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ABSTRACT

A SIMULATION MODEL FOR BLOOD CHOLESTEROL DYNAMICS AND
RELATED DISORDERS

Cholesterol metabolism and other factors affecting its dynamics comprise a complex
system which includes genetics of the person, diet, exercise, and drugs. High
concentrations of cholesterol are relatedh higher risk of cardiovascular diseases,
therefore cholesterol is the subject of many modeling studies. The purpose of these studies
is generally identifying or quantifying some parameters, or testing some hypothesis about
cholesterol mechanism. Focos$ the simulation models are mostly at the cellular level,
whereas mathematical models usually make several assumptions for the sake of analytical

tractability. As such, these types of models do not typically adopt a systemic view.

In this study, systendynamics method, which has a systemic view that other
cholesterol studies lack, is employed in modeling and analyzing the dynamics of
cholesterol metabolism. The goal of this thesis study is to construct a continuous dynamic
simulation model that can gema#e long term dynamics of cholesterol in healthy and
hypercholesterolemic subjects, taking into account body weight dynamics, diet, and
exercise of the person. For both healthy and hypercholesterolemic subjects the model is
able to generate realistic bel@g of different types of blood cholesterol, and body
weight. In the scenario analysis section it is shown that a person can have healthier
chol esterol |l evel s by changing her/ his d
that exercise is moreffective than diet even in the case when the subject does not lose
weight. In the case of hypercholesterolemic patients, the model effectively mimics the way

the drugs work and shows how the patient can reach healthier cholesterol levels.



OZET

KAN KOL ESTEROLU DKNAMKKLERK VE KL GKL KLARASTALI K
! ZERKNE BKR DKMAIMKKYON MODELK

Kol esterol met abolizmasé ve Kkolesterol
geneti k ©°zelli klerini, di yetini, egzersiz
kol esterol konsantdmaaay o mlaasrtéa | ¥ kK k awejleu kia-Isiini
kol esterol bir-ok model | eme -al @ékmaseéenén
genell i kle bazé parametreleri belirl emek,
bazé hipotezleri test etmektir. d&izeydedr,asyor

matematiksel modeller ise analitgozilebilirik uj runa pek- ok varsayeée

her iki tip model de genelliklbitincll (sistemikbi r bakék a-éséna sah

Bu -al éekmada, tipi k kol e sctlbéiryoak |I-aalé&érkamasl
olan sistem dinami kI er y°nt emi , kol ester
ve anlamak i-in kullanél mexter. Bu tez - al
sahip hastal arda, vecocut  ajsérzl edj¢éz edsil rea mink |
uzun d°neml i kol esterol di-naama rkllé&r bnr el
model i kur makt éer . Deji ki k tipteki kan kol
hem sajl ekl é hem de yekaekha kmoeet er bh e
ol ukturul abil mi ktir. Bir ki kinin diyetini
daha sajléeklée kolesterol d¢zeylerine ul ak
Ayréca ki ki kil o ver meyseet byiapemakd game rdsa hza
gzl enmi ktir. Yéksek tansiyona sahip hast
bir Kekil de temsi | et mi K vV e hastal ar én

ul akabil ecejini g°stermiktir.
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1. INTRODUCTION AND LITERATURE SURVEY

Human body is a complesystem that has enormous number of tissuneiscells that
work in accordance to sustain proper functioning of the body (homeostasis). Different parts
of the body have different jobs or characteristics; but, through blood, all of them must
receive micronutrients from the central system for theitabwic or structural needs.
Some of these micronutrients such as glucose, fatty acids, and amino acids are required in
large amounts. Though needed in minimal amounts, chalesearo less vital than others
but higher blood concentrations of cholestasoshown to be related with higher risk of
cardiovascular diseases, which are the leading cause of the deaths in the Western culture
(Glass & Witztum, 2001)Therefore, balancing the blood cholesterol level, or generally

keeping it lower than dangerousdds, is an important issue.

Cholesterol is a fatlike, waxy substance, which is used and found in tissues and
plasma either as free cholesterol or in its storage form cholesterol ester. Cholesterol is
essential for the survival. This lipid is found in fsaof the outer membrane that surrounds
every celland used to produce hormones, vitamin D, and dilds thatare essential in

digesting fat(Murray, Granner, & Rodwell, 2006)

Cholesterol is synthesized virtually within all of the nucleated cells.liVke also
synthesizes cholesterol and sends it to the peripheral tissues via the blood stream. Since
cholesterol, like othelipids, is insoluble in wateit is bound to blood lipoproteins for its
transport. Lowdensity lipoprotein (LDL) is responsiblerfthe uptake of cholesterol from
liver to the other tissues. Higiensity lipoprotein (HDL) removes free cholesterol from
the tissues and arteries and takes them back to the liver. (Murray, Granner, & Rodwell,
2006; Bhagavan, 2002 ;Guyton, et al., 1991)

