, 2001; Xia et al., 2019). A systems approach is necessary to elucidate themolecular mechanisms

causing such metabolic dysfunctions and to propose the strategies for the prevention and treatment of

them (Kitano, 2010). As in vivo studies of human metabolism are hampered with serious ethical and tech-

nical problems, computational models are required to complement the in vivo studies (Eissing et al., 2011;

Iyengar et al., 2012; Maldonado et al., 2018).

So far various types of mathematical models have simulated human metabolism. Early models extensively

simulated glucose-insulin metabolism to analyze the effect of insulin secretion on glucose homeostasis

(Berger and Rodbard, 1989; Cobelli et al., 1984; Insel et al., 1975; Sherwin et al., 1974). Such extensive ef-

forts achieved the Food and Drug Administration-approved computational model that was implemented

by the artificial pancreas for type 1 diabetes mellitus (T1DM) (Cobelli et al., 2011; Visentin et al., 2018). Most

of the early models used the compartment models that regarded particular metabolites as the represen-

tatives responsible for their associated functions such as glycolysis, gluconeogenesis, glycogenolysis,

glycogenesis, and triglyceride (TG) synthesis/degradation. Compartment models simulated the
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glucagon/insulin-controlled glucose homeostasis by linking the liver to other organ compartments (He-

therington et al., 2012; Pearson et al., 2014) and suggested the mechanisms by which changes in the ratio

of carbohydrate to lipid alter hepatic TG synthesis through insulin action and generate different types of

diabetes (Hassell Sweatman, 2020; Pratt et al., 2015).

As those compartment models were coarse-grained and not always based on molecular mechanisms, their

applications were limited to an understanding of very specific functions according to their purpose. To

overcome this limitation, biochemistry-based mechanistic models were constructed that assigned a rate

equation to each metabolic reaction within a cell of the liver and skeletal muscle while considering allo-

steric effectors, enzyme activity regulation, and hormone-dependent reversible phosphorylation (Berndt

et al., 2018a; Konig et al., 2012; Li et al., 2010). The kinetics was measured by means of in vitro assays. In

2019, Berndt et al. developed a genome-scale, detailed kinetic model of hepatic cells that formulated thou-

sands of enzymes, transporters, and hormone-dependent regulations (Berndt et al., 2018a).

Those biochemistry-based models mainly pay attention to cells of the liver and skeletal muscle, although it

is important to consider the rest of the human body because organs are tightly connected with each other

through blood (Ashworth et al., 2016; Sluka et al., 2016; Xu et al., 2011). Xu et al. integrated hepatic

glycogen regulation with extra-hepatic fuel metabolism after a meal in the whole-body context (Xu

et al., 2011). Sluka et al. proposed a liver-centric model for acetaminophen pharmacology and metabolism

(Sluka et al., 2016). They integrated three-scale modules of enzyme reactions within a cell, physiologically

based pharmacokinetics of acetaminophen at organs, and its distribution at the whole-body level. Ash-

worth et al. developed a spatial kinetic model of hepatic glucose and lipid metabolism and treated the

sinusoidal tissue units instead of the single hepatocyte (Ashworth et al., 2016). They identified critical dif-

ferences between periportal and pericentral cells, indicating high susceptibility to pericentral steatosis

during the development of steatosis. Berndt et al. also presented a dynamic model of the sinusoidal tissue

units to suggest that structural properties, enzymatic properties, and regional blood flows are equally

important for an understanding of liver functionality (Berndt and Holzhutter, 2018; Berndt et al., 2018b).

Kim et al. proposed a whole-body computational model to simulate hormonal control over plasma glucose

and TG under a limited condition of physical exercise (Kim et al., 2007). They decomposed the whole body

into several organs and assigned each major metabolite within organs to an ordinary differential equation.

Palumbo et al. added details of subjects’ characteristics to the Kim’s model to simulate the effects on per-

sonal metabolic homeostasis during exercise (Palumbo et al., 2018).

Construction of whole-body metabolic models has just started. The existing models are fit for specific pur-

poses, which is quite reasonable, but their purposes are relatively limited. A more comprehensive model is

required that is applicable to a broad range of functions including pathological analysis andmedication. At

present a virtual metabolic human model that integrates molecular mechanisms for each organ is highly

expected not only to reproduce a variety of physiological and metabolic functions but also to analyze pa-

thology and design therapy while considering side effects. To satisfy these requirements, I have first pro-

posed a virtual metabolic human dynamic model or the multi-organ and multi-scale kinetic model that

accurately simulates the dynamics in key metabolites of glucose, lactate, pyruvate, glycerol, alanine,

glycogen, free fatty acid (FFA), and TG after a meal. To enhance the accuracy and applicability, the model

incorporated nucleotide cofactors that are critically responsible for global regulations and energy balance,

while conserving essential reaction pathways of carbohydrates and lipids for each organ. Use of the model

revealed the pathological mechanisms by which the individual disorders of steatosis, b cell dysfunction,

and insulin resistance (IR) are combined to cause diabetes. The model successfully predicted a glycerol ki-

nase inhibitor to be a newmedicine for type 2 diabetes mellitus (T2DM) and enabled us to rationally design

combination therapy.
RESULTS

Model construction

A schematic diagram of the whole body is shown in Figure 1. It consists of the blood, pancreas, liver, skel-

etal muscle, adipose tissue, gastrointestinal (GI) tract, heart, and brain. I constructed the union of all the

metabolic networks of the organs based on biochemistry (see Methods), as shown Figure 2. All the organ

metabolic networks except the pancreas were built by selecting organ-specific reactions from the union

network (Figure S1). The pancreas module was simplified as the controller that releases insulin in response

to a change in plasma glucose. The insulin kinetics is given by Equations (S3–S6 and S220 in Data S1). The
2 iScience 24, 102101, February 19, 2021



Figure 1. Schematic diagram of the human whole-body metabolism

(A) Realistic multi-organ model. The red and blue arrows indicate arterial and venous blood flows, respectively.

(B) Perfect mixing model of the whole-body metabolism.

Oxygen and carbon dioxide concentrations are assumed to be constant in the whole body, thus the kinetic model

excludes the gas exchange in the lungs. The slice portion indicates the energy budget consumed by each organ at

postabsorptive state.
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values of the kinetic parameters were adjusted to reproduce the experimental insulin secretion rate (Fig-

ure S2) and the insulin response with respect to plasma glucose (Figure S3). The glucagon kinetics is given

by Equations (S12–S16), assuming that the glucagon kinetics is opposite to the insulin kinetics (Vance et al.,

1968). The glucagon response to plasma glucose was well reproduced (Figure S4). I built the kinetic models

of the other organs, and then assembled them, as shown in Methods. The resultant kinetic model consists

of 202 ordinary differential equations for metabolites with 217 reaction rates and 1,140 kinetic parameter

constants, as shown in Data S1 (Equations (S1–S421)), Tables S1, and S2. Abbreviations of the kinetic

parameter constants are defined in Table S3.
Experimental model validation under healthy condition

The proposed kinetic model simulated the time course of plasma insulin, plasma glucose, plasma lactate,

plasma glycerol, plasma FFA, and plasma TG and liver/skeletal muscle glycogen after an overnight fast and

following a single meal, as shown in Figures 3A–3C. The simulated results were mostly consistent with the

clinical data of multiple healthy subjects (Bickerton et al., 2008; Frayn, 2010; Frayn et al., 1993; Meyer et al.,

2002; Taylor et al., 1996). The simulated plasma glucose concentration increased to a peak around 60 min,

and then decreased to approximately 5 mM. An increase in plasma glucose triggered the insulin secretion

from the pancreas to enhance the uptake of plasma glucose by the organs of liver, skeletal muscle, GI, and

adipose tissue. The plasma insulin concentration rapidly increased to a peak, which was caused by an
iScience 24, 102101, February 19, 2021 3



Figure 2. Union map of all organ metabolic networks
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increase in plasma glucose, and then decreased with a decrease in plasma glucose. Plasma lactate

increased to a peak after the meal and then decreased, as indicated by Frayn et al. (1993). The simulated

plasma glycerol was kept to be low, as indicated by the experimental data (Meyer et al., 2002). Plasma FFA

decreased after the meal, showing a dump, and then gradually increased, as indicated by Frayn et al.

(1993). The dump may be caused by the decreased FFA release from the adipose tissue into blood, which

results from the insulin-induced TG synthesis in the adipose tissue. Plasma TG, ingredient of chylomicrons

slowly increased after a meal, and then decreased, as indicated by the experimental data (Bickerton et al.,

2008; Karpe et al., 1992). In the liver and skeletal muscle, the glycogen concentrations increased due to in-

sulin action after a meal, as shown by the experimental data (Taylor et al., 1996). And then liver glycogen

was degraded into glucose (glyocogenolysis), which was released into blood. Skeletal muscle glycogen re-

mained to be degraded, as suggested by Jensen et al. (2011).

As shown in Figure 3D, the simulated exchange fluxes between each organ and blood at postabsorptive

state were consistent with the experimental data (Kim et al., 2007). The skeletal muscle released alanine

and lactate; the adipose tissue released glycerol and lactate. The skeletal muscle and adipose tissue
4 iScience 24, 102101, February 19, 2021



Figure 3. Experimental validation of the virtual metabolic human dynamic model

(A–C) Time course of key metabolite concentrations after an overnight fast and following a single meal of 87 g

carbohydrate and 33 g fat. The circles and lines indicate the experimental and simulated concentrations, respectively. (A)

Plasma glucose (blue); plasma insulin (red). (B) Liver glycogen (red); skeletal muscle glycogen (magenta) (no experimental

data). (C) Plasma lactate (blue); plasma FFA (green); plasma TG (cyan); plasma glycerol (red).

(D) Transport/exchange fluxes at postabsorptive state between blood and each organ. The red and blue bars indicate the

simulated and experimental fluxes, respectively.
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converted a part of the utilized glucose into lactose and released it into blood. The liver utilized the three

carbon metabolites of lactate, glycerol, and alanine to synthesize glucose (gluconeogenesis) and released

it into blood. I confirmed that the liver took up glycerol to convert it into glyceraldehyde-3-phosphate (Gap)

through glycerol 3-phosphate (Grp), or that plasma glycerol is used for gluconeogenesis (Figure S5). Thus,

the computational model well reproduced the glucose-lactate/glycerol/alanine cycles. The liver synthe-

sized TG, and then released it into blood. The heart utilized glucose, lactate, and FFA. The GI took up

plasma glucose and degraded stored TG into plasma FFA and glycerol. The adipose tissue took up plasma

glucose and TG; it released lactate, FFA, and glycerol. Plasma TG was utilized mainly by the adipose tissue.

The brain exclusively utilized plasma glucose.

Model validation under healthy and diseases conditions

To further validate the dynamic model, I compared the simulated results with the experimental data under

healthy anddiseases (IR andT2DM) conditions (the IR andT2DMaredefined inMethods). As shown in Figure S6,

the computational model reproduced the time course of plasma glucose, insulin, b-hydroxybutyrate (Bhb), FFA,

and TG for healthy subjects and subjectswith IR. Themodel captured the experimental features (Bickerton et al.,

2008): (1) IR increasedplasma insulin, (2) IR a little increasedplasmaglucose andplasmaTG, and (3) IR decreased

plasma Bhb. As shown in Figure S7, the computational model simulated the time course of plasma glucose, in-

sulin, lactate, and FFA for healthy, mild T2DM, and severe T2DM. The model reproduced the experimental

features (Reaven et al., 1988): (1) the plasma insulin increased for mild T2DM, whereas it greatly decreased

for severe T2DM due to b cell dysfunction; (2) the plasma glucose increased in the order of healthy, mild

T2DM, and severe T2DM; and (3) the severe T2DM loosened the dent of the plasma FFA.

To verify each organmodulemodel, I characterized the simulated exchange fluxes between each organ and the

blood. Figure S8 indicated the remarkablemetabolic shift that insulin changed the liver status between glucose

utilization and production, as indicated by Frayn (2010). After a meal, the glucose uptake flux rapidly increased,

whereas the FFA/lactate/alanine uptake and TG release decreased, indicating substrate storage. And then the

glucose/TG release increased, the FFA uptake increased, and the lactose/alanine/glycerol uptake increased.

The liver took up lactate, alanine, and glycerol to produce hepatic glucose through gluconeogenesis, as well

as the experimental data (Figure 3D). This further supported the typical feature of the glucose-lactose and

glucose-alanine cycles. Figure S9 verified that the computational model well reproduced the hepatic glucose

production, gluconeogenesis, and glycogenolysis fluxes for healthy subjects and those with T2DM. The model

captured some important features of the experimental data (Magnusson et al., 1992): (1) the T2DM increased the

total glucose production and gluconeogenesis fluxes and (2) gluconeogenesis played a major role in glucose

production compared with glycogenolysis. Figure S10 confirmed that the computational model reproduced

the experimental uptake fluxes of glucose, FFA, and TG by the skeletal muscle for healthy subjects and those

with T2DM (Bickerton et al., 2008) (Frayn et al., 1993). The model captured the important experimental features:

an insulin-induced peak response of the glucose uptake flux and the levels of glucose, FFA, and TG uptake

fluxes. Figure S11 verified that the computational model reproduced the experimental uptake fluxes of glucose,

FFA, and TG by the adipose tissue for healthy subjects and subjects with T2DM (Bickerton et al., 2008). The

model captured the typical experimental features: an insulin-induced peak response of the glucose uptake

flux and the level of FFA and TG uptake fluxes. The model showed an insulin-induced fast response of FFA

and TG, whereas the experimental data indicated a gradual response. Insulin may not be a unique factor for

the enhanced TG synthesis from FFA in the adipose tissue.

Finally, I used the simulation to characterize the other three organs due to lack of experimental data. Ac-

cording to the previous model (Kim et al., 2007; Pan and Hussain, 2012), my model assumed that the GI de-

grades the accumulated TG in its cytosols into FFA and glycerol to release them into plasma (Kim et al.,

2007) (Figure S12).The heart took up various substrates of plasma glucose, lactate, glycerol, and FFA (Fig-

ure S13). After a meal, the glucose and lactate uptake increased due to their increased plasma concentra-

tions (Figure 3); the FFA and glycerol uptake decreased due to their decreased plasma concentrations. The

brain utilized the plasma glucose and liver-produced Bhb (Figure S14). After a meal, the glucose uptake

increased due to its increased plasma concentration. The Bhb uptake occurred late, because its synthesis

by the liver may need some fasting conditions.

Discrepancy between experimental data and simulation

I illustrated some discrepancies between experimental data and simulation (Figure 3). The simulated insu-

lin pulse was sharper than the experimental pulse with a long tail. Although the simulated glycogen
6 iScience 24, 102101, February 19, 2021
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concentration in liver increased to a peak 1 h after the glucose peak, the duration to achieve the peak was

shorter than that of the experimental data (4–6 h). In other words, the simulated glycogen synthesis was

faster than experimental data. In addition, the simulated glycogen decreased more rapidly than experi-

mental data. The simulated plasma lactate increased to a peak at 2 h following the glucose peak, whereas

the duration (2 h) to achieve the peak was longer than the experimental lactate data. These discrepancies

will be discussed later.
Critically important features

The proposed model simulated the switching function between de novo lipogenesis (DNL) and Bhb syn-

thesis with respect to pyruvate in the liver, as shown in Figure 4A. A high concentration of pyruvate

increased the DNL flux; a very low concentration of pyruvate induced Bhb synthesis flux. The b-oxidation

flux gradually decreased with an increase in pyruvate, whereas the DNL flux and pyruvate dehydrogenase

(PDH) flux increased. It corresponded to the observation of the reverse relationships between DNL and

b-oxidation and between glycolysis and b-oxidation (Frayn, 2010).

I performed dynamic sensitivity analysis of metabolite concentrations with respect to specific kinetic pa-

rameters, as shown in Figure 4B. The plasma glucose level was highly robust with respect to changes in

the kinetic parameters except the insulin-related parameters including Km_inssyn_Glc_B, Km_Ins_B_L,

and Km_Ins_B_M. The set-point of plasma glucose was controlled dominantly by insulin. Km_inssyn_Glc_B,

which determines glucose-stimulated insulin secretion, was the most effective parameter that altered the

set-point of plasma glucose. Km_Ins_B_L and Km_Ins_B_M, which determine the insulin-stimulated

glucose uptake in the liver and skeletal muscle, were the second and third critical parameters, respectively.

Km_Ins_B_A hardly affected the set-point, because the glucose uptake rate of the adipose tissue was much

less than that by the skeletal muscle (Figure 3D). In addition to the insulin-related parameters, nucleotide

cofactor synthesis-related parameters were suggested to be responsible for remarkable changes. It is

because nucleotide cofactors simultaneously affect multiple reactions. Hepatic FFA and TG concentrations

indicated high sensitivities with respect to Vmax_tgdeg_TG_A and Vmax_tgdeg_TG_G that determine the

TG degradation rate in the adipose tissue and GI. It suggests that the adipose tissue and GI are closely

connected to liver through TG.
Prediction of hidden mechanisms

As shown in Figure 5, the hepatic FFA synthesis consists of two phases: the former phase is the malonyl-

CoA increasing phase (lipog1) of 0.5–1.8 h; the latter is its decreasing phase (lipog2) of 1.8–3.5 h. They

corresponded to the glucose utilization and production phases, respectively. During the former phase,

an increase in pyruvate enhanced malonyl-CoA production (Figure 2), whereas a decrease in glucose-6-

phosphate (G6p) reduced the pentose phosphate pathway flux and NADPH production. As NADPH, which

is required for the conversion from malonyl-CoA to FFA (lipog2), decreased, malonyl-CoA accumulated.

During the latter phase, an increase in G6p enhanced the pentose phosphate pathway flux and NADPH

production. The accumulated malonyl-CoA was converted into FFA using NADPH. As shown in Figure S15,

the simulated Bhb concentration increased at the early phase of a fasted condition, as indicated by the

experimental data (Owen et al., 1990), but it gradually decreased after 150 h with a decrease in plasma

FFA, which was not consistent with the experimental data that gradually increased with time. The decrease

in the simulated Bhb concentration in the late fasted phase may be caused by the decrease in plasma FFA.

It suggests that some mechanisms are required that increase plasma FFA under the fasted condition.
Pathological analysis

Individual disorders

The proposed model was used to perform pathological analysis of metabolic diseases. I simulated the ef-

fects of the individual disorders on marker metabolites such as plasma glucose, plasma insulin, and hepatic

TG, as shown in Figures 6A–6C. In general, high plasma glucose and hepatic TG accumulation develop or

exacerbate metabolic diseases (Frayn, 2010; Samuel and Shulman, 2012). In the steatosis model, hepatic

TG increased due to acceleration of lipogenesis (Ferre and Foufelle, 2010), whereas the dynamics of plasma

insulin and plasma glucose hardly changed compared with the healthy condition. In b cell dysfunction of

the pancreas, where glucose-stimulated insulin secretion is impaired or Km_inssyn_Glc_B is increased,

the plasma insulin concentration decreased, compared with the healthy condition; the peak and set-point

of plasma glucose greatly increased, as indicated by Lehmann and Deutsch (1992). Plasma glucose was less
iScience 24, 102101, February 19, 2021 7
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Figure 4. Critically important features of the virtual metabolic human dynamic model

The proposed model was simulated during 480 h after an overnight fast and following a single meal of 87 g carbohydrate

and 33 g fat.

