
Chapter 17
Towards Modeling of Metabolic Syndrome:
Tissue Crosstalk in Lipid Spillover

Sergey Smirnov, Eugeny Metelkin, Nail Gizzatkulov,
Oleg Stepanov and Oleg Demin

Abstract In this chapter we propose a framework for development of the mathe-
matical model of Metabolic Syndrome. The cornerstone of the model is “adipose
tissue expandability hypothesis”, which treats long-term increase in FAs concen-
tration in blood and their subsequent accumulation in muscle and liver as a main
cause of decrease in insulin sensitivity and, consequently, MetS development. The
key biological facts underlying the construction of MetS model have been collected
and analyzed and the main requirements of the model have been formulated. To take
these facts into account and meet the requirements formulated, we have developed
a novel algorithm enabling us to combine kinetic models, which describe changes
in metabolite (lipoproteins) concentrations due to biochemical transformations in
blood and tissues, with the mathematical model of the molecular movement in blood
flow.

Keywords Lipid metabolism · Lipid spillover · Kinetic modeling ·Very low density
lipoprotein

17.1 Introduction

Metabolic syndrome (MetS) develops through a long and complex process, which
is associated with several organs and tissues. Several experimental data values char-
acterizing various aspects of MetS have been simulated and collected. However,
mathematical models describing the development of MetS, and for example, its pro-
gression to type 2 diabetes (T2D), have not yet been developed. To a large extent,
this is due to the inherent complexity of the processes and regulatory mechanisms
related to MetS. To correctly describe the development of MetS, a mathematical
model needs to account for the crosstalk between different organs and tissues at
various levels such as physiological and biochemical levels.
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One of the main factors in MetS development is a decrease in tissue sensitivity to
insulin (Albu et al. 2010; Felber and Golay 2002; Golay et al. 1984; He et al. 2010;
Lin et al. 2009; Muscelli et al. 2008; Pastucha et al. 2010; Pigeon et al. 2009). We
use this fact as a basis for our MetS model. However, to construct such a model we
first need to identify an experimentally confirmed mechanism that would allow us to
establish the relationship between obesity and a decrease in insulin sensitivity (Czech
et al. 2010; Katz et al. 2000; Prentki and Madiraju 2011; Stannard and Johnson 2004;
Wu et al. 2010).

The aim herein is to outline a framework for further development of the mathe-
matical model describing the occurrence of MetS and its progression to T2D within
the conceptual framework of the adipose tissue expandability hypothesis (AEH)
(Chap. 1.1). For this purpose, first, we developed a model to describe lipid spillover,
which is the non-homogeneous concentration of fatty acids (FA) and lipoproteins
in the circulatory system. To account for the space-time distribution of FAs and
lipoproteins, we developed a new approach that allows us to combine models de-
scribing intra- and extra- cellular processes of biomolecules and lipoprotein particle
transformation, where the models describe the transport of blood, molecules, and
lipoproteins in the circulatory system.

17.2 Modeling Framework: Description of the Biological
System and Model Requirements

Based on AEH, the development of MetS can be associated with obesity and it
consists of the following events.

In the first stage of the development of obesity, we assume that the expandability
of the adipose tissue is high. This means that excess FAs can be stored in adipose
tissue. The term “excess FA” refers to all FAs that originate in consumed food or are
produced from glucose in the liver but have not been utilized in energy production.
As obesity develops (i.e., patient weight increases), the expandability of adipose
tissue decreases. If the energy supply resulting from food intake continues to be
higher than the energy consumption required to sustain the organism, then the rate of
influx of FAs starts to exceed the rate of FA storage in adipose tissue. This causes the
concentration of FAs in the blood to increase and FAs to accumulate in certain tissues
such as those of the muscle and liver. Accumulation of FAs in these tissues results in a
decrease in their sensitivity to insulin. Muscle cells can utilize both glucose and FAs
to produce the energy required to maintain intracellular processes and performance.
This means that an increase in FA concentration may result in a decrease in glucose
consumption, and as a consequence, a decline in the insulin-dependent transport of
glucose in muscles.

Thus, to develop a model that satisfactorily describes MetS on the basis of AEH,
we need to account for the following aspects of the disease (Armoni et al. 2007; Bajaj
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et al. 2002; Everett-Grueter et al. 2006; Hirasawa et al. 2005; Kelley and Mandarino
2000; Kim et al. 2007; Lewis et al. 2002; Schnell et al. 2007; Staehr et al. 2003):

(i) transformation of glucose in the organism
(ii) lipid spillover

(iii) energy balance in the organism
(iv) tissue crosstalk underlying the interconnections between (i), (ii), and (iii).

Transformation of glucose in an organism. Glucose entering the organism through
food can either be utilized to produce energy or it can be stored as glycogen in
liver and muscle tissues and as FAs in adipose tissue. If glucose uptake exceeds
glucose utilization for energy production over a long period, then all excess glucose
is transformed into FAs, which are then stored in adipose tissue. The alternative
method of glucose storage (as glycogen) cannot compete with the process of glucose
transformation into FAs since the glycogen storage capacity of liver and muscle
tissues is extremely low. This means that the ability to accumulate excess glucose in
the form of glycogen is quickly weakened.

If the rate of glucose uptake exceeds the sum of the rates of (i) glucose consumption
to produce energy and (ii) glucose transformation into FAs, then the glucose level
in blood increases until it is balanced with the glucose clearance in urine. If the
dominance of glucose intake over total glucose consumption occurs over a long
period, then the glucose level in blood remains considerably high all the time. This
is the main symptom of MetS (or T2D). In conclusion, we can state that MetS (or
T2D) is a long-lasting state of an organism when the glucose intake rate permanently
exceeds the total rate of its consumption to produce energy, resulting in the storage
of glucose as FAs in adipose tissue.

Lipid spillover. Chap. 2.6 describes in detail the processes involved in FA trans-
formation, transport, and homeostasis. Based on this description, we conclude that
the fate of FAs entering the organism is highly similar to that of glucose. FAs can
either be utilized to produce energy or be stored in adipose tissue. If the rate of FA
uptake exceeds the sum of the rates of (i) FA consumption to produce energy and
(ii) FA storage in adipose tissue, then the FA level in blood increases, i.e., excess FAs
are observed. In accordance with AEH, excessive amounts of FAs in the organism
are responsible for the development and progression of MetS.

In the version of the model presented below, we neglect many aspects of lipid
spillover that are described in Chap. 2.6. For example, we do not distinguish between
VLDL1 and VLDL2 and we do not take into account that there are other lipoproteins
involved in lipid spillover, such as IDL and HDL.

