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Abstract
The suppression of lipolysis is one of the key metabolic responses of the adipose tissue during
hyperinsulinemia. The failure to respond and resulting increase in plasma fatty acids could
contribute to the development of insulin resistance and perturbations in the fuel homeostasis in the
whole body. In this study, a mechanistic, computational model of adipose tissue metabolism in
vivo has been enhanced to simulate the physiological responses during hyperinsulinemic-
euglycemic clamp experiment in humans. The model incorporates metabolic intermediates and
pathways that are important in the fed state. In addition, it takes into account the heterogeneity of
triose phosphate pools (glycolytic vs. glyceroneogenic), within the adipose tissue. The model can
simulate not only steady-state responses at different insulin levels, but also concentration
dynamics of major metabolites in the adipose tissue venous blood in accord with the in vivo data.
Simulations indicate that (1) regulation of lipoprotein lipase (LPL) reaction is important when the
intracellular lipolysis is suppressed by insulin; (2) intracellular diglyceride levels can affect the
regulatory mechanisms; and (3) glyceroneogenesis is the dominant pathway for glycerol-3-
phosphate synthesis even in the presence of increased glucose uptake by the adipose tissue.
Reduced redox and increased phosphorylation states provide a favorable milieu for
glyceroneogenesis in response to insulin. A parameter sensitivity analysis predicts that insulin-
stimulated glucose uptake would be more severely affected by impairment of GLUT4
translocation and glycolysis than by impairment of glycogen synthesis and pyruvate oxidation.
Finally, simulations predict metabolic responses to altered expression of phosphoenolpyruvate
carboxykinase (PEP-CK). Specifically, the increase in the rate of re-esterification of fatty acids
observed experimentally with the overexpression of PEPCK in the adipose tissue would be
accompanied by the up-regulation of acyl Co-A synthase.
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INTRODUCTION
As one of the most potent antilipolytic hormones, insulin suppresses the breakdown of
triglycerides (TG) in the adipose tissue. Since the breakdown of TG is regulated by a
complex mechanism involving various lipases and other proteins,23,42 its suppression by
insulin would require the modulation of these regulatory steps. Studies in transgenic animals
suggest that hormone sensitive lipase (HSL), adipose triglyceride lipase (ATGL) and
perilipin A are the major regulators of intracellular lipolysis.16,17,51 Insulin can suppress
lipolysis by modulating the activities of these proteins. It transcriptionally down-regulates
the activity of ATGL,20 and acutely affects the activities of HSL and perilipin A by
promoting their dephosphorylation via two different mechanisms.5,46 It reduces the levels of
cyclic AMP (cAMP) by activating phosphodiesterase (PDB). In addition, protein
phosphatase 1 (PP1) is activated by insulin dephosphorylating HSL and perilipin directly.
Even though the activity of ATGL can only be regulated transcriptionally, the TG
breakdown by ATGL can be affected indirectly via dephosphorylation of perilipin. While
insulin can suppress the breakdown of TG and diglycerides (DG) via different cellular
mechanisms, it is not certain whether the lipolytic reactions catalyzed by different lipases
are equally suppressed by the action of insulin. Using a computational model of adipose
tissue metabolism developed previously,21 we have shown differential activation of various
lipolytic reactions by epinephrine. The integrated response of these systems, i.e. lipolytic
pathways in response to insulin, needs to be examined.

The synthesis of TG in adipose tissue requires a source of glycerol-3-phospahte (G3P).
Either glucose or pyruvate (and alanine, lactate) can be utilized for the synthesis of G3P.
Since adipose tissue has very low activity of glycerol kinase, it cannot utilize glycerol in
significant quantities to synthesize G3P. G3P is synthesized from pyruvate (or lactate) via
glyceroneogenesis. 36 Studies in rats suggest that glyceroneogenesis is the dominant
pathway for the synthesis of G3P in the adipose tissue even when the rate of glucose uptake
is significant.31 The utilization of pyruvate or lactate for the synthesis of G3P via different
pools of triose phosphates in the adipose tissue could help reconcile these apparently
discrepant data. In our previous model of adipose tissue metabolism, we have described the
intracellular utilization of pyruvate by incorporating two separate pathways for the synthesis
of G3P. We did not consider the possibility of two separate pools of triose phosphates. The
incorporation of two separate domains (i.e., heterogeneity) of triose phosphates would
enhance our understanding of the regulation of glyceroneogenesis and TG synthesis.

Cytosolic Phosphoenolpyruvate carboxykinase (PEPCK) is a key regulatory enzyme for
glyceroneogenesis. Increased activity of PEPCK in adipose tissue is associated with
obesity.7 Indeed, PEPCK is one of the primary targets for anti-diabetic drugs,
thiazolidinediones (TZDs) due to its critical role in the regulation of re-esterification of fatty
acid (FA).52 As shown in transgenic mice studies, the overexpression of PEPCK in the
adipose tissue results in obesity in these mice without insulin resistance.13 The increased
rate of re-esterification of FA results in a decreased rate of FA release into circulation and
lowering of the plasma levels of FA in these animals. In addition to changes in PEPCK
activity, the availability of substrates can also regulate the flux through glyceroneogenesis.
Despite the importance of glyceroneogenesis in the regulation of TG synthesis, definitive in
vivo studies have not been performed. Thus, the regulatory mechanism for increased
glyceroneogenesis in response to insulin remains uncertain.

In the present study, we have modified our previously described computational model of
adipose tissue metabolism21 to simulate responses to insulin plus glucose. Specifically, we
have (1) examined the suppression of various lipolytic reactions by insulin; (2) investigated
the mechanisms that regulate the flux through glyceroneogenesis in response to insulin/
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glucose infusion; (3) examined the effect of increasing the arterial levels of lactate
(substrates); and (4) examined the effect of change in PEPCK activity on glyceroneogenesis
and re-esterification of FA. Our hypothesis is that breakdown of TG and DG by ATGL and
HSL are differentially suppressed by the action of insulin. We postulate that distinctive
changes in the levels of lipolytic intermediates (i.e., DG and monoglycerides, MG) result
from the differential suppression of lipolytic reactions by insulin. Furthermore, we expect
that glyceroneogenesis increases in response to insulin due to the increased availability of
pyruvate as well as favorable states of cellular redox (i.e., NADH/NAD+) and
phosphorylation (i.e., ATP/ADP). With respect to the effect of increased substrate
availability, we expect that increased levels of lactate facilitate the accretion of fat into the
adipose tissue. Finally, the model is used to predict physiological responses from
overexpressed PEPCK in the adipose tissue to address whether higher PEPCK activity is
sufficient to increase the rate of re-esterification of FA or whether induction of additional
enzymes is required. With this model, we examine the effect of increasing the activity of
acyl CoA synthetase (ACS) on the rate of FA re-esterification and its importance on the
synthesis of fatty acyl CoA (FAC), a co-substrate for TG synthesis.