(A) Changes in the simulated fluxes of key reactions with respect to hepatic pyruvate. The four fluxes of the PDH reaction

(red), DNL (green), Bhb synthesis (blue), and b-oxidation (black) were plotted with respect to pyruvate concentration in the

liver.

(B) Dynamic sensitivity analysis of metabolite concentrations at postabsorptive state with respect to a single kinetic

constant. The dynamic sensitivity was calculated at 10 h, where the value of a single kinetic parameter was changed by 1.1-

fold.
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Figure 5. Prediction of a two-phase mechanism of de novo

lipogenesis in the liver

The proposed model was simulated for 10 h after an overnight fast

and following a single meal of 87 g carbohydrate and 33 g fat.

(A) The time course of G6p (green), pyruvate (red), acetyl-CoA (black),

malonyl-CoA (cyan), and NADPH (blue) concentrations in the liver

were simulated.

(B) The time course of TCA cycle (black), lipog1(green), lipog2 (blue),

b-oxidation (magenta), and pentose phosphate pathway (cyan) fluxes

in the liver were simulated. The lipog1 and lipog2 indicate the

conversion from acetyl-CoA to malonyl-CoA and the conversion from

malonyl-CoA to FFA, respectively.
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utilized by the liver, skeletal muscle, and adipose tissue due to the impaired insulin secretion. Interestingly,

hepatic TG decreased, which conflicted with the observation that the b cell dysfunction exacerbates the

diseases (Cerf, 2013). T1DM is an extreme case of the b cell dysfunction, where Km_inssyn_Glc_B ap-

proaches to infinity or insulin is hardly produced in the pancreas. IR for the liver (IRL) increased the peak

and set-point of plasma glucose. Hyperinsulinemia, which is a compensatory response to IR (Kasuga,

2006), was observed. Interestingly, IRL decreased hepatic TG, which presents a paradox that IRL recovers

the hepatic steatosis that is a major cause of IRL, as suggested by Perry et al. (2014). IR for skeletal muscle

(IRM) slightly increased the set-point of plasma glucose and plasma insulin, and also increased the hepatic

TG, as suggested by the clinical observation (DeFronzo and Tripathy, 2009; Petersen et al., 2007). The skel-

etal muscle decreased the uptake of plasma glucose due to IRM, indicating hyperglycemia and hyperinsu-

linemia, whereas the liver utilized glucose to accumulate TG. It indicates that plasma glucose is diverted

away frommuscle glycogen storage to hepatic TG. IR for adipose tissue (IRA) hardly increased the set-point

of plasma glucose, while increasing hepatic TG, as suggested by Perry et al. (2014) and Utzschneider and

Kahn, (2006). It is because IRA decreases the insulin-induced TG synthesis in the adipose tissue, increasing

FFA. The FFA is secreted into blood to enter the liver, increasing hepatic TG.

Combined disorders

The proposed model was applied to pathological analysis of T2DM. Particularly, I analyzed the effect of IR

and b cell dysfunction on the progression of T2DM. I added the single disorders of IRM, IRA, IRL, and b cell

dysfunction to the steatosis model, as shown in Figures 6D–F. Addition of IRM and IRA to the steatosis

model slightly increased plasma insulin, and increased the peak and set-point of plasma glucose compared

with those under the healthy condition, indicating hyperinsulinemia and hyperglycemia. While IRM and IRA

cause hyperglycemia and enhance the release of FFA, respectively, the liver utilized plasma glucose and

FFA to synthesize TG. When IRL was added to the steatosis with IRM and IRA, the plasma insulin and

glucose increased, indicating typical IR symptom (Bickerton et al., 2008; Reaven et al., 1988), while

decreasing hepatic TG, interestingly. Addition of b cell dysfunction greatly decreased plasma insulin, while

increasing the peak and set-point of plasma glucose, indicating the severe T2DM symptom (Reaven et al.,

1988).

Medication analysis

The proposed model was employed to investigate how three widely prescribed medicines for T2DM sul-

fonylurea, metformin, and thiazolidinedione and a glycerol kinase inhibitor medicine candidate recover

T2DM, as shown in Figures 7A–7C. Sulfonylurea administration successfully decreased plasma glucose

with an increase in plasma insulin, as shown by the experimental data (Aquilante, 2010), but increased
iScience 24, 102101, February 19, 2021 9
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Figure 6. Pathological analysis using the virtual metabolic human model

(A–C) Single disorder. Time courses of plasma insulin (A), plasma glucose (B), and hepatic TG (C) for each disorder were

simulated after an overnight fast and following a single meal of 40 g carbohydrate and 22 g fat. The colored lines indicate

the healthy condition (blue), steatosis (red), IRA (black), IRM (green), IRL (cyan), and b cell dysfunction (magenta).

Specifically, steatosis is built by multiplying Vmax_accoat_Accoa_LM_LC, Vmax_lipog1_Accoa_LC,

Vmax_lipog2_Malcoa_L, and Vmax_tgsyn_FFA_L, Vmax_cholsyn1_Accoa_LC by 2. b cell dysfunction is built by

multiplying Km_inssyn_Glc_B by 1.5. IRA is built by multiplying Km_Ins_B_A by 1.5. IRM is built by multiplying

Km_Ins_B_M by 1.5. IRL is built by multiplying Km_Ins_B_L by 1.5.

(D–F) Combined disorders. Time courses of plasma insulin (D), plasma glucose (E), and hepatic TG (F) for each combined

disorder model were simulated after an overnight fast and following a single meal of 40 g carbohydrate and 22 g fat. The

colored lines indicate healthy condition (blue); the combination of steatosis, IRM, and IRA (red); the combination of

steatosis, IRL, IRM, and IRA (black); and the combination of steatosis, IRL, IRM, IRA, and b cell dysfunction (green) (T2DM).
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hepatic TG as an adverse effect, as suggested by Chen et al. (2015). Metformin acts not only on lactate de-

hydrogenase (LDH) but also on b-oxidation through AMP-activated protein kinase (AMPK). The LDH inhi-

bition by metformin decreased plasma glucose and hepatic TG, while increasing plasma lactate (Figures

S16), as indicated by the experimental data (Molavi et al., 2007; Natali and Ferrannini, 2006; Pernicova

and Korbonits, 2014). Activation of b-oxidation by metformin decreased hepatic TG. Thiazolidinedione

decreased hepatic plasma glucose and TG, as shown by the experimental data (Natali and Ferrannini,

2006). It is because thiazolidinedione enhances the glucose uptake in the skeletal muscle and activates

TG synthesis in the adipose tissue, reducing plasma FFA (Natali and Ferrannini, 2006). Administration of

a glycerol kinase inhibitor was found to decrease hepatic TG accumulation. Interestingly, it successfully

decreased plasma glucose. It will be discussed later. The glycerol kinase inhibitor was referred to as a

drug candidate for T2DM.
10 iScience 24, 102101, February 19, 2021
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Figure 7. Single medication analysis and prediction of combination therapy for T2DM by using the virtual

metabolic human model.

(A–C) Single medication: Time courses of the concentration of plasma insulin (A), plasma glucose (B), and hepatic TG (C)

for T2DMwere simulated after an overnight fast and following a singlemeal of 40 g carbohydrate and 22 g fat. The colored

lines indicate the T2DMmodel without anymedication (blue), LDH inhibition bymetformin (red), b-oxidation activation by

metformin (black), thiazolidinedione (green), sulfonylurea (cyan), and glycerol kinase inhibitor (magenta). Specifically,

metformin reduces Vmax_ldh_Pyr_L to zero and multiplies Vmax_boxid_FFA_L by 2. Thiazolidinedione multiplies

Vmax_tgsyn_FFA_A by 2. Sulfonylurea multiples Vmax_inssyn_Glc_B by 2. Glycerol kinase inhibitor reduces

Vmax_glyk_Glyc_L to 0.

(D–F) Combination therapy: Time courses of the concentration of plasma insulin (D), plasma glucose (E), and hepatic TG

(F) for T2DM were simulated after an overnight fast and following a single meal of 40 g carbohydrate and 22 g fat. The

colored lines indicate no medication (T2DM) (blue); metformin therapy (red); the combination therapy of metformin and

thiazolidinedione (black); the combination therapy of metformin, thiazolidinedione, and sulfonylurea (green); and the

combination therapy of metformin, thiazolidinedione, sulfonylurea, and glycerol kinase inhibitor (cyan).
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Design of combination therapy

To investigate the feasibility of combination therapy, I employed three medicines (metformin, thiazolidine-

dione, and sulfonylurea) and a glycerol kinase inhibitor. Figures 7D–F show the simulation results of three

combination therapies. Expectedly metformin decreased plasma glucose and hepatic TG. The combina-

tion of metformin and thiazolidinedione was simulated to additively decrease plasma glucose, as shown

by the experimental data (Fonseca et al., 2000). The combination of the three drugs (metformin, thiazoli-

dinedione, and sulfonylurea) was simulated to be additively effective in reducing plasma glucose, as indi-

cated by the experimental data (Yale et al., 2001) (Inzucchi, 2002). Addition of the glycerol kinase inhibitor

to the aforementioned three medicines further decreased hepatic TG with a little decrease in plasma

glucose; it hardly changed the insulin concentration. These simulation results revealed that the
iScience 24, 102101, February 19, 2021 11
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combination therapy is effective in reducing plasma glucose and hepatic TG. The combination therapy pre-

sented explicitly additive effects, suggesting that the four medicines acted on different reactions.
DISCUSSION

Modular model construction

I have constructed a dynamic model that integrated eight organ modules and formulated the whole-body

metabolism at the three scales of body, organ, and molecule. The resultant model consists of 202 ordinary

differential equations with 217 reaction rates and 1,140 kinetic parameter constants. It is the most compre-

hensive, largest, and highly predictive kinetic model of the whole-body metabolism. The divide and

conquer strategy at the organ scale allows us to run the individual organs separately and to exchange

the organ module without any extensive rework. This modular dynamic model accurately reproduced

the dynamics of experimental data of insulin, glucose, lactate, FFA, and TG concentrations and trans-

port/exchange fluxes between blood and the other organs at postabsorptive state. In addition, the model

also reproduced the typical features of subjects with metabolic diseases (IR and T2DM) and the effects of

medicines on T2DM recovery. This model captured key features of human whole-body metabolism:

lactate-glucose, alanine-glucose, glycerol-glucose cycles between the liver and other organs. The model

reproduced the two typical features: the enhanced DNL suppressing b-oxidation and the enhanced glycol-

ysis or PDH reaction decreasing b-oxidation. The former is effective in avoiding their futile cycles; the latter

is effective in adjusting the energy balance between glycolysis and b-oxidation. In addition, the model pre-

sented a critical switching function between the DNL and Bhb synthesis with respect to pyruvate in the liver

(Figure 4). Pyruvate played a key role in determining the entry of acetyl-CoA (AcCoA) into tricarboxylic acid

(TCA) cycle, DNL or synthesis of FFA from citrate (CIT), and Bhb synthesis. As the entry reaction of the TCA

cycle in mitochondria is presented by oxaloacetate (OAA)+ AcCoA/CIT, OAA that derives from pyruvate

is essential to drive the TCA cycle. Under a fasted condition a low glucose concentration causes shortage of

pyruvate, suppressing the entry reaction of the TCA cycle. In this case, b-oxidation-produced AcCoA is not

consumed by the TCA cycle, but is utilized for the synthesis of Bhb. On the other hand, at high plasma

glucose, abundant pyruvate activates the TCA cycle, enhancing CIT production in the mitochondria. CIT

is transported into the cytoplasm, and converted into AcCoA to synthesize FFA. In a word, high plasma

glucose enhances DNL.
Model validity

I discuss some discrepancies between the experimental data and simulation. This model reproduced the

experimental plasma glucose pulse, but did not exactly reproduce the experimental insulin pulse. It was

inevitable because the insulin dynamics was tightly coupled with the glucose pulse (Equation S4). Some

factors other than glucose, e.g., amino acids, may induce insulin secretion. The simulated glycogen con-

centration in the liver increased to a peak 2–3 h before the experimental peak, and it decreased more

rapidly than experimental data. The glycogen synthesis peak results from the assumption that the glycogen

synthesis is tightly coupled with insulin dynamics in the proposed model. In the simulation model, the fast

glycogenolysis (Figure 3) was definitely required to release glucose for plasma glucose homeostasis. If

gluconeogenesis or glucose production is increased in the rest of the body, the hepatic glycogenolysis

rate can be gradual or slow, reproducing the experimental observation more accurately. The present

model does not consider the kidney module that converts plasma glutamine and lactate into glucose (Al-

sahli and Gerich, 2017), which underestimates the gluconeogenesis in the whole body. The fast glycogen-

olysis would be caused by the fact that the computational model excludes the gluconeogenesis by the

kidney.

The experimental data employed in this study were a collection of different references, i.e., the experi-

mental data were not obtained under the exactly same conditions. For example, the time course data of

plasma insulin, plasma glucose, and plasma lactate derived from Frayn et al. (1993), whereas the experi-

mental data of their transport fluxes came from Kim et al. (2007). The proposed model did not insist on

the exact fitting, but pursued capturing critical metabolic features. In human metabolism studies, direct

measurements of in vivo kinetics are very hard and in vivo experiments are seriously limited due to ethical

issues. As it is difficult to obtain a sufficient amount of data for kinetic modeling at present and in the near

future, we have to manage fragmental, heterogeneous quantitative data, qualitative features, and biolog-

ical knowledge to build a mathematical model (Maeda et al., 2013, 2019). The important thing is not to pre-

cisely measure or evaluate the exact values of kinetic parameters, but to capture essential functions
12 iScience 24, 102101, February 19, 2021
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underlying metabolic networks without insisting on the exact values in vivo or on complexity in detailed

biochemistry (Kurata et al., 2003, 2005).

I derived the rate equations from precise chemical reaction equations (Swainston et al., 2016) when the

experimentally validated rate equations are not available. Owing to shortage of measured data, I did

not uniquely determine the kinetic parameter values. However, the existing experimental data including

in vitro measured kinetic constants, qualitative data, and biological information rather constrained the

parameter space of the kinetic model. They were feasible enough for constructing kinetic models, for un-

derstanding the mechanisms by which the metabolic networks generate physiological functions and

robustness, and for performing pathological and medication analysis. The resolution of the model would

be appropriate enough for the given experimental data and biological information. It may be no use to

build much more detailed mathematical equations, if there is little experimental data to validate them.

Robustness

Generally, high sensitivity-indicating parameters point out critical mechanisms such as ultrasensitivity, pos-

itive feedback loop, and bottleneck reactions. The insulin-related kinetic parameters of Km_inssyn_Glc_B,

Km_Ins_B_L, and Km_Ins_B_M, which were employed by Hill equations with ultrasensitivity (Konig et al.,

2012), showed high sensitivity. Such ultrasensitivity makes it possible for insulin to induce the distinct shift

between glucose utilization and production. Coenzyme (ATP, GTP, UTP, NADH, NADPH, and FADH2)

synthesis-related parameters greatly affected the major pathways of b-oxidation, TCA cycle, and PDH

reaction, whereas previous whole-body models hardly considered nucleotide cofactors (Kim et al., 2007;

Palumbo et al., 2018; Xu et al., 2011). NAD+ affects the reactions of TCA cycle, b-oxidation, LDH, and glyc-

eraldehyde-3-phosphate dehydrogenase (G3PD). G3PD is the critically responsible enzyme for linking

glycolysis to TG synthesis. NADH, which is produced through glycolysis, b-oxidation, and TCA cycle, is

essential to generate ATP through oxidative phosphorylation. NADPH, which is produced in the pentose

phosphate pathway, is utilized for DNL. UTP, which is essential for glycogen synthesis, is regenerated by

the nucleotide diphosphate kinase reaction ATP + UDP/ ADP + UTP. GTP, which is necessary for gluco-

neogenesis (Figure 2), is also regenerated by the nucleotide diphosphate kinase reaction of ATP + GDP/

ADP + GTP. Those nucleotide cofactors conjugate multiple cofactor-coupled reactions to form global

feedback loops, which is exemplified by glycolysis pathways with TCA cycle and oxidative phosphorylation

(Kurata, 2019; Teusink et al., 1998). Glycolysis requires ATP at the initial step (hexokinase [HK], glucokinase

[GK], phosphofructokinase [PFK]) (Figure 2). An increase in the glycolysis flux enhances the TCA cycle with

oxidative phosphorylation to further produce ATP, which activates the initial step of glycolysis in a positive

feedback manner. This ATP amplification is called turbo-design or self-replenishment cycle (Kurata, 2019;

Teusink et al., 1998). It accelerates the glucose utilization (HK, GK, PFK) to reduce plasma glucose. b-oxida-

tion in each organ and Bhb degradation in the brain also employ the similar positive feedback loops. Thus,

incorporation of nucleotide cofactors is effective in understanding the mechanisms of global metabolic

changes.

While the insulin-related parameters including Km_inssyn_Glc_B, Km_Ins_B_L, and Km_Ins_B_M played a

critical role in changing the set-point (5mM) of plasma glucose concentration, the set-point provided a

highly robust property against changes in the other kinetic parameters. The set-point of plasma glucose

is dominantly controlled by insulin. The robustness of the plasma glucose set-point is achieved by the in-

sulin-based feedback switching between the hepatic glucose utilization and production. In addition, nucle-

otide cofactors conjugate multiple cofactor-coupled reactions to generate global negative feedback

loops. The negative feedback loops control the balances of NADH redox energy and ATP energy. For

example, an increase in NADH suppresses the b-oxidation and PDH reaction due to the decreased

NAD+, which deactivates the NADH-synthesizing TCA cycle. Excess ATP would be utilized to promote

the synthesis of TG and cholesterol.

Prediction of hidden mechanism

The proposed model suggested a two-phase mechanism of FFA synthesis in the liver, which consists of an

initial malonyl-CoA accumulation phase and a later malonyl-CoA decreasing phase (Figure 5). This sepa-

ration is caused by the fact that NADPH synthesis in the pentose phosphate pathways is coupled with

DNL (Figure 2). Malonyl-CoA is a key intermediate metabolite for the FFA synthesis. During the former

phase, G6p in the liver decreases, which decreases the pentose phosphate pathway flux and NADPH. Ma-

lonyl-CoA accumulated due to shortage of NADPH. During the latter phase, G6p increases, which
iScience 24, 102101, February 19, 2021 13
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enhances the flux of the pentose phosphate pathways with NADPH synthesis. The accumulated malonyl-

CoA is converted with NADPH into FFA. The two phases correspond to the glucose production and utili-

zation phases. Consequently, the DNL occurs shortly after the glucose pulse.