Requirements for development of MetS model. Based on the description of the
biological system presented above, we can prepare a list of requirements for the
development of the MetS model, as follows:

• The model should reproduce the transport of glucose and FAs between different
organs and tissues through biological fluids (tissue crosstalk).

• The model should reproduce glucose and FA dynamics for different diet and food
intake regimens.
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• The model should reproduce the dynamics of the glucose and FA exchange that is
dependent on the energy balance (difference between the energy from consumed
food and that utilized to meet energy needs) in the organism.

• The model should describe changes in the glucose and FA blood concentration
levels resulting from the passage of blood through a selected organ/tissue (or part
of the organ/tissue).

17.3 Model Development

As we have indicated in previous sections (see also Chap. 2.6), the main items
considered in the MetS development model are the glucose and the FAs attached
to various carriers. This means that the model development can be subdivided into
three stages:

• development of the lipid spillover model
• development of the glucose homeostasis model
• merging of the lipid spillover and glucose homeostasis models

In this section, we describe the development of the lipid spillover model. Develop-
ment of the glucose homeostasis model is not presented in this chapter. In accordance
with the description in Chap. 2.6, there are several organs/tissues actively involved in
lipid spillover. These are the liver, gastrointestinal tract, blood, muscles, and adipose
tissue. Underlying lipid spillover is the intensive crosstalk between organs and tis-
sues. The term “tissue crosstalk” refers to the mechanism by which one organ/tissue
can influence the operation of another organ/tissue via excretion and transport of
active components that can be absorbed and metabolized by the target organ/tissue.
Tissue crosstalk is necessary for the cooperation between tissues, which results in
homeostasis of glucose and FAs in an organism. The following types of crosstalk are
involved in lipid spillover: liver-adipose, liver-muscle, and adipose-muscle.

To be able to describe tissue crosstalk and meet all the requirements discussed
above, the MetS model should consider the complete organism as a set of com-
partments that exchange biological fluids (e.g., blood and lymph) and consist of
biological entities (e.g., lipoproteins, molecules, and cells).

To build the compartmental structure, we define a “route” as a set of compartments
that are sequentially located. Each route corresponds to a set of blood vessels located
in an organ or part of an organ and describes the blood flow through the organ without
branching or merging into the bloodstream.

A route is characterized by the following basic features:

• blood flow velocity along the route (i.e., the volume of the blood passing through
the route per unit time)

• total volume of blood in a route (i.e., the sum of blood volumes in all compartments
of the route at any given time)

• diameter of the blood vessels along the route
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Fig. 17.1 Schematic of routes taken in lipid spillover model (physiological module). The circulatory
system routes in the lipid spillover model are represented in this schematic. The number above each
arrow indicates the volume of blood traveling through the routes per second (i.e., per cardiac beat).
The following information is indicated in the rectangles: (i) name of the route, (ii) number of
compartments included in the route (C), and (iii) residence time of the blood portion in the route (T)

On the basis of these characteristics, we can calculate the residence time of the blood
in the compartments of a route. The residence time is equal to the ratio of the total
volume of blood in the route and the blood flow velocity along the route.

The number of compartments in a route should be selected such that it is possible to
reproduce both the anatomical location of various organs/tissues in an organism and
their linkage via the circulatory system. Further, there should be a sufficient number
of compartments to enable a detailed description of the space-time distribution of the
biological entities (lipoproteins, molecules, or cells) along the route. Moreover, the
number of compartments should be kept as low as possible to reduce the complexity of
the model. To meet these requirements, we selected a compartment volume such that
the blood residence time of the compartment was equal to one second. Therefore, the
number of compartments in a route is equal to the blood residence time of the route,
expressed in seconds. However, since the residence time and total blood volume
differ for each route, the number of compartments and their volumes also differ.

Splitting the circulatory system into a set of routes is based on a specific biological
task, and therefore, it changes for each model. The route schematic for the lipid
spillover model is given in Fig. 17.1. A detailed description of the routes is presented
in Table 17.1.

To model biochemical reactions that occur in either biological fluids (blood or
lymph) or various organs/tissues interconnected via the circulatory system, we de-
veloped the step-by-step algorithm (SBSA). Within the framework of this algorithm,
movement of blood along the route is combined with changes in concentrations
of transported biological entities (molecules and lipoproteins), which is a result of
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Table 17.1 Routes and compartment structure of model

Route Model # Number of Compartment Transient Total blood volume
compartments volume (ml) time (sec) in route (ml)

Right heart No model a 3 80 2.7 240
Lung No model a 10 80 9 800
Left heart No model a 3 80 2.7 240
Big arteries No model a 7 80 6.3 560
Brain No model a 5 11.2 4.5 56
Myocard Model 3 6 3.8 5.4 22.8
Kidneys No model a 2 18 1.8 36
Liver Model 4 17 22.5 15.3 382.5
Intestine No model a 6 16 5.4 96
Adipose Model 2 56 8.4 50.4 470.4
Muscles Model 3 102 11 91.8 1122
Other No model a 58 5.1 52.2 295.8
Big veins Model 1 12 80 10.8 960
a “No model” means that only transfer of molecules with blood flow without any chemical
transformation occur in these organs. Therefore, any kinetic model was not defined for these organs

chemical reactions and interactions at the walls of the blood vessels, in the following
manner:

• Blood movement along a route is divided into discrete steps. The duration of each
step corresponds to the blood residence time in a compartment.

• For the duration of a single step, blood is considered an immovable fluid. Changes
in concentrations of biological entities in the selected compartment result from
biochemical reactions and interactions at cells of only the vessel wall.

• At the end of a single step, the content of the i-th compartment is transported
infinitely fast to the (i + 1)-th compartment. This is continued in subsequent steps.

Physical implementation of SBSA In this subsection, we focus on a system that
can be represented by a network of interconnected compartments with fluid flowing
through them. In this system, there are molecules (or particles), which can (1) react
with each other in accordance with stoichiometry and reaction rates, (2) interact
with immovable parts of the system (for example, the compartment walls), and (3)
be transferred from one compartment to another with the fluid.

As a model of fluid flow, we consider an incompressible fluid that fills the complete
volume of the compartments and has a laminar flow. Each point in the fluid flows at the
same rate. The equation describing changes in metabolite (particle) concentrations
in compartment s can be written as

∂Cs

∂t
+ rs

∂Cs

∂x
= 


Nsvs + us (17.1)

Here, Cs is the vector of metabolite concentrations, rs is the flow rate through the
compartment s (if there is no flow in a compartment, then r = 0),




Ns is the stoichio-
metric matrix, νs is the vector of reaction rates, us is the vector of the influxes of
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molecules/particles from outside (for example, drug administration), t is time, and
x is the variable describing the transfer along the compartment(s) resulted from the
flowing fluid. The boundary condition describing the junction between compartments
can be written as

rs

∂Cs

∂x
(0, t) =

∑
j
rj

∂Cj

∂x
(xmax, j, t) (17.2)

where index j corresponds to all compartments that supply the flowing fluid to
compartment s. This boundary condition imposes the law of conservation of
molecules/particles at the border between each compartment. The law of conservation
of flowing fluid is given by

rs =
∑

j

rj

Thus, the mathematical model (described by Eqs. 1 and 2) represents a set of advec-
tion equations interconnected with boundary conditions describing the continuity of
the flowing fluid and the topology of the linked compartments.