Cholesterol is rich in foods of animal origin like eggs and meat. Most of the absorbed
cholesterol is esterified with fatty acids and incorporated into chylomicrons that enter the
blood through the lymph. Chylomicrons unload most of their triacylglyceootetipheral
tissues like muscle or adipose tissue, where they are burned for their energy, or stored as

fat respectively. Liver then rapidly takes up chylomicron remnants. Thus, liver takes up



nearly all of the dietary cholesterol. This process is a f&dimechanism that suppresses
cholesterol production in the liver. Although other sites such as intestinal tract, adrenal
cortex, testes, and skin can also synthesize cholesterol, their contribution is not very

important.(Bhagavan, 2002)

Very-low densitylipoprotein, or VLDL, is the vehicle of transport of triacylglycerols
from the liver to the other ti ssues. I t s
Reaction with the extrahepatic tissues results in the loss of most of the triacylglycerols in
the VLDL. The resulting remnant is called intermedidénsity lipoprotein, or IDL. The
liver takes about half of the IDL up while the other half is converted todemsity
lipoprotein, or LDL, which is rather rich in cholesterol. (Bhagavan, 2002; Murray,
Granner, & Rodwell, 2006)

Because LDLs are the remnants of the remnants of the VLDLs in the blood, the
density of LDL in the blood is determined by the rate of VLDL secreted from the liver.
Hepatic triacylglycerol synthesis is followed immediately by theniation and secretion
of VLDLs. In humans, the fatty acids used in this process are mainly from the uptake of
free fatty acids from the circulation.

High-density lipoproteins are synthesized and secreted from the liver and intestines.
HDL acts as a repdsry for apo C and apo E molecules that are required in the
metabolism of chylomicrons and VLDL. HDL also has part in the removal of excess
unesterified cholesterol from lipoproteins and tissues. The class B scavenger receptor B1
(SRB1) is an HDL receptothat has dual role in HDL metabolism. In the liver and
steroidogenic tissues, it selectively uptakes cholesteryl ester to the cells; while in the
tissues SHB1 mediates the acceptance of cholesterol from the cells to the HDL. HDL
transports these cholesbls to the liver for excretion via bile or bile acids. Absorption of
bile and bile acids back from the intestines to the liver is thus an important determining
factor of cholesterol pool in the liver. This process is known as mvehslesterol
transpot, or RCT(Murray, Granner, & Rodwell, 2006Because HDL lowers the amount
of cholesterol in thextrahepatic tissues, extrahepatic tissues become more willing to take
up cholesterol from blood which is mainly from LDL. Thus increased levels of HDL or

HDL choleterol have an indirect effect on LDL cholesterol stocks in the blood.



Cholesterol is an important factor in the formation of gallstones. However, its major
harmful role is in the development of atherosclerosis of vital arteries, which leads to heart
attacks, brain strokes, and some other peripheral vascular dig&ieas& Stein, 1999;

Tall, 1990)

Atherosclerosis is found to be correlated with the high concentrations afdosity
lipoprotein, or LDL. (Gotto Jr., Lenfant, Paoletti, & Catapan@d7; Yl&Herttuala, et al.,
1989) An independent risk factor is low levels afMdensity lipoprotein, or HDL
(Ohashi, Mu, Wang, Yao, & Chen, 2005; Barter, Kastelein, Nunn, & Richard, 2003). Also,
the ratio of LDL to HDL- the higher the riskieris regaded as a risk factor in some
studies(Murray, Granner, & Rodwell, 2006)

Because atherosclerosis is related to HDL density lower than 60 mg/dl and LDL
density higher than100 mg/dL, people are advised to keep their HDL and LDL within safe
limits (HDL> 60 mg/dL, LDL< 100mg/dL). Borderline high and low levels are also
defined for LDL as 130 mg/dL and for HDL as 40 mg/(dila, 2006)

People who have cholesterol levels in the upp&0% of the whole population are
considered to have a lipoprotein associated disorder (Bhagavan, 2002)
Hyperlipoproteinemias are considered in two groups: primary and secondary. The first
class is stemming from genetic disorders, whereas some causes of the latter are diabetes
mellitus, hypothyroidism, nephrotic syndrome, urenethanol abuse, primary biliary
cirrhosis, and intake of oral contraceptives. Primary disorders of hyperlipoproteinemias
include familial lipoprotein lipase deficiency (type 1), familial hypercholesterolemia (type
lla), familial dysbetalipoproteinemia (typkl), familial hypertriacylglycerolemia (type
IV), familial hyperalphalipoproteinemia, hepatic lipase deficiency, familial LCAT

deficiency, familial lipoprotein (a) excefdlurray, Granner, & Rodwell, 2006)

Familial hypercholesterolemia (FH) is amongbie most common lipoprotein
disorders. It results from a genetic problem in which LDL receptors of a patient are partly
or mostly defective and not functioning. FH heterozygotes have normal levels of HDL and
triacylglycerol, yet their LDL cholesterol lexsshre generally between 320 and 500 mg/dL



(Bhagavan, 2002Residence time of LDL may increase up to 2.5 times the normal values;
this is mostly due to the decreased functionality of the LDL receptors. IDLs are also taken
up from the LDL receptors, so thdonger residence times become a secondary cause of

the higher LDL concentrations.