Pathological analysis

A computer model takes an advantage in analysis of the individual disorders and in understanding the

mechanisms by which the individual ones are combined to cause complex pathologies. Metabolic diseases

take a matter of years to develop, but short-term simulation is effective in considering some signs of such

diseases and in capturing typical pathological features.

The proposed kinetic model was applied to pathological analysis for diabetes (Ashworth et al., 2016; Utzsch-

neider and Kahn, 2006). In T1DM, little or no insulin is produced by the pancreas. T2DM is characterized by stea-

tosis, IR, and b cell dysfunction. Of course steatosis is the underlying disease. I investigated the effect of IR and b

cell dysfunction on diabetes progression. IRA alone hardly increased the plasma glucose set-point. The set-

point increased in the order of IRM, IRL, and b cell dysfunction. An increase in the plasma glucose set-point

by IRM reflects that skeletal muscle accounts for 80% of the whole insulin-mediated glucose uptake (Saltiel

and Kahn, 2001; Stump et al., 2006; Thong et al., 2005). The b cell dysfunction is the first principal contribution

to hyperglycemia, the IRL is the second one, and the IRM is the third one. b cell dysfunction and IRL greatly

increased plasma glucose, inducing serious progression (Reaven et al., 1988). Quantitative analysis of mecha-

nisms responsible for the insulin-controlled glucose uptake is useful to understand the contribution of each dis-

order to T2DM. The simulation results were consistent with the widely recognized experimental data that IRM

and IRA promote hepatic TG synthesis (Perry et al., 2014; Petersen et al., 2007). On the other hand, Figure 6 sug-

gests a paradox or conflict that b cell dysfunction and IRL, which are known to exacerbate diabetes (Cerf, 2013)

(Perry et al., 2014), recover the steatosis that is amajor cause of IR. I solve the paradox as follows.When IR occurs,

hepatic TG accumulation may be no longer controlled by insulin (Doege et al., 2008; Kim et al., 2001), but be

transformed into a chronic or irreversible state through oxidation, endoplasmic reticulum (ER) stress, and inflam-

mation (Ferre and Foufelle, 2010; Samuel and Shulman, 2012).

Medication and combination therapy

Medication is a very popular way to treat T2DM. Out of many medications, I employed the three existing med-

icines (metformin, thiazolidinedione, and sulfonylurea) and a glycerol kinase inhibitor. Curative remedies are to

reduce plasma glucose and to decrease ectopic TG accumulation. The three compounds metformin, thiazoli-

dinedione, sulfonylurea were simulated to be effective in reducing plasma glucose, which was consistent with

the experimental data (DeFronzo and Goodman, 1995; Inzucchi, 2002). The model demonstrated the adverse

effect ofmetformin that increases plasma lactate as lactic acidosis (Figure S16), as indicated by the experimental

data (Molavi et al., 2007; Pernicova and Korbonits, 2014). Interestingly, the proposedmodel uncovered that the

glycerol kinase inhibitor decreased not only hepatic TG but also plasma glucose. The reduced plasma glucose

results from the shortage of Grp due to the inhibited glycerol kinase in the liver. Specifically, the shortage ofGrp

decreases the backward reaction from Grp to Gap, which results in reduced gluconeogenesis. The glycerol ki-

nase inhibitor is found to be a promising medicine for T2DM. Out of the several medications, activation of

b-oxidation, which burns FFA, can be a powerful remedy of T2DM, because it has an advantage in removing

not only TG but also its precursors. Metformin acts on b-oxidation through AMPK activation, although its action

is marginal. Thus, new medicines should be developed that effectively activate b-oxidation. Sulfonylurea suc-

cessfully reduced plasma glucose, but increased hepatic TG as an adverse effect, as suggested by Chen

et al. (2015). The model not only accurately predicted the essential results of medications but also achieved a

rational design of combination therapy. The combination therapy ofmetformin, thiazolidinedione, sulfonylurea,

and glycerol kinase inhibitor was found to be a novel therapy to reduce plasma glucose and hepatic TG. The

successful combination results from the fact that the four compounds act on different reactions.

Limitations of the study

IR can be caused by ectopic TG accumulation. Specifically, a lipid metabolite of diacylglycerol activates

protein kinase C isoforms, impairing insulin signaling in organs (Cerf, 2013; Perry et al., 2014). In addition,

the ratio of saturated FFA to monounsaturated FFA plays a major role in disease progression (Alkhouri

et al., 2009). Saturated FFA leads to inflammation, ER stress, and apoptosis. As the proposed model

is not able to consider DAG or saturated FFA, more detailed models are necessary that consider the IR-in-

ducing mechanisms. The present model seems a mono-stable model (I have not found any bistability yet in

the model), whereas real disorders are often chronic and irreversible. Actually, accumulated TG may be
14 iScience 24, 102101, February 19, 2021
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aggregated and denatured due to inflammation, oxidation, and ER stress to cause chronic and irreversible

dysfunctions (Perry et al., 2014). Such irreversible disorders should be considered in the next model.
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Transparent Methods 

Mathematical model 

Model overview 

A schematic diagram of the whole body is shown in Figure 1. I constructed the union of all the metabolic 

networks of the organs based on biochemistry, as shown Figure 2. I lumped associated enzyme reactions into 

chemical reaction equations based on Recon2.2 (Swainston et al., 2016). Each organ network was built by 

selecting organ-specific reactions from the union network. The whole-body model formulates the metabolic 

enzyme and transporter reactions with regulation of enzyme activities and hormonal actions for all the organs. 

A meal of glucose and triglyceride (TG) is inputted into blood through the gastrointestinal (GI) tract. The model 

focuses on insulin hormone (Yugi et al., 2014), assuming that glucagon effect is approximately opposite to 

insulin (Kawamori et al., 2009). Note that detailed kinetics of glucagon in vivo remains to be measured. The 

model takes account for glucose, lactate, glycerol, alanine, -hydroxybutyrate (Bhb), TG, free fatty acid (FFA) 

and insulin in blood, assuming the perfect mixing that there is no spatial gradient of metabolites, oxygen and 

carbon dioxide in each organ. In this study alanine represents the gluconeogenic amino acids and Bhb represents 

ketone bodies. Notably, the nucleotide cofactors of ATP, GTP, UTP, NADH, NADPH, and FADH2 are 

incorporated to reflect realistic metabolic changes. The resultant model consists of 202 ordinary differential 

equations for metabolites with 217 reaction rates and 1141 kinetic parameter constants, as shown in Equation 

S1-S421, Table S1, and Table S2. Abbreviations of the kinetic parameter constants are defined in Table S3. 

The differential equations are integrated with ode15s (MATLAB R2019a, The MathWorks, Inc.) to simulate 

their dynamics. 

Module decomposition 

A divide and conquer strategy is employed for model construction (Karr et al., 2012; Kurata et al., 2007). The 

whole body is decomposed into blood (B) and eight distinct tissue/organ modules (Figure 1): liver (L), skeletal 

muscle (M) adipose tissue (A), GI tract (G), heart (H), brain (N), pancreas (P), and other tissues (T). Blood acts 

as the principal transport/exchange medium for metabolites between the different organs. Glucose and TG are 

inputted to blood through the GI tract, following ingestion of a meal (Equations S1, S2). Insulin secretion from 

the pancreas is controlled by plasma glucose and FFA concentrations (Yaney and Corkey, 2003) (Equations S4, 

S5). The pancreas is simplified as an insulin controller. In the liver, many rate equations are derived from several 

previous works (Ashworth et al., 2016; Berndt et al., 2018a; Berndt et al., 2018b; Kim et al., 2007; Pearson et 

al., 2014). I lump multiple associated enzyme reactions and simplify signal transduction pathways including 

glucose-controlled insulin secretion, phosphorylation of enzymes, and gene regulations by carbohydrate 

responsive element binding protein (ChREBP) and sterol-regulatory element binding protein 1c (SREBP-1c). 

When no experimental rate equation is available, I derive plain Michaelis-Menten type equations based on 

chemical reaction equations and then estimate the value of Vmax of rate equations. The parameter estimation is 

carried by genetic algorithms (Maeda et al., 2013; Maeda et al., 2019) so that the model can reproduce the 
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experimental transport/exchange fluxes at postabsorptive state between blood and each organ (Kim et al., 2007) 

without changing the experimental values of the Michaelis and dissociation constants. In the other organs, where 

little measured kinetic data is available, I estimate Vmax of rate equations so as to reproduce the experimental 

transport fluxes at postabsorptive state (Kim et al., 2007), while fixing the experimental values the Michaelis 

and dissociation constants. I assume that gene expression profiles depend on organs but the employed enzymes 

are common to all the organs. The other tissue has no specific regulation. 

Module assembly 

I combine all the organ modules. To connect blood to each organ, I define  and  ( , , , , )X X X = L M A G H 

as the insulin and glucagon factors for each organ, respectively, which alters the activity of insulin- and 

glucagon-controlled enzymes (Equations S7-S16). Organs of B, N, P, and T do not have the insulin/glucagon 

factors. I connect the liver module to the blood module. Subsequently, I add the skeletal muscle, adipose tissue, 

GI, heart and brain modules. The values of the insulin-related kinetic parameters are estimated so that the model 

can reproduce the experimental time course data of plasma insulin, plasma glucose, plasma lactate (Frayn et al., 

1993), plasma glycerol (Meyer et al., 2002), plasma TG (Bickerton et al., 2008), plasma FFA, and hepatic 

glycogen (Taylor et al., 1996). 

Dynamic sensitivity analysis 

To investigate the robustness of the model, the relative change of metabolite concentrations with respect to a 

change in a kinetic constant were evaluated. Sensitivity analysis explores some mechanisms by which a system 

of interest generates robustness and remarkable changes (Masunaga et al., 2017). The dynamic sensitivity of 

target parameter y with respect to a change in specific constant parameter p is given by: 

y p
Sensitivity

p y





. 

Pathological analysis 

A long-term excess supply of glucose develops steatosis, lipotoxicity, or ectopic TG accumulation by increasing 

synthesis of ChREBP, a transcription factor whose expression is more exclusively regulated by sugars than 

insulin (Mandarino et al., 1993, 1996). It also leads to the synthesis of SREBP-1c, which is stimulated by insulin 

under metabolically healthy conditions. In steatosis, the activities of enzymes regarding de novo lipogenesis 

(DNL) (synthesis from acetyl-CoA to TG) and cholesterol synthesis abnormally increase in the liver. Steatosis 

or ectopic TG accumulation can cause metabolic diseases, such as hyperglycemia, hyperlipidemia, 

hyperinsulinemia, obesity, NAFLD and type 2 diabetes mellitus (T2DM) (Friedman, 2002; Guebre-Egziabher 

et al., 2013; Kitade et al., 2017; Molavi et al., 2007). Chronic exposure to high plasma glucose and obesity, 

leading to oxidative stress and inflammation, induce changes in the regulation of gene expression that converge 

on impaired glucose-stimulated insulin secretion(Gilbert and Liu, 2012) and insulin resistance (IR).  cell 

dysfunction in the pancreas suppresses glucose-stimulated insulin secretion. 
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Individual disorder decomposition 

While complex mechanisms of metabolic diseases may not be exactly defined, I conveniently decomposed the 

diseases into individual disorders to perform pathological analysis. Diabetes was decomposed into steatosis,  

cell dysfunction, and IR. Steatosis is the underlying disease. Cell dysfunction of pancreas is a major cause of 

shifting a set-point of plasma glucose concentration (Ashcroft and Rorsman, 2012; Cerf, 2013). IR is further 

classified with respect to each organ of the liver, skeletal muscle, and adipose tissue. IR of each organ is also a 

major cause. To build a steatosis model, I increased the values of kinetic parameters regarding the DNL and 

cholesterol synthesis in the liver. Specifically, steatosis is built by multiplying Vmax_accoat_Accoa_LM_LC, 

Vmax_lipog1_Accoa_LC, Vmax_lipog2_Malcoa_L, and Vmax_tgsyn_FFA_L, Vmax_cholsyn1_Accoa_LC 

by 2. -cell dysfunction is built by multiplying Km_inssyn_Glc_B by 1.5. IRA is built by multiplying 

Km_Ins_B_A by 1.5. IRM is built by multiplying Km_Ins_B_M by 1.5. IRL is built by multiplying 

Km_Ins_B_L by 1.5. 

Diabetes reconstruction 

T2DM consists of steatosis,  cell dysfunction and IR (Ashcroft and Rorsman, 2012; Saltiel, 2001; Xia et al., 

2019). To build a T2DM model, insulin resistance for the liver (IRL), insulin resistance for the skeletal muscle 

(IRM) or insulin resistance for the adipose tissue (IRA) was added to the steatosis and  cell dysfunction model. 

Type 1 diabetes mellitus (T1DM), once known as juvenile diabetes or insulin-dependent diabetes, is the extreme 

case of  cell dysfunction in which the pancreas produces little or no insulin. Differing from T2DM, T1DM 

results from genetic defects or some viruses and it has no cure. 

Medication analysis 

I used three types of widely prescribed T2DM medicines: sulfonylurea, metformin and thiazolidinedione to 

perform medication analysis. In addition to the three medicines, a glycerol kinase inhibitor was used to inhibit 

TG synthesis (Seltzer et al., 1986). Sulfonylurea promotes insulin secretion by the pancreas (Aquilante, 2010). 

Metformin is active in the suppression of hepatic gluconeogenesis. (DeFronzo et al 1991; Stumvoll et al 1995) 

(Molavi et al., 2007). Specifically, it suppresses lactate dehydrogenase (LDH) in the liver, accompanied by lactic 

acidosis (Pernicova and Korbonits, 2014). It also activates AMP-activated protein kinase (AMPK) that regulates 

energy homeostasis (Fullerton et al., 2013; Pernicova and Korbonits, 2014) or activate -oxidation. 

Thiazolidinediones are a family of drugs that have been used in the treatment of T2DM since the late 1990s 

(Molavi et al., 2007). The thiazolidinedione derivatives, pioglitazone and rosiglitazone, are synthetic ligands 

for peroxisome proliferative-activated receptor γ (PPARγ) that improve insulin sensitivity. PPARγ is mainly 

expressed in the adipose tissue; PPARγ agonists promote adipocyte differentiation and promote the FFA uptake 

and storage in the subcutaneous adipose tissue rather than visceral sites (Rasouli et al., 2005). In addition, 

thiazolidinedione is known to enhance the glucose uptake in the skeletal muscle (Natali and Ferrannini, 2006). 

Specifically, metformin reduces Vmax_ldh_Pyr_L to zero and multiplies Vmax_boxid_FFA_L by 2. 

Thiazolidinedione multiplies Vmax_tgsyn_FFA_A by 2. Sulfonylurea multiples Vmax_inssyn_Glc_B by 2. 
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Glycerol kinase inhibitor reduces Vmax_glyk_Glyc_L to zero.  

Experimental data and subjects 

The model targets a healthy young adult man with 70 kg body weight. The exchange fluxes between blood and 

each organ at postabsorptive state were derived from the previous work (Kim et al., 2007). The time course data 

of plasma insulin, plasma glucose, plasma lactate, plasama FFA, and plasma TG were measured for 6 h after an 

overnight fast and following a single meal of 87 g carbohydrate and 33 g fat (Time = 0) for 8 healthy subjects 

(Frayn et al., 1993) (Bickerton et al., 2008). The plasma lactate and liver glycogen were measured after an 

overnight fast and following a meal containing 98 g carbohydrate and 14 g fat for 8 healthy subjects (Taylor et 

al., 1996). The plasma glycerol and alanine were measured after an overnight fast and following a meal 

containing 75 g carbohydrate for 10 healthy subjects (Meyer et al., 2002). 

Homeostasis of metabolites in blood 

Glucose and hormone 

Plasma glucose in human is controlled at a set-point of 5 mM by hormones of insulin and glucagon (Frayn, 

2010). Insulin is the only hormone that decreases the plasma glucose concentration, while multiple glucose 

increasing hormones are known. Glucagon is a counter partner of insulin. The plasma concentrations of insulin 

and glucagon directly respond to changes in plasma glucose. The plasma glucose concentration is maintained 

in a narrow range between a minimum value of 3 mM after prolonged fasting or exercise and a maximum value 

of 9 mM after a meal (Nuttall et al., 2008). Glucose enters blood in three ways: absorption from the intestine, 

glycogenolysis in the liver, and gluconeogenesis in the liver and kidney. After an overnight fast, 95% of glucose 

production comes from the liver (Kim et al., 2007). The liver produces glucose through glycogenolysis and 

gluconeogenesis with almost equal contribution at postabsorptive state. Lactate, pyruvate, alanine and glycerol 

are the major gluconeogenic precursors. Fifty percentages of glucose at postabsorptive state is utilized by the 

brain, while the skeletal muscle uses 20%. The gastrointestinal (GI) tract consumes only 10% of glucose. The 

organs except the brain use FFA as metabolic fuels to save glucose. 

Lactate, pyruvate and alanine 

The liver and heart primarily consume plasma lactate, while the skeletal muscle, adipose tissue and other tissues, 

including inactive upper body muscles and red blood cells, produce lactate. Pyruvate exchange occurs primarily 

between the skeletal muscle and other tissues. Plasma pyruvate concentration is very small or negligible. Only 

the liver consumes amino acids, especially alanine, for gluconeogenesis, while the skeletal muscle is the main 

source of alanine and the inactive muscle in other tissues is an additional source. 

FFA, glycerol and triglyceride (TG) 

FFA and glycerol are mainly produced from lipolysis of TG in the adipose tissue. The liver uptakes FFA from 

blood and utilizes FFA as a main fuel. A half of the liver-taken FFA is oxidized; the half is re-esterified into TG 

(Frayn, 2010; Kim et al., 2007). Since the adipose tissue lacks glycerol phosphorylase, lipolysis-produced 
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glycerol is not utilized for TG synthesis in the adipose tissue. The liver uptakes the glycerol released from the 

adipose tissue and utilize it as a gluconeogenic precursor, i.e., a substrate for TG synthesis. 

Ketone body 

Ketone bodies including -hydroxybutyrate (Bhb) are synthesized from acetyl-CoA produced through -

oxidation. Synthesis of ketone bodies are stimulated mainly by glucagon in the liver under a fasted condition. 

Ketone bodies are utilized exclusively by the brain.  

