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Appendix B

ADAPT methodology

In this dissertation, the mathematical model that is used with ADAPT is com-

posed of three compartments representing the liver, blood plasma, and peri-

pheral tissues. The liver compartment includes reactions comprising the pro-

duction, utilization and storage of triglyceride (TG) and cholesterol, and the

mobilization of these metabolites to the endoplasmic reticulum (ER), where

they are incorporated into nascent very low density lipoprotein (VLDL) parti-

cles. The VLDL particles are secreted in the plasma compartment where they

serve as nutrients for peripheral tissues. Remnant particles are taken up and

cleared by the liver. The model furthermore includes the hepatic uptake of free

fatty acids (FFA) as well as high density lipoprotein (HDL) mediated reverse

cholesterol transport (Figure B.1).

ADAPT is based on a time-dependent evolution of model parameters. The

progression of adaptations is predicted by identifying necessary dynamic changes

in the model parameters to describe the transition between experimental data

obtained at different time-points. Subsequently, ADAPT provides trajectories

of time-dependent changes in metabolic states, parameters, and fluxes, that

occurred during the treatment intervention. In the following sections a step-

by-step generic description of the methodology underlying ADAPT is presented.

Step 1: Calculating data interpolants.

Quantitative experimental data at different stages of a treatment intervention

are required to study the dynamics of induced molecular adaptations. Data on

hepatic TG, free cholesterol, and cholesterylester (CE) levels; fractional contri-

butions of de novo lipogenesis to the hepatic TG pool; plasma concentrations

of TG, total cholesterol, HDL cholesterol, FFA; VLDL-TG production rates,

VLDL-TG catabolism rates, VLDL particle size, and VLDL composition ob-

tained in C57BL/6J mice treated with T0901317 for 0, 1, 2, 4, 7, 14, and 21

days was used as input for ADAPT. Moreover, quantitative data on hepatic

145
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cholesterol uptake and the deposition and synthesis of hepatic TG in cytoplas-

mic and microsomal fractions [387] in untreated control mice was derived from

literature [388] and included in ADAPT.

To allow for estimation of dynamic trajectories of metabolic parameters and

fluxes, continuous dynamic descriptions of the experimental data were used as

input for ADAPT. For this purpose, cubic smoothing splines were calculated

that describe the dynamic trend of the experimental data. To account for ex-

perimental and biological uncertainties a collection of splines was calculated

using a Monte Carlo approach. Different random samples of the experimental

data were generated assuming Gaussian distributions with means and standard

deviations of the data. Subsequently, for each generated sample a cubic smooth-

ing spline was calculated.

Step 2: Construction of a mathematical model.

A mathematical multi-compartment model was used describing TG and choles-

terol metabolism. The mathematical model contains three compartments repre-

senting the liver, blood plasma, and periphery (Figure B.1). The liver includes

the production, utilization and storage of TG and cholesterol, as well as the

mobilization of these metabolites to the ER where they are incorporated into

nascent VLDL particles. These VLDL particles are subsequently secreted in the

plasma compartment and provide nutrients for peripheral tissues. The model

furthermore includes the hepatic uptake of FFA from the plasma that predom-

inantly originate from adipose tissue. Finally, the model includes the reverse

cholesterol transport pathway, i.e., the net transport of cholesterol from periph-

eral tissues back to the liver via HDL.

The mathematical model contains 11 metabolic species (Table B.1) inter-

linked by 29 flux interactions (Table B.2). The flux equations (Table B.2) are

based on mass-action kinetics. The ordinary differential equations are given by:

d[x1]

dt
= f1 + f4 + f6 − f2 − f3 − f5

d[x2]

dt
= f3 − f4 + Vplasma(f17 + f21)

d[x3]

dt
= f5 − f6 − f15

d[x4]

dt
= f9 − f8 − f11 + Vplasma(

f12
3

+ f16 + f22)

d[x5]

dt
= f11 − f9 − f28
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d[x6]

dt
= f7 + f26 − f25 − f27

d[x7]

dt
= f10 + f27 − f29 − f26

d[x8]

dt
=

f14
Vplasma

− f16 − f18 − f22 − f23

d[x9]

dt
=

f15
Vplasma

− f17 − f19

d[x10]

dt
= f20 − f21

d[x11]

dt
= f13 − f12

The square brackets indicate the concentration of a specific metabolite. The

blood plasma volume, given by Vplasma, was assumed to be 1 mL [389].