To solve the system numerically, we have (1) assumed that the characteristic time
for chemical reactions is much less than that of fluid transfer and (2) used an upwind
differencing scheme for the construction of finite difference equations on the basis
of differential equations (1 and 2).

We subdivide each compartment into smaller parts, allowing us to neglect the
concentration gradient of volume �x = Vf where Vf is the fixed volume of the
sub-compartment. Using the selected difference scheme, we obtain

∂Cs

∂x
≈ Cf − Cf −1

Vf

(17.3)

Where f is the index of the current sub-compartment of compartment s. Taking into
account Eq. 1 and the boundary condition (Eq. 2), we arrive at

dCf

dt
= −rf

Cf

Vf

+
∑

i
ri

Ci

Vi

+ 


Nf vf + uf (17.4)

where Cf is the function/variable, which depends on time only and index i

corresponds to all compartments that supply the flowing fluid to compartment f.
The value of Cf for each iteration of k is calculated in two stages: (1) we solve

the system of equations without taking into account the contribution of fluid transfer
and (2) we introduce corrections, which describe the contribution of the flowing fluid
to changes in the concentrations of molecules/particles as well as the contributions
from external sources.

The first stage describes the system without any influxes from other compartments:

dC ′
f

dt
= 


Nf vf + uf (17.5)
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C ′
f (0) = Cf , k′ (17.6)

These equations describe the chemical transformation of molecules/particles in the
system but do not account for the contribution of their transfer with flowing fluid
from one compartment to another. Concentrations of molecules/particles calculated
in the previous iterations are taken as initial conditions. These equations give us the
following solution at any small time period (�T ):

C ′
f , k+1 = C ′

f (�T )

The second stage is to correct the solution derived in the first stage for the contribution
of the flowing fluid:

Cf , k+1 − C ′
f , k+1

�T
= −rf

C ′
f , k+1

Vf

+
∑

i
ri

C
′
k+1i

Vi

(17.7)

Hence,

Cf , k+1 = C
′
f , k+1 − rf

C ′
f , k+1

Vf

�T +
∑

i
ri

C
′
i, k+1

Vf

�T (17.8)

Mathematical implementation of SBSA As a mathematical object, the com-
plete system can be represented as a series of compartments interconnected by
edges. The compartments are split into routes that correspond to different organs
(see Table 17.1). The edges are described by numeric characteristics that describe
the movement between compartments in terms of a table of interconnections. The
biological processes in each compartment are described by a kinetic model. Different
compartments can be associated with the same or a different kinetic model.

The movement of blood and biological entities located in a specific portion of the
blood is described in a pulse manner with a period equal to �T. It is assumed that the
movement of the blood between neighboring compartments happens instantaneously
at the end of the time period. This allows us to separate the solution of the system
into two independent stages. The first stage includes the solution of the kinetic model
in each compartment without taking into account the contributions to metabolite
concentrations resulting from the movement of the blood. The second stage calculates
corrections to metabolite concentrations resulting from the movement of the blood.

Here, we describe the calculation in detail for the first step (t0, t0 + �T). At the
beginning of the step (i.e., when t = t0), we know all the metabolite concentrations
in all compartments of the system Cf ,0

i , where Cf ,0
i is the concentration of the i-th

metabolite in compartment f at t = t0. These data are supplied from the previous step
in the calculation. Then, we show that within the framework of SBSA, it is possible
to calculate the metabolite concentrations Cf ,1

i at t1 = t0 + �T. In the first stage
of the calculations, we solve all kinetic models numerically in all compartments
during the time interval [t0, t0 + �T]. As a result, we have intermediate values of
the metabolite concentrations Cf ,1

i at t = t1. In the second stage of the calculations,
these intermediate concentrations Cf ,1

i are corrected to account for the movement
of the blood and biological entities between compartments (see Eq. 8). From these
calculations, we now have the required values of the metabolite concentrations Cf ,1

i .
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Table 17.2 Description of variables of model 1

Variable Description Initial Value Units
(at time point
zero)

Timer Auxiliary variable represents time in special
function that reproduce the dynamics of dietary
fat in small intestine

0 sec

F1 Auxiliary variable, that describes the increase of
dietary fat in small intestine

0 Dimentionless

F2 Auxiliary variable, that describes the decrease of
dietary fat in small intestine

1 Dimentionless

Dietary_Fat Dose of dietary fat, expressed as concentration in
intestine lumen at time point zero

100 μM

FA_ent Concentration of free fatty acids in cytosole of
enterocytes

0 μM

ChM Concentration of Chylomicrons in blood 0 μM
VLDL Concentration of VLDLs in blood 0 μM
VLDL_rem Concentration of VLDL remnants in blood 0 μM
ChM_rem Concentration of Chylomicron remnants in blood 0 μM
FA_flow Concentration of free fatty acids in blood 0 μM

Kinetic models describing biochemical transformations of metabolites/particles
The SBSA model consists of (i) basic (physiological) and (ii) kinetic modules. The
physiological module is responsible for the description of the movement of biologi-
cal fluids and the transfer of biological entities between various organs/tissues. The
mathematical apparatus of the module is given by Eqs. (7) and (8). The kinetic mod-
ule is responsible for the description of biochemical processes in each organ/tissue.
The mathematical apparatus of the module is given by Eqs. (5) and (6). As ex-
plained in the “Mathematical implementation of SBSA” subsection, all biological
processes in each compartment are described by a kinetic model (see Table 17.1).
Different compartments can be associated with the same or different kinetic models.
Therefore, the number of different kinetic models included in the kinetic module is de-
termined by the number of different organs/tissues included in the construction of the
SBSA-based model. In this section, we describe the different kinetic models
associated with the SBSA model of lipid spillover. These are

Model 1: Formation of chylomicrons (ChMs) and their influx in vena cava from
the lymphoid system through the thoracic duct.
Model 2: Hydrolysis of TGs of ChMs and VLDLs in adipose tissue and the
release/uptake of fatty acids from/in the tissue.
Model 3: Hydrolysis of TGs of ChMs andVLDLs in muscle and the release/uptake
of fatty acid from/in the tissue.
Model 4: Uptake of free FAs and FAs released from ChMs and VLDL remnants
and VLDL formation in the liver.

