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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. | 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 human metabolism 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 the molecular 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;
lyengar et al., 2012; Maldonado et al., 2018).
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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
etal., 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 and medication. 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, | 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 new medicine 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 (Gl) tract, heart, and brain. | 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 (53-56 and $220 in Data S1). The
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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.

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 (S12-516), 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). | 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 (S1-5421)), 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, Gl, and
adipose tissue. The plasma insulin concentration rapidly increased to a peak, which was caused by an
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Figure 2. Union map of all organ metabolic networks

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
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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
itinto blood. | 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 Gl 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, | compared the simulated results with the experimental data under
healthy and diseases (IR and T2DM) conditions (the IR and T2DM are defined in Methods). 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 subjects with IR. The model captured the experimental features (Bickerton et al.,
2008): (1) IRincreased plasma insulin, (2) IR a little increased plasma glucose and plasma TG, 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 organ module model, | characterized the simulated exchange fluxes between each organ and the
blood. Figure S8 indicated the remarkable metabolic 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, | 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 Gl 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

| 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
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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).

| 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 Gl. It suggests that the adipose tissue and Gl 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 (Gép) 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 Gép 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. | 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
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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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A Figure 5. Prediction of a two-phase mechanism of de novo
5 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.
53 (A) The time course of Gép (green), pyruvate (red), acetyl-CoA (black),
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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). TIDM 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 from muscle 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, | analyzed the effect of IR
and B cell dysfunction on the progression of T2DM. | 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
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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).

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.
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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 T2DM were simulated after an overnight fast and following a single meal of 40 g carbohydrate and 22 g fat. The colored
lines indicate the T2DM model without any medication (blue), LDH inhibition by metformin (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).

Design of combination therapy

To investigate the feasibility of combination therapy, | 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
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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

| 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

| 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
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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).

| 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, | 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 FADH,)
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, Gép 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, Gép increases, which
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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 T1IDM, 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. | investigated the effect of IRand 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 a major cause of IR. | 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, | 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 of metformin 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 proposed model 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 of Grp
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 of metformin, 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
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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, 3-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 FADH, 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), Gl 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 1¢ (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 B, (X =L,M,AG,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:

P

Sensitivity =
Apy

Pathological analysis

Along-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.



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, [3
cell dysfunction, and IR. Steatosis is the underlying disease. 3 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_lipogl Accoa LC, Vmax lipog2 Malcoa L, and Vmax tgsyn FFA L, Vmax cholsynl 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 Lby 1.5.

Diabetes reconstruction

T2DM consists of steatosis, B 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 3 cell dysfunction model.
Type 1 diabetes mellitus (T1DM), once known as juvenile diabetes or insulin-dependent diabetes, is the extreme
case of B 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 y (PPARy) that improve insulin sensitivity. PPARy is mainly
expressed in the adipose tissue; PPARY 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 Idh 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 B-hydroxybutyrate (Bhb) are synthesized from acetyl-CoA produced through B-
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 3 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

t2
Gleg |
mleal Glcmea Tdfllgy 2 exp( 2Td§|la05 2 ) (S 1)
TGB TG meal t ex ( t2 ) S2
meal T TGy 2 p 2T TGg 2 ( )
delay delay

where ¢ 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).

|nssyn = klﬁssyn (83 )
Gleg
GIC r.|inssyn
Vi =VMax.g, — (84)
n;
Kml(i!scsg;,n |nssyn + GIC mssyn
FFAg FFAg
Vinssyn klnssyn FFAB (SS )
Ins| Ins,
Vins?ﬁeg kmsdBeg |n5 (S6)

Insulin and glucagon activities in organs
Insulin-regulated enzyme activity factor in liver is defined as ¢, , which is determined by plasma insulin

concentration, depending on each organ.

InsgL
Ins,"
a = o™ +o’™ (S7)
Insg, n"™Bt Ins n!nsBL
Km + Insg
nlnsBM
_ Base Band InSB
aM - aM +aM Ins n/nsem 1 nsem (SS)
Km™e +Ins,
Insga
Base Band InSBn
aA - aA +aA Ins Ins, (S9)
Insg, n'"*BA Ins n'nsea
Km + Ins,
n'"SBG
Base Band I B
g = a5 tag (S10)

n'nsBG

Insgg
Km'™=""" +Ins,



Ins,
n'"sBH

o = e T (s1)
Km'"™e+" ™ 4 Ins,"

Glucagon-regulated enzyme activity factor is given by

B=1-o (S12)
Pu =1-ay (S13)
Pr=1-a, (S14)
Bs =1-ag (S15)
By =1-a, (S16)

Subscripts: L, M, 4, 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)

Glc, —Glc,

Glcg, +£ Glcg,
Vous =Vdif 8 Glc, Gic, (S17)
1+ +£ Glcg, + +£ Glc,
Kdif 5= Kdif .5
Hexokinase (HK) (Berndt et al., 2018b)
Glc At
Vot =a Vmaxg™ L T i e (S18)
Gle, + Kme® 1+ —2PLy Atp + KmA® (14 —2PLy
L hi -G6p L hk AL
Ki P Ki, ™
hk hk
Glucokinase (GK) (Ashworth et al., 2016)
Gle, ™" Gle,"*"
Vr(lskICL =a, 'VmanGkICL : Glo, - Gl .GleL L T
Gle,"* +Km g™ Gle ™ +Km,g™™*
con (S19)
A g Gép,"* )
Atp, +Km4™ * Gep, "+ + Kiger:" s B
Pentose phosphate pathway (PPP)
G6p Nadp
Gépy _ Gép,
Vpppp _VmaXQGF?ase - G6p, - Nadp, (520)
G6p,_ +Km_ > Nadp, +Km_2
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Go6Pase (Ashworth et al., 2016)

G6p

G6p G6p, L
voore o =Vmax ok (S21)

g6 pase g6 pase

G6p, +Kmggoi,
Glycogen synthase (GS) (Ashworth et al., 2016)
G6pL
G6p, ™ Glygn™ —Glygn Ut

V;BSG Px _aL VmaXGG pL pL . ( yg yg L) pL (822)

G6p, " +KmS*» =" (Glygn™ —Glygn, )+ KmS¥™  Utp, +Km2®

Glygn™ 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)

Glygn, Phos,

Glygn, __ Glygn
v =6 -Vmax " (S23)

- ) “ Glygn, + Km&Y*™ Phos, + Km{™
Phosphofructokinase (PFK) (Ashworth et al., 2016)

G6 At
Vel =a Vmaxs ™ P ——. P .
G6p, +Km™  Atp +KmZ
Ao, (S24)
Klpfk AdpL . 1_beipL GapL
Atp, + KlﬁfL"L Adp, +Km/P " Gap, +Kig™
Fructose-1,6-bisphosphatase (FBP) (Ashworth et al., 2016)
Ga
Vart =f, -Vmaxg L — = (S25)
Gap, +Kmg™*
Pyruvate kinase (PK) (Ashworth et al., 2016)
Ga Accoa Ad
Vg?pL — al_ VmaxgkapL . pL S . _ bS(CCOaLM LMA pL — (826)
Gap, +Km Accoa,, + Ki o AdpL +Kmg ™

Phosphoenolpyruvate carboxykinase (PEPCK) (Ashworth et al., 2016)

Voee Pepe Pyr + Kmseyggk Atp_+Kmi,  Gtp, +KmS&,
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Pyruvate transporter (PYRT) (Berndt et al., 2018b)

VPyrBL :lef Pyrg. PyrB — Per
s T Ry Py
Kdif o Kdif 2%

Lactate transporter (LACT) (Berndt et al., 2018b)
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Vlact I lact LaC LaC
B L
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lact lact

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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FFA transporter (FFAT) (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)
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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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[B-oxidation (BOXID) (Ashworth et al., 2016)
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AcCoA release into cytoplasm for FFA synthesis (ACCOAT)
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B-hydroxybutyrate synthesis (BHBSYN)
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B-hydroxybutyrate transporter (BHBT)
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Lipogenesis 1 (LIPOG1)
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Cholesterol synthesis 1 (CHOLSYN1)
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Cholesterol transporter (CHOLT)
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ATP synthesis from FADH (ATPSYNF)