Though the most significant determinants of cholesterol in blood are of hereditary
nature, there are numerous dietary and environmental factors. These can be listed as die

exercise, drugs, and stress.

Diet has a direct effect on blood cholesterol levels. Taking too much cholesterol and
saturated fatty acids instead of taking polyunsaturated and monounsaturated fatty acids
tends to increase blood LDL leve(®ietschy, Tudey, & Spady, 1993)Also bile acids,
which are secreted from cholesterol of liver origin, are a determining factor on the blood
levels of cholesterol. They affect how much cholesterol and fatty acids are absorbed in the
intestines and because they arelodlesterol origin, their loss via feces affects how much
bile and bile acids will be secreted from cholesterol in the liver. Thus high fiber diets,
which increase the loss and decrease the effectiveness of bile and bile acids in the
intestines, have a twimld effect on the cholesterol metabolism. First they determine how
much new cholesterol and fatty acid will be absorbed in the intestines, and second they
decrease the cholesterol pool in the liver by increasing bile loss to {dtesay,
Granner, & Rawell, 2006; Lin & Connor, 1980)

Exercise, depending on its intensity and frequency, has a positive effect on the
cholesterol levels in the blood. In most of the studies, it has increased blood HDL levels.
Though the reason behind this favorable dynashicat very clear, it has been shown that
exercise has also a role in modifying the HDL particles so that thehathetiogenic
qualities are improved(Halverstadt, Phares, Wilund, Goldberg, & Hagberg, 2007;
Olchawa, et al., 2004; Marrugat, Elosua, Coviilina, & RubiesPrat, 1996)

Stress has a twimld effect on the cholesterol mechanism. First, it is known that the
body releases some hormones to the blood in different phases of the stressed period. These
hormones include epinephrine, norepinephriogtisone, and cortisol. Especially cortisone
has metabolic effects on the lipids and adipose tissue. It has indirect effect over how much



free fatty acid is released from the adipose tissue. Because feadats in the blood
determinethe levels of VLIL secretion from the liver, and VLDL affects how much LDL
is going to be present in the blood; one can argue that human stress has a role in the levels

of blood cholesterol in humans.

Besides these hormone driven effects, stress may have an indiredtmoemineffect
on whether or not to continue to the healthy diet and adequate exercise. This commitment
to the diet and exercise programs can be in two ways. Depending on the nature of the
person, one may devote more of his or her energy to continue pooiip@m; or he or she
may abandon partly or completely the program. The sources of the stress component
mentioned in this paragraph is stemming from the test results of the blood cholesterols

together from the weariness effect of continuing to the dieeaartise.

There are several types of medication for cholesterol disorders. The most practiced
types are statin and niacin related drugs. Statin group interfere with the ability of the liver
to synthesize cholesterol by blocking some necessary enzymeso\Wg, statins increase
the uptake of blood cholesterols to the liver by increasing-t&deptor activity. On the
other hand, niacin group are insoluble powders that bind to bile in the intestine and lower
their absorption rate back to liver. Thus, chtédedl pool in the liver is reduced and the
liver takes up more cholesterol from the blood to compensate for this(Bissgavan,

2002; Murray, Granner, & Rodwell, 2006)

But these drugs come with their costs. Niacin group are gritty powders and they must
be consumed in large amounts. In most of the patients, niacin group cause flushing, hyper
pigmentation, diarrhea, liver function abnormalities, and nausea. On the other hand, statin
inhibits HMG-CoA reductase, which plays a role in synthesis of many ptedit@l for
cellular metabolism. Thus, toxicity is an issue in statin therapy and itgdomgdynamics

is not known(Bhagavan, 2002)

Additional factors that affect blood cholesterol levels include body weight, smoking,
male gender, diabetics, obesityigh blood pressure, drinking soft as opposed to hard
water, thyroid disorders, and some other hormonal deficien@idsray, Granner, &
Rodwell, 2006)



Cholesterol and the dynamics of the lipoprotein metabolism are the subjects of many
studies. 17 Nobeprizes have been given to researchers who have made significant
contributions to the understanding of cholesterol and its metabolism. Some studies are
made in the molecular level, whereas some other studies are merely statistical approaches

that explorehte results of experiments.

Moreover, there are several modeling studies about the cholesterol metabolism in the
literature. It is possible to group themterms of both purpose and methodology. Their
purpose, generally, is either identifying/quantifying some parameters, or testing alternative
hypothesis about the underlying structure of the cholesterol mechanism/ metabolism
(Schwartz, Zech, VandenBroek, & Quer, 1993) In terms of methodology, there are
simulation models and mathematicadlgalyzable modelg§August, Parker, & Barahona,
2007) Simulation models are mostly at the cellular level and generally lack a systemic
point of view. On the other hand, thamaticallyanalyzable models include several
assumptions for the sake of analytical tractability, but this fact raises questions about the
validity of such models. Thus there seems to be a need for systemic simulation modeling of
cholesterol dynamics thdoes not compromise model realism for the sake of mathematical

tractability.