METHODS
Hyperinsulinemic-euglycemic clamp experiment in humans is an effective method for
investigating the regulation of TG breakdown by insulin. This technique has been widely
used for quantifying insulin resistance in vivo. Following a constant rate infusion of insulin,
resulting in constant plasma insulin levels, the plasma glucose concentration is maintained in
the euglycemic range by infusing glucose at varying rates. The rate of infusion of glucose at
steady state is a measure of insulin sensitivity. To simulate the responses associated with
such a perturbation, an earlier model of adipose tissue metabolism in vivo21 in the fasting
state was enhanced by incorporating additional metabolic intermediates and metabolic steps
that are considered significant in the fed state.

Metabolites, Pathways, and Cellular Distribution (Assumptions)
Insulin stimulates glucose uptake in adipose tissue by increasing the translocation of glucose
transporter 4 (GLUT4) to the plasma membrane.2 Insulin also increases reaction fluxes
through several intracellular metabolic pathways e.g. glycogen synthesis,25 glycolysis 1,24,25

and lipogenesis29 etc. By suppressing cAMP formation or activating PP1, insulin can
activate multiple enzymes in the glycolytic pathways including glycogen synthase,25

hexokinase,25 phosphofructokinase, 1 pyruvate kinase,1 and pyruvate dehydrogenase. 24

Stimulation of fatty acid synthesis from glucose (de novo lipogenesis) requires a source of
NADPH. The primary source of NADPH is the pentose phosphate pathway where NADPH
is generated when glucose-6-phosphate is oxidized to ribulose-5-phospahte (R5P). R5P re-
enters the glycolytic pathway at the level of fructose-6-phosphate (F6P) and GAP. By
incorporating F6P, glycogen (GLY), R5P, NADP+ and NADPH, the model can be used to
describe the glycogen cycle, pentose phosphate pathway and de novo lipogenesis (Fig. 1).

Following the strategy for modeling the metabolic reaction network that we used previously
to reduce model complexity,21 several metabolic reaction steps were combined to form at
least one irreversible reaction; otherwise, reactions are reversible (Fig. 1). We assume that
insulin activates or inhibits a certain reaction step only if it has been shown that insulin can
modulate one of the enzyme activities involved in the lumped reactions. Since no
mechanisms are known by which insulin can regulate the activities of enzymes for fully
reversible reactions (e.g., glucose-6-phosphate isomerase, lactate dehydrogenase and
glycerol-3-phosphate dehydrogenase), the model does not consider these reactions to be
stimulated by insulin. In our model (Fig. 1), insulin can activate the following reactions:
glucose to glucose-6-phosphate by hexokinase, fructose-6-phosphate (F6P) to
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glyceraldehyde-3-phosphate (GAP) by phosphofructokinase, GAP to pyruvate by pyruvate
kinase, pyruvate oxidation by pyruvate dehydrogenase and glycogen synthesis by glycogen
synthase. Also, insulin can inhibit the following reactions: lipolysis,5,46 glycogen
phosphorylation 50 and proteolysis.39

Data from studies in humans show that there is a net uptake of glucose by the adipose tissue
both in the fasting and in the fed states.10,18 These data have been used to suggest that
glycerol-3-phosphate (G3P) is synthesized from glucose in the adipose tissue. However,
recent data in rat show that pyruvate (via glyceroneogenesis) is the dominant carbon source
of G3P.31 Such data would indicate the existence of two distinct pools of G3P within
adipose tissue, a glycolytic pool and a glyceroneogenic pool. In the following enhanced
model, the heterogeneity associated with the triose phosphates are considered to be localized
in distinct cellular subdomains: either glycolytic (GAP1 and G3P1) or glyceroneogenic
(GAP2 and G3P2).

Blood flow to the adipose tissue increases with insulin.19 Therefore, blood flow in adipose
tissue is given as a model input together with the arterial levels of metabolites.

Dynamics Mass Balances of Substrates
Substrate transport and metabolic reaction dynamics in blood and in cellular compartments
are represented by mass balance equations. In the blood compartment of volume Vb, the
concentration Cb,i of the substrate i changes with time:

(1)

where Jb↔c,i is the net mass transport rates from blood to cells, and Rb,i is the net reaction
rate. The arterial concentration, Ca,i(t) and the blood flow, Q(t) are given as input functions
as specified from experiments. The concentration, Cc,i substrate i in the cellular
compartment changes with time:

(2)

where Rc,i is the net reaction rate in the cellular compartment and Vc,i is the volume of the
cellular compartment occupied by substrate i.

Transport and Metabolic Fluxes
For passive simple diffusion of glycerol, FA, O2 and CO2 between blood and cellular
domains, the general transport flux is:

(3)

where γi is the mass transport coefficient of substrate i. For carrier-mediated facilitated
transport of glucose, pyruvate, lactate, and alanine, the general transport flux is:

(4)

where Tmax,i is the maximum mass transport coefficient of substrate i and Mm,i is the
Michaelis–Menten (M–M) constant of substrate i.
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The net reaction rates (Rx,i) involve one or more metabolic reaction fluxes (φk), which are
complex nonlinear functions of substrate concentrations (Appendix 1). For those reactions
far from thermodynamic equilibrium, the reaction flux, φk is represented by a general
irreversible bi-bi substrate-to-product enzymatic reaction coupled with controller energy
metabolite pairs:

(5)

where CX, CY, CV, and CW are reactant and product concentrations; Vmax,k is the maximum
rate coefficient and Km,k is a phenomenological M–M constant; PS+ (=CATP/CADP),

 and  indicate the cellular phosphorylation and
redox states. For some reactions, the effect of these controllers can be in the opposite

direction (viz., PS− = 1/PS+,  and ). In addition, μ±, ν± and η± are
parameters for the metabolic controllers.

The reactions that are close to thermodynamic equilibrium and reversible are represented by
the flux relationship:

(6)

where Vf,k and Vb,k are the forward and reverse rate coefficients; Kf,k and Kb,k are the
phenomenological M–M constants for reactants and products. The forward and reverse rate
coefficients are related by Haldane relationship. The reversible reactions are those catalyzed
by lactate dehydrogenase, G3P dehydrogenase, and glucose-6-phosphate (G6P) isomerase.