Table B.1: Overview and description of the state vari-

ables included in the mathematical model.

State Description

x1 Hepatic free cholesterol

x2 Hepatic CE (cytoplasm)

x3 Hepatic CE (ER)

x4 Hepatic TG (cytoplasm)

x5 Hepatic TG (ER)

x6 Hepatic de novo TG (cytoplasm)

x7 Hepatic de novo TG (ER)

x8 Plasma VLDL-TG

x9 Plasma VLDL-cholesterol

x10 Plasma HDL-cholesterol

x11 Plasma FFA

Step 3: Calibrating the model to the untreated phenotype.

In ADAPT the mathematical model is first used to describe the untreated phe-

notype. It is assumed that prior to the onset of a treatment intervention the

concentrations and fluxes in the biological system are in a steady-state. The

following protocol was employed to capture multiple parameter sets describing

the untreated phenotype. The model parameters were estimated by applying

a least squares algorithm that minimizes the sum of squared errors between

the experimental data of the untreated phenotype and corresponding model

outputs. The optimization procedure was repeated for all data interpolants
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Figure B.1: Computational model of hepatic lipid and plasma

lipoprotein metabolism. ApoB, apolipoprotein B; CE, cholesterylester;

ER, endoplasmic reticulum; FFA, free fatty acids; FC, free cholesterol; HDL,

high density lipoprotein; TG, triglyceride; VLDL, very low density lipoprotein.

See text for details.
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Table B.2: Overview and description of the fluxes included in the mathematical model.

Flux Equation Description

f1 p1 Hepatic de novo synthesis of free cholesterol

f2 p2[x1] Net hepatic catabolism of free cholesterol

f3 p3[x1] Hepatic synthesis of CE (cytoplasm)

f4 p4[x2] Hepatic conversion of CE (cytoplasm) to free cholesterol

f5 p5[x1] Hepatic synthesis of CE (ER)

f6 p6[x3] Hepatic conversion of CE (ER) to free cholesterol

f7 p7 Hepatic de novo synthesis of TG (cytoplasm)

f8 p8[x4] Hepatic catabolism of TG (cytoplasm)

f9 p9[x5] Hepatic transport of TG from the ER to the cytoplasm

f10 p10 Hepatic de novo synthesis of TG (ER)

f11 p11[x4] Hepatic transport of TG from the cytoplasm to the ER

f12 p12[x11] Hepatic uptake of FFA

f13 p13 Net efflux of FFA from peripheral tissues to plasma

f14 p14([x5]+[x7]) Hepatic secretion rate of VLDL-TG

f15 p15[x3] Hepatic secretion rate of VLDL-cholesterol

f16 p16[x8] Hepatic uptake of TG via whole-particle uptake

f17 p16[x9] Hepatic uptake of cholesterol via whole-particle uptake

f18 p17[x8] Peripheral uptake of TG via whole-particle uptake

f19 p17[x9] Peripheral uptake of cholesterol via whole-particle uptake

f20 p20 Peripheral efflux of cholesterol to HDL particles

f21 p21[x10] Hepatic uptake of HDL-cholesterol

f22 p18[x8] Hepatic uptake of TG via lipolytic enzymes

f23 p19[x8] Peripheral uptake of TG via lipolytic enzymes

f24 p22 Hepatic secretion rate of apolipoprotein B

f24 p22 Hepatic secretion rate of apolipoprotein B

f25 p8[x6] Hepatic catabolism of de novo TG (cytoplasm)