Metabolic reactions of each organ 

Liver and pancreas 

The liver plays a central role in buffering or controlling plasma glucose. Switching between the glucose 

utilization (glycolysis and glycogenesis) and glucose production (gluconeogenesis and glycogenolysis) is 

dependent on the plasma glucose level. The glucose utilization occurs at glucose concentration exceeding a 

critical threshold value; the glucose production occurs below the critical concentration. Insulin alters the 

phosphorylation state of multiple key interconvertible enzymes of hexokinase (HK), glycogen synthase (GS), 

glycogen phosphorylase (GP), phosphofructokinase (PFK), fructose-1,6-bisphosphatase (FBP), pyruvate kinase 

(PK) and pyruvate dehydrogenase (PDH) to shift a remarkable metabolic state. The liver temporally stores 

substantial amounts of glucose as glycogen, synthesizes glucose from small carbohydrates, including lactate, 

pyruvate, glycerol and alanine, and converts excess glucose into FFA. It also synthesizes TG and cholesterol 

and secretes them into blood. Under a fasted condition, the liver synthesizes Bhb from acetyl-CoA as a metabolic 

fuel for the brain. In the pancreas  cells serve as a controller of insulin synthesis and release in response to a 

plasma glucose concentration. 

Skeletal muscle and heart 

Insulin activates glucose transporter 4 (GLUT4) in the skeletal muscle to uptake glucose and to accumulate 

glycogen. To control substantially glucose uptake rates, a few key enzymes of HK, GS, and PDH are activated 

(Mandarino et al., 1993, 1996). In this study the skeletal muscle represents the lean muscles in the lower 

extremity. The skeletal muscle uptakes FFA as fuels and releases lactate and alanine into blood. Heart consists 

of specialized muscle cells (cardiomyocytes) and constantly uptakes metabolic fuels, including glucose, lactate, 

and FFA to generate ATP to maintain contractile function without any fatigue. In contrast to the skeletal muscle, 

GLUT1, which is not controlled by insulin, is dominant. The major metabolic fuel for the heart is FFA. 

Adipose tissue and GI tract 

The adipose tissues are producers and reservoirs of TG. Plasma TG is degraded by lipase on the adipose tissue 

surface into FFA and glycerol. FFA enters the adipose cells; glycerol returns to blood. Within the adipose tissue, 

FFA and glycerol-3-phosphate (Grp) are synthesized into TG. Since the adipose tissue lacks glycerol kinase, 

glycerol-3-P comes just from glucose-derived glycelaldehyde-3-phosphate (Gap). Insulin activates the TG 

synthesis and lipase reaction, facilitating TG accumulation. The GI tract includes the splanchnic region (stomach, 
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spleen, intestines) except the liver. It utilizes glucose, accumulates TG, and releases FFA and glycerol into blood.  

Brain and other tissues 

The brain constantly takes only glucose and Bhb as metabolic fuels, neither utilizes FFA nor TG, because the 

blood-brain barrier prevents such large-size molecules from entering the brain. It has Bhb degradation pathways 

to degrade Bhb into acetyl-CoA for energy. The other tissue compartment includes kidney, upper extremity 

muscles, and the rest of tissues. 
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Data S1 Mathematical equations, Related to Figures 3-7 

 

Dietary input flux 
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where t is time. (Pearson et al., 2014) 

 

Insulin flux 
The insulin synthesis rate is described by Hill equation for plasma glucose (Konig et al., 2012; Pearson et al., 

2014). 
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Insulin and glucagon activities in organs 

Insulin-regulated enzyme activity factor in liver is defined as 
L  , which is determined by plasma insulin 

concentration, depending on each organ.  
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Glucagon-regulated enzyme activity factor is given by 
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1G G     (S15) 

1H H     (S16) 

Subscripts: L, M, A, G, H, N and T indicate liver, skeletal muscle, adipose tissue, GI, heart, brain, and other 

tissue, respectively. 

 

Flux in liver 
Glucose transporter (GLUT2) (Ashworth et al., 2016; Berndt et al., 2018b; Zheng et al., 1995) 
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Hexokinase (HK) (Berndt et al., 2018b) 

6

    
6 6

(1 ) (1 )

L L

L L

L L

Glc Glc L L
hk L hk

Glc AtpL L
L hk L hkG p Atp

hk hk

Glc Atp
v Vmax

G p G p
Glc Km Atp Km

Ki Ki

  

   

  (S18) 

Glucokinase (GK) (Ashworth et al., 2016) 
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Pentose phosphate pathway (PPP) 
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G6Pase (Ashworth et al., 2016) 
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Glycogen synthase (GS) (Ashworth et al., 2016) 
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max

LGlygn denotes the maximum amount of glycogen that liver can store (Pearson et al., 2014).  

 

Glycogen degradation (GD) by glycogen phosphorylase (GP) (Ashworth et al., 2016) 
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Phosphofructokinase (PFK) (Ashworth et al., 2016) 
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Fructose-1,6-bisphosphatase (FBP) (Ashworth et al., 2016) 
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Pyruvate kinase (PK) (Ashworth et al., 2016) 
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Phosphoenolpyruvate carboxykinase (PEPCK) (Ashworth et al., 2016) 
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Pyruvate transporter (PYRT) (Berndt et al., 2018b) 
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Lactate transporter (LACT) (Berndt et al., 2018b) 
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Lactate dehydrogenase (LDH) (Berndt et al., 2018b) 
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Alanine transporter (ALAT) 
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Alanine transaminase (ALAT)  
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Pyruvate dehydrogenase (PDH) (Ashworth et al., 2016) 
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TCA cycle (TCA) 
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FFA transporter (FFAT) (Ashworth et al., 2016) 
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TG synthesis (TGSYN) (Ashworth et al., 2016) 
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TG degradation (TGDEG) (Ashworth et al., 2016) 
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Glycerol transporter (GLYCT) (Ashworth et al., 2016) 

  

1

BL BL

BL L

Glyc Glyc B L
glyct glyct

B L

Glyc Glyc
glyct glyct

Glyc Glyc
v Vdif

Glyc Glyc

Kdif Kdif




 

  (S40) 

 

Glycerol kinase (GLYK) (Berndt et al., 2018a) 
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TG transporter (TGT) (Ashworth et al., 2016) 
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Glycerol-3-phosphate dehydrogenase (G3PD) (Berndt et al., 2018a) 
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-oxidation (BOXID) (Ashworth et al., 2016) 
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AcCoA release into cytoplasm for FFA synthesis (ACCOAT)  
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-hydroxybutyrate synthesis (BHBSYN) 
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-hydroxybutyrate transporter (BHBT) 
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Lipogenesis 1 (LIPOG1)  
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Lipogenesis 2 (LIPOG2) 
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Cholesterol synthesis 1 (CHOLSYN1) 
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Cholesterol synthesis 2 (CHOLSYN2) 
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Cholesterol transporter (CHOLT) 
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ATP synthesis from FADH (ATPSYNF)  
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ATP synthesis from NADH (ATPSYNN) 
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ATP utilization (ATPUSE) 
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Adenosine kinase (AMP regeneration into ADP (AMPREG)) (Ashworth et al., 2016) 
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Guanosine diphosphate kinase (GDP regeneration to GTP (GDPREG) (Berndt et al., 2018a; Berndt et al., 2018b) 

 

  

(1 )(1 ) (1 )(1 ) 1

L

L L

L L L L

L L
L L Gtp

gdpregGdp Gdp

gdpreg gdpreg

L L L L

Gdp Atp Gtp Adp

gdpreg gdpreg gdpreg gdpreg

Gtp Adp
Gdp Atp

Keq
v Vmax

Gdp Atp Gtp Adp

Km Km Km Km





     

   (S59) 

 

Uridine diphosphate kinase (UDP regeneration to UDP (UDPREG))(Berndt et al., 2018a; Berndt et al., 2018b) 

  

(1 )(1 ) (1 )(1 ) 1

L

L L

L L L L

L L
L L Utp

udpregUdp Udp

udpreg udpreg

L L L L

Udp Atp Utp Adp

udpreg udpreg udpreg udpreg

Utp Adp
Udp Atp

Keq
v Vmax

Udp Atp Utp Adp

Km Km Km Km





     

   (S60) 

 

NADH kinase (NADHK) 

  L L

L L

Nadh Nadh L L
nadhk nadhk Nadh Atp

L nadhk L nadhk

Nadh Atp
v Vmax

Nadh Km Atp Km


 
   (S61) 

 

UTP utilization (UTPUSE) 

  L L

L

Utp Utp L
utpuse utpuse Utp

L utpuse

Utp
v Vmax

Utp Km



   (S62) 

 

GTP utilization (GTPUSE) 
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  L L

L

Gtp Gtp L
gtpuse gtpuse Gtp

L gtpuse

Gtp
v Vmax

Gtp Km



   (S63) 

 

NADH utilization (NADHUSE) 

  L L

L

Nadh Nadh L
nadhuse nadhuse Nadh

L nadhuse

Nadh
v Vmax

Nadh Km



   (S64) 

 

NADPH utilization (NADPHUSE) 

  L L

L

Nadph Nadph L
nadphuse nadphuse Nadph

L nadphuse

Nadph
v Vmax

Nadph Km



   (S65) 

 

FADH utilization (FADHUSE) 

  L L

L

Fadh Fadh L
fadhuse fadhuse Fadh

L fadhuse

Fadh
v Vmax

Fadh Km



   (S66) 

 

Creatine kinase (CK) (Kim et al., 2007) 

/
  

(1 ) (1 ) (1 ) (1 ) 1

L

L L

L L L L

Crep
Cre Cre L L L L ck
ck ck

L L L L

Cre Atp Crep Adp

ck ck ck ck

Cre Atp Crep Adp Keq
v max

Cre Atp Crep Adp

Km Km Km K

V

m

  
 

       

   (S67) 

 

Flux in skeletal muscle 
Glucose transporter (GLUT4) 

4 4

4 4

   

1

BM BM

BM M

Glc Glc B M
glut M glut

B M

Glc Glc

glut glut

Glc Glc
v Vdif

Glc Glc

Kdif Kdif




 

 

 (S68) 

 

Hexokinase (HK) 

6

    
6 6

(1 ) (1 )

M M

M M

M M

Glc Glc M M
hk M hk

Glc AtpM M
M hk M hkG p Atp

hk hk

Glc Atp
v Vmax

G p G p
Glc Km Atp Km

Ki Ki

 

   

   (S69) 

 

Glycogen synthase (GS) 
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6

6 6

max
6 6

max6

6 ( )
  

( )6

G pM
gs

M M

G p G pM M
L Mgs gsM

n

G p G p M M M M
gs M gs Glygn Utpn nG p

M M gs M gsM gs

G p Glygn Glygn Utp
v Vmax

Glygn Glygn Km Utp KmG p Km



 

  

(S70) 

max

MGlygn denotes the maximum amount of glycogen that skeletal muscle can store. 

 

Glycogen degradation (GD) by glycogen phosphorylase (GP) 

  M M

M M

Glygn Glygn M M
gd gd Glygn Phos

M gd M gd

Glygn Phos
v max

Glygn Km Phos Km
V

 
 (S71)

  

 

Phosphofructokinase (PFK) 

6 6

6

(

6
 

6

1

 

)

 M M

M M

M

M

M M M

G p G p M M
pfk M pfk G p Atp

M pfk M pfk

Atp

pfk GapM M

Atp Adp Gap

M pfk M

pfk

pfk M pfk

G p Atp
v max

G p Km Atp Km

Ki Adp Gap

Atp Ki Adp Km Gap Ki

V

b

 
 

  





  (S72) 

 

Pyruvate kinase (PK) 

   (1 )M M MM

M MM M

Gap Gap AccoaM MM M
pk M pk pkGap Accoa Adp

M pk MM pk M pk

Gap Accoa Adp
v max b

Gap Km Accoa Ki Adp
V

Km
  

  
  (S73) 

 

Pyruvate transporter (PYRT) 

  

1

BM BM

BM M

Pyr Pyr B M
pyrt pyrt

B M

Pyr Pyr
pyrt pyrt

Pyr Pyr
v Vdif

Pyr Pyr

Kdif Kdif




 

 (S74) 

 

Lactate transporter (LACT) 

  

1

BM BM

BM M

Lac Lac B M
lact lact

B M

Lac Lac
lact lact

Lac Lac
v Vdif

Lac Lac

Kdif Kdif




 

 (S75) 

 

Lactate dehydrogenase (LDH) 
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/
  

(1 )(1 ) (1 )(1 ) 1

M

M M

M M M M

Lac
Pyr Pyr M M M M ldh
ldh ldh

M M M M

Pyr Nadh Lac Nad

ldh ldh ldh ldh

Pyr Nadh Lac Nad Keq
v max

Pyr Nadh Lac Nad

Km Km Km Km

V
  



     

 (S76) 

 

Alanine transporter (ALAT) 

  

1

BM BM

BM M

Ala Ala B M
alat alat

B M

Ala Ala
alat alat

Ala Ala
v Vdif

Ala Ala

Kdif Kdif




 

 (S77) 

 

Alanine transaminase (ALAT) 

/
  

(1 ) (1 ) 1

M

M M

M M

Ala
Pyr Pyr M M alata
alata alata

M M

Pyr Ala

alata alata

Pyr Ala Keq
v max

Pyr Ala

K

V

m Km


 

   

 (S78) 

 

Pyruvate dehydrogenase (PDH) 

  
MM

M M

M M MM

Accoa

pdhPyr Pyr M M
pdh M pdh Pyr Nad Accoa

M pdh M pdh MM pdh

KmPyr Nad
v maxV

Pyr Km Nad Km Accoa Km
 

  
 (S79) 

 

TCA cycle (TCA) 

  MM MM

MM M M M

M M

Accoa Accoa MM M M M
tca tca Accoa Adp Nad Fad

MM tca M tca M tca M tca

M M

Phos Pyr

M tca M tca

Accoa Adp Nad Fad
v max

Accoa Km Adp Km Nad Km Fad Km

Phos Pyr

Phos Km Pyr

V

Km


   

 

(S80) 

 

FFA transporter (FFAT) 

_ _     BM BM BMFFA FFA FFA

ffat ffat d ffat av v v    (S81) 

_   

1

BM BM

BM M

FFA FFA B M
ffat d ffat

B M

FFA FFA
ffat ffat

FFA FFA
v Vdif

FFA FFA

Kdif Kdif




 

  (S82) 

_   BM BM

BM

FFA FFA B
ffat a ffat FFA

B ffat

FFA
v Vmax

FFA Km



  (S83) 
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TG synthesis (TGSYN) 

max

max
  

( )

M M

M M M M

FFA FFA M M M M M
tgsyn tgsyn FFA Glycp TG Atp

M tgsyn M tgsyn M M tgsyn M tgsyn

FFA Glycp TG TG Atp
v Vmax

FFA Km Glycp Km TG TG Km Atp Km




    
 (S84) 

 

TG degradation (TGDEG) 

  L L

L

TG TG L
tgdeg L tgdeg TG

L tgdeg

TG
v Vmax

TG Km



  (S85) 

 

Glycerol transporter (GLYCT) 

  

1

BM BM

BM M

Glyc Glyc B M
glyct glyct

B M

Glyc Glyc
glyct glyct

Glyc Glyc
v Vdif

Glyc Glyc

Kdif Kdif




 

  (S86) 

 

Glycerol kinase (GLYK) 

  

(1 )

M M

M
M

M

Glyc Glyc M M
glyk glyk Atp

Glyc M M glyk
M glyk Gap

glyk

Glyc Atp
v Vmax

Gap Atp Km
Glyc Km

Ki




 

  (S87) 

 

TG transporter (TGT) 

_ _ +  BM BM BMTG TG TG

tgt tgt a tgt dv v v  (S80) 

_   
M

BM BM

BM

M

TG

B M tgtTG TG

tgt d tgt

TG M
B tgt TG

tgt

TG TG Keq
v Vdif

TG
TG Kdif

Keq




 

  (S88) 

_   BM BM

M

TG TG B
tgt a tgt TG

B tgt

TG
v Vmax

TG Km
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Glycerol-3-phosphate dehydrogenase (G3PD) 
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3

3 3

3 33 3

  

(1 )(1 ) (1 )(1 ) 1

M

M M

M MM M

M
M M MGlycp

g pdGap Gap

g pd g pd

M M M M

Glycp NadGap Nadh
g pd g pdg pd g pd

Glycp
Gap Nadh Nad

Keq
v Vmax

Gap Nadh Glycp Nad

Km KmKm Km





     

  (S90) 

 

-oxidation (BOXID) 

  M M

M M M M

MM M

MM M

FFA FFA M M M M
boxid boxid FFA Atp Nad Fad

M boxid M boxid M boxid M boxid

Accoa Malcoa

boxid boxid

Accoa Malcoa

MM boxid M boxid

FFA Atp Nad Fad
v Vmax

FFA Km Atp Km Nad Km Fad Km

Ki Ki

Accoa Ki Malcoa Ki


   


 

  (S91) 

 

ATP synthesis from FADH (ATPSYNF) 

  M M

M M

Fadh Fadh M M
atpsynf atpsynf Fadh Adp

M atpsynf M atpsynf

Fadh Adp
v Vmax

Fadh Km Adp Km


 
 (S92) 

 

ATP synthesis from NADH (ATPSYNN) 

  M M

M M

Nadh Nadh M M
atpsynn atpsynn Nadh Adp

M atpsynn M atpsynn

Nadh Adp
v Vmax

Nadh Km Adp Km


 
 (S93) 

 

ATP utilization (ATPUSE) 

  M M

M

Atp Atp M
atpuse atpuse Atp

M atpuse

Atp
v Vmax

Atp Km



 (S94) 

 

Adenosine kinase (AMP regeneration into ADP (AMPREG))  

  M M

M M M M

Amp Amp M M M M
ampreg ampreg Amp Atp Adp Adp

M ampreg M ampreg M ampreg M ampreg

Amp Atp Adp Adp
v Vmax

Amp Km Atp Km Adp Km Adp Km

 
  
     

 (S95) 

 

Uridine diphosphate kinase (UDP regeneration to UDP (UDPREG)) 
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(1 )(1 ) (1 )(1 ) 1

M

M M

M M M M

M M
M M Utp

udpregUdp Udp

udpreg udpreg

M M M M

Udp Atp Utp Adp

udpreg udpreg udpreg udpreg

Utp Adp
Udp Atp

Keq
v Vmax

Udp Atp Utp Adp

Km Km Km Km





     

 (S96) 

 

UTP utilization (UTPUSE) 

  M M

M

Utp Utp M
utpuse utpuse Utp

M utpuse

Utp
v Vmax

Utp Km



 (S97) 

 

NADH utilization (NADHUSE) 

  M M

M

Nadh Nadh M
nadhuse nadhuse Nadh

M nadhuse

Nadh
v Vmax

Nadh Km



 (S98) 

 

NADPH utilization (NADPHUSE) 