Below, we describe the kinetic models in further detail.
Model 1 describes ChMs formation from the fat of food in enterocytes and the

release of the ChMs into the blood via the lymphatic system (thoracic duct). Model
1 includes 10 variables (see detailed description in Table 17.2), whose dynamics are
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Table 17.3 Description of rate laws of model 1

Reaction Rate Law Comments

R1: = timer; V(1) = k_time; Auxiliary reaction for agreement
between the times of dietary fat
dynamics and the internal time of
model

R2: = f1; If timer > f1_lim then V (2) = k_f1
else V (2) = 0

V(2) describes the increase of
auxiliary variable f1

R3: = f2; If timer >; f 2_lim then V (3) = k_f2
else V(3) = 0

V(3) describes the increase of
auxiliary variable f2

R4:Dietary_Fat =
FA_ent;

V(4) = k_df_fa*Dietary_Fat*f2*f12/
(Km_f1 + f12);

Fatty acids absorption, the part of
formula in bold reproduces the
dietary fat dynamics in small
intestine

R5:FA_ent = ; V(5) = k_fa_cm*FA_ent; Fatty acids inclusion in chylomicrons
R6: = ChM; V(6) = k_fa_cm*FA_ent/N_fa_cm; Chylomicron production
R7:VLDL = ; V(7) = k_vldl_deg*VLDL; VLDLs degradation in blood
R8:VLDL_rem = ; V(8) = k_vldlr_deg*VLDL_rem; VLDL remnants degradation in blood
R9:ChM = ; V(9) = k_cm_deg*ChM; Chylomicrons degradation in blood
R10:ChM_rem = ; V(10) = k_cmr_deg*ChM_rem; Chylomicron remnants degradation in

blood
R11:FA_flow = ; V[11] = k_fafl_deg*FA_flow; Free Fatty Acids degradation in blood

described by the following ODE system:

dtimer/dt = V[1]

df1/dt = V[2]

df2/dt = V[3]

dDietary_Fat/dt = −V [4]

dFA_ent/dt = V[4] − V[5]

dChM/dt = V[6] − V[9]

dVLDL/dt = −V[7]

dVLDL_rem/dt = −V[8]

dChM_rem/dt = −V[10]

dFA_flow/dt = −V[11],

(17.9)

The right-hand sides of the system described by Eq. (9) are given by the rate laws
listed in Table 17.3. The values of the rate law parameters are listed in Table 17.4.

Model 2 describes FA exchange in capillaries of adipose tissue. Model 2 includes
10 variables (see detailed description in Table 17.5), whose dynamics are described
by the following ODE system:

dFA_flow/dt = −V[1]

dFA_exch/dt = V[1] − V[2] + V[3] + V[7] + V[9]

dFA_stor/dt = V[2] − V[3]
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Table 17.4 Description of parameters of model 1

Parameter Description Value Units

k_time Auxiliary coefficient of agreement between the times of
dietary fat dynamics and the internal time of model

1 Dimensionless

k_f1 Auxiliary coefficient of rate of increase of dietary fat in
small intestine after fat load

1 Dimensionless

f1_lim Time after fat load, when the f1 variable stops to
increase

60 sec

k_f2 Auxiliary coefficient of rate of decrease of dietary fat in
small intestine after fat load

1 Dimensionless

f2_lim Time after fat load, when the f2 variable stops to
increase

7200 sec

k_df_fa Rate constant of fatty acids absorptions from small
intestine to enterocytes

1 1/sec

Km_f1 Concentration of fatty acids in intestine lumen, that
causes half-maximal rate of absorption (EC50)

1 mM

N_fa_cm Number of fatty acids molecules in one chylomicrons 10000 Molecules/
particle

k_fa_cm Rate constant of fatty acids inclusion in chylonicrons
(chylomicrons production)

1 1/sec

k_vldl_deg Rate constant of VLDLs degradation in blood 0 1/sec
k_vldlr_deg Rate constant of VLDL remnants degradation in blood 0 1/sec
k_cm_deg Rate constant of Chylomicrons degradation in blood 0 1/sec
k_cmr_deg Rate constant of Chylomicron remnants degradation in

blood
0 1/sec

k_fafl_deg Rate constant of Free Fatty Acids degradation in blood 0 1/sec

Table 17.5 Description of variables of model 2

Variable Description Initial Value
(at time point
zero)

Units

FA_flow Concentration of free fatty acids in blood 0 μM
FA_exch Concentration of free fatty acids in proteoglycan matrix 0 μM
FA_stor Concentration of stored fatty acids in adipocytes 0 μM
ChM Concentration of Chylomicrons in blood 0 μM
BS Concentration of binding sites on endothelium for VLDLs

and Chylomicrons
5 μM

VLDL Concentration of VLDLs in blood 0 μM
ChM_rem Concentration of Chylomicron remnants in blood 0 μM
VLDL_rem Concentration of VLDL remnants in blood 0 μM

dChM/dt = −V[4]

dBS/dt = −V[4] − V[5] + V[6] + V[8]

dChM_BS/dt = V[4] − V[6]

dVLDL/dt = −V[5]

dVLDL_BS/dt = V[5] − V[8]

dChM_rem/dt = V[6]

dVLDL_rem/dt = V[8],

(17.10)
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Table 17.6 Description of rate laws of model 2

Reaction Rate law Comments

R1:FA_flow =
FA_exch;

V(1) = k_fa_tr_fl_ex*FA_flow-
k_fa_tr_ex_fl*FA_exch;

Free fatty acids exchange between
blood plasma and proteoglycan
matrix

R2:FA_exch =
FA_stor;

V(2) = k_fa_uptake*FA_exch; Free fatty acids uptake by adipoytes

R3:FA_stor =
FA_exch;

If FA_stor > FA_stor_lim then
V (3) = k_fa_release else
V (3) = k_fa_release*FA_stor/
FA_stor_lim

Rate of fatty acids mobilisation from
adipocytes is not depend on concen-
tration of stored fatty acids (first
order reaction) if this concentration
is under lower limit (FA_stor_lim).
Otherwise, this rate is limited with
lack of stored fatty acids

R4:ChM + BS =
ChM_BS;

V(4) = k_cm_bs*ChM*BS; Chylomicrons binding to their binding
sites on endothelium

R5:VLDL + BS =
VLDL_BS;

V(5) = k_vldl_bs*VLDL*BS; VLDLs binding to their binding sites
on endothelium

R6:ChM_BS =
BS + ChM_rem;

V(6) = k_cm_hyd*ChM_BS*
LPL;

Triglyceride hydrolysis by lipoprotein
lipase (LPL) and Chylomicron
remnants formation

R7: = FA_exch; V(7) = k_cm_hyd*ChM_BS*
LPL*(N_fa_cm-N_fa_cmr);

Triglyceride hydrolysis by lipoprotein
lipase (LPL) and fatty acids release
from Chylomicrons

R8:VLDL_BS =
BS +VLDL_rem;

V(8) = k_vldl_hyd*VLDL_BS*
LPL;

Triglyceride hydrolysis by lipoprotein
lipase (LPL) and VLDL remnants
formation

R9: = FA_exch; V(9) = k_vldl_hyd*VLDL_BS*
LPL*(N_fa_vldl-N_fa_vldlr);

Triglyceride hydrolysis by lipoprotein
lipase (LPL) and fatty acids release
from VLDL

The right-hand sides of the system described by Eq. (10) are given by rate laws listed
in Table 17.6. The values of the rate law parameters are listed in Table 17.7.

