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Abstract

Cholesterol homeostasis is achieved through a tight regulation between synthesis, dietary absorption,
utilization for bile salts and excretion. These processes are regulated through three known feedbacks,
namely auto-negative regulation on hepatic bile salt synthesis and positive regulation of intestinal bile
salts on cholesterol absorption and cholesterol excretion. A model for the entero-hepatic cholesterol
metabolism in conjunction with dietary inputs of cholesterol was used to obtain insights into the role of
the feedbacks. The analysis demonstrated the significance of the negative feedback on maintaining
physiological levels of cholesterol. Further, the positive feedbacks by the intestine bile salts on the
cholesterol absorption /excretion processes play an important role in plasma cholesterol homeostasis.
Under Familial Hypercholesterolemia (FH), perturbations in the hepato-intestinal reversible bile transport
revealed that an increase in the transport of bile salts from intestine to liver decreased the hepatic
cholesterol absorption rate. In such a condition, a 2-fold change in bile salt transport resulted in around
20% reduction in plasma cholesterol levels, thereby restoring it to normalcy. This suggests that the bile
transport control strategy presents an alternative therapeutic method by effectively reducing the
cholesterol absorption to attain cholesterol homeostasis.
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Introduction

Liver plays a central role in the regulation of cholesterol levels in the body to maintain its
homeostatic levels'. It houses the largest pool of free cholesterol, which is directed towards
various sections of the body depending upon their needs. Intestine is responsible for the uptake
of cholesterol from diet* and its excretion from the body. It has significant interactions with the
liver that play an important role in the homeostasis®. High cholesterol levels in the blood can lead
to deposition on the arterial walls which thicken as a result of the accumulation. This leads to a
chronic inflammatory response in the walls causing atherosclerosis™® and cardiovascular

9-11

diseases’ . The common causes for increase of cholesterol levels in the plasma are high intake

of dietary cholesterol and/or impaired cholesterol synthesis, absorption and excretion.

Popular strategies for treatment of elevated cholesterol include the use of statins, bile acid
sequestrants and cholesterol absorption inhibitors. Statins target the cholesterol biosynthesis
pathway, which is responsible for most of the body’s cholesterol needs'' ®. Suppressing this
pathway reduces the de novo cholesterol synthesis, thus decreasing plasma cholesterol. The
purpose of cholesterol absorption in the intestine is to minimize loss of cholesterol that gets
excreted with the biliary secretions; it also facilitates absorption of dietary cholesterol>*'”. The
inhibitors of this process, such as ezetimibe, inhibit the uptake of cholesterol from dietand are
used to reduce cholesterol in the body. Abnormal cholesterol levels in the plasma may occur due
to perturbations in the normal functioning of any of these processes. However, these processes
are subject to drug therapies irrespective of the actual causes for elevated cholesterol. Despite the
statin treatments, the events leading to atherosclerosis have not been reasonably controlled,

providing us with room for more potential therapies to control total plasma cholesterol levels.

A prominent process of cholesterol utilization in the body is the synthesis of bile acids from
cholesterol. Bile acid sequestrants promote the excretion of bile salts and boost the conversion of

cholesterol into bile, thus reducing the blood cholesterol levels'®2'.In animal studies®>*

, it has
been observed that despite a higher dietary intake of cholesterol, the plasma cholesterol levels
did not increase substantially, owing to higher excretion of bile salts. The cholesterol
homeostasis is strongly interconnected with bile metabolism and the mechanisms by which these
two pathways regulate each other are still unclear. Therefore, developing a mathematical model
of the biological network comprising of the interactions (feedbacks) between cholesterol and bile

metabolism in entero-hepatic compartment and the analysis of the network is essential to
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decipher the control mechanisms prevailing in the structure. For this purpose, we resorted to the

25,26

integration of two different models in the literature and analyzed the role of the feedbacks

and the bile transport in cholesterol homeostasis.

Here, we highlight on the major interactions in the entero-hepatic cholesterol metabolism. The
intestinal cholesterol is absorbed in the liver where it is converted into the hepatic bile salts
(HBS). Bile salts are known to act as carriers of cholesterol to facilitate micelle formation. A
part of hepatic cholesterol pool is also transported to blood to maintain plasma cholesterol levels.
In the liver, an auto-negative feedback of bile salts regulates itsown synthesis. The bile salts from
the liver are transported into the intestinal bile salt (IBS) pool. The intestinal cholesterol (IC)
pool has two inlets — biliary cholesterol release from liver and dietary cholesterol and two outlets
— cholesterol excretion and cholesterol absorption back into the liver. The intestinal bile salts are
required forfacilitatingthe excretionas well as absorption of intestinal cholesterol thereby
positively regulating thetwo processes. Thus, three main feedbacks may be identified in the

entero-hepatic cholesterol metabolism.