  L L

L

Nadph Nadph L
nadphuse nadphuse Nadph

L nadphuse

Nadph
v Vmax

Nadph Km



 (S99) 

 

FADH utilization (FADHUSE) 

  M M

M

Fadh Fadh M
fadhuse fadhuse Fadh

M fadhuse

Fadh
v Vmax

Fadh Km



 (S100) 

 

Creatine kinase (CK) 

/
  

(1 )(1 ) (1 )(1 ) 1

M

M M

M M M M

Crep
Cre Cre M M M M ck
ck ck

M M M M

Cre Atp Crep Adp

ck ck ck ck

Cre Atp Crep Adp Keq
v max

Cre Atp Crep Adp

Km Km Km Km

V
  

 

     

 (S101) 

 

Flux in adipose tissue 
Glucose transporter (GLUT4) 

4 4

4 4

   

1

BA BA

BA A

Glc Glc B A
glut A glut

B A

Glc Glc
glut glut

Glc Glc
v Vdif

Glc Glc

Kdif Kdif




 

 

 (S102) 
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Hexokinase (HK) 

6

    
6 6

(1 ) (1 )

A A

A A

A A

Glc Glc A A
hk A hk

Glc AtpA A
A hk A hkG p Atp

hk hk

Glc Atp
v Vmax

G p G p
Glc Km Atp Km

Ki Ki

 

   

 (S103) 

 

Phosphofructokinase (PFK) 

6 6

6

(

6
 

6

1

 

)

 A A

A A

A

A

A A A

G p G p A A
pfk A pfk G p Atp

A pfk A pfk

Atp

pfk GapA A

Atp Adp Gap

A pfk A

pfk

pfk A pfk

G p Atp
v max

G p Km Atp Km

Ki Adp Gap

Atp Ki Adp Km Gap Ki

V

b

 
 

  





  (S104) 

 

Pyruvate kinase (PK) 

   (1 )A A AM

A AM A

Gap Gap AccoaA AM A
pk A pk pkGap Accoa Adp

A pk AM pk A pk

Gap Accoa Adp
v max b

Gap Km Accoa Ki Adp
V

Km
  

  
 (S105) 

 

Pyruvate transporter (PYRT) 

  

1

BA BA

BM A

Pyr Pyr B A
pyrt pyrt

B A

Pyr Pyr
pyrt pyrt

Pyr Pyr
v Vdif

Pyr Pyr

Kdif Kdif
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Lactate transporter (LACT) 

  

1

BA BA

BM A

Lac Lac B A
lact lact

B A

Lac Lac
lact lact

Lac Lac
v Vdif

Lac Lac

Kdif Kdif
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Lactate dehydrogenase (LDH) 

/
  

(1 )(1 ) (1 )(1 ) 1

A

A A

A A A A

Lac
Pyr Pyr A A A A ldh
ldh ldh

A A A A

Pyr Nadh Lac Nad

ldh ldh ldh ldh

Pyr Nadh Lac Nad Keq
v max

Pyr Nadh Lac Nad

Km Km Km Km

V
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Alanine transporter (ALAT) 
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1

BA BA

BA A

Ala Ala B A
alat alat

B A

Ala Ala
alat alat

Ala Ala
v Vdif

Ala Ala

Kdif Kdif




 

 (S109) 

 

Alanine transaminase (ALAT) 

/
  

(1 ) (1 ) 1

A

A A

A A

Ala
Pyr Pyr A A alata
alata alata

A A

Pyr Ala

alata alata

Pyr Ala Keq
v max

Pyr Ala

K

V

m Km


 

   

 (S110) 

 

Pyruvate dehydrogenase (PDH) 

  
AM

A A

A A AM

Accoa

pdhPyr Pyr A A
pdh A pdh Pyr Nad Accoa

A pdh A pdh AM pdh

KmPyr Nad
v maxV

Pyr Km Nad Km Accoa Km
 

  
 (S111) 

 

TCA cycle (TCA) 

  AM AM

AM A A A

A A

Accoa Accoa AM A A A
tca tca Accoa Adp Nad Fad

AM tca A tca A tca A tca

A A

Phos Pyr

A tca A tca

Accoa Adp Nad Fad
v max

Accoa Km Adp Km Nad Km Fad Km

Phos Pyr

Phos Km Pyr

V

Km


   

 

 (S112) 

 

FFA transporter (FFAT) 

_ _     BA BA BAFFA FFA FFA

ffat ffat d ffat av v v   (S113) 

_   

1

BA BA

BA M

FFA FFA B A
ffat d ffat

B M

FFA FFA
ffat ffat

FFA FFA
v Vdif

FFA FFA

Kdif Kdif




 

 (S114) 

_   BA BA

BA

FFA FFA A
ffat a ffat FFA

A ffat

FFA
v Vmax

FFA Km
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TG synthesis (TGSYN) 

max

max
  

( )

A A

A A A A

FFA FFA A A A A A
tgsyn tgsyn FFA Glycp TG Atp

A tgsyn A tgsyn A A tgsyn A tgsyn

FFA Glycp TG TG Atp
v Vmax

FFA Km Glycp Km TG TG Km Atp Km




    
 (S116) 
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TG degradation (TGDEG) 

  A A

A

TG TG A
tgdeg A tgdeg TG

A tgdeg

TG
v Vmax

TG Km
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Glycerol transporter (GLYCT) 

  

1

BA BA

BA A

Glyc Glyc B A
glyct glyct

B A

Glyc Glyc
glyct glyct

Glyc Glyc
v Vdif

Glyc Glyc

Kdif Kdif




 

 (S118) 

 

Glycerol kinase (GLYK) 

  

(1 )

A A

A
A

A

Glyc Glyc A A
glyk glyk Atp

Glyc A A glyk
A glyk Gap

glyk

Glyc Atp
v Vmax

Gap Atp Km
Glyc Km

Ki




 

 (S119) 

TG transporter (TGT) 

_ _ +  BM BM BMTG TG TG

tgt tgt a tgt dv v v  (S120) 

_   BA BA

A

TG TG B
tgt a A tgt TG

B tgt

TG
v Vmax

TG Km
 


 (S121) 

_   
A

BA BA

BA

A

TG

B A tgtTG TG

tgt d tgt

TG A
B tgt TG

tgt

TG TG Keq
v Vdif

TG
TG Kdif

Keq
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Glycerol-3-phosphate dehydrogenase (G3PD) 

3

3 3

3 33 3

  

(1 )(1 ) (1 )(1 ) 1

A

A A

A AA A

A
A A AGlycp

g pdGap Gap

g pd g pd

A A A A

Glycp NadGap Nadh
g pd g pdg pd g pd

Glycp
Gap Nadh Nad

Keq
v Vmax

Gap Nadh Glycp Nad

Km KmKm Km
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-oxidation (BOXID) 

  A A

A A A A

AM A

AM A

FFA FFA A A A A
boxid boxid FFA Atp Nad Fad

A boxid A boxid A boxid A boxid

Accoa Malcoa

boxid boxid

Accoa Malcoa

AM boxid A boxid

FFA Atp Nad Fad
v Vmax

FFA Km Atp Km Nad Km Fad Km

Ki Ki

Accoa Ki Malcoa Ki


   


 

 (S124) 
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ATP synthesis from FADH (ATPSYNF) 

  A A

A A

Fadh Fadh A A
atpsynf atpsynf Fadh Adp

A atpsynf A atpsynf

Fadh Adp
v Vmax

Fadh Km Adp Km


 
 (S125) 

 

ATP synthesis from NADH (ATPSYNN) 

  A A

A A

Nadh Nadh A A
atpsynn atpsynn Nadh Adp

A atpsynn A atpsynn

Nadh Adp
v Vmax

Nadh Km Adp Km


 
 (S126) 

 

ATP utilization (ATPUSE) 

  A A

A

Atp Atp A
atpuse atpuse Atp

A atpuse

Atp
v Vmax

Atp Km
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Adenosine kinase (AMP regeneration into ADP (AMPREG))  

  A A

A A A A

Amp Amp A A A A
ampreg ampreg Amp Atp Adp Adp

A ampreg A ampreg A ampreg A ampreg

Amp Atp Adp Adp
v Vmax

Amp Km Atp Km Adp Km Adp Km

 
  
     

 (S128) 

 

NADH utilization (NADHUSE) 

  A A

A

Nadh Nadh A
nadhuse nadhuse Nadh

A nadhuse

Nadh
v Vmax

Nadh Km



 (S129) 

 

FADH utilization (FADHUSE) 

  A A

A

Fadh Fadh A
fadhuse fadhuse Fadh

A fadhuse

Fadh
v Vmax

Fadh Km



 (S130) 

 

Creatine kinase (CK) 

/
  

(1 )(1 ) (1 )(1 ) 1

A

A A

A A A A

Crep
Cre Cre A A A A ck
ck ck

A A A A

Cre Atp Crep Adp

ck ck ck ck

Cre Atp Crep Adp Keq
v max

Cre Atp Crep Adp

Km Km Km Km

V
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Flux in GI tract 
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Glucose transporter (GLUT2) 

2 2

2 2

   

1

BG BG

BG G

Glc Glc B G
glut glut

GB

Glc Glc
glut glut

Glc Glc
v Vdif

GlcGlc

Kdif Kdif




 

 (S132) 

 

Hexokinase (HK) 

6

    
6 6

(1 ) (1 )

G G

G G

G G

Glc Glc G G
hk G hk

Glc AtpG G
G hk G hkG p Atp

hk hk

Glc Atp
v Vmax

G p G p
Glc Km Atp Km

Ki Ki
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Phosphofructokinase (PFK) 

6 6

6

(

6
 

6

1

 

)

 G G

G G

G

G

G G G

G p G p G G
pfk G pfk G p Atp

G pfk G pfk

Atp

pfk GapG G

Atp Adp Gap

G pfk G

pfk

pfk G pfk

G p Atp
v max

G p Km Atp Km

Ki Adp Gap

Atp Ki Adp Km Gap Ki

V

b

 
 

  





  (S134) 

 

Pyruvate kinase (PK) 

   (1 )G G GM

G GM G

Gap Gap AccoaG GM G
pk G pk pkGap Accoa Adp

G pk GM pk G pk

Gap Accoa Adp
v max b

Gap Km Accoa Ki Adp
V

Km
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Pyruvate transporter (PYRT) 

  

1

BG BG

BG G

Pyr Pyr B G
pyrt pyrt

GB

Pyr Pyr
pyrt pyrt

Pyr Pyr
v Vdif

PyrPyr

Kdif Kdif
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Lactate transporter (LACT) 

  

1

BA BA

BM A

Lac Lac B A
lact lact

B A

Lac Lac
lact lact

Lac Lac
v Vdif

Lac Lac

Kdif Kdif
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Lactate dehydrogenase (LDH) 
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/
  

(1 )(1 ) (1 )(1 ) 1

G

G G

G G G G

Lac
Pyr Pyr G G G G ldh
ldh ldh

G G G G

Pyr Nadh Lac Nad

ldh ldh ldh ldh

Pyr Nadh Lac Nad Keq
v max

Pyr Nadh Lac Nad

Km Km Km Km

V
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Alanine transporter (ALAT) 

  

1

BG BG

BG G

Ala Ala B G
alat alat

GB

Ala Ala
alat alat

Ala Ala
v Vdif

AlaAla

Kdif Kdif
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Alanine transaminase (ALAT) 

/
  

(1 ) (1 ) 1

G

G G

G G

Ala
Pyr Pyr G G alata
alata alata

G G

Pyr Ala

alata alata

Pyr Ala Keq
v max

Pyr Ala

K

V

m Km
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Pyruvate dehydrogenase (PDH) 

  
GM

G G

G G GM

Accoa

pdhPyr Pyr G G
pdh G pdh Pyr Nad Accoa

G pdh G pdh GM pdh

KmPyr Nad
v maxV

Pyr Km Nad Km Accoa Km
 

  
 (S141) 

 

TCA cycle (TCA) 

  GM GM

GM G G G

G G

Accoa Accoa GM G G G
tca tca Accoa Adp Nad Fad

GM tca G tca G tca G tca

G G

Phos Pyr

G tca G tca

Accoa Adp Nad Fad
v max

Accoa Km Adp Km Nad Km Fad Km

Phos Pyr

Phos Km Pyr

V

Km


   

 

 (S142) 

 

FFA transporter (FFAT) 

_ _     BG BG BGFFA FFA FFA

ffat ffat d ffat av v v   (S143) 

_   

1

BG BG

BG G

FFA FFA B G
ffat d ffat

GB

FFA FFA
ffat ffat

FFA FFA
v Vdif

FFAFFA

Kdif Kdif




 

 (S144) 

_   BG BG

BG

FFA FFA G
ffat a ffat FFA

G ffat

FFA
v Vmax

FFA Km
 


 (S145) 
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TG synthesis (TGSYN) 

max

max
  

( )

G G

G G G G

FFA FFA G G G G G
tgsyn tgsyn FFA Glycp TG Atp

G tgsyn G tgsyn G G tgsyn G tgsyn

FFA Glycp TG TG Atp
v Vmax

FFA Km Glycp Km TG TG Km Atp Km




    
 (S146) 

 

TG degradation (TGDEG) 

  G G

G

TG TG G
tgdeg G tgdeg TG

G tgdeg

TG
v Vmax

TG Km



 (S147) 

 

Glycerol transporter (GLYCT) 

  

1

BG BG

BG G

Glyc Glyc B G
glyct glyct

GB

Glyc Glyc
glyct glyct

Glyc Glyc
v Vdif

GlycGlyc

Kdif Kdif




 

 (S148) 

 

Glycerol kinase (GLYK) 

  

(1 )

G G

G
G

G

Glyc Glyc G G
glyk glyk Atp

Glyc G G glyk
G glyk Gap

glyk

Glyc Atp
v Vmax

Gap Atp Km
Glyc Km

Ki




 

 (S149) 

 

TG transporter (TGT) 

_ _ +  BG BG BGTG TG TG

tgt tgt a tgt dv v v  (S150 

_   BG BG

G

TG TG B
tgt a G tgt TG

B tgt

TG
v Vmax

TG Km
 


 (S151) 

_   
G

BG BG

BG

G

TG

B G tgtTG TG

tgt d tgt

TG G
B tgt TG

tgt

TG TG Keq
v Vdif

TG
TG Kdif

Keq




 

 (S152) 

 

Glycerol-3-phosphate dehydrogenase (G3PD) 
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3

3 3

3 33 3

  

(1 )(1 ) (1 )(1 ) 1

G

G G

G GG G

G
G G GGlycp

g pdGap Gap

g pd g pd

G G G G

Glycp NadGap Nadh
g pd g pdg pd g pd

Glycp
Gap Nadh Nad

Keq
v Vmax

Gap Nadh Glycp Nad

Km KmKm Km





     

 (S153) 

 

-oxidation (BOXID) 

  G G

G G G G

GM G

GM G

FFA FFA G G G G
boxid boxid FFA Atp Nad Fad

G boxid G boxid G boxid G boxid

Accoa Malcoa

boxid boxid

Accoa Malcoa

GM boxid G boxid

FFA Atp Nad Fad
v Vmax

FFA Km Atp Km Nad Km Fad Km

Ki Ki

Accoa Ki Malcoa Ki


   


 

 (S154) 

 

ATP synthesis from FADH (ATPSYNF) 

  G G

G G

Fadh Fadh G G
atpsynf atpsynf Fadh Adp

G atpsynf G atpsynf

Fadh Adp
v Vmax

Fadh Km Adp Km


 
 (S155) 

 

ATP synthesis from NADH (ATPSYNN) 

  G G

G G

Nadh Nadh G G
atpsynn atpsynn Nadh Adp

G atpsynn G atpsynn

Nadh Adp
v Vmax

Nadh Km Adp Km


 
 (S156) 

 

ATP utilization (ATPUSE) 

  G G

G

Atp Atp G
atpuse atpuse Atp

G atpuse

Atp
v Vmax

Atp Km



 (S157) 

 

Adenosine kinase (AMP regeneration into ADP (AMPREG))  

  G G

G G G G

Amp Amp G G G G
ampreg ampreg Amp Atp Adp Adp

G ampreg G ampreg G ampreg G ampreg

Amp Atp Adp Adp
v Vmax

Amp Km Atp Km Adp Km Adp Km

 
  
     

 (S158) 

 

NADH utilization (NADHUSE) 

  G G

G

Nadh Nadh G
nadhuse nadhuse Nadh

G nadhuse

Nadh
v Vmax

Nadh Km



 (S159) 
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FADH utilization (FADHUSE) 

  G G

G

Fadh Fadh G
fadhuse fadhuse Fadh

G fadhuse

Fadh
v Vmax

Fadh Km



 (S160) 

 

Creatine kinase (CK) 

/
  

(1 )(1 ) (1 )(1 ) 1

G

G G

G G G G

Crep
Cre Cre G G G G ck
ck ck

G G G G

Cre Atp Crep Adp

ck ck ck ck

Cre Atp Crep Adp Keq
v max

Cre Atp Crep Adp

Km Km Km Km

V
  

 

     

 (S161) 

 

Flux in heart 
Glucose transporter (GLUT2) 

2 2

2 2

  

1

BH BH

BH H

Glc Glc B H
glut glut

B H

Glc Glc

glut glut

Glc Glc
v Vdif

Glc Glc

Kdif Kdif




 

 (S162) 

 

Hexokinase (HK) 

6

  
6 6

(1 ) (1 )

H H

H H

H H

Glc Glc H H
hk hk

Glc AtpH H
H hk H hkG p Atp

hk hk

Glc Atp
v Vmax

G p G p
Glc Km Atp Km

Ki Ki



   

 (S163) 

Glycogen synthase (GS) 

6

6 6

max
6 6

max6

6 ( )
  

( )6

G pH
gs

H H

G p G pHH
H Hgs gsH

n

G p G p H H H H
gs H gs Glygn Utpn nG p

H H gs H gsH gs

G p Glygn Glygn Utp
v Vmax

Glygn Glygn Km Utp KmG p Km



 

  

 (S164) 

max

HGlygn denotes the maximum amount of glycogen that heart can store. 