After stating the research objectives in the following section, the system dynamics
model will be presented with emphasis on its structure. Next, the validity of the mddel wil
be discussed and the base behavior of the model will be analyzed for a healthy patient case.
In the scenario analysis section, a cholesterol disorder, medication, different diets and
exercise programs will be explored. Finally in the conclusion partfitldengs will be

listed together with future work suggestions.



2. METHODOLOGY AND RESEARCH OBJECTIVES

Cholesterol metabolism and those factors affecting its dynamics comprise a
complex system. There are nonlinear interactions of numerous agents and subsystems,
inherent delays or memory of the history, and a multi segmented structure. This
complexity makesard, and most of the time impossible to analytically track and predict

the behavior of the systemnless mangimplifications are made.

System dynamics is a methodology and an approach that helps in understanding
this kind of complexity. It deals witinternal feedback loops and time delays that affect the
behavior of the entire system using continuboee simulation. What makes using system
dynamics different from other approaches in studying complex systems is the use of
feedback loops, stocks, andwis. Its aim is to test a dynamic hypothesis about the
behavior of specific variables in a complex system. System dynamics models are
constructed to represent the interactions in a system so that, the behavioral change in the

outputs due to the changedtiire inputs are meaningful and causal.

The complexity, which is brought about by the nature of the human body, can thus
be handled with system dynamics methodology. In this MS Thesis study, system dynamics
is used in trying to understand the dynamics leblesterol metabolism in human as

affected by the diet, exercise, drugs, and the genetics of the person itself.

The purpose of this thesis study is to construct and analyze a dynamic model of
cholesterol balance in the blood stream in order to have rédigte of atherosclerosis.
The person who is assumed to be in the borderline orrlsghgroup of atherosclerosis
may consider lowering his or her cholesterol levels in a number of ways like changing diet,
exercise, taking drugs, or any combination ofstheAs explained in the introduction
section, though medication has favorable results on the blood cholesterol levels, they come
with some side or unknown effects both in the short and long p&iodf f i cul ty of
sticking to strict diets or exes® programs ianother problem. So the constructed model
tries to answer the following question: f

mi ni mal medi cation to keep blood chol este



take into consideratio t h e peleaiqn lofdiffesentglietsexercise programs, taking
medication; and the genetic disorders that may result in higher cholesterol levels, ceteris

paribus.



3. OVERVIEW OF THE MODEL

The relationships between important factors that affegteskerol levels in blood
can be seen ifrigure 3.1 and Figure 3.2at a macro level. For simplicity the model is
divided into six sectors. These are liver, blood, extrahepatic tissues, diet & exercise,
digestive system, and body weight sectéi$ of these sectors are analyzed in detail in the
next chapter. In a nutshell, liver sector defines relationships which synthesize blood
cholesterol and regulate cholesterol uptake from blood. Blood sector includes relationships
about transportation otholesterol among lipoproteins, liver and extrahepatic tissues.
Extrahepatic tissue sector defimetationships thategulate cholesterol uptake from blood
lipoproteins. Diet & exercise sector represents diet and exercise, together with their effects
on dgestive system and body weight. Digestive system sector includes relationships about
absorbed nutrients and their effects on blood cholesterol levels and reverse cholesterol
transport. And finally body weight sector represents dynamics of weight chadgésan

effects on the blood cholesterol levels.

—
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Figure3.1 Interactions oMain Factors Affecting Blood Cholesterol Levels
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Figure 32 Condensed Stoeklow Diagram of the Main Variables

Time horizon of the model is in the neighborhood of a year and the time unit is one
day. There may be significant variations in the values of the parameters within the time
unit or a day, yet the model overlooks these dynamics and assumes average stalags in
These average values are 12 hours fasting blood cholesterol levels, which could be seen in
laboratory blood tests if administered.

There is not a direct feedback loop controlling the blood cholesterol level, yet other
feedback loops or dynamicsdinectly play with blood cholesterol levels to keep other
critical stocks, namely the cholesterol pools in the liver and extrahepatic cells, within safe
limits. If cholesterol in the liver becomes higher/lower than its normal level, then by
decreasing/in@asing its cholesterol uptake receptor activities, the liver adapts itself to take
lesser/higher amounts of cholesterol from the blood. The effort of the liver, trying to
stabilize its cholesterol pool, can be seen in more detdtignre 3.3. A very similar

feedback mechanism also exists in the extrahepatic cells. The details of this latter feedback
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loop can be found ifrigure 34. In all of the figurs, HP and ET stand for hepatic and

extrahepatic respectively.
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* Uptake from Blood |, =
HP Receptor Goal ——

\“\_ Hepatic Uptake of !