Model 3 describes FA exchange in capillaries of muscles. Model 3 includes 10
variables (see detailed description in Table 17.8) whose dynamics are described by
the following ODE system:

dFA_flow/dt = −V[1]

dFA_exch/dt = V[1] − V[2] + V[3] + V[7] + V[9]

dFA_stor/dt = V[2] − V[3]

dChM/dt = −V[4]

dBS/dt = −V[4] − V[5] + V[6] + V[8]

dChM_BS/dt = V[4] − V[6]

dVLDL/dt = −V[5]

dVLDL_BS/dt = V[5] − V[8]

dChM_rem/dt = V[6]

dVLDL_rem/dt = V[8],

(17.11)
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Table 17.7 Description of parameters of model 2

Parameters Description Value Units

k_fa_tr_fl_ex Rate constant of free fatty acids transport from
blood plasma to proteoglycan matrix

1 1/sec

k_fa_tr_ex_fl Rate constant of free fatty acids transport from
proteoglycan matrix to blood plasma

1 1/sec

k_fa_uptake Rate constant of free fatty acids absorption from
proteoglycan matrix by adipocytes

1 1/sec

k_fa_release Rate constant of free fatty acids release from
adipocytes to proteoglycan matrix

0 1/sec

FA_stor_lim Minimal concentration of stored free fatty acids in
adipocytes that not limited fatty acids release

1 μM

k_cm_bs Rate constant of Chylomicrons binding to their
binding sites on endothelium

1 1/sec

k_vldl_bs Rate constant of Chylomicrons binding to their
binding sites on endothelium

1 1/sec

k_cm_hyd Rate constant of triglyceride hydrolysis by
lipoprotein lipase (LPL) and fatty acids release
from Chylomicrons

1 1/sec

k_vldl_hyd Rate constant of triglyceride hydrolysis by
lipoprotein lipase (LPL) and fatty acids release
from Chylomicrons

1 1/sec

LPL Lipoprotein lipase (LPL) concentration 10 μM
N_fa_cm Number of fatty acids molecules in one

chylomicron
10000 Molecules/particle

N_fa_cmr Number of fatty acids molecules in one
chylomicron remnant

100 Molecules/particle

N_fa_vldl Number of fatty acids molecules in one VLDL 5000 Molecules/particle
N_fa_vldlr Number of fatty acids molecules in one VLDL

remnant
100 Molecules/particle

Table 17.8 Description of variables of model 3

Variable Description Initial Value
(at time point
zero)

Units

FA_flow Concentration of free fatty acids in blood 0 μM
FA_exch Concentration of free fatty acids in proteoglycan matrix 0 μM
FA_stor Concentration of stored fatty acids in muscle cells 0 μM
ChM Concentration of Chylomicrons in blood 0 μM
BS Concentration of binding sites on endothelium for

VLDLs and Chylomicrons
5 μM

VLDL Concentration of VLDLs in blood 0 μM
ChM_rem Concentration of Chylomicron remnants in blood 0 μM
VLDL_rem Concentration of VLDL remnants in blood 0 μM

The right-hand sides of the system described by Eq. (11) are given by rate laws listed
in Table 17.9. Values of the rate law parameters are listed in Table 17.10.
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Table 17.9 Description of rate laws of model 3

Reaction Rate law Comments

R1:FA_flow =
FA_exch;

V(1) = k_fa_tr_fl_ex*FA_flow-
k_fa_tr_ex_fl*FA_exch;

Free fatty acids exchange between
blood plasma and proteoglycan
matrix

R2:FA_exch =
FA_stor;

V(2) = k_fa_uptake*FA_exch; Free fatty acids uptake by adipoytes

R3:FA_stor = ; V(3) = k_energy_exp*FA_stor Free fatty acids usage for energy
production

R4:ChM + BS =
ChM_BS;

V(4) = k_cm_bs*ChM*BS; Chylomicrons binding to their binding
sites on endothelium

R5:VLDL + BS =
VLDL_BS;

V(5) = k_vldl_bs*VLDL*BS; VLDLs binding to their binding sites
on endothelium

R6:ChM_BS =
BS + ChM_rem;

V(6) = k_cm_hyd*ChM_BS*
LPL;

Triglyceride hydrolysis by lipoprotein
lipase (LPL) and Chylomicron
remnants formation

R7: = FA_exch; V(7) = k_cm_hyd*ChM_BS*
LPL*(N_fa_cm-N_fa_cmr);

Triglyceride hydrolysis by lipoprotein
lipase (LPL) and fatty acids release
from Chylomicrons

R8:VLDL_BS =
BS +VLDL_rem;

V(8) = k_vldl_hyd*VLDL_BS*
LPL;

Triglyceride hydrolysis by lipoprotein
lipase (LPL) and VLDL remnants
formation

R9: = FA_exch; V(9) = k_vldl_hyd*VLDL_BS*
LPL*(N_fa_vldl-N_fa_vldlr);

Triglyceride hydrolysis by lipoprotein
lipase (LPL) and fatty acids release
from VLDL

Table 17.10 Description of parameters of model 3

Parameters Description Value Units

k_fa_tr_fl_ex Rate constant of free fatty acids transport from
blood plasma to proteoglycan matrix

1 1/sec

k_fa_tr_ex_fl Rate constant of free fatty acids transport from
proteoglycan matrix to blood plasma

1 1/sec

k_fa_uptake Rate constant of free fatty acids absorption from
proteoglycan matrix by adipocytes

1 1/sec

k_energy_exp Rate constant of free fatty acids usage for energy
production

0 1/sec

k_cm_bs Rate constant of Chylomicrons binding to their
binding sites on endothelium

1 1/sec

k_vldl_bs Rate constant of Chylomicrons binding to their
binding sites on endothelium