 

Glycogen degradation (GD) by glycogen phosphorylase (GP) 

  H H

H H

Glygn Glygn H H
gd H gd Glygn Phos

H gd H gd

Glygn Phos
v max

Glygn Km Phos Km
V 

 
 (S165) 

 

Phosphofructokinase (PFK) 
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6 6

6

6
  

6

(1 )

H H

H H

H

H

H H H

G p G p H H
pfk pfk G p Atp

H pfk H pfk

Atp

pfk GapH H

At pfp Adp Gap

H pfk H pfk H p

k

fk

G p Atp
v max

G p Km Atp Km

Ki Adp Gap

Atp Ki Adp Km Gap Ki

V

b


 

  




  (S166) 

 

Pyruvate kinase (PK) 

 (1 )H H HM

H HM H

Gap Gap AccoaH HM H
pk pk pkGap Accoa Adp

H pk HM pk H pk

Gap Accoa Adp
v max b

Gap Km Accoa Ki Adp Km
V 

  
 (S167) 

 

Pyruvate transporter (PYRT) 

  

1

BH BH

BH H

Pyr Pyr B H
pyrt pyrt

B H

Pyr Pyr
pyrt pyrt

Pyr Pyr
v Vdif

Pyr Pyr

Kdif Kdif




 

 (S168) 

 

Lactate transporter (LACT) 

  

1

BH BH

BH H

Lac Lac B H
lact lact

B H

Lac Lac
lact lact

Lac Lac
v Vdif

Lac Lac

Kdif Kdif




 

 (S169) 

 

Lactate dehydrogenase (LDH) 

/
  

(1 )(1 ) (1 )(1 ) 1

H

H H

H H H H

Lac
Pyr Pyr H H H H ldh
ldh ldh

H H H H

Pyr Nadh Lac Nad

ldh ldh ldh ldh

Pyr Nadh Lac Nad Keq
v max

Pyr Nadh Lac Nad

Km Km Km Km

V
  



     

 (S170) 

 

Alanine transporter (ALAT) 

  

1

BH BH

BH H

Ala Ala B H
alat alat

B H

Ala Ala
alat alat

Ala Ala
v Vdif

Ala Ala

Kdif Kdif




 

 (S171) 

 

Alanine transaminase (ALAT) 



 

33 

/
  

(1 ) (1 ) 1

H

H H

H H

Ala
Pyr Pyr H H alata
alata alata

H H

Pyr Ala

alata alata

Pyr Ala Keq
v max

Pyr Ala

K

V

m Km


 

   

 (S172) 

 

Pyruvate dehydrogenase (PDH) 

  
HM

H H

H H HM

Accoa

pdhPyr Pyr H H
pdh pdh Pyr Nad Accoa

H pdh H pdh HM pdh

KmPyr Nad
v max

Pyr Km Nad Km Accoa Km
V

  
 (S173) 

 

TCA cycle (TCA) 

  HM HM

HM H H

H H H

Accoa Accoa HM H H
tca tca Accoa Adp Nad

HM tca H tca H tca

H H H

Fad Phos Pyr

H tca H tca H tca

Accoa Adp Nad
v max

Accoa Km Adp Km Nad Km

Fad Phos Pyr

Fad Km Phos Km Pyr

V

Km


  

  

 (S174) 

 

FFA transporter (FFAT) 

_ _     BH BH BHFFA FFA FFA

ffat ffat d ffat av v v   (S175) 

_   

1

BH BH

BH H

FFA FFA B H
ffat d ffat

B H

FFA FFA
ffat ffat

FFA FFA
v Vdif

FFA FFA

Kdif Kdif




 

 (S176) 

_   BH BH

BH

FFA FFA B
ffat a ffat FFA

B ffat

FFA
v Vmax

FFA Km



 (S177) 

 

TG synthesis (TGSYN) 

max

max
  

( )

H H

H H H H

FFA FFA H H H H H
tgsyn tgsyn FFA Glycp TG Atp

H tgsyn H tgsyn H H tgsyn H tgsyn

FFA Glycp TG TG Atp
v Vmax

FFA Km Glycp Km TG TG Km Atp Km




    

 (S178) 

 

TG degradation (TGDEG) 

  H H

H

TG TG H
tgdeg tgdeg TG

H tgdeg

TG
v Vmax

TG Km



 (S179) 
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Glycerol transporter (GLYCT) 

  

1

BH BH

BH H

Glyc Glyc B H
glyct glyct

B H

Glyc Glyc
glyct glyct

Glyc Glyc
v Vdif

Glyc Glyc

Kdif Kdif




 

 (S180) 

 

Glycerol kinase (GLYK) 

  

(1 )

H H

H
H

H

Glyc Glyc H H
glyk glyk Atp

Glyc H H glyk
H glyk Gap

glyk

Glyc Atp
v Vmax

Gap Atp Km
Glyc Km

Ki




 

 (S181) 

 

TG transporter (TGT) 

_ _ +  BH BH BHTG TG TG

tgt tgt a tgt dv v v  (S182) 

_   
H

BH BH

BH

H

TG

B H tgtTG TG

tgt d tgt

TG H
B tgt TG

tgt

TG TG Keq
v Vdif

TG
TG Kdif

Keq




 

 (S183) 

_   BH BH

H

TG TG B
tgt a tgt TG

B tgt

TG
v Vmax

TG Km



   (S184) 

 

Glycerol-3-phosphate dehydrogenase (G3PD) 

3

3 3

3 33 3

  

(1 )(1 ) (1 )(1 ) 1

H

H H

H HH H

H
H H HGlycp

g pdGap Gap

g pd g pd

H H H H

Glycp NadGap Nadh
g pd g pdg pd g pd

Glycp
Gap Nadh Nad

Keq
v Vmax

Gap Nadh Glycp Nad

Km KmKm Km





     

 (S185) 

 

-oxidation (BOXID) 

  H H

H H H H

HM H

HM H

FFA FFA H H H H
boxid boxid FFA Atp Nad Fad

H boxid H boxid H boxid H boxid

Accoa Malcoa

boxid boxid

Accoa Malcoa

HM boxid H boxid

FFA Atp Nad Fad
v Vmax

FFA Km Atp Km Nad Km Fad Km

Ki Ki

Accoa Ki Malcoa Ki


   


 

 (S186) 

 

ATP synthesis from FADH (ATPSYNF) 
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  H H

H H

Fadh Fadh H H
atpsynf atpsynf Fadh Adp

H atpsynf H atpsynf

Fadh Adp
v Vmax

Fadh Km Adp Km


 
 (S187) 

 

ATP synthesis from NADH (ATPSYNN) 

  H H

H H

Nadh Nadh H H
atpsynn atpsynn Nadh Adp

H atpsynn H atpsynn

Nadh Adp
v Vmax

Nadh Km Adp Km


 
 (S188) 

 

ATP utilization (ATPUSE) 

  H H

H

Atp Atp H
atpuse atpuse Atp

H atpuse

Atp
v Vmax

Atp Km



 (S189) 

 

Adenosine kinase (AMP regeneration into ADP (AMPREG))  

  H H

H H H H

Amp Amp H H H H
ampreg ampreg Amp Atp Adp Adp

H ampreg H ampreg H ampreg H ampreg

Amp Atp Adp Adp
v Vmax

Amp Km Atp Km Adp Km Adp Km

 
  
     

 (S190) 

 

Uridine diphosphate kinase (UDP regeneration to UDP (UDPREG)) 

  

(1 )(1 ) (1 )(1 ) 1

H

H H

H H H H

H H
H H Utp

udpregUdp Udp

udpreg udpreg

H H H H

Udp Atp Utp Adp

udpreg udpreg udpreg udpreg

Utp Adp
Udp Atp

Keq
v Vmax

Udp Atp Utp Adp

Km Km Km Km





     

 (S191) 

 

UTP utilization (UTPUSE) 

  H H

H

Utp Utp H
utpuse utpuse Utp

H utpuse

Utp
v Vmax

Utp Km



 (S192) 

 

NADH utilization (NADHUSE) 

  H H

H

Nadh Nadh H
nadhuse nadhuse Nadh

H nadhuse

Nadh
v Vmax

Nadh Km



 (S193) 

 

FADH utilization (FADHUSE) 
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  H H

H

Fadh Fadh H
fadhuse fadhuse Fadh

H fadhuse

Fadh
v Vmax

Fadh Km



 (S194) 

 

Creatine kinase (CK) 

/
  

(1 )(1 ) (1 )(1 ) 1

H

H H

M H H H

Crep
Cre Cre H H H H ck
ck ck

H H H H

Cre Atp Crep Adp

ck ck ck ck

Cre Atp Crep Adp Keq
v max

Cre Atp Crep Adp

Km Km Km Km

V
  

 

     

 (S195) 

 

Flux in brain 
Glucose transporter (GLUT3) 

3 3

3 3

  

1

BN BN

BN N

Glc Glc B N
glut glut

NB

Glc Glc

glut glut

Glc Glc
v Vdif

GlcGlc

Kdif Kdif




 

 (S196) 

 

Hexokinase (HK) 

6

  
6 6

(1 ) (1 )

N N

N N

N N

Glc Glc N N
hk hk

Glc AtpN N
N hk N hkG p Atp

hk hk

Glc Atp
v Vmax

G p G p
Glc Km Atp Km

Ki Ki



   

 (S197) 

Glycogen synthase (GS) 

6

66

max
6 6

max
6

6 ( )
 

( )6

G p
N

gs

N N

G pG p NH N N
gs gsN

n

G p G p N N N N
gs gs Glygn Utp

n nG p
N N gs N gs

N gs

G p Glygn Glygn Utp
v Vmax

Glygn Glygn Km Utp KmG p Km




  

 (S198) 

max

NGlygn denotes the maximum amount of glycogen that brain can store. 

 

Glycogen degradation (GD) by glycogen phosphorylase (GP) 

  N N

N N

Glygn Glygn N N
gd gd Glygn Phos

N gd N gd

Glygn Phos
v max

Glygn Km Phos Km
V

 
 (S199) 

 

Phosphofructokinase (PFK) 

6 6

6

6
  

6

(1 )

N N

N N

N

N

N N N

G p G p N N
pfk pfk G p Atp

N pfk N pfk

Atp

pfk GapN N

At pfp Adp Gap

N pfk N pfk N p

k

fk

G p Atp
v max

G p Km Atp Km

Ki Adp Gap

Atp Ki Adp Km Gap Ki

V

b


 

  




  (S200) 
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Pyruvate kinase (PK) 

 (1 )N N NM

N NM N

Gap Gap AccoaN NM N
pk pk pkGap Accoa Adp

N pk NM pk N pk

Gap Accoa Adp
v max b

Gap Km Accoa Ki Adp Km
V 

  
 (S201) 

 

Pyruvate transporter (PYRT) 

  

1

BN BN

BN N

Pyr Pyr B N
pyrt pyrt

NB

Pyr Pyr
pyrt pyrt

Pyr Pyr
v Vdif

PyrPyr

Kdif Kdif




 

 (S202) 

 

Lactate transporter (LACT) 

  

1

BN BN

BN N

Lac Lac B N
lact lact

NB

Lac Lac
lact lact

Lac Lac
v Vdif

LacLac

Kdif Kdif




 

 (S203) 

 

Lactate dehydrogenase (LDH) 

/
  

(1 )(1 ) (1 )(1 ) 1

N

N N

N N N N

Lac
Pyr Pyr N N N N ldh
ldh ldh

N N N N

Pyr Nadh Lac Nad

ldh ldh ldh ldh

Pyr Nadh Lac Nad Keq
v max

Pyr Nadh Lac Nad

Km Km Km Km

V
  



     

 (S204) 

 

Alanine transporter (ALAT) 

  

1

BN BN

BN N

Ala Ala B N
alat alat

NB

Ala Ala
alat alat

Ala Ala
v Vdif

AlaAla

Kdif Kdif




 

 (S205) 

 

Alanine transaminase (ALAT) 

/
  

(1 ) (1 ) 1

N

N N

N N

Ala
Pyr Pyr N N alata
alata alata

N N

Pyr Ala

alata alata

Pyr Ala Keq
v max

Pyr Ala

K

V

m Km


 

   

 (S206) 

 

Pyruvate dehydrogenase (PDH) 
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NM

N N

N N NM

Accoa

pdhPyr Pyr N N
pdh pdh Pyr Nad Accoa

N pdh N pdh NM pdh

KmPyr Nad
v max

Pyr Km Nad Km Accoa Km
V

  
 (S207) 

 

TCA cycle (TCA) 

  NM NM

NM N N N

N N

Accoa Accoa NM N N N
tca tca Accoa Adp Nad Fad

NM tca N tca N tca N tca

N N

Phos Pyr

N tca N tca

Accoa Adp Nad Fad
v max

Accoa Km Adp Km Nad Km Fad Km

Phos Pyr

Phos Km Pyr

V

Km


   

 

 (S208) 

 

-hydroxybutyrate degradation (BHBDEG)  

deg deg

deg deg deg

  N N

N N N

Bhb Bhb N N N
bhb bhb Bhb Nad Atp

N bhb N bhb N bhb

Bhb Nad Atp
v Vmax

Bhb Km Nad Km Atp Km


  
  (S209) 

 

-hydroxybutyrate transporter (BHBT) 

    

1

BN BN

BN N

Bhb Bhb B N
bhbt bhbt

NB

Bhb Bhb

bhbt bhbt

Bhb Bhb
v Vdif

BhbBhb

Kdif Kdif




 

 (S210) 

 

ATP synthesis from FADH (ATPSYNF) 

  N N

N N

Fadh Fadh N N
atpsynf atpsynf Fadh Adp

N atpsynf N atpsynf

Fadh Adp
v Vmax

Fadh Km Adp Km


 
 (S211) 

 

ATP synthesis from NADH (ATPSYNN) 

  N N

N N

Nadh Nadh N N
atpsynn atpsynn Nadh Adp

N atpsynn N atpsynn

Nadh Adp
v Vmax

Nadh Km Adp Km


 
 (S212) 

 

ATP utilization (ATPUSE) 

  N N

N

Atp Atp N
atpuse atpuse Atp

N atpuse

Atp
v Vmax

Atp Km



 (S213) 

 

Uridine diphosphate kinase (UDP regeneration to UDP (UDPREG)) 
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(1 )(1 ) (1 )(1 ) 1

N

N N

N N N N

N N
N N Utp

udpregUdp Udp

udpreg udpreg

N N N N

Udp Atp Utp Adp

udpreg udpreg udpreg udpreg

Utp Adp
Udp Atp

Keq
v Vmax

Udp Atp Utp Adp

Km Km Km Km





     

 (S214) 

 

UTP utilization (UTPUSE) 

  N N

N

Utp Utp N
utpuse utpuse Utp

N utpuse

Utp
v Vmax

Utp Km



 (S215) 

 

NADH utilization (NADHUSE) 

  N N

N

Nadh Nadh N
nadhuse nadhuse Nadh

N nadhuse

Nadh
v Vmax

Nadh Km



 (S216) 

 

FADH utilization (FADHUSE) 

  N N

N

Fadh Fadh N
fadhuse fadhuse Fadh

N fadhuse

Fadh
v Vmax

Fadh Km



 (S217) 

 

Creatine kinase (CK) 

/
  

(1 )(1 ) (1 )(1 ) 1

N

N N

N N N N

Crep
Cre Cre N N N N ck
ck ck

N N N N

Cre Atp Crep Adp

ck ck ck ck

Cre Atp Crep Adp Keq
v max

Cre Atp Crep Adp

Km Km Km Km

V
  

 

     

 (S218) 

Cholesterol utilization (CHOLUSE) 

  B BChol Chol

choluse choluse Bv k Chol  (S219) 

 

ODE in blood 

 
     InsB B B BGlc FFAB

B inssyn inssyn inssyn insdeg

dIns
V v v v v

dt
     (S220) 

 
                

Glc BG BNB BL BM BA BH BTGlc GlcGlc Glc Glc Glc GlcB
B meal glut2 glut4 glut4 glut2 glut2 glut3 glutT

dGlc
V v v v v v v v v

dt
         (S221) 

 
 

PyrPyr PyrPyr Pyr Pyr PyrBG BNBL BM BA BH BTB
B pyrt pyrt pyrt pyrt pyrt pyrt pyrt

dPyr
V v v v v v v v

dt
        (S222) 
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LacLac LacLac Lac Lac LacBG BNBL BM BA BH BTB
B lact lact lact lact lact lact lact

dLac
V v v v v v v v

dt
        (S223) 

 
 

AlaAla AlaAla Ala Ala AlaBG BNBL BM BA BH BTB
B alat alat alat alat alat alat alat

dAla
V v v v v v v v

dt
        (S224) 

 
 

GlycGlyc GlycGlyc Glyc Glyc GlycBG BNBL BM BA BH BT

TGTG TGTG TG TGBG BNBL BM BA BH

B
B glyct glyct glyct glyct glyct glyct glyct

tgt tgt tgt tgt tgt tgt

dGlyc
V v v v v v v v

dt

v v v v v v

      

     

 (S225) 

 
           

TG BG BNB BL BM BA BH BTTG TGTG TG TG TG TGB
B meal tgt tgt tgt tgt tgt tgt tgt

dTG
V v v v v v v v v

dt
         (S226) 

 
 

FFAFFA FFAFFA FFA FFA FFABG BNBL BM BA BH BTB
B ffat ffat ffat ffat ffat ffat ffat

dFFA
V v v v v v v v

dt
        (S227) 

 
 

BhbBhb BhbBhb Bhb BhbBG BNBL BM BA BHB
B bhbt bhbt bhbt bhbt bhbt bhbt

dBhb
V v v v v v v

dt
       (S228) 

 
 

Chol Chol
BL BB

B cholt choluse

dChol
V v v

dt
   (S229) 

 

ODE in liver 

 
     BL L LGlc Glc G6pL

L glut2 hk g6pase

dGlc
V v v v

dt
    (S230) 

6  1
  

2
L L L L L L LGlc G6p G6p Glygn G6p Gap G6pL

L hk g6pase gs gd pfk fbp ppp

dG p
V v v v v v v v

dt
        (S231) 

 
   L LG6p GlygnL

L gs gd

dGlygn
V v v

dt
   (S232) 

6 
  2 L L L L LG p Gap Gap Pyr GapL

L pfk fbp pk pepck g3pd

dGap
V v v v v v

dt
      (S233) 

 
   L L BL L L LGap Pyr Pyr Pyr Pyr PyrL

L pk pepck pryt ldh alata pdh

dPyr
V v v v v v v

dt
       (S234) 

 
  BL LPyr PyrL

L lact ldh

dLac
V v v

dt
   (S235) 

 
  BL LAla PyrL

L alat alata

dAla
V v v

dt
   (S236) 

 
       8 LMLCL LM LM L AccoaPyr Accoa Accoa FFALM

L pdh tca bhbsyn boxid accoat

dAccoa
V v v v v v

dt
       (S237) 
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 1
  
2

LM BLAccoa BhbL
L bhbsyn bhbt

dBhb
V v v

dt
   (S238) 

 
      LMLC LC LCAccoa Accoa AccoaLC

L accoat lipog1 cholsyn1

dAccoa
V v v v

dt
    (S239) 

 
    LC LAccoa MalcoaL

L lipog1 lipog2

dMalcoa
V v v

dt
   (S240) 

 1
    
3

LC LAccoa HmgcoaL
L cholsyn1 cholsyn2

dHmgcoa
V v v

dt
   (S241) 

 1

6
L BLHmgcoa CholL

L cholsyn2 cholt

dChol
V v v

dt
   (S242) 