LDL and IDL
Y . Receptor Surplus /
\,\ or Need in Liver ==
Effect of HP Receptor Activity V™

On LDLand IDL Uptake HP Receptor Adaptation

-|-m\\\ ) /

~——— HP Receptor Activity <
L
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Figure3.4 Intracellular Cholesteral ET Receptor Activity Causal Loop Diagram
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Apart from the cholesterol pool feedback loops in the hepatic and extrahepatic
cells, though indirect or usémtervenedptherfeedback loopsan be definedd hr ough dd
- blood choleterol i willingness to follow diet- di et 0, a nidgood bélgod r c i s
cholesterol (HDLG) willingness to follow exercise e x er ci s e 0 .ts irffradsau r at ¢
both LDLC and HDLCwhereas polyunsaturated fats increase HDLC, but decrease LDLC.
The details othis discussion can be observed from the causal loop diagraRigwe 35,
Figure 3.6, Figure 3.7, and Figur8.30n the other hand exercise tends to increase HDLC,
and decrease body weight after a delay, but becoming fatter decreases HDLC and increases
LDLC. Having healthier HDLC, LDLC, and body weight levels tend people to have less
willingness to pursue the exercise programgure 39 summarizes this feedback or

control mechanism.

These loops can be considered as-ugervened feedback loops, laerse people
should adjust their actions, for example eating polyunsaturated fats or continuing exercise
programs, if they observe changes in their cholesterol levels. These causal relationships
can be regarded as control mechanisms rather than causadieddbps, because there
are exogenous factors involved | ike peopl
their diet, their willingness to take action to have lower cholesterol levels, and so on.

There are balancing/reinforcing loops betwegod blood cholesterol or HDLC
and the nutritional ingredients that increase/decrease it. Also there exists similar, but not
the same, causal relations between these nutrients and bad blood cholesterol or LDLC.
Defining the causal relations simply as baiag or reinforcing loops might be rendered
erroneous when the effect of weight change on blood cholesterols is taken into account.
Weight change, which is a delayed response to the diet, may reverse the working direction
of these loops in the long run. S8 a particular nutritional ingredient can increase HDL
and LDL, or increase HDL and decrease LDL. These relationships or feedback loops add
to the complexity of the model even in the absence of the effect of weight change on blood

cholesterol levels.
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4. DESCRIPTION OF THE MODEL

4.1.Blood Sector

4.1.1.Background Information

VLDL is secreted from the liver for the purpose of transfertimacylglycerols to
other tissues, mainly to the muscle and adipose tissue. After releasing most of its
triacylglycerols, VLDL turns into intermediate density lipoprotein (IDL). Nearly half of
IDL are taken up by the liver and extrahepatic tissues, whéreasther half is converted
to low density lipoprotein (LDL). Thus the level of cholesterol bound to LDL (LDLC) is
mainly from the cascading process of VLDLC tugimto IDLC and finally to LDLC,
where VLDLC and IDLC stand for the level of cholesterouibd to VLDL and IDL
respectively(Bhagavan, 2002ylurray, Granner, & Rodwell, 2006)

High density lipoproteins (HDL) are secreted from the steroidogenic tissues; mostly
from the liver and the intestines. Main responsibility of HDL is to transfer chot¢$tem
extrahepatic cells to other lipoproteins, liver, and intestine. Movement of cholessézy!
to VLDL, IDL, and LDL is due to the activity of cholesterg$ter transfer protein or
CETP. Half of the cholesterol bound to HDLs (HDLC) is taken up ésogtogenic tissues
while the other half goes to the other lipoproteins via the stimulation by QHEURay,
Granner, & Rodwell, 20Q6ackard, et al., 2000)

4.1.2.Fundamental Approach and Assumptions

In the model, for simplicity, steroidogenic tissues argirtfunctions in the HDL
metabolism are limited to liver. Also the liver is assumed to be maintaining a constant level
of HDL productivity. CETP related cholesterol transfer is also assumed to be occurring
only between HDL and VLDL, not taking IDL and LDas receivers of cholesterol into
account. Also any unmentioned factor that may affect lipoprotein metabolism in the blood

is assumed to be constant or fadranging throughout the simulation horizon. These out
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of-boundary factors include metabolic syndromessulin related disorders, abnormal

thyroid hormone levels, progression of liver dseslike fatty liver disease.
4.1.3.Description of the Blood Sector Structure

There are four stocks in this sectdt.DLC, IDLC, andLDLC have a relationship as
a cascadingrocess, whilé¢HDLC is related to these stocks via the fIQETP Regulated C
Transfer HDLC is short for cholesterol bound to HDL particles. HDLC has one inflow
and two outflows. HDL cholester@HDLC) is increased with the HDL particles collecting
cholegerol from extrahepatic tissues via-8R regulated pathways or with other methods.
This increase is represented with the inflGWolesterol Uptake by HDhnd analyzed in
below in more detail. Because life of HDL patrticles is 4 d@Bgrter, KasteleinNunn, &
Richard, 2003) cholesterol bound to the HDL particles are assumed to have the same
clearance rate from the liver and this is modele®#i@EC Transport to Livewoutflow in
the model. The other outflow @ETP Regulated C TransfaETP Activity Rat converter
in the model is short for the rate or speed of this CETP regulated transfer of cholesterol
from HDL to VLDL particles. Because CETP regulated cholesterol transfer is nearly equal
to the amount of cholesterol transferred to the liver by HiRWiterovich, 2000)it should
be equal to the reciprocal of the life of an HDL particle. So, it is equal to 0.25 Abp
the initial level of HDLC is set to 31.5 mg/dL. The relationship of HDLC with its flows
can be seen in the following equation. Compkatt of equ#ons can be found in Appendix
A.