Insulin Modulation of Fluxes
The translocation of glucose transporter and several metabolic fluxes are modulated by the
action of insulin. The increase in the rate of glucose uptake by the adipose tissue, however,
is significantly delayed in response to insulin. The delay in the action of insulin is related to
the transport of insulin from the plasma to the interstitium across vascular endothelium,55

and the translocation of GLUT4 to the plasma membrane. 30 Activation of the intermediary
proteins in the insulin signaling cascade is considered to be instantaneous. 15 Thus, the
interstitial level of insulin, CI(t) that modulates the cellular processes changes with time
according to

(7)

where τ is the time constant and CI(∞) is the steady-state value. The interstitial
concentration of insulin was set equal to 21% of its plasma level.4

The maximum glucose transport coefficient, Tmax,GLC dynamically changes depending on
interstitial insulin concentration:

(8)

where θ is the parameter indicating the degree of activation by insulin and initially,
Tmax,GLC(0). When CI reaches a steady state, then Tmax,GLC(t) will reach a constant value.
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Changes in the rate coefficients of other metabolic fluxes are assumed to be relatively fast
and related to CI(t). For the metabolic reactions that are activated by insulin, glycolysis
(φGLC→G6P, φF6P→GAP, φGAP→PYR), glycogen synthesis (φG6P→GLY) and pyruvate
oxidation (φPYR→ACoA), the reaction rate coefficients increase with insulin concentration:

(9)

where  is the basal state maximum rate coefficient and λk indicates the degree of
activation for a corresponding reaction by insulin. For reactions that are suppressed, viz.,
glycogenolysis (φGLY→G6P), proteolysis (φPRT→ALA) and lipolysis (φTG→DG,ATGL,
φTG→DG,HSL, φDG→MG,HSL), the reaction rate coefficients decrease with insulin
concentration:

(10)

where αk indicates the degree of suppression.

Parameter Estimation and Simulation Strategy
Values of substrate concentrations, transport and metabolic fluxes, and associated model
parameters in the basal state (Tables 1, 2, and 3) were based on previous analysis.21 In this
study, we used the same fluxes and parameters related to the mass transport between blood
and cellular compartments. As a consequence of adding pathways and metabolic
intermediates to the model, values of some of intracellular metabolic fluxes and model
parameters were modified.

The parameters related to suppression of the lipolytic reactions (i.e., αk) were determined
first by simulating steady-state insulin dose–response data from in vivo human studies.48

These reactions are independent of the parameters that modulate glucose metabolism.
Simulated steady-state responses to different levels of plasma insulin [35 pM, 113 pM and
383 pM] were examined. Additional inputs to the model for steady state simulations include
arterial glycerol and FA concentrations. Simulated concentrations of glycerol in the venous
effluent blood were compared with experimental data. From empirical simulation studies,
we found consistent results when parameters related to suppression of the lipolytic reactions
(i.e., αk) were set to the square of interstitial insulin concentration in the basal state (i.e.,
CI(0)2 = 70.6 pM2) for TG and DG breakdowns by ATGL and HSL (φTG→DG,ATGL,
φTG→DG,HSL, φDG→MG,HSL).

After successful evaluation of the model parameters (i.e., αk), simulated responses were
compared with data from hyperinsulinemic-euglycemic clamp in humans. Corresponding to
in vivo studies,8,9 we simulated responses to a constant rate infusion of insulin [35 mU/ m2/
min] administered intravenously for 120 min. Based on in vivo data,55 a time constant of 10
min was assumed so that the interstitial levels of insulin reached a steady state around 30
min in response to a step increase in the plasma insulin levels from 40 pM to 350 pM (Fig.
2). Adipose blood flow Q(t) and arterial concentration dynamics Ca,i(t) of glucose, lactate,
glycerol, FA, and TG were input functions (Fig. 3).

The variable rate of infusion of exogenous glucose required to maintain constant levels of
glucose is modeled by the input functions for arterial glucose concentrations as listed in
Table 4. Optimal estimates of the model parameters (Table 5) related to insulin action (i.e.,
λk) were obtained by comparison of simulated outputs with data from in vivo human
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studies.8,9 Parameters related to suppression of the lipolytic reactions (i.e., αk) were set to
the square of interstitial insulin concentration in the basal state (i.e., CI(0)2 = 70.6 pM2) for
TG and DG breakdowns by ATGL and HSL (φTG→DG,ATGL, φTG→DG,HSL, φDG→MG,HSL).

Model simulations were performed under many physiological and/or metabolic conditions.
The model equations were solved numerically using an integrator for stiff, ordinary
differential equations, ‘ode15 s’ (MATLAB®, MathWorks Inc.). Optimal least-squares
estimates of the model and input parameters were obtained using ‘lsqcurvefit’ (MATLAB®).

RESULTS
Steady-State Analysis of the Insulin Dose Response

The levels of glycerol in the venous blood draining the adipose tissue have been used as
estimates of total TG breakdown. Glycerol released from TG breakdown cannot be used in
adipose tissue due to the low activity of glycerol kinase. The steady-state responses to
increasing dose of insulin were simulated by (1) examining the changes in the levels of
glycerol in the venous blood as indicative of total TG breakdown: (2) estimating the rate of
release of FA from TG breakdown; and (3) evaluating the rate of re-esterification of FA.
The venous blood levels of glycerol decreased exponentially from 203 μM to 55 μM with
increasing levels of insulin from 35 pM to 383 pM (Fig. 4a). Model simulations correspond
to experimental data up to the level of plasma insulin of 113 pM. At the highest insulin level
[383 pM], the simulated venous glycerol concentration was about 35% higher than the
experimental data. However, when the plasma TG breakdown was completely suppressed by
setting the maximum rate coefficient for LPL reaction to zero, model simulations were in
good agreement with the published experimental data (Fig. 4a).

The rate of intracellular lipolysis (i.e., FA release from the breakdown of intracellular TG,
DG and MG) decreased from 11.6 to 0.9 μmol/kg/min (Fig. 4b) in response to increasing
insulin concentrations. The rate of total lipolysis (i.e., intracellular lipolysis plus plasma TG
hydrolysis by LPL) showed a similar response. The fractional contribution of LPL mediated
lipolysis to total lipolysis was higher at high insulin concentration (~5% at 35 pM insulin to
~40% at 383 pM insulin). There was no significant change in the intracellular re-
esterification of FA with increasing concentrations of insulin. As a consequence, the
fractional rate of intracellular re-esterification of FA released from TG breakdown increased
from ~11% to ~112%. Total fractional re-esterification of FA changed from ~10% to ~75%.

Simulation of Hyperinsulinemic-euglycemic Clamp
Model Input Functions—Experimental data were used to generate the various
continuous input functions for the model (Table 4).55 With a constant rate of infusion of
insulin (35 mU/m2/ min), the plasma level of insulin showed a step increase (Fig. 2)
reaching a steady state value of 350 pM by 15 min corresponding to data.8 The simulated
interstitial levels of insulin increased from 8.4 pM to 73.5 pM (Fig. 2). During the
hyperinsulinemic clamp experiment, the arterial glucose concentration varied by ~10% (Fig.
3a), which was account for in the model simulation. The arterial lactate showed a sigmoidal
increase (~40%) reaching a steady state at 30 min (Fig. 3b). The levels of arterial glycerol
and FA decreased exponentially by ~60% and ~90%, respectively (Figs. 3c and 3d). Also,
the arterial levels of TG decreased linearly by ~20% (Fig. 3e). The infusion of glucose and
insulin resulted in a temporal increase in adipose blood flow reaching a maximum (2.5-fold
increase) at ~30 min and slowly returning to the basal value over the next 90 min (Fig. 3f).