 1
    3 3

8
BL L L L LFFA FFA TG FFA MalcoaL

L ffat tgsyn tgdeg boxid lipog2

dFFA
V v v v v v

dt
        (S243) 

 
   L BL L

GlycTG GlycL
L tgdeg glyct glyck

dGlyc
V v v v

dt
    (S244) 

 
  L L LFFA Glyc GapL

L tgsyn glyct g3pd

dGlycp
V v v v

dt
     (S245) 

 
  L L LFFA TG TGL

L tgsyn tgdeg tgt

dTG
V v v v

dt
    (S246) 

6 
   2 2

1
2 3 3

8

LMLC LCL L L L LM L L

LC L L L L

Accoa AccoaGlc G p Gap Pyr Accoa Glyc FFAL
L hk pfk pk pepck tca accoat glyk boxid lipog1

Malcoa FFA Hmgcoa Fadh Nadh

lipog2 tgsyin cholosyn2 atpsynf atpsynn am

dAtp
V v v v v v v v v v

dt

v v v v v v

         

      L L LAmp Atp Nadh

preg atpuse nadhkv v 

 (S247) 

6 
   2 2

1
3 3 2

8

LMLC LCL L L L LM L L

LC L L L L

Accoa AccoaGlc G p Gap Pyr Accoa Glyc FFAL
L hk pfk pk pepck tca accoat glyk boxid lipog1

Malcoa FFA Hmgcoa Fadh Nadh

lipog2 tgsyin cholosyn2 atpsynf atpsynn

dAdp
V v v v v v v v v v

dt

v v v v v

          

        L L LAmp Atp Nadh

ampreg atpuse nadhkv v v  

    (S248) 

 
 3 L LFFA AmpL

L tgsyin ampreg

dAmp
V v v

dt
    (S249) 

 1
3 7

2
L L L L LM L LM L L LGap Pyr Pyr Pyr Accoa Gap Accoa FFA Nadh NadhL

L pk pepck ldh pdh tca g3pd bhbsyn boxid atpsynn nadhuse

dNadh
V v v v v v v v v v v

dt
            (S250) 

 1
3 7

2
L L L L LM L LM L L LGap Pyr Pyr Pyr Accoa Gap Accoa FFA Nadh NadhL

L pk pepck ldh pdh tca g3pd bhbsyn boxid atpsynn nadhuse

dNad
V v v v v v v v v v

dt
            (S251) 

 1
7

6
L LM L L LFFA Accoa Hmgcoa Fadh FadhL

L boxid tca cholsyn2 atpsynf fadhuse

dFadh
V v v v v v

dt
      (S252) 
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 1
7

6
L LM L L LFFA Accoa Hmgcoa Fadh FadhL

L boxid tca cholsyn2 atpsynf fadhuse

dFad
V v v v v v

dt
       (S253) 

 
L LPyr GdpL

L pepck gdpreg

dGtp
V v v

dt
    (S254) 

 
L LPyr GdpL

L pepck gdpreg

dGdp
V v v

dt
   (S255) 

 
L L LG6p Udp UtpL

L gs udpreg utpuse

dUtp
V v v v

dt
     (S256) 

 
L L LG6p Udp UtpL

L gs udpreg utpuse

dUdp
V v v v

dt
    (S257) 

6 14 21
2

8 6
L L L L LMalcoa Hmgcoa G p Nadh NadphL

L lipog2 cholsyn2 ppp nadhk nadphuse

dNadph
V v v v v v

dt
       (S258) 

 14 21
2

8 6
L L L L LMalcoa Hmgcoa G6p Nadh NadphL

L lipog2 cholsyn2 ppp nadhk nadphuse

dNadp
V v v v v v

dt
      (S259) 

 
LCreL

L ck

dCre
V v

dt
   (S260) 

 
LCreL

L ck

dCrep
V v

dt
  (S261) 

 

ODE in skeletal muscle 

 
   BM MGlc GlcM

M glut4 hk

dGlc
V v v

dt
   (S262) 

6  
   M M M MGlc G6p Glygn G6pM

M hk gs gd pfk

dG p
V v v v v

dt
     (S263) 

 
   M MG6p GlygnM

M gs gd

dGlygn
V v v

dt
   (S264) 

 
  2 M M MG6p Gap GapM

M pfk pk g3pd

dGap
V v v v

dt
    (S265) 

 
   M BM M M MGap Pyr Pyr Pyr PyrM

M pk pryt ldh alata pdh

dPyr
V v v v v v

dt
      (S266) 

 
  BM MPyr PyrM

M lact ldh

dLac
V v v

dt
   (S267) 

 
  BM MAla PyrM

M alat alata

dAla
V v v

dt
   (S268) 
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     8M MM MPyr Accoa FFAMM

M pdh tca boxid

dAccoa
V v v v

dt
     (S269) 

 
0M

M

dBhb
V

dt
  (S270) 

 
      MMMC MCAccoa AccoaMC

M accoat lipog1

dAccoa
V v v

dt
   (S271) 

 
    MC MAccoa MalcoaM

M lipog1 lipog2

dMalcoa
V v v

dt
   (S272) 

 
0M

M

dHmgcoa
V

dt
  (S273) 

 
0M

M

dChol
V

dt
  (S274) 

 
    3 3BM M M MFFA FFA TG FFAM

M ffat tgsyn tgdeg boxid

dFFA
V v v v v

dt
       (S275) 

 
   M BM MTG Glyc GlycM

M tgdeg glyct glyck

dGlyc
V v v v

dt
    (S276) 

 
  M M MFFA Glyc GapM

M tgsyn glyct g3pd

dGlycp
V v v v

dt
     (S277) 

 
  M MFFA TGM

M tgsyn tgdeg

dTG
V v v

dt
   (S278) 

6 
   2 2

3

M M M MM M M M

M M M M

Glc G p Gap Accoa Glyc FFA FFAM
M hk pfk pk tca glyk boxid tgsyin

Fadh Nadh Amp Atp

atpsynf atpsynn ampreg atpuse

dAtp
V v v v v v v v

dt

v v v v

       

   

  (S279) 

6 
   2

3 2

M M M MM M M M

M M M M

Glc G p Gap Accoa Glyc FFA FFAM
M hk pfk pk tca glyk boxid tgsyin

Fadh Nadh Amp Atp

atpsynf atpsynn ampreg atpuse

dAdp
V v v v v v v v

dt

v v v v

       

     

    (S280) 

 
 3 M MFFA AmpM

M tgsyin ampreg

dAmp
V v v

dt
    (S281) 

 
3 7M M M MM M M M MGap Pyr Pyr Accoa Gap FFA Nadh NadhM

M pk ldh pdh tca g3pd boxid atpsynn nadhuse

dNadh
V v v v v v v v v

dt
          (S282) 

 
3 7M M M MM M M M MGap Pyr Pyr Accoa Gap FFA Nadh NadhM

M pk ldh pdh tca g3pd boxid atpsynn nadhuse

dNad
V v v v v v v v

dt
          (S283) 

 
7 M MM M MFFA Accoa Fadh FadhM

M boxid tca atpsynf fadhuse

dFadh
V v v v v

dt
     (S284) 
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7 M MM M MFFA Accoa Fadh FadhM

M boxid tca atpsynf fadhuse

dFad
V v v v v

dt
      (S285) 

 
0M

M

dGtp
V

dt
  (S286) 

 
0M

M

dGdp
V

dt
  (S287) 

6 
M M MG p Udp UtpM

M gs udpreg utpuse

dUtp
V v v v

dt
     (S288) 

 
M M MG6p Udp UtpM

M gs udpreg utpuse

dUdp
V v v v

dt
    (S289) 

6 
2 M M MG p Nadh NadphM

M ppp nadhk nadphuse

dNadph
V v v v

dt
    (S290) 

 
2 M M MG6p Nadh NadphM

M ppp nadhk nadphuse

dNadp
V v v v

dt
     (S291) 

 
MCreM

M ck

dCre
V v

dt
   (S292) 

 
MCreM

M ck

dCrep
V v

dt
  (S293) 

 

ODE in adipose tissue 

 
   BA AGlc GlcA

A glut4 hk

dGlc
V v v

dt
   (S294) 

 
   A AGlc G6pA

A hk pfk

dG6p
V v v

dt
   (S295) 

 
0A

A

dGlygn
V

dt
  (S296) 

3

 
  2 A A AG6p Gap GapA

A pfk pk g pd

dGap
V v v v

dt
    (S297) 

 
   A BA A A AGap Pyr Pyr Pyr PyrA

A pk pryt ldh alata pdh

dPyr
V v v v v v

dt
      (S298) 

 
  BA APyr PyrA

A lact ldh

dLac
V v v

dt
   (S299) 

 
  BA AAla PyrA

A alat alata

dAla
V v v

dt
   (S300) 
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     8A AM APyr Accoa FFAAM

A pdh tca boxid

dAccoa
V v v v

dt
     (S301) 

 
0A

A

dBhb
V

dt
  (S302) 

 
      AMAC ACAccoa AccoaAC

A accoat lipog1

dAccoa
V v v

dt
   (S303) 

 
    AC AAccoa MalcoaA

A lipog1 lipog2

dMalcoa
V v v

dt
   (S304) 

 
0A

A

dHmgcoa
V

dt
  (S305) 

 
0A

A

dChol
V

dt
  (S306) 

 
    3 3BA A A AFFA FFA TG FFAA

A ffat tgsyn tgdeg boxid

dFFA
V v v v v

dt
       (S307) 

 
   A BA ATG Glyc GlycA

A tgdeg glyct glyck

dGlyc
V v v v

dt
    (S308) 

 
  A A AFFA Glyc GapA

A tgsyn glyct g3pd

dGlycp
V v v v

dt
     (S309 

 
  A AFFA TGA

A tgsyn tgdeg

dTG
V v v

dt
   (S310) 

 
   2 2

3

A A A AM A A A A

A A A

Glc G6p Gap Accoa Glyc FFA FFA FadhA
A hk pfk pk tca glyk boxid tgsyin atpsynf

Nadh Amp Atp

atpsynn ampreg atpuse

dAtp
V v v v v v v v v

dt

v v v

        

  

  (S311) 

 
   2

3 2

A A A AM A A A A

A A A

Glc G6p Gap Accoa Glyc FFA FFA FadhA
A hk pfk pk tca glyk boxid tgsyin atpsynf

Nadh Amp Atp

atpsynn ampreg atpuse

dAdp
V v v v v v v v v

dt

v v v

        

    

    (S312) 

 
 3 A AFFA AmpA

A tgsyin ampreg

dAmp
V v v

dt
    (S313) 

 
3 7A A A AM A A A AGap Pyr Pyr Accoa Gap FFA Nadh NadhA

A pk ldh pdh tca g3pd boxid atpsynn nadhuse

dNadh
V v v v v v v v v

dt
          (S314) 

 
3 7A A A AM A A A AGap Pyr Pyr Accoa Gap FFA Nadh NadhA

A pk ldh pdh tca g3pd boxid atpsynn nadhuse

dNad
V v v v v v v v

dt
          (S315) 

 
7 A AM A AFFA Accoa Fadh FadhA

A boxid tca atpsynf fadhuse

dFadh
V v v v v

dt
     (S316) 
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7 A AM A AFFA Accoa Fadh FadhA

A boxid tca atpsynf fadhuse

dFad
V v v v v

dt
      (S317) 

 
0A

A

dGtp
V

dt
  (S318) 

 
0A

A

dGdp
V

dt
  (S319) 

 
0A

A

dUtp
V

dt
  (S320) 

 
0A

A

dUdp
V

dt
  (S321) 

6 
2 A A AG p Nadh NadphA

A ppp nadhk nadphuse

dNadph
V v v v

dt
    (S322) 

 
2 A A AG6p Nadh NadphA

A ppp nadhk nadphuse

dNadp
V v v v

dt
     (S323) 

 
ACreA

A ck

dCre
V v

dt
   (S324) 

 
ACreA

A ck

dCrep
V v

dt
  (S325) 

 

ODE in GI tract 

 
   BG GGlc GlcG

G glut2 hk

dGlc
V v v

dt
   (S326) 

 
   G GGlc G6pG

G hk pfk

dG6p
V v v

dt
   (S327) 

 
  2 G G GG6p Gap GapG

G pfk pk g3pd

dGap
V v v v

dt
    (S328) 

 
0G

G

dGlygn
V

dt
  (S329) 

 
   G BG G G GGap Pyr Pyr Pyr PyrG

G pk pryt ldh alata pdh

dPyr
V v v v v v

dt
      (S330) 

 
  BG GPyr PyrG

G lact ldh

dLac
V v v

dt
   (S331) 

 
  BG GAla PyrG

G alat alata

dAla
V v v

dt
   (S332) 
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     8G GM GPyr Accoa FFAGM

G pdh tca boxid

dAccoa
V v v v

dt
     (S333) 

 
0A

A

dBhb
V

dt
  (S334) 

 
      AMAC ACAccoa AccoaAC

A accoat lipog1

dAccoa
V v v

dt
   (S335) 

 
    AC AAccoa MalcoaA

A lipog1 lipog2

dMalcoa
V v v

dt
   (S336) 

 
0A

A

dHmgcoa
V

dt
  (S337) 

 
0A

A

dChol
V

dt
  (S338) 

 
    3 3BG G G GFFA FFA TG FFAG

G ffat tgsyn tgdeg boxid

dFFA
V v v v v

dt
       (S339) 

 
   G BG GTG Glyc GlycG

G tgdeg glyct glyck

dGlyc
V v v v

dt
    (S340) 

 
  G G GFFA Glyc GapG

G tgsyn glyct g3pd

dGlycp
V v v v

dt
     (S341) 

 
  G GFFA TGG

G tgsyn tgdeg

dTG
V v v

dt
   (S342) 

 
   2 2

3

G G G GM G G G G

G G G

Glc G6p Gap Accoa Glyc FFA FFA FadhG
G hk pfk pk tca glyk boxid tgsyin atpsynf

Nadh Amp Atp

atpsynn ampreg atpuse

dAtp
V v v v v v v v v

dt

v v v

        

  

  (S343) 

 
   2

3 2

G G G GM G G G G

G G G

Glc G6p Gap Accoa Glyc FFA FFA FadhG
G hk pfk pk tca glyk boxid tgsyin atpsynf

Nadh Amp Atp

atpsynn ampreg atpuse

dAdp
V v v v v v v v v

dt

v v v

        

    

    (S344) 

 
 3 G GFFA AmpG

G tgsyin ampreg

dAmp
V v v

dt
    (S345) 

 
3 7G G G GM G G G GGap Pyr Pyr Accoa Gap FFA Nadh NadhG

G pk ldh pdh tca g3pd boxid atpsynn nadhuse

dNadh
V v v v v v v v v

dt
          (S346) 

 
3 7G G G GM G G G GGap Pyr Pyr Accoa Gap FFA Nadh NadhG

G pk ldh pdh tca g3pd boxid atpsynn nadhuse

dNad
V v v v v v v v

dt
          (S347) 

 
7 G GM G GFFA Accoa Fadh FadhG

G boxid tca atpsynf fadhuse

dFadh
V v v v v

dt
     (S348) 
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7 G GM G GFFA Accoa Fadh FadhG

G boxid tca atpsynf fadhuse

dFad
V v v v v

dt
      (S349) 

 
0G

G

dGtp
V

dt
  (S350) 

 
0G

G

dGdp
V

dt
  (S351) 

 
0G

G

dUtp
V

dt
  (S352) 

 
0G

G

dUdp
V

dt
  (S353) 

6 
2 G G GG p Nadh NadphG

G ppp nadhk nadphuse

dNadph
V v v v

dt
    (S354) 

 
2 G G GG6p Nadh NadphG

G ppp nadhk nadphuse

dNadp
V v v v

dt
     (S355) 

 
GCreG

G ck

dCre
V v

dt
   (S356) 

 
GCreG

G ck

dCrep
V v

dt
  (S357) 

 

ODE in heart 

 
   BH HGlc GlcH

H glut2 hk

dGlc
V v v

dt
   (S358) 

 
   H H H HGlc G6p Glygn G6pH

H hk gs gd pfk

dG6p
V v v v v

dt
     (S359) 

 
   H HG6p GlygnH

H gs gd

dGlygn
V v v

dt
   (S360) 

 
  2 H H HG6p Gap GapH

H pfk pk g3pd

dGap
V v v v

dt
    (S361) 

 
   H BH H H HGap Pyr Pyr Pyr PyrH

H pk pryt ldh alata pdh

dPyr
V v v v v v

dt
      (S362) 

 
  BH HPyr PyrH

H lact ldh

dLac
V v v

dt
   (S363) 

 
  BH HAla PyrH

H alat alata

dAla
V v v

dt
   (S364) 
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     8H HM HPyr Accoa FFAHM

H pdh tca boxid

dAccoa
V v v v

dt
     (S365) 

 
0H

H

dBhb
V

dt
  (S366) 

 
      HMHC HCAccoa AccoaHC

H accoat lipog1

dAccoa
V v v

dt
   (S367) 

 
    HC HAccoa MalcoaH

H lipog1 lipog2

dMalcoa
V v v

dt
   (S368) 

 
0H

H

dHmgcoa
V

dt
  (S369) 

 
0H

H

dChol
V

dt
  (S370) 

 
    3 3BH H H HFFA FFA TG FFAH

H ffat tgsyn tgdeg boxid

dFFA
V v v v v

dt
       (S371) 

 
   M BM MTG Glyc GlycM

H tgdeg glyct glyck

dGlyc
V v v v

dt
    (S372) 

 
  H H HFFA Glyc GapH

H tgsyn glyct g3pd

dGlycp
V v v v

dt
     (S373) 

 
  H HFFA TGH

H tgsyn tgdeg

dTG
V v v

dt
   (S374) 

 
   2 2

3

H H H HM H H H H

H H H

Glc G6p Gap Accoa Glyc FFA FFA FadhH
H hk pfk pk tca glyk boxid tgsyin atpsynf

Nadh Amp Atp

atpsynn ampreg atpuse

dAtp
V v v v v v v v v

dt

v v v

        

  

  (S375) 

 
   2

3 2

H M H HM H H H H

H H H

Glc G6p Gap Accoa Glyc FFA FFA FadhH
H hk pfk pk tca glyk boxid tgsyin atpsynf

Nadh Amp Atp

atpsynn ampreg atpuse

dAdp
V v v v v v v v v

dt

v v v

        

    

    (S376) 

 
 3 H HFFA AmpH

H tgsyin ampreg

dAmp
V v v

dt
    (S377) 

 
3 7H H H HM H H H HGap Pyr Pyr Accoa Gap FFA Nadh NadhH

H pk ldh pdh tca g3pd boxid atpsynn nadhuse

dNadh
V v v v v v v v v

dt
          (S378) 