HDLC(t) = HDLC(t - dt) + (Cholesterol Uptake by HDL - HDLC Transport to Liver -
CETP Regulated C Transfer) * dt

(4.1)

Cholesterol bound to VLDLULDLC) has two inflows and one outflow. Its first
inflow is VLDLC SecretionThis inflow is the outflow of théHepatic Cholesterol Pool
stock which is located in tHeser sectionand this flow is analyzed in the liver section in
more detail. The normal value of this inflow is 128.6 mg/dL per day. The other inflow of
VLDLCis CETP Regulated C TransfeCholesteryl ester transfer protein is responsible in
the process of cleaving cholesterol form HDL particles and letting VLDL to capture these
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cholesterols. Becaus¢DLC is set to be 31.5 mg/dL at the beginning &&TP Regulated
C Transferequals toHDLC * CETP Activity Ratethen the normal value of this transfer
equals to 31.5*0.25, or nearly 7.88 mg/dL per day. The outflowldDLC is VLDL
Turnoverand is equal t&/LDLC timesVLDL Turnover RateThe latter rate is set to be 5.5
day® in the mode(Packard, et al., 2000yLDLC has the following defining relationship.

VLDLC(t) = VLDLC(t - dt) + (VLDLC Secretion + CETP Regulated C Transfer -
VLDL Turnover) * dt

(4.2)

Cholesterol bound to IDLIDLC) has one inflow, which is the only outflow of
VLDLC just mentioned above, and three outflows. Two of the outflowklepatic Uptake
of IDL and Extrahepatic Uptake of IDLThe first uptake is done by the liver receptors
while the latter is done by the receptors of the extrahepatic cells. Nearly td® dfithe
IDL are taken up by these pathway&% by liver and 30% by extrahepatic tissues
(Murray, Granner, & Rodwell, 2006)Hepatic uptake equals tlDLC*Effect of ET
Receptor Activity on IDL Uptakeind extrahepatic uptake equalslbd.C*Effect of HP
Receptor Activity on IDL UptakéMore will be said about the receptor activities in the liver
and extrahepatic tissues sections. The remaining cholesterol which is not taken up, or
namely one third of IDLC, is degraded intdLC which is represented by thi®L
Turnoveroutflow. This outflow equals ttOLC*IDL Turnover RatelDL Turnover Ratas
2.4 day" (August, Parker, & Barahona, 200&nd the initial level of IDC is set to 18.6
mg/dL. So the initial value of thEDL Turnover Ratds around 44.6 mg/dL per day. The
formula of IDLC follows.

IDLC(t) = IDLC(t - dt) + (VLDL Turnover - IDL Turnover - Extrahepatic Uptake of IDL
- Hepatic Uptake of IDL) * dt

(4.3)

IDL Turnover Ratas the only input of the stodkDLC, or cholesterol bound to LDL.
LDLC also has three outflsvHepatic Uptake of LDL, Extrahepatic Uptake of LDL by
Receptor Dependent Activity, Extrahepatic Uptake of LDL by Receptor Independent

Activity. LDLC is taken up by liver and extrahepatic tissues via both receptor dependent
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and receptor independent adies. The first of the outflowsdepatic Uptake of LDL
represents the degradation of LDL in liver. It equald Bi.C * Effect of HP Receptor
Activity on LDL Uptake + LDLC * Receptor Indep HP Uptake Rateese uptake rates are
delineated in the liver sectio The other outflows equal tddLC * Effect of ET Receptor
Activity on LDL Uptakeand LDLC * Receptor Indep ET Uptake Ratespectively. The
details of these uptake rates will be given in the extrahepatic tissue section. Initial values of
LDLC and three otflows are about 111.5 mg/dL, 31.2 mg/dL per day, 10 mg/dL per day,
3.2 mg/dL per day respectively. The differential equation defining LDLC stock through

time is the following.

LDLC(t) = LDLC(t - dt) + (IDL Turnover Extrahepatic Uptake of LDL by Recept
Dependent Activity - Hepatic Uptake d@IL - Extrahepatic Uptake of LDI
by Receptor Independent Activity) * dt

(4.4)

The person, whom blood cholesterol level is being modeled, is assumed to have
cholesterol levels as borderline high. Initially HDLC, VLDLC, IDLC, and IDLC are set to
31.5, 25.0, 18.6, and 111.5 mg/dL respectively.