Venous Concentration Dynamics—By varying the levels of arterial substrates and
adipose tissue blood flow, we simulated the concentration dynamics of metabolic substrates
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in the venous blood draining the adipose tissue bed. The parameter values related to insulin
action (i.e., λk) were optimally estimated (Table 5) by comparison of simulations with
experimental data. Following the initiation of insulin infusion, the venous glucose levels
decreased by 10 ~ 20% reaching a steady state at 30 min, whereas the venous lactate levels
showed a sharp sigmoidal increase (~40%) for 30 min followed by a slow increase (Figs. 5a
and 5b). The suppression of lipolysis by insulin resulted in exponential decreases in both FA
and glycerol in the venous effluent that reached steady-state levels after 30 min. While
glycerol concentration decreased to ~28% of the basal state, FA concentration in the venous
blood decreased to ~12% (Figs. 5c and 5d). Also, venous TG levels decreased linearly by
~20% at 120 min (Fig. 5e). The simulated venous concentration dynamics of various
substrates were in good agreement with data from in vivo studies.

Regulation of Lipolysis
Insulin suppresses the lipolytic reactions catalyzed by ATGL and HSL by different cellular
mechanisms (viz., TG breakdown by ATGL (perilipin) vs. TG and DG breakdown by HSL).
Since αk value in the model (Eq. (10)) represents the degree of suppression by insulin, the
differential suppression of lipolytic reactions was simulated using a larger αk value [635
pM2] for the ATGL reaction than the αk values [70.6 pM2] for the HSL reactions. For
uniform suppression of lipolysis by insulin, the same αk values [70.6 pM2] were applied for
all lipolytic reactions. ATGL and HSL reactions decreased ~97% from the basal rates with
uniform suppression (Fig. 6a), whereas ATGL reaction with differential suppression was
reduced by ~87%. These simulations were compared with those in which TG breakdown by
ATGL was not suppressed. Changes in αk for the ATGL reaction affected the venous FA
concentration only when ATGL was not suppressed by insulin (Fig. 6b). However, the
intracellular DG levels showed distinctive responses depending on the relative suppression
of ATGL and HSL reactions (Fig. 6c). With uniform suppression of ATGL and HSL, the
concentrations of DG decreased linearly by ~50 μM in 120 min. With differential
suppression of the ATGL reaction, DG changed only after 60 min. Without suppression of
the ATGL reaction, DG increased linearly ~20% after 120 min. With or without suppression
of the ATGL reaction, MG exponentially decreased from 200 μM to 30 μM (simulation not
shown).

Sources of G3P and Regulation of Glyceroneogenesis
Model simulations were used to predict the contributions of glycolysis and
glyceroneogenesis to the synthesis of G3P required for the re-esterification of FA during the
hyperinsulinemic-euglycemic clamp experiment. In vivo data have shown the dominant role
of glyceroneogenesis for triglyceride synthesis in the basal state (10–13). To simulate the
effect of effect of varying contribution of glycolysis and glyceroneogenesis to G3P synthesis
during hyperinsulinemic euglycemic state, we used three different ratios of glycolytic and
glyceroneogenic fluxes (Fig. 7). The rates of G3P synthesis via glycolysis and via
glyceroneogenesis were normalized to their rates in the basal state. As shown in Fig. 7a,
glyceroneogenesis increased by ~70% regardless of the absolute flux rate in the basal state,
whereas the direct glycolytic contribution showed less increase (~35%) and even decreased
by ~20% with increasing glycolytic contribution. Thus, the total rate of G3P synthesis (both
glycolytic and glyceroneogenic) decreased by ~40% (from ~0.75 mmol/kg/min to ~0.49
mmol/kg/min) by 2 h of insulin infusion (Fig. 7b). Driving forces for the increased
glyceroneogenesis were the increased cellular phosphorylation state indicated by ~40%
higher CATP/CADP and the decreased (i.e., reduced) cellular redox state indicated by ~40%
lower CNAD+/CNADH (Fig. 7c).

Since lactate is one of the important precursors for glyceroneogenesis and is elevated with
obesity, the effect of arterial lactate levels on glyceroneogenesis was examined in silico.
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When arterial lactate concentrations were increased from 0.7 mM to 1.5 mM, the rate of
glyceroneogenesis increased ~15% from 0.38 μmol/ kg/min and the rate of re-esterification
increased ~10% from 1.27 μmol/kg/min (simulation not shown).

Effect of Reduced Insulin Action
Model simulations (Fig. 8) show the effects of reduced insulin action on glucose transport
(λTmax,GLC in Jb↔c,GLC), glycolysis (λGlycolysis in φGLC→G6P, φF6P→GAP and φGAP→PYR),
glycogen synthesis (λGlycogen Synthesis in φG6P→GLY) and pyruvate oxidation (λPDH in
φPYR→ACoA). These λk parameters, which are related to the stimulatory insulin action, were
decreased to 20% of the reference values. The rate of glucose uptake by the adipose tissue
decreased (from 9.8 μmol/kg/min) by ~30% from lower λTmax,GLC, by ~60% from lower
λGlycolysis, by ~15% from lower λGlycogen Synthesis, and by ~1% from lower λPDH.

Simulations also showed the effect of reduced insulin action on the lactate release rate
(negative) from adipose tissue (Fig. 9). Decreasing the λk parameters by 40% had distinctly
different effects. The lactate release rate was reduced by 21% with decreased λTmax,GLC and
by 62% with decreased λGlycolysis. In contrast, it was increased by 31% with decreased
λGlycogen Synthesis and increased by 7% with decreased λPDH increased.

Effect of Altered PEPCK and ACS Expressions
The importance of PEPCK activity in the re-esterification of FA was examined by in silico
transgenic experiments with model simulations that predicted the responses to altered
enzyme expressions. The activity of PEPCK (i.e., Vmax,PYR → GAP2) was modulated in the
basal state to determine its effects on the rates of glyceroneogenesis and FA release from
adipose tissue into the circulation (Fig. 10). A 3-fold increase in PEPCK activity (i.e.,
3·Vmax,PYR → GAP2) increased flux through glyceroneogenesis by ~70% (from 0.38 to 0.65
μmol/kg/min), but did not affect the rate of release of FA. However, when the activities of
both acyl CoA synthetase (ACS) and PEPCK were increased two fold (i.e.,
2·Vmax,FA → FAC), there was ~12% decrease in the FA release (8.6 μmol/kg/min) and the
rate of glyceroneogenesis increased more than two folds.