 
3 7H H H HM H H H MGap Pyr Pyr Accoa Gap FFA Nadh NadhH

H pk ldh pdh tca g3pd boxid atpsynn nadhuse

dNad
V v v v v v v v

dt
          (S379) 

 
7 H MM H HFFA Accoa Fadh FadhH

H boxid tca atpsynf fadhuse

dFadh
V v v v v

dt
     (S380) 
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7 H HM H HFFA Accoa Fadh FadhH

H boxid tca atpsynf fadhuse

dFad
V v v v v

dt
      (S381) 

 
0H

H

dGtp
V

dt
  (S382) 

 
0H

H

dGdp
V

dt
  (S383) 

 
H M HG6p Udp UtpH

H gs udpreg utpuse

dUtp
V v v v

dt
     (S384) 

 
H H HG6p Udp UtpH

H gs udpreg utpuse

dUdp
V v v v

dt
    (S385) 

6 
2 H H HG p Nadh NadphH

H ppp nadhk nadphuse

dNadph
V v v v

dt
    (S386) 

 
2 H H HG6p Nadh NadphH

H ppp nadhk nadphuse

dNadp
V v v v

dt
     (S387) 

 
HCreH

H ck

dCre
V v

dt
   (S388) 

 
HCreH

H ck

dCrep
V v

dt
  (S389) 

 

ODE in brain 

 
   BN NGlc GlcN

N glut3 hk

dGlc
V v v

dt
   (S390) 

 
   N N N NGlc G6p Glygn G6pN

N hk gs gd pfk

dG6p
V v v v v

dt
     (S391) 

 
   N NG6p GlygnN

N gs gd

dGlygn
V v v

dt
   (S392) 

 
  2 N NG6p GapN

N pfk pk

dGap
V v v

dt
   (S393) 

 
   N BN N N NGap Pyr Pyr Pyr PyrN

N pk pryt ldh alata pdh

dPyr
V v v v v v

dt
      (S394) 

 
  BN NPyr PyrN

N lact ldh

dLac
V v v

dt
   (S395) 

 
  BN NAla PyrN

N alat alata

dAla
V v v

dt
   (S396) 



 

51 

 
     2N NM NPyr Accoa BhbNM

N pdh tca bhbdeg

dAccoa
V v v v

dt
    (S397) 

 
  BN NBhb BhbN

N bhbt bhbdeg

dBhb
V v v

dt
   (S398) 

 
      NMNC NCAccoa AccoaNC

N accoat lipog1

dAccoa
V v v

dt
   (S399) 

 
    NC NAccoa MalcoaN

N lipog1 lipog2

dMalcoa
V v v

dt
   (S400) 

 
0N

N

dHmgcoa
V

dt
  (S401) 

 
0N

N

dChol
V

dt
  (S402) 

 
 0N

N

dFFA
V

dt
  (S403) 

 
0N

N

dGlyc
V

dt
  (S404) 

 
0N

N

dGlycp
V

dt
  (S405) 

 
0N

N

dTG
V

dt
  (S406) 

deg

 
   2 3N N N NM N N N NGlc G6p Gap Accoa Bhb Fadh Nadh AtpN

N hk pfk pk tca bhb atpsynf atpsynn atpuse

dAtp
V v v v v v v v v

dt
           (S407) 

deg

 
   2 3N N N NM N N N NGlc G6p Gap Accoa Bhb Fadh Nadh AtpN

N hk pfk pk tca bhb atpsynf atpsynn atpuse

dAdp
V v v v v v v v v

dt
              (S408) 

 
0N

N

dAmp
V

dt
     (S409) 

 
3N N N NM N N NGap Pyr Pyr Accoa Bhb Nadh NadhN

N pk ldh pdh tca bhbdeg atpsynn nadhuse

dNadh
V v v v v v v v

dt
         (S410) 

 
3N N N NM N N NGap Pyr Pyr Accoa Bhb Nadh NadhN

N pk ldh pdh tca bhbdeg atpsynn nadhuse

dNad
V v v v v v v

dt
         (S411) 

 
NM N NAccoa Fadh FadhN

N tca atpsynf fadhuse

dFadh
V v v v

dt
    (S412) 

 
NM N NAccoa Fadh FadhN

N tca atpsynf fadhuse

dFad
V v v v

dt
     (S413) 
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0N

N

dGtp
V

dt
  (S414) 

 
0N

N

dGdp
V

dt
  (S415) 

 
N N NG6p Udp UtpN

N gs udpreg utpuse

dUtp
V v v v

dt
     (S416) 

 
N N NG6p Udp UtpN

N gs udpreg utpuse

dUdp
V v v v

dt
    (S417) 

6 
2 N N NG p Nadh NadphN

N ppp nadhk nadphuse

dNadph
V v v v

dt
    (S418) 

 
2 N N NG6p Nadh NadphN

N ppp nadhk nadphuse

dNadp
V v v v

dt
     (S419) 

 
NCreN

N ck

dCre
V v

dt
   (S420) 

 
NCreN

N ck

dCrep
V v

dt
  (S421) 
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Supplemental figures 

 

 

(A) Liver                  (B) Skeletal muscle       (C) Adipose tissue 

 

(D) GI tract      (E) Heart                 (F) Brain 

 

 

Figure S1 Metabolic network map of each organ, Related to Figure 2 
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Pancreas module construction 

 

Figure S2 Experimental verification of the simulated insulin secretion rate by the 

pancreas module, Related to Figure 3 

The solid lines indicate the simulated results; the triangles the experimental data (Harrison et 

al., 1985). Isolated islets from three healthy subjects were cultured in medium (RPMI1640) in 

5-ml Petri dishes. The insulin secretion rates from the cultured islets were measured with 

respect to a glucose concentration from 0 to 20 mM. The values of kinetic parameters regarding 

the insulin synthesis rate (v_inssyn_Glc_B), which is given by Eqs. (S3-S6), was estimated so 

as to reproduce the experimental insulin secretion rate (U/islet/h). 
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(A)     (B) 

 

Figure S3 Experimental verification of the simulated insulin response by the 

pancreas module, Related to Figures 3 and 6 

The plasma insulin and glucose concentrations were measured for healthy and T2DM subjects 

after an overnight fast and following ingestion of 50 g carbohydrate-containing meal. The solid 

lines indicate the simulated results; the circles and triangles experimental data (Butler and Rizza, 

1991).  

(A) Healthy subject, Km_inssyn_Glc_B = 7.5 mM.   

(B) T2DM subject, Km_inssyn_Glc_B = 11.25 mM. An increase in Km_inssyn_Glc_B well 

expressed T2DM with-cell dysfunction.  
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Figure S4 Experimental data of glucagon response to a change in plasma 

glucose, Related to Figure 2 

The plasma glucagon and glucose concentrations were measured for healthy and T2DM 

subjects after an overnight fast and following ingestion of 50 g carbohydrate-containing meal. 

The circles ( ) indicated the experimental data of healthy subjects; the triangles ( ) that of 

T2DM subjects (Butler and Rizza, 1991). 

 

The experimental glucagon concentration tended to decrease with an increase in plasma glucose 

for the healthy subject. The glucagon response of T2DM subjects definitely shifted toward a 

high plasma glucose concentration in the same manner as the insulin response, suggesting that 

the glucagon response for T2DM becomes insensitive to a change in plasma glucose. 
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Figure S5 Time course of the G3PD flux in the liver, Related to Figure 3 and Figure 

S1A  

The G3PD flux was simulated after an overnight fast and following a single meal of 87 g 

carbohydrate and 33 g fat (Time = 0). 

 

The computational model demonstrated the switching of the G3PD reaction, which reflects the 

remarkable shift from glucose uptake to gluconeogenesis. Negative values show the reaction 

from Grp to Gap, promoting gluconeogenesis. Positive values show the reaction from Gap to 

Grp, promoting TG synthesis. 
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Experimental verification of insulin resistance (IR) in the whole body 

 

Figure S6 Experimental verification of the simulated time-course of plasma 

metabolite concentrations of healthy and IR subjects, Related to Figures 3 and 6 

IR was built by a combination of insulin resistance for liver (IRL), IR for skeletal muscle (IRM), 

and IR for adipose tissue (IRA). The time course data of plasma glucose, insulin, -

hydroxybutyrate (Bhb), FFA and TG were measured for 10 healthy subjects and 10 IR subjects 

(Bickerton et al., 2008). Serial blood samples were taken for 6 h after an overnight fast and 

following ingestion of a mixed meal containing 40 g carbohydrate and 40 g fat (Time = 0). 

Table Legend 

metabolite method healthy IR axis 

plasma insulin simulation   right 

 experiment   right 

plasma glucose simulation   left 

 experiment   left 

plasma TG simulation    

 experiment    

plasm FFA simulation    

 experiment    

plasma Bhb simulation    

 experiment    
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This figure verified whether the computational model reproduces the time course of plasma 

glucose, insulin, Bhb, FFA and TG for healthy and insulin resistance (IR) subjects. The 

computational model captured the experimental features (Bickerton et al., 2008).: 

(1) IR increased plasma insulin. 

(2) IR a little increased plasma glucose and plasma TG. 

(3) IR decreased plasma Bhb. 

 

 



60 

 

 

Experimental verification of mild T2DM and severe T2DM in the whole 

body 

  

Figure S7 Experimental verification of the simulated time-course of plasma 

metabolite concentrations of healthy, mild T2DM and sever T2DM subjects, 

Related to Figures 3 and 6 

The time course of plasma insulin, glucose, lactate, and FFA were measured for 9 healthy 

subjects, 9 mild T2DM, and 9 severe T2DM subjects after an overnight fast and following a 

meal containing 53 g carbohydrate and 22 g fat (Time = 0) (Reaven et al., 1988). 

Table Legend 

metabolite method healthy mild T2DM sever T2DM axis 

plasma insulin simulation    right 

 experiment    right 

plasma glucose simulation    left 

 experiment    left 

plasma lactate simulation     

 experiment     

plasm FFA simulation     

 experiment      

 

This figure investigated whether the computational model reproduced the T2DM-changed time 

course of plasma glucose, insulin, lactate, and FFA for healthy, mild T2DM and sever T2DM. 
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In the computational model, the mild T2DM was built by a combination of IRL, IRM, and IRA; 

the severe T2DM was constructed by adding -cell dysfunction to the mild T2DM. 

The simulation model reproduced the experimental features (Reaven et al., 1988): 

(1) the plasma insulin increased for mild T2DM, while it greatly decreased for severe T2DM 

due to -cell dysfunction. 

(2) the plasma glucose increased in the order of healthy, mild T2DM, and severe T2DM. 

(3) the severe T2DM loosened the dent of the plasma FFA.  
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Computational verification of the liver module 

   

Figure S8 Time course of the exchange fluxes of plasma metabolites between 

the liver and blood for healthy subjects, Related to Figure 3 and Figure S1A 

The metabolite uptake and release fluxes were simulated after an overnight fast and following 

a single meal of 87 g carbohydrate and 33 g fat (Time = 0). Negative values show the release 

into plasma. 

Legend table 

metabolite method healthy axis 

glucose uptake simulation  left 

lactate uptake simulation  left 

alanine uptake simulation  left 

glycerol uptake simulation  left 

FFA uptake simulation  right 

TG uptake simulation  right 

 

This figure indicated the remarkable metabolic shift in the liver. After a meal on Time=0, the 

glucose uptake flux rapidly increased, while the FFA/lactate/alanine uptake and TG release 

dramatically decreased, indicating substrate accumulation status. At postabsorptive state, the 

glucose/TG release increased; the FFA uptake increased; the lactose/alanine/glycerol uptake 

increased for gluconeogenesis. The liver took up lactate, alanine and glycerol to produce hepatic 

glucose through gluconeogenesis and to release the glucose into plasma. The resulting glucose 

was utilized by skeletal muscle and adipose tissue to release alanine and lactose (Figure 3). This 

indicated that glucose-lactose and glucose-alanine cycles function. 
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Experimental verification of the liver module 

 

Figure S9 Hepatic glucose production, glycogenolysis, and gluconeogenesis at 

postabsorptive state for healthy and T2DM subjects, Related to Figure 6 and 

Figure S1A  

These metabolic fluxes were measured and simulated for five healthy subjects and seven T2DM 

subjects after an overnight fast and following a single meal of 98 g carbohydrate and 17 g fat 

(Magnusson et al., 1992). The blue bar indicates the simulation results; the red the experimental 

data. 

 

This figure investigated whether the computational model reproduced the hepatic glucose 

production, gluconeogenesis and glycogenolysis fluxes for healthy and T2DM subjects. The 

computational model captured some important features of the experimental data (Magnusson 

et al., 1992):  

(1) the T2DM increased the total glucose production and gluconeogenesis fluxes,  

(2) the gluconeogenesis played a major role in glucose production compared to the 

glycogenolysis. 
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Experimental verification of the skeletal muscle module 

    

Figure S10 Time course of glucose, FFA and TG uptake fluxes in the skeletal 

muscle, Related to Figures 3 and 6, and Figure S1B  

The glucose uptake flux was measured for 6 h after an overnight fast and following ingestion 

of a mixed meal containing 87 g carbohydrate and 33 g fat 8 healthy subjects (Frayn et al., 

1993). The FFA and TG uptake fluxes were measured for 6 h after an overnight fast and 

following ingestion of a mixed meal containing 40 g carbohydrate and 40 g fat for 10 healthy 

subjects and 10 IR subjects (Bickerton et al., 2008).  

Legend table 

flux method healthy IR axis 

glucose uptake simulation   left  

 experiment   NA left 

FFA uptake simulation   right 

 experiment   right 

TG release simulation   right 

 experiment   right 

 

This figure investigated whether the computational model reproduced the uptake fluxes of 

glucose, FFA and TG by the skeletal muscle for healthy and T2DM subjects. The computational 

model captured some important experimental features: an insulin-induced peak response of the 

glucose uptake flux and the levels of glucose, FFA and TG uptake fluxes.  
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Experimental verification of the adipose tissue module 

  

Figure S11 Time course of glucose, FFA and TG uptake fluxes in adipose tissue, 

Related to Figures 3 and 6, and Figure S1C  

The glucose uptake flux was measured for 6 h after an overnight fast and following ingestion 

of a mixed meal containing 87 g carbohydrate and 33 g fat 8 healthy subjects (Frayn et al., 

1993). The FFA and TG uptake fluxes were measured for 6 h after an overnight fast and 

following ingestion of a mixed meal containing 40 g carbohydrate and 40 g fat for 10 healthy 

subjects and 10 IR subjects (Bickerton et al., 2008).  

Legend table 

flux method healthy IR axis 

glucose uptake simulation   left  

 experiment   NA left 

FFA uptake simulation   right 

 experiment   right 

TG release simulation   right 

 experiment   right 

 

This figure investigated whether the computational model reproduced the uptake fluxes of 

glucose, FFA and TG by adipose tissue for healthy and T2DM subjects. The computational 

model captured the important experimental features: the insulin-induced peak response of the 

glucose uptake flux and the levels of the FFA and TG uptake flux after the meal. The 

computational model showed an insulin-induced peak response of FFA and TG, while the 

experimental data showed a gradual response. It suggests some hidden mechanisms of FFA and 

TG exchanges in adipose tissue. 
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Computational simulation of the GI module 

 

Figure S12 Time course of glucose, lactate, glycerol, FFA, and TG exchange 

fluxes in the GI tract, Related to Figure 3 and Figure S1D  

The time courses of these exchange fluxes were simulated after an overnight fast and following 

a single meal of 87 g carbohydrate and 33 g fat for a healthy subject. A negative value of the 

flux indicates the release into plasma. The experimental data is not available. 

Legend table 

metabolite method healthy 

glucose uptake simulation  

lactate uptake simulation  

glycerol release simulation  

FFA release simulation  

TG uptake simulation  

 

After a meal on 0 h, the glucose and TG uptake increased due to insulin action and their 

increased plasma concentrations (Figure 3); the FFA and glycerol release decreased because 

they were utilized for TG synthesis. According to the previous model (Kim et al., 2007; Pan 

and Hussain, 2012), the computational model assumed that the GI degrades accumulated TG in 

its cytoplasm into FFA and glycerol to release them into plasma (Kim et al., 2007). 
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Computational simulation of the heart module 

 

Figure S13 Time course of glucose, lactate, glycerol, FFA, and TG uptake fluxes 

in heart, Related to Figure 3 and Figure S1E  

The time courses of these metabolite uptakes were simulated after an overnight fast and 

following a single meal of 87 g carbohydrate and 33 g fat for a healthy subject. 

Legend table 

metabolite method healthy 

glucose uptake simulation  

lactate uptake simulation  

glycerol uptake simulation  

FFA uptake simulation  

TG uptake simulation  

 

The heart took up plasma glucose, lactate, glycerol, and FFA. After a meal on 0 h, the glucose 

and lactate uptake increased due to their increased plasma concentrations (Figure 3); the FFA 

and glycerol uptake decreased due to their decreased plasma concentration.  
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Computational simulation of the brain module 

 

Figure S14 Time course of glucose and Bhb uptake fluxes in the brain, Related 

to Figure 3 and Figure S1F 

The time courses of glucose and Bhb uptak were simulated after an overnight fast and following 

a single meal of 87 g carbohydrate and 33 g fat for a healthy subject. 

Legend table 

metabolite method healthy 

glucose uptake simulation  

Bhb uptake simulation  

 

The brain utilized the plasma glucose and liver-produced Bhb. After a meal on 0 h, the glucose 

uptake increased due to its increased plasma concentration. The Bhb uptake occurred late, 

because its synthesis by the liver needs some fasting conditions. 
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Compuataional simulation of plasma glucose, Bhb and FFA 

concentration under a fasted condition 

 

 

Figure S15 Time-course of plasma glucose, Bhb and FFA concentrations under 

a fasted condition, Related to Figure 5 

The proposed model was simulated during 480 h after an overnight fast and following a single 

meal of 87 g glucose and 33 g fat. The blue circles and blue lines indicate the experimental and 

simulated concentrations of plasma Bhb, respectively. The red circles and red lines indicate the 

experimental and simulated concentrations of plasma FFA, respectively. The black line 

indicates the plasma glucose concentration. 
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Computational simulation of metformin administration 

 

Figure S16 Effect of metformin on metabolite concentrations of a T2DM model, 

Related to Figure 7 

Time courses of the concentration of plasma glucose, lactate and hepatic TG for T2DM and 

T2DM with metformin were simulated after an overnight fast and following a single meal of 

87 g carbohydrate and 33 g fat. The LDH inhibition by metformin administration is provided 

by Vmax_ldh_Pyr_L = 0. 

Legend table 

metabolite method T2DM T2DM+metformin 

plasma glucose simulation   

plasma lactate  simulation   

hepatic TG  simulation   

 

The LDH inhibition by metformin decreased plasma glucose and hepatic TG, while increasing 

plasma lactate. 
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