There are no feedback loops insthsector in isolation. The relationship between
VLDLC, IDLC, andLDLC is merely a cascading process. Rather, other feedback loops,
which will be modeled in the liver and extrahepatic tissue sectors, indirectly play with
blood cholesterol levels to balanckolesterol pools in themselves. Stedklow diagram

can be seen iRigure4.1. Complete set of equations can be found in AppeAdix
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In this section, a number of tests will be conducted to verify that blood section works

properly, i.e. it stays at or reaches a steady state. In order to verify the proper functioning

of blood sector in isolation four experiments will be done. First,fahe variables will be

initialized at their steady state values and the stocks will be checked to see if they stay at

the equilibrium or not. Then as the second and third experiments, all of the stocks will be

initialized at zero and then to an arbitrariirge numbeb00 respectively to see if they

reach their equilibrium levels. Lastly the major inflows of the sector which are stemming

from liver and extrahepatic sectoxd,DLC SecretiorandCholesterol Uptake by HDWill

be given a normal noise of whi®d s

standard

deviati on

equal

to see the behavior of the system changes or not. All of the simulations will be run for 20

days.The parameter values in these experiments can be seen in the following table.

Table4.1 Parameter Values in the Blood Experiments

Experiment 4

Exp 1 Exp 2 Exp3 | Mean St Dev.
HDLCrfg/dL) 31.555 | 0.000 | 500.000| 31.555
VLDLOnfg/dL) 25.000 | 0.000 | 500.000| 25.000
IDLCrhg/dL) 18.575 | 0.000 | 500.000| 18.575
LDLCnag/dL) 111.450| 0.000 | 500.000| 111.450
VLDLC Secretiom{/dL/day) | 129.620| 129.620| 129.620| 129.620 25.924
Cholesterol Uptake by HDL
(mg/dL/day) 15.765 | 15.765 | 15.765 | 15.765 3.153

The results of the first three scenarios can be se€igure4.2 throughFigure4.5.

The first initial conditions seem to be equilibrium points, so that in the second and third

experiments all of the stocks converge to these steady state values.

C

-
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After modifying the major inflows of the sector to have 20% of their mean values as
their standard deviationgshich can be seen ihable4.1, the dynamic patterns of stocks
does not seem to deviate to other points. They move randomly up and down around their

equilibrium points as in the case of the first experiment. This behearobe observed in
the following graphs.
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4.2.Liver Sector

4.2.1.Background Information

Liver has vital roles in many bodily processes, as in the case of cholesterol
metabolism. It directly and indirectly plays with blood cholesterol levels through HDL
activity, VLDL cholesterol secretion, bile secretion, and hepatic receptor activities or

uptake of cholesterol.

HDL is secreted from liver. It is responsible for the reverse cholesterol transport,
which is the mechanism through which the excess cholesterol of extrahepatic tissues is

transferred to liver and other blood lipoproteins.

Though VLDL is mainly produced for the purpose of transferring triacylglycerols to
muscle and adipose tissue, some cholesterol is incorporated in them while they are secreted
to the blood stream in liver. VLDL cholesterol secretion is dependent on hepatic
cholesterol pool, some dietary nutrients, and body weight. Thus the origin of blood
cholesterol level is mainly VLDL secretion and reverse cholesterol transport.

Lipids and cholesterol are not soluble in water. Bile is used to solve and uptake them
in the digestive system. Bile and bile acids are secrgtetthe liver from cholesterol.
Therefore their loss in the feces determines how much cholesterol in the liver will be
utilized for new bile production. Because hepatic cholesterol pool determinescéptor
dependent cholesterol uptake and VL-Bholesterol secretion, bile metabolism is an

indirect mechanism by which the liver plays with blood cholesterol levels.

The receptors are responsible for cholesterol uptake in the form of IDL cholesterol
andLDL cholesterol. LDL cholesterol is also taken up by receptor independent activities
by liver and extrahepatic tissues. Activities of the hepatic receptors are adjusted such that
hepatic cholesterol pool does not exceed safe limits. If hepatic cholgstetols lower
(higher) than its normal level, then hepatic receptor activity is increased (decreased) to
allow more (less) cholesterol to be taken up from blood. This is another mechanism which

involves liver and blood cholesterol interaction.
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4.2.2.Fundamental Approach and Assumptions

Bile and bile acids are secreted and absorbed 4 to 10 times a day in the body, which
is called enterohepatic circulation, and some portion of them is lost in thegBé@agavan,
2002) Bile loss and the compensation of this lbgsthe liver are modeled by using total
daily values rather than treating every enterohepatic circulation individually. Because bile
is accompanied with free cholesterol while it is secreted in the liver, some cholesterol,
which amounts to be about 0.4 ¢ also lost to the fecdS&uyton, et al., 1991)This loss
is assumed to be compensated by the liver. Any other cholesterol use or loss, like structural
use of cholesterol, is also assumed to be regulated by the liver. This compensation is to be
represated with the flowHepatic Synthesis Control the model.