Fadh, Fadh, Adp,

atpsynf Fadn, Adp
I:a‘dhL + Kmatpsyrﬁf AdpL + Kmatps;nf

Fadh,_

atpsynf :VmaX

\Y

ATP synthesis from NADH (ATPSYNN)
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ATP utilization (ATPUSE)

Atp
Atp, Atp,
Vatg:se _Vmaxatgijse —LAtpL (S57)
AtpL + Kmatpuse
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)
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Vaisg VMg Gdp Atp édtp;g Adp (559)
@+ deLL )1+ AtpLL )+ 1+ thLL )1+ AdpLL )-1
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Uridine diphosphate kinase (UDP regeneration to UDP (UDPREG))(Berndt et al., 2018a; Berndt et al., 2018b)
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NADH kinase (NADHK)
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UTP utilization (UTPUSE)
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GTP utilization (GTPUSE)
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v

NADH utilization (NADHUSE)
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NADPH utilization (NADPHUSE)
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\Y; =Vmax

FADH utilization (FADHUSE)

Fadh, Fadh,
Fadh, +Kmi2h

fadhuse

Fadh_
fadhuse

Vv

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

Cre,_ - Atp, —Crep, - Adp, / Keq§™

Vot SVmaT At Cre Ad
@+ Sy s pL)+( pL)( Poy_q

Cre_ Atp Crep Adp,
Km ck Km ck

Flux in skeletal muscle
Glucose transporter (GLUT4)

Ve _ g \/if Sl Glc,; —-Glc,,
glut4 M glut4 GlC GlC
L it S Kt S
| glut4 | glut4
Hexokinase (HK)
Glc
Vo =g, Vmax; M e
PM

Glc,, + Kmo™ (1+

Glycogen synthase (GS)

") Atp, + Km/A 1+ ——M e

(S63)

(S64)

(S65)

(S66)

(S67)

(S68)

(S69)



G6p,," (Glygn™ —Glygn,,) Utp,,

V;BSGPM :aM -Vmans nG6PM G6p nG6pm max Glygn, Utpy
G6p, = +Kmz™"  (Glygny™ —Glygn,, )+ Km™ Utp,, + Kmy
(S70)
Glygn,,™ denotes the maximum amount of glycogen that skeletal muscle can store.
Glycogen degradation (GD) by glycogen phosphorylase (GP)
Glygn Phos
nglygnm :VmaXG(:ygnM yg M < M — (S71)
Glygn,, + Kmg*®* Phos,, +Km_ /"
Phosphofructokinase (PFK)
G6 At
Vi =a,, Vmaxge™ P — Pw o
G6p,, +Km ™ Atp,, +Km
o (872)
Ki pfk AdpM 1 — pGePu GapM
Atp,, +Ki%® Adp,, +Km P Gap, 4 KiS
Pyruvate kinase (PK)
Gal Accoa Ad
Ve = g, Vmax S Pu oo (1=bpeem M — Py py (S73)
Gap,, +KmZ "™ Accoay,, +Kij™ ™ Adp,, +Kmj*™
Pyruvate transporter (PYRT)
. - Pyr Pyr, —Pyr,
Voo =Vdif S Yo = /My (S74)
Pyrg n Pyry
if PYlam H
Kdif o Kdif
Lactate transporter (LACT)
. Lac; —Lac
Ve =Vdif 3 B M (875)
14 Lac, N Lac,,
if Lacgy H
Kdif & Kdif 2

Lactate dehydrogenase (LDH)
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Pyr,, - Nadh, - Lac,, - Nad,, / Kegy

Vi VMg Pyr Nadh Lac Nad )
(1) ) (14 M)
Kmyg, Kmyg, Kmyg, Kmyg,
Alanine transporter (ALAT)
. Ala; — Ala
Vimaw - =\/dif Mo B M (S77)
Alag Ala,,
1+ Kdif Aaem + £ Alg
Malat KdlfalatM
Alanine transaminase (ALAT)
Pyr,, — Ala,, / Keg42
Vaats =Vmaxgl - Fy>yMr o [ (S78)
M M
@+ v )+ @+ Al )-1
alata alata
Pyruvate dehydrogenase (PDH)
Pyr, Nad KM ™
Pyry Pyry dh
Vpé,;; = .Vmaxpg': ” Pyry " Nady, - Accoayy (579)
Pyry +Km g Nad, +Km_ " Accoa,,, +Km
TCA cycle (TCA)
VAccoaMM _Vma Accoayy AccoaMM AdpM NadM I:a'dM
“ “ Accoa,,, + Kmi<mm Adp +KmA® Nad,, + Km"* Fad,, +Km* (550)
Phos,, Pyr,
Phos,, + Km™ Pyr, + Km/”™
FFA transporter (FFAT)
Vie ™ =Vied Vi s (S81)
. FFA;, —FF
Vige oy =Vdif % A —FPA, (S82)
FFA; FFA,
1+ Kdif FFeu + £ FFA,
I s Kdlfﬁat
FF
ViR =Vmaxie e (583)
FFA; + Kmg ™
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TG synthesis (TGSYN)

FFAy _ FFAy FFAM GIprM TGI\TaX _TGM AtpM
Vtgsyn =Vm gsyn I (884)
FFA, + Kmiv Glyep,, + Kmed™ (TG™ —TG,, ) + Kmgow Atp,, + Kmy o

syn gsyn gsyn

TG degradation (TGDEG)
TG
TG TG L
Vtgdlég =ﬁLvmathdlég - 1 (S85)
TG, + Kmgg,,
Glycerol transporter (GLYCT)
. Glyc, —Glyc
Vg =Vdif e Yo~ (S86)
Glyc Glyc
1+ i G'ism + : Gll\cc
Kdlfglyct Kdlfglyc’(M
Glycerol kinase (GLYK)
Glyc At
Vo =Vmaxge o s A plz o (S87)
Glycy, ap tp,, + Km’ ™
Glyc, +Kmgg (1+-—=00) P gk
glyk
TG transporter (TGT)
TGam _ ,TGsm  41,TCom
Vtgt — Ttgt_a +Vtgt_d (SSO)
i TG, —TG,, / Keg,™
Vet =Vdif e s TG/ q% (S88)
TG, + Kdif oo +——
TGy
Keqy,
TG
Vet =Vmaxg; B (S89)

Glycerol-3-phosphate dehydrogenase (G3PD)
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Gap,, Nadh,, _ Glyep,, Nad,,

Glycpy,
Gap, _ Gap, g3pd
Voo =Vmax ;" (S90)
93 93 Gap,, Nadh,, Glycp,, Nad,,
(1+ Gapy, )(1+ Nadhy, )+ (1+ KmGchpM )(1+ KmNadM
g3pd g3pd g3pd g3pd
-oxidation (BOXID)
VY CVmax FFA, Atp,, Nad,, Fad,,
e " FFA, + KmT Atp,, +Km/® Nad,, + Km\® Fad,, + Km% o
, Kippig Kigoq
Accoa,,, + Ki/ @ Malcoa,, + Kilae
ATP synthesis from FADH (ATPSYNF)
Fadh Adp
Fadh Fadh
Vo =Vmaxio M W M - (S92)
Fath + Kmatpsynf AdpM + Kmatpsynf
ATP synthesis from NADH (ATPSYNN)
Nadhy _\ /g N2 Nadh,, Adp,, 593
Vatpsynn - maxatpsynn Nadhy, Adpy ( )
Nadh,, +Km_ .~ Adp,, +Km;
ATP utilization (ATPUSE)
Atp
Atpy Atpy
Vatpﬁlse _Vmaxatppuse . Atpy, (894)
AtpM + Kmatpuse
Adenosine kinase (AMP regeneration into ADP (AMPREG))
Am At Ad Ad
Vi, =Vmaxire P Pu Pu Pu____ | s95)