Cholesterol homeostasis mainly depends on the three primary feedbacks prevalent in the entero-
hepatic cholesterol metabolism. The focus of the current study is to explore the mechanisms that
play a role in cholesterol and bile homeostasis and suggest an alternative therapeutic strategy to
control cholesterol levels.Towards this, we develop and utilize a mathematical model to obtain
insights into the role of these feedbacks on cholesterol homeostasis. The importance of the
feedback mechanism in relation to varying dietary cholesterols is analyzed. The feedback
analysis reveals that increased bile excretion has a dual role in reducing cholesterol levels -a
lower steady state levelof intestinal bile salts reduces the strength of the positive feedback on
cholesterol absorption into the liver, thereby reducing the overall plasma cholesterol levels;
secondly, increased bile excretion boosts bile synthesis thus increasing cholesterol utilization.
The analysis indicated that the auto-negative feedback on the synthesis of the hepatic bile salts
and the positive feedback on the hepatic cholesterol absorption play an important role in
regulating cholesterol levels. Therefore, the entero-hepatic reversible bile transport is a possible

site for perturbation/control to restore the plasma cholesterol levels under hypercholesterolemia.
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Material and Method-Model Development and Analysis

The whole body model for cholesterol metabolism developed by McAuley et al. (2012)%, which
includes intestine, liver, peripheral and blood compartments was adopted. From literature® ",
we know that other factors like dietary nutrients and components, along with lifestyle effects also
play a significant role in determining cholesterol levels in the body. The effects of dietary
components on cholesterol metabolism were taken from the system dynamics model written by
Demirezen&Barlas (2009)*. Figure 1 showsthe interactions in the entero-hepatic compartments
in cholesterol metabolism. The rate equations applicable for the process of synthesis, absorption
and excretion of cholesterol and bile salts are listed in the supplementary information.
Diet
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Figure 1 - Module depicts the interactions in entero-hepatic cholesterol and bile metabolism. The dietary
cholesterol is absorbed into the intestine; from there it is further transported to liver. The part of hepatic
cholesterol is used for bile synthesis and for maintaining the plasma cholesterol level. FB1 represents the
auto-negative feedback on hepatic bile salts. The hepatic bile salts are reversibly transported to intestine.
The intestinal bile salts help in hepatic cholesterol absorption and intestinal cholesterol excretion thereby
resulting into a positive feedback represented by FB2 and FB3, respectively.

The two models, based on different modeling frameworks, were integrated and analyzed in the
present study. One of the models by Demirezen&Barlas (2009)*° used the principle of systems
dynamics, wherein the concept of stock and flow variables is used to emulate a rough idea of the

time dynamics of the model. The system dynamics approach allows us to break down extremely
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complex non-linear systems into systems with stocks, rate flows and internal feedback loops thus
allowing for a preliminary analysis of the dynamics under limited mechanistic details. The
authors used empirical data to express the rate kinetics of various reaction pathways. The
systems dynamic model accounts for changes in the cholesterol trends due to various external
attributes like effect of dietary components on cholesterol biosynthesis, effect of body weight,
effect of exercise etc. One of the limitations of this method is that it ignores the actual
mechanisms occurring inside the system as most rate expressions (flows) are based on empirical
data with a black box assumption. Therefore, the impact of mechanistic changes in any variable
upon the system's phenotypic response will not be reflected in the results. The other model we
resorted to was the mechanistic model by McAuley et al. (2012)*°. This model implements the
law of mass action and Michaelis-Menten formulation to express rate kinetics of every step
involved in the cholesterol metabolism. It accounts for the actual mechanisms in a greater detail,
but ignores the effect of external factors. These two models form the basis of the integrated

model that we have presented (See supplementary material).

Our effort has been to merge the two models, thus being able to imitate not only the mechanistic
processes with greater detail, but also the effects of the above mentioned external factors. To
incorporate the effects of external factors into the current model, we translated the empirical data
into convenient Hill expressions to fit the data points and included these effects into the model
by McAuley et al. (2012)*. The model was simulated in MATLAB (www.mathworks.in) using
ODEI15s solver. The algorithm used for obtaining the effect of feedback mechanisms and

parameters is shown in Figure 2.
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Figure 2 —Flowchart representation of the algorithm followed in this paper to investigate the effects of
feedback and parametric perturbations in the mathematical model. The flowchart also shows the
implementation of the Bile Transport Strategy, which uses the results of the feedback and parametric
perturbations. * represents the Systems Dynamics model by Demirezen&Barlas (2009); ** represents the
mechanistic model by McAuley et al. (2012).