DISCUSSION
Comparison of model simulations with experimental data provides confidence in the validity
of this mechanistic model of adipose tissue metabolism. Consequently, the model is
expected to simulate a variety of responses under conditions for which no experimental data
is currently available. This study focuses on the regulation of lipolysis and re-esterification
by insulin. Simulations indicate the significance of regulating LPL reactions with the
suppressed intracellular lipolysis. Differential suppression of lipolytic reactions is not
evident based on the dynamic changes in the venous concentrations of FA and glycerol, but
the changes in DG level may suggest the differential regulation by insulin. In accord with
experimental data, simulations show glyceroneogenesis to be the dominant pathway for G3P
synthesis even when the glucose uptake by the adipose tissue increases. Elevation of blood
lactate levels enhances flux through the glyceroneogenesis pathway, which increases the re-
esterification rate of FA. Simulations demonstrate possible metabolic responses to altered
expressions of PEPCK and ACS. Finally, a parameter sensitivity analysis indicates that
insulin-stimulated glucose uptake could be severely affected by impairment of the GLUT4
translocation and glycolysis. Furthermore, reduced insulin action in these steps blunts the
production of lactate by insulin.

Kim et al. Page 9

Cell Mol Bioeng. Author manuscript; available in PMC 2013 May 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Steady-state Analysis
Model simulations of the dependence of venous glycerol and rates of lipolysis and re-
esterification of FA on insulin level correspond well to experimental data (Fig. 4). At the
highest insulin level, the simulated glycerol level was ~35% higher than found
experimentally. However, when the hydrolysis of plasma TG (i.e., VLDL-TG) by LPL was
completely suppressed, simulated outputs and experimental data were in good agreement.
This suggests that the discrepancy associated with high levels of venous glycerol and at the
highest insulin level may be related to the breakdown of plasma TG by LPL rather than from
the intracellular TG breakdown. Although our model has some limitations associated with
the breakdown of plasma TG by LPL. It can simulate the lipolytic responses from
intracellular lipolysis. In fact, plasma TG hydrolysis by LPL in the basal state accounts for
only ~13% of the total TG breakdown in the adipose tissue from in vivo10,14 and in silico
studies.21 Consequently, the effect of simulating LPL reaction was not evident in the basal
state. However, the simulations in this study suggest that when the rate of lipolysis decreases
more than 90% of the basal state, the breakdown of plasma TG by LPL can make a
significant contribution to the total rate of TG breakdown in the adipose tissue. Therefore,
simulating TG breakdown by LPL becomes critical when the intracellular lipolysis is
suppressed by insulin.

Regulation of Lipolysis
Since the breakdown of TG and DG are catalyzed by different enzymes, viz., ATGL, HSL42

and the first step in TG hydrolysis involves other regulatory proteins, such as perilipin A and
adipophilin,28,51 we hypothesized that TG and DG breakdowns are differentially suppressed
by insulin. Therefore, the model parameters for these reactions were varied to simulate
different insulin effects: differential suppression or no suppression of the ATGL reaction
and uniform suppression of ATGL and HSL reactions. Insulin transcriptionally down-
regulates the activity of ATGL.20 Therefore, the effect of insulin on ATGL activity will be
legible over the time scale of interest (~2 h). Instead, we assumed that insulin can suppress
the breakdown of TG by ATGL indirectly by perilipin A since the inactivation of perilipin A
limits the access of both ATGL and HSL to the TG stores, i.e., lipid droplets.28 Model
simulations predict the integrated responses that affect different regulation mechanisms.

The degree of suppression of ATGL did not affect the venous dynamics of glycerol since the
production of glycerol depends on the hydrolysis of MG by HSL and MGL, which are not
subject to the insulin mediated suppression. Simulations without suppressing ATGL reaction
by insulin produced consistently higher levels of FA in the venous blood (Fig. 6b).
Suppression by more than 50% did not further change venous FA concentration dynamics.
This limits the evaluation of differential suppression of these intracellular lipolytic reactions
based on blood measurements. However, differential activation of lipolytic reactions during
epinephrine infusion could generate distinctive changes in lipolytic intermediates.21 Thus,
simulations were used to predict insulin responses of intracellular DG and MG
concentrations. Whereas MG levels did not change, changes in DG could be distinguished.
With uniform suppression of lipolytic reactions, DG continuously decreased with insulin;
whereas with differential suppression of ATGL reaction, DG increased. If ATGL were not
suppressed by insulin, then DG would increase more than 20%. Although corresponding
data from in vivo experiments are not available, in vitro studies showed that insulin
increases DG.12 These studies used palmitate in the incubation medium. Therefore, the rate
of DG synthesis was not limited by the availability of fatty acids. Without the infusion of
fatty acids or the ingestion of mixed meal, the availability of fatty acids can limit the
synthesis of DG and TG. Therefore, the accumulation of DG during hyperinsulinemic clamp
experiment might be lower than that from in vitro studies. Model simulations, however,
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indicate that DG levels may provide a clue to the mechanism by which insulin suppresses
lipolytic reactions.

Glyceroneogenesis and PEPCK Over-expression
The metabolic importance of glyceroneogenesis in adipose tissue was examined previously
by simulating responses to the increased rate of TG-FA cycle during epinephrine infusion.21

However, there was no change in the rate of glucose uptake during intravenous epinephrine
infusion. Therefore, the previous model could not determine the adipose tissue response to
increased rate of glucose uptake. With our enhanced model, simulations showed that
glycolytic and glyceroneogenic fluxes for G3P synthesis increased with stimulated glucose
uptake. This may seem counter-intuitive because PEPCK, a regulatory enzyme for
glyceroneogenesis, is down-regulated by insulin.3 However, the transcriptional regulation of
PEPCK by insulin requires a longer time to act than related to the time scale of acute
experiments. Furthermore, the activity of PEPCK in the basal state in adipose tissue is high
enough to meet the metabolic requirements. 34,35 Consequently, in acute response to insulin
infusion the availability of substrates regulates the glyceroneogenic flux rather than a change
in the activity of PEPCK per se.

Our simulations also show that in response to insulin, the total rate of G3P synthesis
decreased with increasing direct glycolytic contribution in the basal state (Fig. 7b). GAP1,
the precursor for G3P1 synthesis can also be used to produce pyruvate, which is activated by
insulin. Thus, the direct glycolytic contribution to G3P synthesis is in competition with the
entire glycolytic pathway such that the synthesis of G3P1 from GAP1 can be limited by
insulin stimulated glycolysis. On the contrary, G3P2 synthesis via glyceroneogenesis has no
such competition but requires more ATP and NADH. However, as shown in Fig. 7c, an
increase in the rate of glycolytic flux by insulin decreased the redox state (CNAD+/CNADH)
and increased the phosphorylation state (CATP/CADP), thus increasing the driving force of
the flux through glyceroneogenesis. Therefore, our model simulations indicate that
glyceroneogenesis is more robust and significant pathway to synthesize G3P in response to
insulin.