f26 p9[x7] Hepatic transport of de novo TG from the ER to the cytoplasm

f27 p11[x6] Hepatic transport of de novo TG from the cytoplasm to the ER

f28 p14[x5] Hepatic secretion rate of non de novo VLDL-TG

f29 p14[x7] Hepatic secretion rate of de novo VLDL-TG

calculated in step 1, resulting in a collection of parameter sets that describe

the untreated phenotype. These parameter sets will serve as a starting point

from which necessary dynamic changes are identified to describe the transition

between experimental data obtained during different stages of the treatment.

Step 4: Estimating time-dependent changes of the model parameters.

Dynamic adaptations in metabolic processes are identified by inferring ne-
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cessary dynamic changes in the model parameters which are therefore time-

dependent. To this end, a simulation of the full treatment period was divided

into a number of steps. First, the simulation is started using the parameters

and model outputs of the untreated phenotype. Next, each subsequent step n,

the system is simu-lated for a short time-period using the parameters and model

outputs of the previous step n-1 as a starting point. The parameters at step

n are re-estimated by minimizing the difference between the data interpolants

and corresponding model outputs at step n. The optimization procedure is

repeated for all para-meter set of the untreated phenotype, obtained in step 3.

Integration of gene expression data in ADAPT

To integrate information about the transcriptome into ADAPT, the optimiza-

tion problem presented in step 4 was extended as follows. Time-course data of

relative gene expression levels (Figure B.2) were used to constrain the dynamics

of parameter trajectories. First, each step, parameter adaptations are preferred

such that resulting parameter trajectories and corresponding gene expression

profiles display temporal correlation, compared to uncorrelated scenarios. This

was effectuated by including an additional objective function that maximizes

the temporal correlation (Pearson correlation coefficient) between these profiles.

Secondly, gene expression data was also used to constrain the magnitude of

dynamic variations in the parameter trajectories. It was assumed that para-

meters are less likely to change when corresponding gene expression levels (Table

B.3) remain unchanged, compared to scenarios when expression of the genes is

induced or repressed. Therefore, in latter cases parameter adaptations will be

less penalized compared to former cases. This was effectuated by including an

additional objective function that utilizes the time derivative of gene expression

profiles to penalize parameter fluctuations. The higher the derivative, the lower

the penalty will be.

An extra objective function that utilizes the time derivative of gene ex-

pression profiles to constrain parameter fluctuations was included. Parameter

trajectories were estimated using 200 time steps. A collection of 20000 param-

eter trajectory sets was obtained that describe the experimental data. For the

ADAPT analyses presented in chapter 2 and 3 we used 1000 parameter trajec-

tory sets that displayed the highest temporal correlation with gene expression

profiles.
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Figure B.2: Time-course data of relative hepatic gene expression

levels.
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Table B.3: Overview of the parameter-gene

couples.

Parameter Gene Associated flux(es)

p1 Sqs f1
p1 Hmgcoared f1
p1 Srebp-2 f1
p2 Abcg1 f2
p2 Abcg5 f2
p2 Cyp7a1 f2
p7 Gpat f7
p7 Fas f7
p7 Me1 f7
p7 Srebp-1c f7
p7 Scd1 f7
p8 Hmgcoa f8, f25
p8 Ucp2 f8, f25
p8 Lcad f8, f25
p8 Aox f8, f25
p10 Gpat f10
p10 Fas f10
p10 Me1 f10
p10 Srebp-1c f10
p10 Scd1 f10
p12 Cd36 f12
p12 Ap2 f12
p14 Mttp f14, f15
p15 Mttp f14, f15
p16 Ldlr f16, f17
p16 Vldlr f16, f17
p16 Lrp1 f16, f17
p18 Lpl f22
p22 ApoB f24

Calculation of VLDL particle diameter

The following strategy was followed to calculate nascent VLDL particle dia-

meters (DVLDL). As each VLDL particle contains one apolipoprotein B particle,

the number of TG and CE molecules per VLDL particle can be determined by

correcting the specific lipid fluxes for the number of apolipoprotein B proteins.