1 1/sec

k_cm_hyd Rate constant of triglyceride hydrolysis by
lipoprotein lipase (LPL) and fatty acids release
from Chylomicrons

1 1/sec

k_vldl_hyd Rate constant of triglyceride hydrolysis by
lipoprotein lipase (LPL) and fatty acids release
from Chylomicrons

1 1/sec

LPL Lipoprotein lipase (LPL) concentration 10 μM
N_fa_cm Number of fatty acids molecules in one

chylomicron
10000 Molecules/particle

N_fa_cmr Number of fatty acids molecules in one
chylomicron remnant

100 Molecules/particle

N_fa_vldl Number of fatty acids molecules in one VLDL 5000 Molecules/particle
N_fa_vldlr Number of fatty acids molecules in one VLDL

remnant
100 Molecules/particle
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Table 17.11 Description of variables of model 4

Variables Description Initial Value
(at time point
zero)

Units

ChM_rem Concentration of Chylomicron remnants in blood,
expressed as concentration of included fatty acids

0 μM

FA_liv Concentration of free fatty acids in hepatocytes 0 μM
VLDL_rem Concentration of VLDL remnants in blood, expressed as

concentration of included fatty acids
0 μM

FA_flow Concentration of free fatty acids in blood 0 μM
VLDL Concentration of VLDLs in blood, expressed as

concentration of included fatty acids
0 μM

ChM Concentration of Chylomicrons in blood, expressed as
concentration of included fatty acids

0 μM

Table 17.12 Description of rate laws of model 4

Reaction Rate laws Comments

R1:ChM_rem = ; V(1) = k_cmr_upt*ChM_rem; Chylomicron remnants uptake by
hepatocytes

R2: = FA_liv; V(2) = k_cmr_upt*ChM_rem*
N_fa_cmr;

Uptake of free fatty acids from
Chylomicron remnants

R3:VLDL_rem = ; V(3) = k_vldlr_upt*VLDL_rem; VLDL remnants uptake by
hepatocytes

R4: = FA_liv; V(4) = k_vldlr_upt*VLDL_rem*
N_fa_vldlr;

Uptake of free fatty acids from
VLDL remnants

R5:FA_flow = FA_liv; V(5) = k_fa_upt*FA_flow; Free fatty acids uptake by
hepatocytes

R6:FA_liv = ; V(6) = k_fa_energy*FA_liv; Free fatty acids usage for energy
production (beta-oxidation)

R7:FA_liv = ; V(7) = k_fa_vldl_syn*FA_liv; Fatty acids inclusion in VLDLs
R8: =VLDL; V(8) = k_fa_vldl_syn*FA_liv/

N_fa_vldl;
VLDL production

R9:ChM = ; V(9) = k_cm_deg*ChM; Chylomicrons degradation in blood

Model 4 describes FA exchange in liver tissue. Model 4 includes 6 variables (see
detailed description in Table 17.11) whose dynamics are described by the following
ODE system:

dChM_rem/dt = −V[1]

dFA_liv/dt = V[2] + V[4] + V[5] − V[6] − V[7]

dVLDL_rem/dt = −V[2]

dFA_flow/dt = −V[5]

dVLDL/dt = V[7]

dChM/dt = −V[9],

(17.12)

The right-hand sides of the system described by Eq. (12) are given by rate laws listed
in Table 17.12. Values of rate law parameters are listed in Table 17.13.

Each of the models of the kinetic module has been associated with compartments
of the physiological module (see Table 17.1).
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Table 17.13 Description of parameters of model 4

Parameters Description Value Units

k_cmr_upt Rate constant of Chylomicron remnants uptake by
hepatocytes

1 1/sec

N_fa_cmr Number of fatty acids molecules in one
chylomicron remnant

100 Molecules/particle

k_vldlr_upt Rate constant of VLDL remnants uptake by
hepatocytes

1 1/sec

N_fa_vldlr Number of fatty acids molecules in one VLDL
remnant

100 Molecules/particle

k_fa_upt Rate constant of free fatty acids uptake by
hepatocytes

1 1/sec

k_fa_energy Rate constant of free fatty acids usage for energy
production (beta-oxidation)

0.1 1/sec

k_fa_vldl_syn Rate constant of VLDL production 1 1/sec
N_fa_vldl Number of fatty acids molecules in one VLDL 5000 Molecules/particle
k_cm_deg Rate constant of Chylomicrons degradation in

blood
0 1/sec

17.4 Outcome of the Model

Comparison of SBSA with CAT/ACAT algorithm In this section, we compare two
different algorithms used to describe the movement of biological entities with blood
flow through blood vessels. These are the CAT/ACAT algorithm (Huang et al. 2009)
and the SBSA presented in this chapter.

The CAT/ACAT algorithm was initially developed to describe the absorption
and transit of non-degradable and highly soluble drugs in the gastrointestinal tract
(Agoram et al. 2001; Grass 1997). The process of a drug passing through the small
intestine is considered as a flow through a series of segments. Each segment can be
described as a single compartment with linear transfer kinetics. Each compartment
can have different volumes and flow-rates, but they all have the same transit rate
constant. CAT/ACAT (or similar) algorithms have been implemented in various
software packages (simulations-plus.com 2012; system-biology.com 2012).

SBSA was developed to describe fast processes that occur in the bloodstream
(or other flowing biological fluids). The term “fast process” refers to processes that
result in a change in the concentration of some metabolite (or any other biological
entity) located in blood with a characteristic time less than the turnover time of the
circulatory system. An example of a fast process is the exchange of oxygen and
carbon dioxide between erythrocytes and tissues in the bloodstream. The blood in
arterioles is oxygen-rich and the blood in venules is saturated with carbon dioxide.
This means that the O2/CO2 ratio decreases significantly from the beginning of the
capillaries to their ends. This spatial distribution of the O2/CO2 ratio is provided
by fast O2/CO2 exchange in capillaries. SBSA was developed for the purpose of
describing the spatially non-homogeneous distribution of biological entities.

To compare the SBSA and CAT/ACAT algorithm we selected a model de-
scribing the movement of a portion of blood through a tissue. Blood transports
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non-homogeneously distributed biological entities. We assumed that within the
framework of the model, during the movement, the biological entity could inter-
act with the tissue. Chylomicrons (ChM) are considered to be biological entities
transported within the bloodstream. Adipose tissue was selected as a tissue through
which ChMs are transported. In accordance with description in sub-section “Lipid
spillover” of the section “Modeling framework – description of biological system
and model requirements,” ChMs circulating in blood are able to attach to endothelial
cells that pave the capillaries of adipose tissue. To account for the process in our
model, we assumed that the rate of attachment of ChMs to the cells is described in
accordance with the irreversible mass action law with a corresponding binding rate
constant (k_cm_bs):

v_sorption = k_cm_bs*[ChM]*[BS],

where BS is the concentration of binding sites for ChMs or VLDLs located on the
surface of the endothelium wall.