Moreover, receptor activity is assumed to be linearly correlated with the number of
receptors in cell, which is between 15.000 and 75(G@0dstein & Brown, 1997)

4.2.3.Description of the Liver Secta Structure

There are two stocks in this sectid#iP Receptor Activityand Hepatic Chol The
first onerepresents the activeness or efficiency of liver receptors in taking up cholesterol

from blood while the second one represethis cholesterol amount the liver

HP Receptor Activitjhas only one bilow namedHP Receptor Adaptationf the
Hepatic Cholpool is less (more) than its base level, then more (less) receptors are utilized
in the liver surface. According to the ratio of hepatic cholesterdtst base level, HP

Receptor Goal is calculated as follows.
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Figure4.10 HP Receptor Goal

If there is a lot of cholesterol in the liver, then the liver wants minimum of its
receptors working which is a relatively low number, 15. And in the contrary, if the liver
needs more cholesterol, the receptor goal increases to 75. The rationale besend the
numbers 15 and 75 is the fact that a cell has between 133000 LDL receptors
(Goldstein & Brown, 1997)and the assumption that these numbers represent the receptor
activity or efficiency of each cell and in turn liver. Normal level of receptoasssimed to
be 60,000. Afterwards, the liver checks the surplus or need of the receptors by comparing
the goal with the current level of the stddR Receptor ActivityAccording to the resulting
surplus or need the activity is decreased or increasedadjhstment time of this process
is 2.5 daygGoldstein & Brown, 1997)Therefore the formula fadP Receptor Adaptation

becomes:

HP_Receptor_Adaptation = Receptor_Swwptn Need_in_Live
/HP_Receptor Adaptation_Time

(4.5)

The second stock of this sectorHgpatic Chol. It has two outflows, two inflows,
and one bflow. Its outflows, inflows, and kilow are VLDLC SecretionBile Secretion
Uptake from BloodChol from Diet and Hepatic Synthesis Contrakspectively. The
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normal or base levédepatic Cholis taken to be 1700 m@chwartz, Zech, VandenBroek,
& Cooper, 1993)

VLDLC Secretions the cholesterol loss rate in which cholesterol is bound to VLDL
particles. This flow has a complicated formula which depends oHepatic Cholstock,

saturated andnsaturated fat intake, and body weight. Its formula can be seen below.

VLDLC Secretion = Base VLDLC Secretion
*Effect of Hepatic Chol _Pool on VLDLC Secretion
-9.18+Effect _of Saturated Fats on VLDLC Secretion
*Absorbed Saturated Fats
+12.97+Effect of Polyunsaturated Fats on VLDLC Secretion
*Absorbed Polyunsaturated Fats
+Effect of Body Weight on VLDLC Secretion

(4.6)

The above effect formula is of multiplicative and additive fouhDLC Secretions
affected by kpatic cholesterol level in a multiplicative wasffects of siturated fats and
polyunsaturatefhts are introduced in an additive way. Bsels of these effects ael8
mg/dL and-12.97 mg/dL, therefore these constants are added to the formula in opposite

sign.The details will be given in the digestive system and body weight sectors.

Base VLDLC Secretiors adjusted to be about 130 mg/dL a day innissmal or
initial level (August, Parker, & Barahona, 200Hepatic Cholhas effect on how much
VLDL cholesterol is secreted from the liver. Therefore, base level secretion is multiplied
with this effect in the formula above. The graphical function, which has theafatie

stock to its base level or 1700 mg as Hsxs, can be seen Kigure4.11.

The outflowBile Secretiorhas an important role in cholestedynamics, but it will

be analyzed in more detail in the digestive system sector.
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Figure4.11 Effect of Hepatic Cholesterol Pool on VLDLC Secretion

The biflow of Hepatic Cholis named aslepatic Synthesis ControAs stated earlier
the normal cholesterol pool level is taken to be 1700 mg. If the pool deviates from this
level, the liver adjusts its production mechanisms so that cholesterol amount approaches
the base level. If there is more cholesterol in the pool thanof the base level, then new
cholesterol synthesis rate is reduced. The rate or speed of this process is assumed to be 0.5
days. Also, all of the other synthesis and usages of cholesterol in the liver and
steroidogenic tissues are aggregated into tikioty. This flow has a constant 245 mg per

day cholesterol input to the stock as a result of this aggregation.

Hepatic_Synthesis Control = 245
+(Normal_Chol__Level_in_Liver-Hepatic_Glly
/Hepatic_Synthesis_Control Rate

4.7)

Chol from Dietand Uptake from Bloodare the inflows of thestock Hepatic Chol
Chol from Dietis merely the absorbed cholesterol from the diet. The latter represents the
total receptor dependent uptake of cholesterol from IDL and LDL partidigiske from

Bloodalso includes receptor independent cholesterokedram LDL patrticles.