The model incorporates theabsorption of dietary cholesterol into intestinal cholesterol pool
which is further transported to hepatic cholesterol. Hepatic cholesterol is converted into hepatic
bile salts. Further, the model explicitly accounts for the following mechanisms. A negative
feedback of bile salts is maintained on its own synthesis. The bile salt from the liver is
transported into the intestine bile salt pool and a reverse transport is also operational that helps to
equilibrate the entero-hepatic bile salt balance. The intestinal bile salt pool regulates the outlets
of intestinal cholesterol — excretion and absorption into liver.Part of hepatic cholesterol is
secreted into the intestinal cholesterol pool through biliary cholesterol release'”'**** These
interactions and transport processes collectively regulate cholesterol homeostasis. The model
thus contains three feedbacks namely, 1)an auto-negative feedback on hepatic bile synthesis-
FBI1, 2) a positive feedback of intestinal bile salts on hepatic cholesterol absorption-FB2 and 3) a

positive feedback of intestinal bile salts on intestinal cholesterol excretion-FB3.
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The developed model was used to obtain steady state input-output relationships for plasma
cholesterol, intestinal cholesterol and intestinal bile salt levels in relation to varying levels of
cholesterol in diet. The model was also used to obtain the effect of the three feedbacks present in
the network. To monitor the effect of perturbations on the net cholesterol accumulation in the
liver, the ratio of intestinal cholesterol absorption to the sum of hepatic bile synthesis biliary
cholesterol release was recorded. Since this represents the ratio of cholesterol input to cholesterol
output from the liver, changes in this ratio represent the effective plasma cholesterol levels. At
every value of dietary cholesterol, a thousand simulations were run in which parameters of the
module were randomly selected to be varied in a range of 10% on either side of their original
values. The variation in the cholesterol values were recorded for all the simulations.The mean
and standard deviation of total plasma cholesterol, intestinal cholesterol, intestinal bile salts,
cholesterol flux to blood and input-output hepatic flux ratio were calculated. The extent of spread
around the mean of these values at each dietary level was used as an indicatorof the robustness

due to perturbation of each feedback.

Results
Steady-stateresponse for varying dietary cholesterol

The developed model was simulated to obtain the dynamic concentration profile of the Total
Blood Cholesterol for different values of dietary cholesterol and for different network
perturbations, as shown in Figure 3. Under normal physiological conditions, the profile shows an
invariant dynamic response indicating homeostatic levelwith total plasma cholesterol at
5.38mM.The total plasma cholesterol is represented by the summation of Low Density
Lipoprotein Cholesterol (LDLC), Very-Low Density Lipoprotein Cholesterol (VLDLC),
Intermediate Density Lipoprotein Cholesterol (IDLC) and High Density Lipoprotein Cholesterol
(HDLC). Thus, the parameter values used in the model yield physiologically relevant steady
state values. Figure 3 (A) shows the behavior of total plasma cholesterol for different dietary
cholesterol values. A 2-fold reduction in dietary cholesterol intake reduces total cholesterol to
5.25 mM but a 4-fold increase from normal diet cholesterol results in an increase of 20%. In
Figure 3 (B), perturbing the negative feedback on bile synthesis causes total plasma cholesterol
to rise by 15%, whereas perturbation of the intestinal bile salt feedback reduces the cholesterol

value to 5.25 mM.
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Figure 3 - Dynamic response of total plasma cholesterol in response to (A) Variation in dietary
cholesterol values. Solid line represents normal dietary cholesterol, dashed line represents a 2-fold
reduction in dietary cholesterol and dashed-dotted line represents a 4-fold increase in dietary cholesterol
(B) Perturbations in different feedback regulations. Solid line represents normal phenotypic functioning,
dashed line represents absence of FB1, and dashed-dotted line represents absence of FB2 (as in Fig.1).