The value of the rate constant (k_cm_bs = 0.008 s−1) was selected so as to provide
a 20 % attachment of ChMs to the endothelial cells paving the capillaries of adipose
tissue during a single passage through the part of adipose tissue considered in the
model. This is in line with experimental results of measurements of arterio-venous
differences in ChM concentration across subcutaneous adipose tissue and skeletal
muscle in vivo (Evans et al. 1999).

The initial distribution of ChMs (i.e., dependence of ChM concentration on spatial
coordinate or compartment number) was selected in the following way. Dependence
of ChM concentration is bell-shaped for the first 16 compartments of the model and
equal to zero for all other compartments.

On the basis of the model, we determine the answers to the following questions:

• Does the shape of the spatial distribution change over time?
• How does the ChM concentration change in blood? Is this change fully determined

by the value of k_cm_bs?

We answered these questions by applying the SBSA and CAT/ACAT algorithm to
the model described above. This means that the movement of the portion of blood
through the vessel and the distribution of the concentration of ChMs at each moment
of time was modeled and simulated in accordance with these algorithms. To simulate
the dependence of ChM concentration on time and compartment number (spatial
coordinate) within the framework of the SBSA, we applied the model described in the
“Model development” section. To compare the results obtained from the framework
of the SBSA-based model with those obtained from the CAT/ACAT algorithm, we
simulated the passage of ChMs through the “adipose” route in the SBSA-based
model. In accordance with the data given in Table 17.1 and Fig. 17.1, this route
includes 56 compartments.

To simulate the dependence of ChM concentration on time and compartment
number within the framework of the CAT/ACAT algorithm, we applied the model
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described below:

dChM1/dt = −k_transport ∗[ChM1],

dChMi/dt = k_transport ∗ [
ChMi−1

] − k_transport ∗ [ChMi], i = 2, . . . 12

dChMi/dt = k_transport ∗ [
ChMi−1

] − k_transport ∗ [ChMi]

− k_cm_bs∗ [ChMi], i = 13, . . . 44,

dChMi/dt = k_transport ∗ [
ChMi−1

] − k_transport ∗ [ChMi], i = 45, . . . , 55

dChM56/dt = k_transport ∗[ChM55],

where k_transport is the rate constant of ChM transport from the upstream com-
partment to the downstream one. It is worth noting that values of the parameters
responsible for the transport of ChMs between compartments, within the framework
of the CAT/ACAT model, were selected so as to provide an exact match of the time
of passage of ChMs through the adipose tissue in the CAT/ACAT model with the
time of blood flow passage through adipose tissue within the framework of the SBSA
model (which is equal to 56 s):

k_transport = 1s−1

Simulation results obtained within the framework of the SBSA and CAT/ACAT
algorithm are shown in Figs. 17.2 and 17.3. The following differences between
simulations were identified:

(1) Despite the decrease in the maximal value of ChM concentration with the com-
partment number, the shape of the time profile of ChM concentration calculated
in various compartments did not change in the SBSA-based model (Fig. 17.2a).
On the contrary, we observed a broadening of the time profile in the CAT/ACAT
algorithm-based model (Fig. 17.2b). In fact, ChMs were distributed among 40
compartments at t = 30 s, although they were initially distributed among only
17 compartments (Fig. 17.3).

(2) The value of ChM concentration at the peak of the time dynamics decreased
by 20 % with an increase in compartment number in the SBSA-based model
(Fig. 17.2a). In the CAT/ACAT algorithm-based mode (Fig. 17.2b), we observed
a more significant decrease (more than two times the initial level of ChMs) in
the concentration.

In accordance with clause (2), we can state that the decrease in ChM concentration
resulting from the single passage of the selected portion of blood through adipose
tissue, calculated within the framework of the CAT/ACAT algorithm, is significantly
more than that calculated on the basis of the SBSA. To understand the nature of the
significant differences in simulation results produced by the CAT/ACAT and SBSA-
based models, we simulated the spatial-temporal distribution of ChM concentration
under the condition of absence of ability of ChMs to attach to the endothelial cells,
i.e., we assumed the value of k_cm_bs = 0. Evidently, under these conditions, the
concentration of ChMs during the movement with blood flow cannot decrease since
there is no process for ChM consumption in the model. The results shown in Fig. 17.4a
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Fig. 17.2 Simulations of time courses of ChM concentration for various compartments of the
“Adipose” route. Simulations were performed to compare models developed within the framework
of the SBSA (a) with those of the CAT/ACAT algorithm (b). All initial values and parameters were
identical for both versions of the model. In both the models, the “Adipose” route was considered.
The route consisted of 56 compartments. At the t = 0, a bell-shaped distribution of ChMs was
observed in 12 upstream compartments located immediately before the start of the “Adipose”
route. In both CAT/ACAT and SBSA-based models, the initial concentration of ChMs in any of
the 56 compartments of the “Adipose” route was zero. Time courses for ChM concentration were
calculated in the 1st, 10th, 20th, 30th, 40th, and 50th compartments of the “Adipose” route. The
kinetic parameter responsible for binding ChMs to the vessel wall cells was equal to 0.08 s−1
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Fig. 17.3 Simulations of spatial distribution of ChM concentration along the “Adipose” route.
Simulations were performed to compare models developed within the framework of the SBSA (a)
with those of the CAT/ACAT algorithm (b). All initial values and parameters were identical for both
versions of the model. In both models, the “Adipose” route was considered. The route consisted
of 56 compartments. At t = 0, a bell-shaped distribution of ChMs was observed in the first 17
compartments of the “Adipose” route. The maximum concentration of ChMs was equal to 20 nM.
The peak of the initial distribution corresponded to the 9th compartment. The spatial distribution of
ChM concentration along the “Adipose” route was simulated for an initial time t = 0 (solid curve)
and t = 30 s (dashed curve). We assumed that the kinetic parameter responsible for the binding of
ChMs to the vessel wall cells was equal to 0.08 s−1
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Fig. 17.4 Time course simulations of ChM concentration for various compartments of the “Adipose”
route. Simulations were performed to compare models developed within the framework of the SBSA
(a) with those of the CAT/ACAT algorithm (b). All initial values and parameters were identical
for both versions of the model. In both the models, the “Adipose” route was considered. The
route consisted of 56 compartments. At t = 0, a bell-shaped distribution of ChMs was observed
in the 12 upstream compartments located immediately before the start of the “Adipose” route.
In both CAT/ACAT and SBSA-based models, the initial concentration of ChMs in any of the
56 compartments of the “Adipose” route was zero. Time courses for ChM concentration were
calculated in the 1st, 10th, 20th, 30th, 40th, and 50th compartments of the “Adipose” route. The
kinetic parameter responsible for binding ChMs to the vessel wall cells was 0
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demonstrate that simulations obtained within the framework of the SBSA-based
model are in line with the conclusion. In fact, there is no decrease in the peak
value of the time series of ChM concentration calculated for various compartments
and the shape of the time profile does not change with an increase in compartment
number. However, the simulations obtained within the framework of CAT/ACAT
algorithm-based model (Fig. 17.4b) demonstrate both a significant decrease in the
peak value of the time series of ChM concentration with an increase in compartment
number and a broadening of the time profile with an increase in compartment number.
By comparing Fig. 17.2b and 17.4b, we can conclude that the time series of ChM
concentrations calculated in various compartments do not depend significantly on the
ability of ChMs to attach to the endothelial cells, and this has been taken into account
in the CAT/ACAT model. Even under the condition of k_cm_bs = 0, a significant
decrease in the peak value of ChM concentrations and a broadening of the time
profile is observed with an increase in compartment number.