Amp,, +KmA™ - Atp 4+ KmAPs B Adp,, +Km:® -~ Adp, + KmZAdw

ampreg ampreg ampreg ampreg

Uridine diphosphate kinase (UDP regeneration to UDP (UDPREG))
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Utp,, Adp,,

Udp,, Atp,, — Keg s
Vo =Vmaxgy Ud ™ U”td"'eg d (S96)
(Lo PPy g g APy g
udppr’gg Kmudglrvleg udgllyleg K udpﬁ"gg
UTP utilization (UTPUSE)
Utp
Ut Ut
Vi =VMaX e, — (897)
UtpM + Kmutpuse
NADH utilization (NADHUSE)
Nadh
Nadh Nadh
Vna?ihu’\ge :Vmaxnailhuwsle . Nadh, (898)
Nath + Kmnadhu,\ge
NADPH utilization (NADPHUSE)
Nadph
Nadph, Nadph,
Vnaa(lipeluse _Vmaxna?ip‘:mse Nadph + KrITjINadph" (899)
L nadphuse
FADH utilization (FADHUSE)
Fadh
Fadh,, Fadh,,
Vfaadhuse _Vmaxf';:ihuse . Fadh,, (SIOO)
Fath + Kmfadhuse
Creatine kinase (CK)
VT —VmaxC™ . Cre,, - Atp, —Crep,, - Adp,, / Kegg™ (S101)
ck - ck
@0 gy APy g, CTPu g AT
Km,/® Km,, ™ Kmg/ Km, P
Flux in adipose tissue
Glucose transporter (GLUT4)
i Glc, —Glc
V;'uctj* =q,- lefg?ljtcj’* ol B /23|C (S102)
B A
 Kaif S i o
glut4 Kdi glut4
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Hexokinase (HK)

GlcA _ Glcy GICA

Atp,

Vi b =a, -Vmax,

Glc, + Km: (1+

Phosphofructokinase (PFK)

VG6pA _ G6py G6pA

COPay Atp, + K (14
Kig P

Gop,,
K AtpA

Atp,

ok =0y Vmaxpfk

K" Adp,
Atp,, + KiZ™ Adp, + ngf‘;pA

Pyruvate kinase (PK)
Ga
Vi = a, -Vmax ;™ Pa -
Gap, + Km*»

Pyruvate transporter (PYRT)

VPyrBA lef Pyraa PyrB — PyrA

—b Accoayy

Pyt Pyt Pyr, Pyr,

1+ Pyr, + Pyr,
Kdif 2 Kgif P

pyrt

Lactate transporter (LACT)

Lac, —Lac,

G6p, +KmP Atp, +Km/*

_bGapA GapA

pfk -Gap
Gap, + Ki 3™

Accoa,,, Adp,

pk
Accoa,, + Kyl Adp, + Km/®»

VILacBA :lef Lacgy

act lact

Lac, Lac,

+
lact Kd |f oo

Kdlf Lacey

lact

Lactate dehydrogenase (LDH)

VI —Vmax Pyr, -Nadh, — Lac, - Nad , / Keq,“’ch
Idh ldh
@ Y0y N0y g B2y, Nads )
I<rﬂ| K Idh KIT‘Idh K Idh

Alanine transporter (ALAT)

(S103)

(S104)

(S105)

(S106)

(S107)

(S108)

23



Ala; — Ala,

VAIaBA :lef Alagp

alat alat AI aB AI aA
+ = Ala + -¢ Al
Kdif > Kdif S

Alanine transaminase (ALAT)

Al
VPyrA =VmaXPyrA . PyrA B AIaA / Keqalaig
alata alata Pyr AlaA
7A —
@+ oy, )+ @+ o )-1
alata alata
Pyruvate dehydrogenase (PDH)
Pyr, Nad, Ko

ng:f =0, 'Vmaxgt)i/f:A Pyr Nad Accoa,
Pyr, + Kmg* Nad, + Km g Accoa,, + Kmg ™

TCA cycle (TCA)
\Acc0Ray :VmaXtAccoaAM ACCO&AM AdpA NadA I:adA
e “ Accoa,,, + Kmi=@ Adp, + KmA®+ Nad, + Km™ Fad, + Km/ %
Phos,, Pyr,

Phos, + Km " Pyr, +Km>"
FFA transporter (FFAT)

FFAgs _ . ,FFAy FFAg
Vﬁat " _Vﬁat_a +foat_:1

Vi) SO e
1+ +
Kdif g *  Kdif FFA

ffat

FFA
VI~ Vmax -
FFA, + Kmg_ =
TG synthesis (TGSYN)
VtFFAA =Vm FFAA FFAA GIprA TGE&X _TGA AtpA
= P FFA, + KMo Glyep, + KmSsPs (TG ~TG,) + Kmios Atp, + Km/2:

(S109)

(S110)

(S111)

(S112)

(S113)

(S114)

(S115)

(S116)
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TG degradation (TGDEG)
TG
TGy _ TG A
Vtgdeg - ﬂA Vmaxtgdeg TGA 4 KmITGA

gdeg

Glycerol transporter (GLYCT)

Glycga =Vdif Glycga GIyCB —GlyCA
VQ')’CI =Vvdl glyct
Glyc, Glyc,
+ +f Glycga + - £ Glyc
Kd Ifglyct Kdlfglyct A
Glycerol kinase (GLYK)
Glyc Atp
Glyc, _ Glycy
Vgy =VMaXgy : Gap, | Atp, + KAmAtpA
Glyc,
GIyCA+ nglyykc (1+ T&mi) A glyk
glyk
TG transporter (TGT)
TGpm — y/TCaM TGgu
Vtgt — Vigt_a +Vtgt_d
TG
V,;?Eg =a, Vm L?BA —BTGA
TG + Kmtgt
TG
VIS —vif o L8 ~TG, / Kegiy"
tgt_d - tgt TG
TG, + Kdif oo 4+ A
TG,

Keq

tgt

Glycerol-3-phosphate dehydrogenase (G3PD)

GapANadhA—% Nad

Glycpp
Gap _ Gap g3pd
VoA =Vmax ;A
93 93pd Ga Nadh Glyc Nad
e (e B R 0 (R
ngde ngde m93pd mg3pd
-oxidation (BOXID)
FFA At Nad Fad
V;Z’?J\ :Vmaxt'):;‘% . FFA, - Atp, . Nad . Fad,
I:F'A‘A—Fl‘q.nboxid AtpA+Kmb0xid NadA+Kmboxid I:a‘dA_i_Kmboxid
Kl Accoapy, KI Malcoa,

boxid boxid

CC

Accoa,,, + Ki ot Malcoa, + Kiyaeo

(S117)

(S118)

(S119)

(S120)

(S121)

(S122)

(S123)

(S124)
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ATP synthesis from FADH (ATPSYNF)

Fadh, Fadh, Adp,

Fadhy

Y =Vmax

atpsynf

atpsynf Fadh Adp
Fadh, + KM, oont Adp, + KM, oot

ATP synthesis from NADH (ATPSYNN)

Nadh, Nadh, Adp,

Nadh,

Y =Vmax

atpsynn

"™ Nadh, + Km'@™  Adp, + Km/A®

atpsynn atpsynn

ATP utilization (ATPUSE)

Atpp AtpA
" Atp, + Km/®s

atpuse

Atpp
atpuse

v =Vmax

Adenosine kinase (AMP regeneration into ADP (AMPREG))

VAmpA _VmaXAmpA AmpA AtpA

ampreg ampreg Atp,

ampreg

Amp, + KmA™: -~ Atp, +Km

ampreg

NADH utilization (NADHUSE)

Nadh, Nadh,
nadhuse N dh +KmNadhA

nadhuse

Nadh,
nadhuse

\ =Vmax

FADH utilization (FADHUSE)

B Adp, +Km

Adp, +Km

VFa  _\/max e Fadh,
fadhuse fadhuse Fadh,
F dh + Kmfadhuse
Creatine kinase (CK)
Ve —VmaxC® - Cre, - Atp, —Crep, - Adp, / Keqs™™™
¢ Atp Crep Adp
- ck:;A)( e W -1