Glyceroneogenesis plays a significant role in regulating the synthesis of G3P (and therefore
of TG). Thus, pyruvate and lactate are important as precursors. Indeed, increased insulin
resistance with obesity has associated higher plasma and interstitial levels of lactate in the
adipose tissue.18,33 The effect of elevated plasma lactate on re-esterification of FA and
glyceroneogenesis was analyzed by simulating experiments with elevated levels of arterial
lactate. These simulations showed that FA re-esterification and flux through
glyceroneogenesis increased 10–15%. Higher levels of lactate in plasma were associated
with higher lactate levels in tissue. Since the cellular lactate levels affect the redox potential
and pyruvate levels, the elevated lactate levels can promote the synthesis of G3P that
increases intracellular FA re-esterification.

Simulated responses from the altered PEPCK expression were obtained by changing the
maximum reaction rate coefficient for the reaction catalyzed by PEPCK. Even though the
activity of PEPCK increased the flux through glyceroneogenesis, the FA release rate into
circulation did not decrease. These simulations indicate that synthesis of FAC from FA by
ACS should increase together with PEPCK activity to increase the rate of FA re-
esterification as measured in the transgenic animals.13 Decreased FA release rate from
adipose tissue was also observed by the treatment of diabetic subjects with TZDs.52 Since
TZDs are PPARγ agonists, they can affect several metabolic pathways involved in glucose
and fatty acids homeostasis. In vivo studies showed that the PPARγ treatment upregulated
the genes for PEPCK and ACS in the adipose tissue.26,53 Simulations were consistent with
these observations as indicated by increases in enzyme activities and flux rates. These
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simulations indicate that the upregulation of PEPCK per se is not sufficient to increase the
rate of FA re-esterification and are expected to be accompanied by the induction of other
enzymes, specifically, ACS.

Effect of Impaired Insulin Action
Insulin resistance is a state of tissue or whole body requiring higher levels of insulin to elicit
a normal response.49 The decreased rate of insulin-stimulated glucose uptake is one of the
major defects resulted from insulin resistance. This effect was simulated by decreasing the
model parameter values related to stimulatory insulin action. Impairments in GLUT4
translocation and glycolysis including phosphorylation of glucose had more significant
effect on the rate of glucose uptake by the adipose tissue than changes in rates of glycogen
synthesis and pyruvate oxidation. This indicates that glucose transport and subsequent
phosphorylation are the principal sites of defective insulin action in the adipose tissue.
Indeed, various in vivo studies in skeletal muscle showed that the stimulation of GLUT4
translocation and phosphorylation of glucose were the primary impairments in type 2
diabetes.38,44 Even though the rate of glycogen synthesis was impaired in these patients, it
was secondary to the defects in glucose transport and phosphorylation.

In vivo studies in humans showed that the insulin-resistant obese subjects in the basal state
had an elevated lactate release, which did not increase in response to insulin infusion.33 In
contrast, normal lean subjects showed an increase of lactate release rate during the
hyperinsulinemic-euglycemic clamp experiment. 33 By decreasing model parameters values
associated with GLUT4 translocation and glycolysis, the rate of lactate release decreased.
When the parameter decreases are sufficiently large, the lactate release rate returned to the
basal state as reported from in vivo studies in obese subjects. The opposite response
occurred with the impaired glycogen synthesis and pyruvate oxidation. One explanation is
that glycogen synthesis and pyruvate oxidation are not the predominant mechanisms of
consumption of glucose taken up by the adipose tissue. More than 70% of glucose taken up
by the skeletal muscle is converted to glycogen during hyperinsulinemic-euglycemic
clamp.11,43 In contrast, in the adipose tissue, model simulations showed that only ~30% of
glucose uptake was used for this purpose. More glucose is used to produce lactate in adipose
tissue than in skeletal muscle. This indicates the relative importance of lactate production for
insulin-stimulated glucose disposal in the adipose tissue. Consistent with experimental data,
model simulations show that the pathways for defective insulin action play an important role
in the adipose tissue and that insulin resistance is associated with the decreased translocation
of glucose transporters and glycolysis in adipose tissue.

Model Limitations
One limitation of our enhanced computational model of adipose tissue metabolism is
incomplete suppression of plasma TG breakdown in response to insulin, which depends on
the breakdown of TG by LPL in the blood compartment. From in vivo human studies,9

plasma levels of TG slowly decreased by ~ 20% in response to insulin. Since the reaction
flux of TG hydrolysis by LPL in the enhanced model depends on the total plasma level of
TG, the plasma TG breakdown rate cannot decrease to a negligible level found with in vivo
studies.9 LPL may have different affinity toward various lipoproteins (e.g., VLDL,
chylomicrons, LDL etc.). Indeed, chylomicrons have more than a 50-fold higher affinities
toward LPL.54 Furthermore, the size distribution of plasma VLDL shifts toward a smaller
size during a hyperinsulinemic clamp experiment.22 Therefore, LPL might have lower
specific affinity toward TG-depleted small VLDL. Future studies should consider varying
activities of LPL for different lipoproteins to describe the regulation of plasma TG
breakdown.
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CONCLUSIONS
An enhanced mechanistic, computational model of adipose tissue metabolism in vivo
simulated steady-state responses to insulin as well as dynamic changes in venous
concentrations of metabolites during the hyperinsulinemic-euglycemic clamp experiment.
Our simulations studies indicate that the regulation of LPL becomes important when
intracellular lipolysis is suppressed by insulin. Different activities of LPL toward various
lipoproteins should be considered to investigate the regulation of lipolysis in the adipose
tissue. Differential suppression of lipolytic reactions by insulin is required to increase the
levels of DG as measured in vitro studies. Model simulations indicate that
glyceroneogenesis is the dominant pathway for G3P synthesis even when the rate of glucose
uptake is increased. Simulations of the effect of altered enzyme expression showed that the
increased rate of re-esterification requires the upregulation of both PEPCK and ACS
activities. This demonstrates the usefulness of this model in predicting phenotypic responses
resulted from genetic modulations. Finally, simulations are consistent with studies showing
that in the primary metabolic pathways of insulin-resistant adipose tissue, the main defects
are associated with GLUT4 translocation and glycolysis (i.e., phosphorylation).
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FIGURE 1.
Metabolic pathways in the adipose tissue. The model incorporates various metabolic
pathways including glycolysis, glycogen cycle, pentose phosphate shunt, pyruvate oxidation,
beta-oxidation, tricarboxylic acid cycle, oxidative phosphorylation, proteolysis and the
esterification and hydrolysis of triglycerides. Glycerol-3-phosphate (G3P), used for the
esterification of fatty acids, is formed either from glucose via glycolysis or from pyruvate
via glyceroneogenesis. Triose phosphates (GAP, G3P) are heterogeneously distributed in the
cellular compartment. GAP1 and G3P1 represent the triose phosphate pool from glycolysis,
whereas GAP2 and G3P2 represent the pool from glyceroneogenesis. The arrow with both
ends indicates a reversible reaction step. GLC, glucose; PYR, pyruvate; LAC, lactate; ALA,
alanine; GLR, glycerol; FA, fatty acids; GLY, glycogen; G6P, glucose-6-phosphate; F6P,
fructose-6-phosphate; R5P, ribulose-5-phosphate; GAP, glyceraldehyde-3-phasphate; G3P,
glycerol-3-phosphate; ACoA, acetyl CoA; FAC, fatty acyl CoA; TG, triglycerides; DG,
diglycerides; MG, monoglycerides.
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FIGURE 2.
Dynamic changes in the plasma and interstitial concentrations of insulin following a
constant rate intravenous infusion of insulin at 0 min. Assuming a step increase in the
plasma levels of insulin (dotted line), the corresponding levels of insulin in the interstitial
fluid (solid line) was simulated assuming a time constant of 10 min. Square symbol
represents the plasma levels of insulin from the experimental studies in human.8
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FIGURE 3.
Dynamic changes in the arterial concentrations of glucose (a), lactate (b), glycerol (c), FA
(d) and TG (e), and the adipose blood flow (f) during hyperinsulinemic-euglycemic clamp.
Relative concentration/blood flow is the ratio of concentration/ blood flow at any time t>0 to
t = 0. Squares represent the experimental data (mean ± SEM) from the references [8,9,19].
Solid lines are model simulations.