This means that the CAT/ACAT algorithm cannot be used to describe the dynamics
of the movement of any biological entity with blood flow. In contrast, the SBSA-
based model enables us to correctly simulate both the movement of a biological
entity with blood flow and the dynamic changes in its concentration resulting from
chemical reactions or interactions with cells of the vessel wall. Hence, we propose
using the SBSA to model the dynamics of lipid spillover.

Prediction of spatial distribution of FAs and lipoproteins in adipose and liver
tissues In this section, we illustrate how the SBSA-based model of lipid spillover
can describe the time dynamics of free FAs, ChMs, and ChMRs in the selected por-
tion of blood passing through various blood vessels located in adipose tissue and
liver tissue.

In our SBSA-based model, adipose tissue is described by 56 compartments and
the residence time of a portion of blood is estimated as 50.4 s (see Table 17.1).
Figure 17.5 shows the simulation of time dynamics of free FAs, ChMs, and ChMRs
in the selected blood portion passing through adipose tissue. At t = 0, the portion
of blood is located at the entrance to the adipose arteries and contains only ChMs,
i.e., the concentration of free FAs and ChMRs is zero. Then, the blood portion
sequentially passes through the adipose arteries (from 0 to 11 s), adipose capillaries
(from 12 to 45 s), and adipose veins (from 46 to 50.4 s). The simulation results show
that the concentrations of free FAs, ChMs, and ChMRs do not change when blood
passes through the arteries and veins, but when it passes through the capillaries of
adipose tissue, there is a decrease in the concentration of ChMs in the blood. This can
be explained in terms of the hydrolysis of the TGs of ChMs by LPL (see also Chap.
2.6). LPL catalyzes the production of free FAs and ChMRs from ChMs, and in fact,
it was seen that the concentrations of free FAs and ChMRs in the blood increased
as they passed through the capillaries of adipose tissue. It was also observed that as
the passage time for the portion of blood increased through the capillaries of adipose
tissue, the changes in the concentrations of free FAs, ChMRs, and ChMs became
more pronounced.



17 Towards Modeling of Metabolic Syndrome 363

0

10

20

30

40

50

60

0 10 20 30 40 50 60

Co
nc

en
ta

r�
on

 (u
ni

ts
 a

re
 in

di
ca

te
d 

in
 le

ge
nd

)
 

Time (sec) 

Chylomicrons (nM)

FFA (µM)

Remnants (nM)

Fig. 17.5 Spillover of fatty acids from chylomicrons to FFA fraction in adipose tissue. These
simulations represent the dynamics of the concentration of ChMs, ChMRs, and free FAs in the
blood portion flowing along the “Adipose” route. We selected the portion of the blood located in
the first compartment of the “Adipose” route at t = 0. Initial concentrations of ChMs, ChMRs, and
free FAs in the blood portion are equal to 20 nM, 0.0 nM, and 0.0 μM, respectively. Concentrations
of all other molecules/particles were assumed to be equal to zero. With each cardiac beat (i.e.,
each second), the portion of blood is transported to the next downstream compartment. Graphs
represent changes in ChM, ChMR, and free FA concentrations in the blood portion flowing along
the “Adipose” route

In a similar manner, we simulated the time dynamics of free FAs, ChMRs, and
VLDLs in the selected blood portion passing through liver tissue (see Fig. 17.6). Liver
tissue can be described as 17 compartments, and the residence time of a portion of
blood is estimated as 15.3 s (see Table 17.1). At t = 0, the portion of blood is located
at the entrance to the liver arteries and contains non-zero concentrations of free
FAs, ChMRs, and VLDLs. Then, the blood portion sequentially passes through
the liver arteries (from 0 to 3 s), liver capillaries (from 4 to 13 s), and liver veins
(from 14 to 15.3 s). The simulation results show that the concentrations of free FAs,
ChMRs, and VLDLs do not change when blood passes through the arteries and
veins, but passage through the capillaries of liver enriches the blood with VLDLs
and decreases concentrations of free FAs and ChMRs. This can be explained in
terms of the absorption of free FAs and ChMRs by hepatocytes (see also Chap. 2.6).
Hepatocytes use the absorbed FAs and ChMRs to assemble VLDLs with subsequent
release to the blood stream. It was seen that the concentration of VLDLs increased
as the blood passed through the capillaries of liver tissue. It was also observed that as
the passage time for the portion of the blood increased through the capillaries of liver
tissue, the changes in the concentrations of free FAs, ChMRs, and VLDLs became
more pronounced.
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Fig. 17.6 Spillover of fatty acids from FFA fraction and chylomicron remnants to VLDL in liver.
These simulations represent the dynamics of the concentrations of VLDLs, VLDLRs, and free FAs
in the blood portion flowing along the “Liver” route. We selected the portion of blood located in the
first compartment of the “Liver” route at t = 0. Initial concentrations of the VLDLs, VLDLRs, and
free FAs in the blood portion are equal to 100 nM, 50 nM, and 2.5 mM, respectively. Concentrations
of all other molecules/particles were assumed to be equal to zero. With each cardiac beat (i.e., each
second), the portion of blood is transported to the next downstream compartment. Graphs represent
changes in VLDL, VLDLR, and free FA concentrations in the blood portion flowing along the
“Liver” route

17.5 Conclusions

A new algorithm was developed, which enabled us to combine kinetic models de-
scribing changes in metabolite (lipoprotein) concentrations that occurred due to
biochemical transformations in blood and tissues, with the mathematical model of
the molecular movement in blood flow. The algorithm may be applied to integrate a
variety of experimental data and to understand the regulatory mechanisms underlying
MetS development and progression.
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