Flux in Gl tract

(S125)

(S126)

(S127)

(S128)

(S129)

(S130)

(S131)
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Glucose transporter (GLUT2)

. Glc, —Glc
Vous = Vif {5 —
Glc, Glcg
1+ if Glcgg - £ Glc,
KdlfglutZ Kdlfglutg
Hexokinase (HK)
Gleg Glcg GICG Ath

Vi ¢ =ag -Vmax.,

G6 G6
Gle, + KmS (1+ —oPs ) At + Km™® (1+ —>Ps)
Kig P Kie
hk hk
Phosphofructokinase (PFK)
G6p Atp
V?fi e :aG Vmangi e ° G6p © Atp, ’
G6pg + Km g™ Atpg + Km e
Ki l/:prG Ad Ps 1—pCs Gape
Atpg + KiA% Adp, +Km™® " Gapg + KiS
Pyruvate kinase (PK)
Gap Accoa, Adp,
Gapg __ Gapg G Accoagy, M G
Vpk =Qg 'Vmaxpk G Gapg 1- bpk = AcCOagy Adpg
apg +Kmj Accoa,, + Kiy Adp, +Km
Pyruvate transporter (PYRT)
. Pyr, —Pyr,
Ve =Vdif P Py s ~ Yl
Yis Pyrs
1+ Kdif Pyrse + £ Pyrg
pyrt Kdlfpyrt
Lactate transporter (LACT)
. Lac, —Lac
=Vl e
1, L8 ac,
if Lacgy H A
Kdif ™ Kdif =2°

Lactate dehydrogenase (LDH)

(S132)

(S133)

(S134)

(S135)

(S136)

(S137)
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Pyr; - Nadh; — Lac, - Nad, / Kegg®

Pyle  _ Pyre
Vidh _Vmaxldh

1+ Vs yqy Moy g, LAy, Nads )
Kmgh° KMy & Kmgy® KMy
Alanine transporter (ALAT)
Vil =vaif e S =R
L i e+
Kdif . Kdn‘a’l*ataG

Alanine transaminase (ALAT)

Pyr, — Ala, / Keg

alata

Pyr, Alag
(1+7P‘;r6)+(1+ AIaG)—1
alata alata

Vos =Vmaxghe -

alata alata

Pyruvate dehydrogenase (PDH)

Accoag

Pyrs  _ Pyrs PyrG NadG Kmpdh !

Vpdh =0g 'Vmaxpdh Pyr. Nad Acco
Pyrs + Kmie Nadg +Km g’ Accoag, + Km g

TCA cycle (TCA)
VAccoaGM =VmaXIA°C°aGM ACCO&GM AdpG NadG I:adG

“ “ Accoag, + KmA™% Adp, + Km % Nad, + Km\® Fadg + Km;*e

Phos Pyr;

Phos, +Km{"*® Pyr_ +Km’e

tca ca

FFA transporter (FFAT)
FF. FF FF
Vf‘fatABG :foatpfg +foatAfg
FFAss  _\/djf FFhec FFA; —FFA
foat_d - I ffat FE FE
1+ — f,fAB + As
Kdif g Kif £
PP _\/max e FFA
foat_a - maxffat FF K FFAgg
Ab + mffat

(S138)

(S139

(S140)

(S141)

(S142)

(S143)

(S144)

(S145)
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TG synthesis (TGSYN)

VR _VmaxEe FFA; Glycp, TGI™ —TG, Atp,

o P FFA + KmEt Glycpg + KmSs (TGI™ ~TG, )+ KmiSe, Atp, +Km/%

gsyn tgsyn tgsyn

TG degradation (TGDEG)
TG
TGy _ TGs G
Vtgdeg - ﬁ G Vmaxtgdeg ., T1G.
TG + Kmyyge,

Glycerol transporter (GLYCT)

Glycgg =Vdif Glycgg GIyCB _GIyCG
VQ'YCI =val glyct
14 Glyc, N Glyc,
if Glyces .
Kdifypl*  Kdif g
Glycerol kinase (GLYK)
Glyc Atp
Glycg  __ Glycg
Vg'yykc —Vmaxglyf ° Gal A KG Atpg
Glyc, + KmSe (1+ —aPe ) Atpg + KMy,
KiGaPG
glyk
TG transporter (TGT)
TGBG — TGBG TGBG
Vtgt — Vigt_a +Vtgt_d
TG
TG TG 5
Vi =g -Vmax,,*® ——————
tgt_a G gt TGB—FKmtTg?G
TGg
oo _y/qif T 1 8 TG,/ Kedy,
Vtgt_d - Itgt TG
TG, + Kdif [0 + ——¢
TG
Kex,,

Glycerol-3-phosphate dehydrogenase (G3PD)

(S146)

(S147)

(S148)

(S149)

(S150

(S151)

(S152)
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Gap,Nadh, _Glyiecl%% Nad,

VGapG :Vm ax Gapg g3pd

g3pd 93pd Ga Nadh Glyc Nad
(L o o)+ R ) -1
ngS pd ngS pd m93pd m93pd

-oxidation (BOXID)
VR _Umax FFA; Atp, Nad,; Fad,

o “CERA, + KmT Atp, + Km?® Nad,, + Km2% Fad, + Km:%

, Kigga Kigog
Accoa,, + Ki/ 2% Malcoa, + Ki)2e

ATP synthesis from FADH (ATPSYNF)

Fadh /g 7o Fadh, Adp,
Vatpsynf - maxatpsynf Fadhg Adpg

Fadh, + Km_oos Adpg + Kmoe

ATP synthesis from NADH (ATPSYNN)

Nadhe  _y /1oy Nache Nadh, Adp,
Vatpsynn - maxatpsyn” Nadhg Adpg

Nadh; +Km, o~ Adpg +Km &
ATP utilization (ATPUSE)
Atp

AY AY

Vatp'thse :Vmaxatp?ge © Atpg
Ath + Kmatpuse

Adenosine kinase (AMP regeneration into ADP (AMPREG))

Ampg =V Ampg Ampe Ath Adpe AdpG
Vampreg =V M&Xampreg Ampg Ape Adpg

AmMpg + Kmgoe - Atp + Kmge o Adpg + Kmgoe - Adpg +Km

NADH utilization (NADHUSE)

Nadh, Nadh,
" Nadhy, + Kmee

nadhuse

Nadhg
nadhuse

\ =Vmax

(S153)

(S154)

(S155)

(S156)

(S157)

(S158)

(S159)
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FADH utilization (FADHUSE)

Fadhg Fadhe

Fadhg

Vfadhuse =Vmaxfadhuse d (8160)
Fadh, + Km{2e
Creatine kinase (CK)
Ve =VmaxCr - Cre, - Atp, —Crep, - Adp, / Keq$'™ (S161)
@+ Cr% ya 4 Aoy, q, CrePs ) Adbs ) o
Kmg' Km/®e Kmg'e Km/%e
Flux in heart
Glucose transporter (GLUT2)
. Glc, —Glc
Vouy  =Vdif e B (S162)
Glc, Glc,
 Kaif S Kaif o
glut2 glut2
Hexokinase (HK)
Glc At
Vol =V/maxSs H e P e (S163)
Gle,, +KmS™ (L+ Py At KmAP (1+—Pr)
Ki, ™ Kiy, ™
Glycogen synthase (GS)
G6py
Ve =g .VmaxS°P G6py i (Glygnﬂax —Glygn,) Utp,
* " T GEp,™ "+ Kmee " (Glygn[™ —Glygn,, ) + KmS¥™ Utp,, + Km:™
(S164)
Glygn,}* denotes the maximum amount of glycogen that heart can store.
Glycogen degradation (GD) by glycogen phosphorylase (GP)
Glygn Phos
Ve = B, Vmax ™ Yon, L (S165)

Glygn,, + Kmg"™ Phos,, + Km

Phosphofructokinase (PFK)
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G6py G6p, Atp,,