Kim et al. Page 19

Cell Mol Bioeng. Author manuscript; available in PMC 2013 May 02.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 4.
Steady state insulin dose-responses for the venous glycerol concentrations and the rates of
lipolysis and re-esterification. (a) Filled square symbol represents the experimental data
from the reference [48]. Solid and dotted line represent the model simulations with (dotted
line) or without (solid line) the complete suppression of plasma TG breakdown by LPL at
the plasma insulin concentration of 383 pM. (b) While open triangle with solid line
represents the rate of total lipolysis in the blood and cellular compartments, filled triangle
with dotted line represents the rate of intracellular lipolysis. Filled square with solid line
represents the rate of re-esterification of FA.
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FIGURE 5.
Dynamic changes in the venous concentrations of glucose (a), lactate (b), glycerol (c), FA
(d) and TG (e) in the adipose tissue during hyperinsulinemic-euclycemic clamp. Relative
concentration is the ratio at any time t>0 to t = 0. Squares represent the experimental data
(mean ± SEM) from the references [8,9]. Solid lines are model simulations.
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FIGURE 6.
Effect of differential suppression of lipolytic reactions on the venous concentration
dynamics of FA and the changes in the levels of DG. (a): Relative changes in the flux rate of
TG breakdown by ATGL (light gray bar) and TG and DG breakdowns by HSL (black bar)
as a result of modulating the model parameter, αTG → DG,ATGL. The different values of
αTG → DG,ATGLwere used for “UniformαTG → DG,ATGL = 70.6 pM2)” and “Differential
(αTG → DG,ATGL = 635 pM2)”. Vmax, TG → DG,ATGL was not modulated by insulin in case of
“No ATGL suppression”. (b), (c): Dynamic changes in the relative venous concentrations of
FA (b) and the relative intracellaur concentrations of DG (c). Relative concentration is the
ratio of concentration at any time t>0 to t = 0. Squares represent the experimental data
(mean ± SEM) from the references.8 Model simulations (solid line: “Uniform”, dashed line:
“Differential” and dotted line: “No ATGL suppression) were based on the different values of
αTG → DG,ATGL as mentioned in (a).
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FIGURE 7.
(a) Relative changes in the rate of G3P synthesis via direct glycolysis and glyceroneogenesis
(b) Dynamic changes in the rate of total G3P synthesis (c) Cellular phosphorylation and
redox states. (a) Model simulations representing the relative changes in the rate of G3P
synthesis via glyceroneogenesis (red line) and via direct glycolysis (blue line). Solid, dashed
and dotted lines indicate the different ratios of glyceroneogenesis and direct glycolysis in the
basal state. The ratios of glyceroneogenesis to direct glycolysis used in the model
simulations were 10:1 (solid line), 1:1 (dashed line) and 1:10 (dotted line). (b) Relative flux
rate (ratio of flux at time t>0 to that at t = 0). Solid, dashed and dotted lines are the changes
in the rate of total G3P synthesis with different ratios of glyceroneogenesis to direct
glycolysis. (c): Changes in the cellular redox (solid line, Cc,NAD+/Cc,NADH) and
phosphorylation (dashed line, Cc,ATP/Cc,ADP) states.
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FIGURE 8.
Effect of defective insulin action on the rate of glucose uptake. The model predicted the
changes in the rate of glucose uptake during hyperinsulinemic-euglycemic clamp as a result
of varying the model parameters related to the stimulated insulin action; (a) λGlycolysis, (b)
λTmax,GLC, (c) λGlycogen Synthesis and (d) λPDH. The parameters are decreased up to 20% of
their estimated values in Table 5; Solid line (100% of estimated value, no change), dash-
dotted line (60% of estimated value) and dotted line (20% of estimated value).
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FIGURE 9.
Effect of defective insulin action on lactate exchange rate. A Model prediction of changes in
lactate exchange rate during hyperinsulinemic-euglycemic clamp. Defining the lactate
exchange rate defined as Q · (Ca,LAC − Cv,LAC) leads to a negative net release of lactate
from adipose tissue. Parameter values related to stimulated insulin action: (a) λGlycolysis, (b)
λTmax,GLC, (c) λGlycogen Synthesis and (d) λPDH. The parameters are decreased up to 60% of
their estimated values in Table 5; Solid line (100% of estimated value, no change), dash-
dotted line (80% of estimated value) and dotted line (60% of estimated value).
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FIGURE 10.
Effect of altered enzyme activity on the rates of glyceroneogenesis and FA release. Control
(black bar) is the model simulations with the maximum rate coefficients for PEPCK and
ACS in the basal state (Vmax,PEPCK and Vmax,ACS). For other simulations, Vmax,PEPCK
increased two to three fold with or without two fold increase in Vmax,ACS; Dark gray bar: 2
* Vmax,PEPCK and Vmax,ACS; Gray bar: 3 * Vmax,PEPCK and Vmax,ACS; Light gray bar: 2 *
Vmax,PEPCK and 2 * Vmax,ACS; Open bar: 3 * Vmax,PEPCK and 2 * Vmax,ACS.
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TABLE 1

Substrate concentration in the blood and the cellular compartment*.