The core volume of a VLDL particle was subsequently determined assuming a

molecular volume of 946.84 mL/mol for TG (TGmv) and a molecular volume of
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685.48 ml/mol for CE (CEmv) [390]. A core radius (Rc) was calculated from the

core volume assuming a spherical shape of the VLDL particles. Furthermore,

the particle membrane accounts for an additional two nanometers (Rs) [391].

DV LDL = 2(Rc +Rs)

Rc =
3

√
3Vc
4π

Vc = 1021
TGcntTGmw + CEcntCEmv

NA

TGcnt =
f14
f24

CEcnt =
f15
f24

Where NA is the constant of Avogadro.

Calculation of de novo lipogenesis

The fractional contribution of de novo lipogenesis was calculated as follows in

the computational model:

FCDNL(t) =
[x6](t) + [x7](t)

[x4](t) + [x5](t) + [x6](t) = [x7](t)

Calculation of VLDL catabolic rate

VLDL catabolic rate was calculated as follows in the computational model:

CRV LDL(t) =
p16(t) + p17(t)

p16(t0) + p17(t0)

Calculation of cytoplasmic / ER TG concentration and production

ratio

Equations for the ratio between cytoplasmic and ER TG concentration (RcTGcyt,TGER)

and production (RpTGcyt,TGER) are given by:

RcTGcyt,TGer(t) =
[x4](t) + [x6](t)

[x5](t) + [x7](t)

RpTGcyt,TGer(t) =
f7(t)

f10(t)
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Linking the computational model to experimental data

To enable the estimation of dynamic trajectories of metabolic parameters and

fluxes, continuous dynamic descriptions of the experimental data were used

as input for the computational approach. For this purpose, cubic smoothing

splines were calculated that describe the dynamic trend of the experimental

data. To account for experimental and biological uncertainties a collection of

splines was calculated using a Monte Carlo approach. Different random samples

of the experimental data were generated assuming Gaussian distributions with

means and standard deviations of the data. Subsequently, for each generated

sample a cubic smoothing spline was calculated. Measures of spread used for

the Monte Carlo sampling of these quantities were estimated based on similar

experiments that were performed [392]. An overview of the quantities that were

experimentally observed and its relation to corresponding model components is

presented in Table B.4. A model output yi was coupled to experimental data di.

Note that y13 to y15 were observed experimentally for the untreated phenotype

only.

Table B.4: Overview of the quantities that were measured and their relation

to corresponding model components.

Measurement Model output Equation

Hepatic TG y1 [x4]+[x5]+[x6]+[x7]

Hepatic CE y2 [x2]+[x3]

Hepatic free cholesterol y3 [x1]

Plasma total cholesterol y4 [x9]+[x10]

HDL-cholesterol y5 [x10]

Plasma TG y6 [x8]

Plasma FFA y7 [x11]

VLDL TG/C ratio y8 TGcnt/CEcnt

VLDL-diameter y9 DV LDL

VLDL-TG production y10 f14
VLDL catabolic rate y11 CRV LDL

De novo lipogenesis y12 FCDNL

Hepatic HDL-C uptake y13 f21
Ratio cyt-TG / ER-TG concentration y14 RcTGcyt,TGer

Ratio cyt-TG / ER-TG production y15 RpTGcyt,TGer
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Lipolytic enzymes in L-G6pc+/+ and L-G6pc−/− mice

A 

B 

Figure C.1: A) Epididymal WAT relative mRNA fold induction of genes

involved in lipolysis. B) Representative immunoblots for epididymal adipose

tissue for indicated proteins, + lanes indicate L-G6pc+/+ mice and lanes

indicate L-G6pc−/− mice. See Figure 4.4D and 4.4E for quantification.
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