G6
Vo " =Vmaxgy G6p Apy
G6p,, + Kmg™ Atp, + Km g™
i Atpy
Klpfk Ade l_bGapH GapH
- fi )
Atp,, +KiZ™ Adp,, + Km/ P " Gap, + Ki
Pyruvate kinase (PK)
vG,f”H :VmaxGpr Gap,, 1 Ao Accoa,,,, Adp,,
P " Gap, + KmS® " Accoay,, +Kii™*  Adp,, + Km/P
Pyruvate transporter (PYRT)
PYren =Vdif Pyrgyy PyrB — I:)yrH
prrt - I pyrt P =
Yo Py,
KdifppyftrBH Kdifp';{[”
Lactate transporter (LACT)
. Lac, — Lac
Vll.;itcBH :Vd|f|;§cBH . .
1, Lacs | Lac,
Kdif = Kdif 22
Lactate dehydrogenase (LDH)
V&TH =VmaX,Z¥]r” PyrH ) Nath — LaCH ) NadH / Keq|bicH
Pyr, Nadh
o A i (e B
Ky, Kmyg, Kmyg, " Kmyg, "
Alanine transporter (ALAT)
. Ala; — Ala
Vigr =Vdif —
Ala, Ala,,
1+ £ Ala .2 Al
Kdif,,*  Kdif A2

Alanine transaminase (ALAT)

(S166)

(S167)

(S168)

(S169)

(S170)

(S171)
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Alay,

Pyr,, — Ala,, / Keq

Vo =Vmaxgl - our v (S172)
1+ )+ @) -1
alata Kmalata
Pyruvate dehydrogenase (PDH)
Pyr, Nad Km/ g
Vo =Vmaxp fo S e — (S173)
Pyr, +Km 3 Nad, +Km i Accoa,,, + Km g
TCA cycle (TCA)
VAccoaHM _Vm Accoayy ACCO&HM Ade NadH
“ “ Accoa,,, + Km < Adp, +KmA%® Nad,, + Km\ s174)
Fad,, Phos,, Pyr,,
Fad,, + Km>% Phos,, + Km'® Pyr, + Km>/"™
FFA transporter (FFAT)
Vie™ =Vigrod +Vig s (S175)
. FFA, —FF
VP dif e R~ FFA, (S176)
- , FFA, FFA,
Kdif o Kdif FF
FF
Vi VA e s177)
FFA; + Kmg ™
TG synthesis (TGSYN)
VA \max T FFA, GIprH TGlTaX — TGy, Atp,,
o " FFA, + Kmith Glycp,, + KmEs™ (TG™ ~TG,,) + KmiS: Atp,, +Kma®
(S178)
TG degradation (TGDEG)
TG
TG TG H
Vigog =V MWy ———— —o— (S179)
TG, +Kmg
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Glycerol transporter (GLYCT)

VGIyCBH :lef Glycgy GIyCB — GIyCH
glyct glyct
14 Glyc, N Glyc,,
it GlyCay .
Kdif ot Kd'fg?ylc):’tcH
Glycerol kinase (GLYK)
Ve —\/maxCVer Glyc, Atp,,
glyk glyk Ga Atp,
Glyc,, + Kmgher (1+ = "1 GS;: ) APy +Kmg,
Kl
TG transporter (TGT)
Ggn _ y/TGsH Ggn
Vg™ = Vige®s g%
TGy
VTGBH :lef TGgy TGB _TGH /Keqtgt
tgt_d tgt TG
TG, + Kdif s + =
Keg,"

V,:(:;?Bg =Vmax2;fBH %
; g+ KMy

gt

Glycerol-3-phosphate dehydrogenase (G3PD)

Gap,, Nadh, _ Glyep, Nad,,

Glycpy
Gapy __ Gapy g3pd
\ =Vmax
93pd g3pd Ga Nadh Glyc Nad
1+ 2Py, H )4 (14— Py N8y g
Gapy Nadhy, Km&yepx KmNadu
g3pd 93pd 93pd 93pd
[-oxidation (BOXID)
VR Vmaxt FFA, Atp,, Nad,, Fad,,
boxid T boxid
" FFA, + Km0 Atp, + KmA® Nad,, + Km Fad,, + Km/
- - |
iz itz

Accoa,,, + Ki <~ Malcoa,, + Kilco

ATP synthesis from FADH (ATPSYNF)

(S180)

(S181)

(S182)

(S183)

(S184)

(S185)

(S186)
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Fadh, Fadh, Adp,,

Fadh
Vatpsyr':f zvmaxatpsynf dh d (8187)
Fadh,, +Kmz o+ Adp,, +Kmg?
ATP synthesis from NADH (ATPSYNN)
Nadh Adp
Nadh, _ Nadh,,
VatSsynn _Vmaxatgsynn : Nadh,, . Adpy, (8188)
Nadh,, + Km_ o» Adp,, +Km_cr
ATP utilization (ATPUSE)
Atp
Atpy Atpy,
Vath:Jse _Vmaxatppuse . Atpy, (8189)
AtpH + Kmatpuse
Adenosine kinase (AMP regeneration into ADP (AMPREG))
Ampy _V Ampy AmpH AtpH Ade Ade Sl90
Vampreg - maxampreg Ampy Atpy N Ad K Adpy Ad K Adpy ( )
AmpH + Kmampreg AtpH + Kmampreg pH + mampreg pH + mampreg
Uridine diphosphate kinase (UDP regeneration to UDP (UDPREG))
Udp,, Atp,, — JtPuAdPy
pH pH KeqUtpH
d
Viata =VM&Xaprty ——15 " ™ A (S191)
W Py APy gy TP g, APy g
KmUde KmAtpH Utpy K Adpy
udpreg udpreg udpreg udpreg
UTP utilization (UTPUSE)
Utp
Utpy, Utpy,
Vutppuse _VmaXuth:Jse . Utp,, (8192)
UtpH + Kmutpuse
NADH utilization (NADHUSE)
Nadh
Nadh Nadh
Vnaadhuie =VmaxnailhuHse ; Nadh. (S193)
Nath + Kmnadhuge

FADH utilization (FADHUSE)
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Fadh,, Fath

fadhuse Fadh,,

Fadh,, + Km

Fadhy
fadhuse

\Y; =Vmax

(S194)

fadhuse

Creatine kinase (CK)

Ve —VmaxCr - Cre,, - Atp,, —Crep,, - Adp,, / Keq§™ (S195)

(ST e APy Ly CTePa g APy g
Kmge KmZP Kmg Km/ %

Flux in brain
Glucose transporter (GLUT3)

. Glc, -Glc
Glegy  _ Glegy
VglutS _lefglutB GlCB ’\(13|C
1+ B+ N
£ Glcgy £ Glcy
Kdif Kdif

glut3 glut3

(S196)

Hexokinase (HK)

Glc At
Vg =Vmaxge: N Py

G6 G6 (S197)
Gle, + KmS"™ (1+ K_GEPN) Atp,, + Km (14 2Py
I N

i Atpy
hk thk

Glycogen synthase (GS)

Sh _\/ax®SP G6p, " (Glygng™ —Glygn, ) Utp,

VgS gs

(S198)

Utpy
gs

G6 pNnéi‘*“H + Km2o ™ (Glygn™ —Glygn,, ) + KmE"™ Utp, +Km

gs

Glygny™ denotes the maximum amount of glycogen that brain can store.