Substrate Blood Cell

GLC 5000 2540

PYR 68 200

LAC 700 1440

ALA 192 1300

GLR 70 220

FA 660 1000

TG 990 990,000

O2 (Total) 8000 34

O2 (Free) 84

CO2 (Total) 21,700 15,427

CO2 (Free) 1124 1403

GLY 13,000 [37]

G6P 210 [40]

F6P 60 [40]

GAP1, GAP2 10

G3P1, G3P2 150 [40]

R5P 4 [6]

ACoA 25

FAC 70 [40]

CoA 200

DG 2000

MG 200

ATP 3840 [40]

ADP 1270 [40]

Pi 2700

NAD+ 450 [40]

NADH 0.14 [40]

NADP+ 0.93 [27,32]

NADPH 7.1 [27,32]

*
Values are in μM. Data are taken from Kim et al.21 or the references, which are listed with parentheses.
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TABLE 4

Model input functions*.

Time (min) Input functions

t ≤ 15 Q = Q0, CI = CI,0, Ca,GLC = Ca,GLC,0, Ca,LAC = Ca,LAC,0

Ca,GLR = Ca,GLR,0, Ca,FA = Ca,FA,0, Ca,TG = Ca,TG,0

t > 15 Q = Q0 ·(1 + 7.76 · (1 − e−(t−15)/20.54) − 7.68 · (1 − e−(t−15)/36.48))

CI = CI,0 + 65.1 · (1 − e−(t−15)/10)

Ca,GLC = Ca,GLC,0 · (1 − 0.177 · (t − 15)5.26/(22.825.26 + (t − 15)5.26) + 0.421 · (1 − e−(t−15)/350.3))

Ca,LAC = Ca,LAC,0 · (1 + 0.389 · (t − 15)7.05/(18.887.05 + (t − 15)7.05))

Ca,GLR = Ca,GLR,0 · (0.41 + 0.59e−(t−15)/10.38)

Ca,FA = Ca,FA,0 · (0.11 + 0.89e−(t−15)/17.22)

Ca,TG = Ca,TG,0 · (1 − 0.0015 · (t − 15))

*
Parameters for the input functions were optimally estimated based on the data from the human in vivo study.8,9,19 Q: Blood flow to the adipose

tissue; CI: Insulin concentration in the interstitial fluid; Ca,GLC, Ca,LAC, Ca,GLR, Ca,FA, Ca,TG: Arterial concentrations of glucose, lactate,

glycerol, FA and TG; Ca,i,0: Initial arterial concentration of chemical species i as shown in Table 1. Time courses of these input functions are

shown in Fig. 2.
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TABLE 5

Estimated and miscellaneous model parameters*.

Values Units

Parameters for stimulative insulin actions

 λTmax;GLC 0.02

 λGlycolysis 5.01

 λGlycogen Synthesis 14.67

 λPDH 3.00

Parameters for inhibitory insulin actions

 αTG → DG,ATGL 70.6, 635‡ pM2

 αTG → DG,HSL 70.6 pM2

 αDG → MG,HSL 70.6 pM2

 αGLY → G6P 70.6 pM2

 αPRT → ALA 70.6 pM2

Miscellaneous parameters

 Q0 0.031† ml min−1 kg−1

 CI,0 8.4† pM

 Vc,i

 TG, DG, MG 0.8

 GAP1, GAP2, G3P1, G3P2 0.016

 Others 0.032

*λk and αk, parameter for insulin action; Q0, adipose tissue blood flow at basal state; CI,0, insulin concentration in the interstitial fluid at basal

state. Data marked with † are from the references [18,41].

‡
Two different values of αTG → DG,ATGL were used to simulate the different degree of suppression of ATGL reaction by insulin.
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APPENDIX 1

KINETIC EQUATIONS FOR THE METABOLIC REACTIONS

1. Glycolysis I
GLC + ATP → G6P + ADP

2. Glycolysis II
G6P ↔ F6P

3. Glycolysis III
F6P + ATP → 2GAP1 + ADP

4. Glycolysis IV
GAP1 + Pi + NAD+ + 2ADP → PYR + NADH + 2ATP

5. Pyruvate reduction
PYR + NADH ↔ LAC + NAD+

6. Glycogen synthesis
G6P + ATP → GLY + ADP + 2Pi

7. Glycogen phosphorylation
GLY + Pi → G6P

8. Pentose phosphate shunt I
G6P + 2NADP+ → R5P + 2NADPH + CO2

9. Pentose phosphate shunt II
3R5P → 2F6P + GAP1
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10. GAP reduction I
GAP1 + NADH ↔ G3P1 + NAD+

11. Glyceroneogenesis
PYR + 3ATP + NADH → GAP2 + 3ADP + NAD+ + 2Pi

12. GAP reduction II
GAP2 + NADH ↔ G3P2 + NAD+

13. Glycerol phosphorylation
GLR + ATP → G3P2 + ADP

14. Alanine utilization
ALA → PYR

 Alanine represents the amino acid pool.

15. Alanine formation
PYR → ALA

16. Proteolysis
Proteins → ALA

17. Protein synthesis
ALA → Proteins

18. Pyruvate oxidation
PYR + CoA + NAD+ → ACoA + NADH + CO2

19. Fatty Acyl CoA synthesis
FFA + CoA + 2ATP → FAC + 2 ADP +2 Pi
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20. Fatty acid oxidation
FAC + 7CoA + 14NAD+ → 8ACoA + 14NADH

21. TG breakdown by ATGL
TG → DG + FFA

22. TG breakdown by HSL
TG → DG + FFA

23. DG breakdown by HSL
DG → MG + FFA

24. MG breakdown by HSL
MG → GLR + FFA

25. MG breakdown by MGL
MG → GLR + FFA

26. Lipogenesis
8ACoA + 14NADPH + 7ATP → FFA + 8CoA + 14NADP + 7ADP + 7Pi

27. DG synthesis I
G3P1 + 2FAC → DG + 2CoA + Pi

28. DG synthesis II
G3P2 + 2FAC → DG + 2CoA + Pi

29. TG synthesis
DG + FAC → TG + CoA
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30. Transacylation I
DG + DG → TG + MG

31. Transacylation II
MG + MG → DG + GLR

32. Transacylation III
MG + DG → TG + GLR

33. TCA cycle
ACoA + ADP + Pi + 4NAD+ → 2CO2 + CoA + ATP + 4NADH

34. Oxidative phosphorylation
O2 + 6ADP + 6Pi + 2NADH → 2H2O + 6ATP + 2NAD+

35. ATP hydrolysis
ATP → ADP + Pi

36. TG breakdown by LPL
TG → GLR + 3FFA

This is the only reaction in the blood compartment which is governed by LPL. Rate coefficient is activated by
adipose blood flow.
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