Glycogen degradation (GD) by glycogen phosphorylase (GP)

N N Glygn Phos
Vo™ =Vmaxg ™ YOy = N (S199)
Glygn,, +Kmg*®™ Phos, +Km_**

Phosphofructokinase (PFK)

G6py G6py G6p, Atp,,

fok :Vmaxpfk G6p Atp ’
G6py + Kmg™ Atpy +Km ™

. (S200)
KIpfk Ade 1_bGapN GapN

Atp, +Ki"® Adp, +Km"® © " Gap +Ki%™
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Pyruvate kinase (PK)

e :VmaXSpr Gap, 1 — A2 Accoa,,,

Adp,

pk Gapy pk

pk

Gap,, +Km Accoa,,, + Ki ot

pk

Pyruvate transporter (PYRT)

vIYen —\/dif PYren PyrB — Per
pyrt pyrt P P
Yre Yry
+ £ Pyrgy + e Pyr,
Kdif Kdif 2

Lactate transporter (LACT)

VLacBN =Vdif Lacgy LaCB B LaCN
lact lact Lac Lac
B N
1+ Kdif, -2 + s¢ Lacy
I lact Kd|f|act

Lactate dehydrogenase (LDH)

Pyr, - Nadh, — Lac,, - Nad,, / Keg;*

Adp, + Km

Pyr, _ Pyr,
Vldh " _Vmaxldh "

Cy )i+ Nad, =

L+ Pyr, Yem Nadh, )+ (1t La
Kmg" ™ Kmyg™ m

Lacy

Alanine transporter (ALAT)

Vil =velif e Be = AR
1 i a':'aaBN + H :lla
Kdif ., Kdif

Alanine transaminase (ALAT)

lay

Bl Ve i Al [
QN My g

K Pyry Alay

alata alata

Pyruvate dehydrogenase (PDH)

Nady
Idh KmIdh

Adpy
pk

(S201)

(S202)

(S203)

(S204)

(S205)

(S206)
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A
Pyr,, Nad,, KMoy ™

Ve =Vmax o - — (5207)
Pyr, + KmZi™ Nad, +Km g™ Accoay, + KmZget
TCA cycle (TCA)
VAccoaNM =Vma Accoayy, ACCOaNM Ade NadN FadN
“ “ Accoay, + Kmi=w Adp, +KmA® Nad,, +Km' Fad, +Km> ($208)
Phos,, Pyr,
Phos,, + Km.™ Pyr, +Km™
B-hydroxybutyrate degradation (BHBDEG)
Bhb Nad Atp
Bhby  _ Bhby,
Vonbgeg = VMaX4p g T N —T (S209)
Bhby, + Kmypd, Nady +Kmyd, Atpy + Kmy
B-hydroxybutyrate transporter (BHBT)
. Bhb, — Bhb
veoen - =\/dif e 2 N (S210)
Bhb, Bhb,
1+ df Bhbgy + df Bhby
Kdif, Kdif,
ATP synthesis from FADH (ATPSYNF)
Fadh Adp
Fadh, _ Fadhy
Vatzsynf _Vmaxat?)synf > Fadhy . Adpy, (8211)
Fath + Kmatpsynf Ade + Kmatpsynf
ATP synthesis from NADH (ATPSYNN)
Nadh Adp
Nadhy, _ Nadhy
Vatzsynn _Vmaxat;synn . Nadhy > Adpy, (8212)
Nadhy +Kmggon, Adpy + Km o
ATP utilization (ATPUSE)
Atp
A N j— Al N
Vatgfjse _Vmaxatgijse . Atpy, (S213)
AtpN + Kmatpuse

Uridine diphosphate kinase (UDP regeneration to UDP (UDPREG))
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_UtpN Adp,

Ude AtpN Utpy
Udpy _V Udpy Kequdpreg
Vudpreg - maXudpreg Ud At Ut Ad
e B B (B Ao B
Kmudpr,ég KmudprNeg udp?eg Kmudpr,;g
UTP utilization (UTPUSE)
Utp
Utp, _ Utp N
VutpuNse _VmaxutpuNse Utpy
UtpN + Kmutpuse
NADH utilization (NADHUSE)
Nadhy — _y/ Nadhy, Nath
Vnadhuse - maxnadhuse Nadh,
Nath + Kmnadhuse
FADH utilization (FADHUSE)
Fadhy =V Fadhy Fa‘th
Vfadhuse - maxfadhuse Fadh,,
Fath + Kmfadhuse
Creatine kinase (CK)
VS VmaxSr - Cre, - Atp, —Crep,, - Adp,, / KeqcckrepN
ck - ck
@ Cro gy APy g CTePuyq, AdPy ) )
Kmg'™ KmZ® Kmgr» Km/ %
Cholesterol utilization (CHOLUSE)
Chol Chol
VchquE';se :kcholuzeChOIB
ODE in blood
dins, Glc FF
— AB ns,
B dt _Vi?mssyn +Vinss§ln +Vinssyn _VilnsZeg
dGlcg olc Gle Gl Gle Gle Gle Gle Gle
VB dt :Vmegl _VglutZL _VgluthlM _VglutZA _VglutE;_G _Vglut%H _Vglut%N _VglutE}I'T
VB dPyrB _ PyrBL _prrBM _VPyrBA _VPyrBG _VPyrBH _VPyrBN _VPyrBT

dt o pyrt pyrt pyrt pyrt pyrt pyrt pyrt

(S214)

(S215)

(S216)

(S217)

(S218)

(S219)

(S220)

(S221)

(S222)
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vV dLac,

— LacBL _ LacBM _ LacBA _ LﬁCBG _ LacBH _ LacBN _ LacBT
B dt - VI act Vlact VI act VI act Vlact VI act Vlact
V dAI aB =V Alag, -V Alagy, —V Alag, —V Alagg -V Alag, —V Alagy —V Alag

B dt alat alat alat alat alat alat alat

V dG IyCB _ —V GchBL _ VGchBM _ VGIVCBA _ VGchBG _ VGchBH _ VGchBN _ VGchBT

B dt - glyct glyct glyct glyct glyct glyct glyct
TGg, TGy TGg TGgg TGgy TGgy
+Vtgt -i—Vtgt -I-Vtgt -I-Vtgt +Vtgt -I-Vtgt
dTGB _VTGB _VTGBL _VTGBM _VTGBA _VTGBG _VTGBH _VTGBN _VTGBT
B dt ~ Vmeal tgt tgt tgt tgt tgt tgt tgt
dFFAB FFA FFA FF
_ BL __ BM __ AeA vy __ s FABH PN _ s FPAeT
VB dt - foat foat foat foat foat foat foat
dBhb
B ___\sBhbg _ \,Bhdbgy _ \,Bhbg, \ Bhbgg \ Bhbg,  \ Bhbgy
VB dt —  Vbhbt Vbhbt Vbhbt Vbhbt Vbhbt Vbhbt
dChOI Chol. Chol
Vg ———2= =Vt =Vt
B dt cholt choluse
ODE in liver
vV dGICL =VGICBL _VGIcL +VGepL
L dt glut2 hk g6pase
dG6p 1
L _ Gl _,G6p. _ ,G6p Glygn, _ ,G6p. , —,,Gap_ _ ,,G6p_
VL dt - th Vgepase Vgs +ng fok +2Vfbp Vppp
V dGIygnL — VG6pL _VGIygnL
L dt gs gd
V dGapL _ ZVGGpL _VGapL _vGapL +VPer _VGapL
L d t - pfk fbp pk pepck g3pd
dPyr,
L _ Gap. _ \,Pyn Pyrst Py _ Py /Py
VL dt - Vpk Vpepck +Vpryt Vldh Valata Vpdh
v By
dt
dAla
L\ Alag Pyr.
VL dt _Valat +Valata
dAccoa,
LM __ ,Pyrn. _\,Accoay _ ,Accoa y yFFAL _\ Accoa y ¢
VL dt - Vpdh Vtca Vbhbsyn +8 Vboxid Vaccoat

(S223)

(S224)

(S225)

(S226)

(S227)

(S228)

(S229)

(S230)

(S231)

(S232)

(S233)

(S234)

(S235)

(S236)

(S237)
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_ Bhb
\4 TR Evbhbsyn + Vonot -
vV dACCO&LC _ VAccoaLMLC _VAccoal_C _\yAccoa ¢
L dt — VYaccoat lipogl cholsynl
Vv dMaIcoaL _ yAcoac _\ Malcoa,
L dt —  Vlipogl lipog2
v degcoaL _ 1 Accoa, ¢ Hmgcoa,
L dt - g cholsyn1 — Vcholsyn2
vV dChOIL _ EVngcoaL +VCh0IBL

L - cholsyn2 cholt
dt 6

dFF L
V. —AL — v _3.yFFA | 3. TG _Vt'):oiiAé + _VIMaIcoaL

L dt ffat tgsyn tgdeg 8 ipog2
Vv dGlyc, 16, O e
L dt — Vtgdeg glyct glyck
vV dGlycp, _VFFA B G
L dt - tgsyn glyct g3pd
V dTGL _VFFAL TG +VTGL
L dt — Vigsyn tgdeg tgt
\V/ dAtpL _ _VGIcL _VGG P + ZVGapL _ 2VPer +VAccoaLM _VAccoaLMLc _VGchL _VFFAL _VAccoal_C
L dt - hk pfk pk pepck tca accoat glyk boxid lipogl
1
—yMalcoa,c _ FFA__ n,,Hmgcoa, Fadh, Nadh, _ \,Amp_ _ \,Atp, _ ,Nadh
+ 8VIipog2 2Vtgsyin 3Vcholosynz +Vatpsynf +3Vatpsynn Vampreg Vatpuse Vnadhk
V dAdpL _ VGlr:L +VG6 pL _2.VGapL +2_VPer _VAccoaLM +VAccoaLMLC +VGchL +VFFAL +VAccoaLC
L dt — Yhk pfk pk pepck tca accoat glyk boxid lipogl

1 Malcoa, ¢ _VFFA,_
8 lipog2 tgsyin

.yHmgeoa, _ ,Fadh, _ o, Nadh Ly AmpL Atp,_ Nadh,
+3 Vcholosynz Vatpsynf 3 Vatpsynn +2 Vampreg +Vatpuse +Vnadhk

Vv dAmp, —3.yFFA _yAm

L dt - tgsyin ampreg
dNadh 1
L __\Gap. _\,Pyn _ Py Pyr, Ly Accoayy _y,Gap _ —\,Accoay FFA_ _ ,Nadh_ _ | Nadh_
VL dt - Vpk Vpepck Vldh + Vpdh + 3 Vtca VgSpd 2 Vbhbsyn + 7Vbo><id Vatpsynn Vnadhuse
dNad 1
L y,Gap. Pyr, Pyr. _\,Pyr. _ 9, ,Accoa y Gap, , = ,,Accoay _ FFA_ Nadh_ Nadh,_
VL dt - Vpk + Vpepck +Idh Vpdh 3Vtca + VgSpd + 2 Vbhbsyn 7Vboxid + Vatpsynn + Vnadhuse
V. d FadhL _ 7VFFAL + VAccoa,_M _ 1 VngcoaL _ VFadhL _ VFadh,_
L dt - boxid tca 6 cholsyn2 atpsynf fadhuse

(S238)

(S239)

(S240)

(S241)

(S242)

(S243)

(S244)

(S245)

(S246)

(S247)

(S248)

(S249)

(S250)

(S251)

(S252)
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dFad 1
L FFA Accoa, Hmgcoa, Fadh,
VL dt - _7Vboxid “Viea Tt EvcholsynZL + Vatpsyn
V thpL _ _VPer + Vde"
L dt - pepck gdpreg
V depL —_ P Vde,_
L dt — Ypepck gdpreg
dUtp
L G6p, Udp, Utp
VL dt - _Vgs F+ Vudpr&eg - VutpuLse
dUdp
L _ ,G6p Udp, Utp
VL dt - Vgs b - VudprLeg + VutpuLse

dNadph 14 Malcoa, 21 i coa,
VL TL = _Evnpogz - Evcholgsynz

i dNadpL _ 14 VMalcoaL +£-VngcoaL _ 2VG6pL

L - lipog2 cholsyn2
dt 8 pog 6 Yl ppp

dCre o

L dt ck

dCre re
V|_ dtpL :Vg'( L

ODE in skeletal muscle

dGICM _ \,Clcgm Glcy,
M dt _Vglut4 — Vi
dG6p
M _ ,Clc G6p, Glygn
VM dt = Viy . Vgs . +ng ; _fok
\V/ dGIygnM _ VGGPM _VGIygnM
M dt — Vg gd
dGap
M G6p, Gap, Gap,
VM dt - 2fok ! _Vpk . _Vg3de
dPyr,
M _ ,Gap Pyr, Pyr, Pyr,
VM dt = Vpk " +VprthM _Vlth _Valat’\a/I -
y dLaCM :VIPyrBM +V|ZﬁrM
dt act
dAIaM :VAIaBM +VPer
M dt alat alata

+2VS0P 4y

(S253)

(S254)

(S255)

(S256)

(S257)

(S258)

(S259)

(S260)

(S261)

(S262)

(S263)

(S264)

(S265)

(S266)

(S267)

(S268)
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dAccoa,,, Py,

Vi at = Vdn ~Vigg " 8-V
Bh
v, 4Bhb,
dt
dAccoa
v, SRR e v
dMalcoaM Accoayc Malcoay,
VM T = Vlipogl _Vlip092
Hm
v, dHmgcoa, _ 0
dt
hol
v, dChol, _ 0
dt

VM dl:ﬂ — VFFABM _3_VFFAM +3'VTGM _VFFAM

dt ffat tgsyn tgdeg boxid
V dGIyCM — VTGM +VGIyCBM _VGchM
M dt — Vtgdeg glyct glyck
i dGlycp,, PR B Cany
M dt - tgsyn glyct g3pd
V dTGM _VFFA,\,I —VTGM
M dt — Vigsyn tgdeg
dAtp
M_ _ _,Gley _,G6py Gapy, Accoayy _ ,Glyey _ (,FFAy FFAy
VM dt - th fok +2Vpk +Vtca Vglyk Vboxid 2Vtgsyin
Fadhy, Nadhy — \,Ampy _ \,Atpy
+Vatpsynf +3Vatpsynn Vampreg Vatpuse
dAdp
M _ ,Clc G6p, Gap, Accog, Glyc FFAy FFAy
VM dt = Vi . +fok " _2.Vpk " ~Vica " +vg|ykM * Vooxid _Vtgsyin
Fadh Nadh Amp, Atp,
_Vatpsyr’%ﬂf _3'Vatpsyrqﬂn +2 'Vampr,gg +Vatpuhge
V dAmpM :3. FFA_,\,I _VAmpM
M dt tgsyin ampreg
dNadh
M _ ,Gap Pyr, Pyr, Accog, Gap, FFAy Nadh, Nadh,
VM dt _Vpk . _Vlth +Vpth +3'Vtca M _Vg3de +7Vbo><id _VatpsyrqAn _Vnadhuhge
dNad
M Gap, Pyr, Pyr, Accoa, Gap, FFAy Nadh, Nadh,
VM dt __Vpk " +Ith _Vpth _3Vtca " +V93de _7Vboxid +Vatpsyr:/‘n +Vnadhu'vs1e
V dFath :7 FFA, +VACC0aMM _VFath _VFath
M dt boxid tca atpsynf fadhuse

(S269)

(S270)

(S271)

(S272)

(S273)

(S274)

(S275)

(S276)

(S277)

(S278)

(S279)

(S280)

(S281)

(S282)

(S283)

(S284)
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dFad,,

_ FFAy Accoa, Fadh, Fadh,
M dt - _7Vboxid ~Vica M +Vatpsyr'\14f +Vfadhtrse
dGtp,,
v, BPu
dt
dGd
v, d6dn, g
dt
dUtp
M G6p, Udp, Utp
VM dt - _Vgs " +Vudpr’€g _Vutpu’ge
duUdp
M _ ,,G6p Udp, Utp
VM dt _Vgs . _Vudpng +Vutpuhge
dNadph
M G6p, Nadh, Nadph,
VM dt - 2Vppp "+ Voagnd' _VnadphuMse
dNadp
M G6p Nadh Nadph,
VM dt - _2\/pppNI _VnadhkNI +Vnadphuhge
dCre,, O
M — " Vek
dt

dCrep,, VG

V
M dt ck

ODE in adipose tissue

v, L ygtes e
dt -
V dG6pA _ ,Glca _VGGpA
A dt = Vhk pfk
dGlygn,
V,—=A -
dt
dGap, G6
_ p Gap Gap
VA dt - 2fok " _Vpk : _Vg3p3
dPyr, Ga
_ P Pyr Pyr Pyr Pyr
Va a Vi " Vot —Vign " —Vaiata —Vpdn'
R
dt ac
dAIaA _VAIaBA varA
A dt alat alata

(S285)

(S286)

(S287)

(S288)

(S289)

(S290)

(S291)

(S292)

(S293)

(S294)

(S295)

(S296)

(S297)

(S298)

(S299)

(S300)
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dAccoa,,,

Vg VR U B
Bh
v, 9B, g
dt
dAccoa
Va2 = Ve v
Mal
v, SMEECE e
Hm
y, dHmgeoa, _
dt
hol
\/Au ~0
dt

v GFFAL e,

A dt - Vffat tgsyn tgdeg
dGlyc
A _ ,IG Glyc, Glyc
VA dt - Vtgdgg +Vg|yctBA _VglyckA
dGlycp
A FFA Glyc Gap
VA dt - _VtgsynA +VglyctA +Vg3pdA
TG
J— ‘A A
d A VA _yTe
A dt — Ytgsyn tgdeg
dAtp
A _ Glc G6p Gap
VA dt = Vi " _fok " +2Vpk f tca
Nadh Amp Atp
+3Vatpsyr?n - Vampr/;g - VatpuAse
dAdp, G
VA dt pfk tca

Ic G6) Ga Accoa, Glyc FFA, FFA, Fadh
=thA+V PA_2,VkaA -V v O Ly TR PRy A

_.yyNadh, Ly Amp, Atp,
3 Vatpsynn + 2 Vampreg +Vatpuse

V m :3.VFFAA _VAmpA

A dt tgsyin ampreg
vy S o B 3
VA % — —V;;kapA +|?;1rA _V::()j/;A _ 3VtﬁaccoaAM + VGapA . 7\/FFAA + VNadhA + VNadhA
V S TV e i Vi,

_3 A VFFAA + 3 . VTGA _ VFFAA

Vv Accoay

_ O _\FFAL o\ FFAL |\ Fadn,

_VGapA + 7VFFAA —vV

(S301)

(S302)

(S303)

(S304)

(S305)

(S306)

(S307)

(S308)

(S309

(S310)

(S311)

(S312)

(S313)

(S314)

(S315)

(S316)
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A

A

A

A

A

A

v, dNadp,

A

VA

v dFad,

Vv dGtp,
dt

Vv dGdp,

v dUtp,
dt

Vv dUdp,

Vv dNadph,

_ _7yFFAL _ ,Accoasy Fadh, Fadh,
dt - 7Vboxid Vtca +Vatpsynf +Vfadhuse

=0

=0
dt

=0

=0
dt

_ G6pa Nadh, _ ,Nadph,
dt - 2Vppp + Vnadhk Vnadphuse

_ _9,,C6ps __ ,,Nadhy, Nadph,
dt - 2Vppp Vnadhk +Vnadphuse

dCre, O

dt ck

dCrep, o

dt — ek

ODE in Gl tract

dGlc
G _ ,,Clc Glc
VG dt —Vg|u56 — Vi ¢
dG6ps . . come
VG dt — Vhk _fok
dGap
G _ G6p, Gap Gap,
VG dt - 2fok ¢ _Vpk ¢ _VgspdG
dGlygn,
R
dPyr,
G __ ,Gap Pyr, Pyr; Pyr Pyr;
Vs a Ve~ Vot = Vign® ~ Vaiaa — Vpdn
G dLaCG VIPyrBG +V|Zﬁre
dt act
dAIaG VAIaBG +VPyrG
G dt alat alata

(S317)

(S318)

(S319)

(S320)

(S321)

(S322)

(S323)

(S324)

(S325)

(S326)

(S327)

(S328)

(S329)

(S330)

(8331)

(8332)
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V dACC0aGM _ VPyrG _VAccoaGM +8_VFFAG

G dt — Ypdh tca boxid
dBhb
A _
V, T 0
y GACCORuc \ accomse _ Acconse
A dt accoat lipogl
\V; dMalcoaA _ VAccoaAC _VMaIcoaA
A dt —  Ylipogl lipog2
v dHmgcoa, 0
Adt
dChol
A _
V, B 0
dFFA, &
_ Ag FFAg TG FFAg
VG dt = Viat ° _B'Vtgsyn +3'Vtgd(e;g ~ Vboxid
Vv dGlyc, _ T8\ Cess _ /Bl
G dt tgdeg glyct glyck
dGlycp
G _ FFA; Glyc, Gap,
VG dt - _Vtgsyn +VglyctG +V93pdG
dTGG — A TG
G dt — VYigsyn tgdeg
V dAth _ VGlcG VGGpG 2\/Gz:1pG vAccoaG,v| VGchG VFFAG 2VFFAG VFath
G dt — Ve T Vpfk + pk * Vica “Valyk  — Vboxid — < Vigsyin + atpsynf
Nadhg Amp Atp,
+3Vatpsynn - Vampr%:g - Vatpl?se
dAdp
G _ ,Glc G6p, Gap Accoag Glyc FFAg FFAg Fadh,
VG dt = Vi ¢ +fok ¢ _2'Vpk © _Vtca . +VglykG +Vb0xid _Vtgsyin _Vatpsyr?f
Nadhg Amp Atp,
-3 Vatpsynn +2- VamprGeg + Vatpui‘e
V dAmpG _3‘ FFAg _VAmpG
G dt - tgsyin ampreg
dNadh
G __,Gap Pyr, Pyr Accoag Gap, FFAg Nadhg Nadhg
VG dt _Vpk ¢ _Vlth +Vpth +3'Vtca " _VgSpdG +7Vb0xid _Vatpsynn ~ Vhadhuse
dNad
G _ Gap, Pyr, Pyr, Accoag, Gap, FFAg Nadhg Nadhg
VG dt - _Vpk ¢ +Ith _Vpth _3Vtca " +Vg3pc? _7Vboxid +Vatpsynn * Viadhuse
dFadh
G _ FFA; Accoag Fadhg Fadhg
VG dt =7 boxid T Vica : _Vatpsynf — Vfadhuse

($333)

(S334)

($335)

(S336)

(S337)

(S338)
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(S340)

(S341)
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(S343)
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(S348)

47



dFad
G _ FFA Accoag Fadhg Fadhg
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Supplemental figures

(A) Liver (B) Skeletal muscle (C) Adipose tissue
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Figure S1 Metabolic network map of each organ, Related to Figure 2
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Pancreas module construction
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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 Egs. (S3-S6), was estimated so

as to reproduce the experimental insulin secretion rate (puU/islet/h).
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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 Gle 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 B-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 (O) 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
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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, [3-
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 B— e right
experiment O FAN right
plasma glucose | simulation — o left
experiment O A left
plasma TG simulation —
experiment O A
plasm FFA simulation —
experiment O A
plasma Bhb simulation —
experiment O A
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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.

59



Experimental verification of mild T2DM and severe T2DM in the whole

body
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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 B e ——= right
experiment | O A O right
plasma glucose | simulation — e ——= left
experiment | O Fa¥ O left
plasma lactate | simulation — o -
experiment | O A O
plasm FFA simulation E— -
experiment | © A O

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 3-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 B-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
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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 E— 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
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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
etal., 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
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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 — o left
experiment O NA left

FFA uptake simulation — right
experiment O A right

TG release simulation — R right
experiment O A 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
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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 — o left
experiment O NA left

FFA uptake simulation — right
experiment O A right

TG release simulation — R right
experiment O A 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 Gl module
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Figure S12 Time course of glucose, lactate, glycerol, FFA, and TG exchange
fluxes in the Gl 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 E—

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
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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 E—

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
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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 E—

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
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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
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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 1dh Pyr L=0.

Legend table

metabolite method T2DM T2DM+metformin

plasma glucose | simulation _ e

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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