Figure 3 also shows the dynamic response for this module lacking the negative feedback on the
hepatic bile salt synthesis®*”>. The above analysis suggests that the negative feedback on the
hepatic bile salt synthesis is essential in regulating blood cholesterol levels. Removal of this
negative regulation causes the dominance of the indirect positive feedback loop (see Fig.1),

thereby leading to higher cholesterol levels.
Role of individual feedbacks on homeostasis

The analysis of the model indicated that the system attains a monostable steady state at different
initial conditions. In order to analyze the system performance at different levels of dietary
cholesterol the steady state values were obtained and plotted against different dietary cholesterol
levels with and without feedback perturbations. The system performance was evaluated using
four metrics namely,Total Plasma Cholesterol, Intestinal Cholesterol (IC) Levels, Intestinal Bile
Salts (IBS), and the Ratio of input to output fluxes for the hepatic cholesterol pool. Figure 4
shows the effect of the dietary cholesterol on the four metrics for three different cases - normal
physiological conditions, absence of negative feedback on the hepatic bile salts (HBS), and the

absence of positive feedback on intestinal cholesterol absorption by intestinal bile salts.
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Figure 4 - Perturbation analysis of different feedbacks in the liver-intestine module. Removal of the HBS
negative feedback increases the IBS concentration, thus increasing the flux of cholesterol absorption to
the liver. This increases the total plasma cholesterol as well. Removal of the IBS positive feedback
reduces the flux of cholesterol absorption responsible for its accumulation in the liver, which leads to a
reduction in the hepatic and plasma cholesterol levels. Solid line with squares represents the normal
phenotypic response, dashed line with circles represents absence of FB1, and dashed-dotted line with
triangles represents absence of FB2 (as in Fig.1).

The steady state values are represented as the mean with a standard deviation of 1000
realizations through random multi-parametric perturbations. Under normal physiological levels,
a three-fold increase in the dietary cholesterol (relative to about 304 mg/day) raises the plasma
cholesterol to about 6 mM indicating the advent of hypercholesterolemia. This is accompanied
by an increase in the intestinal cholesterol levels. However the bile salt levels do not increase on
increasing the dietary cholesterol levels. Further, as expected the Hepatic flux ratio increases by
about 15% in the range studied. Parametric perturbation resulted in a negligible change in the

standard deviations indicating a robust behavior under physiological conditions.

On contrary,removal of the negative feedback on the synthesis of hepatic bile salts (FB1)leads to
an increase in the plasma cholesterol levels, even for normal dietary cholesterol levels of 304
mg/day indicating hypercholesterolemia. In such an instance, reduction in the dietary cholesterol
levels can help to maintain healthy plasma cholesterol levels.The perturbation is accompanied by
a lower intestinal cholesterol due to higher flux towards hepatic cholesterol and hence, towards
blood (See Fig. 4(B) and Fig. 4(D)). The removal of the negative feedback results in a loss of

robustness indicated by higher standard deviation around the mean when parametric
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perturbations are performed. This indicates that the negative feedback (FB1) is essential for a

robust performance by the network.

Next, we analyzed the role of the positive feedback by intestinal bile salts on intestinal
cholesterol absorption (FB2). Interestingly, on removing the FB2, the total cholesterol levels
decrease even at higher dietary cholesterol levels with a maximum concentration of the blood
cholesterol of 5.4 mM even when the dietary levels are 3 times that of the normal. This indicates
that removal of the positive feedback essentially maintains the blood cholesterol levels
independent of the dietary cholesterol levels in the range studied. This is also accompanied by a
lower intestinal bile salts and the input/output flux ratio of hepatic cholesterol pool. The lower
flux towards hepatic cholesterol due to absence of the feedback ensures higher cholesterol
concentration in the intestine. The standard deviation due to parametric perturbation was the
same as that for the normal physiological condition indicating that the feedback does not play a
role in the robustness of the system. Therefore, the presence of the negative feedback (FB1)

essentially controls the perturbation effects in the parameters.

Effect of multiplefeedbackson homeostasis

The previous results indicate that while negative feedback is essential for maintaining normal
plasma cholesterol levels, the absence of positive feedback maintains lower cholesterol levels.
Since the individual knockout demonstrates a contrast in the module’s response, we explore the
effect of simultaneous knockout of both the feedbacks (FB1 and FB2). On simultaneous removal
of the feedback, the steady state levels for the plasma and intestinal cholesterol are lower than
that observed for normal physiological conditions (See Fig.5). This indicates that the positive
feedback dominates over the negative feedback. Although, in such a situation, the plasma
cholesterol is low, the intestinal bile salts are higher than in the normal physiological conditions.
Further, the absence of the negative feedback increases the standard deviation in the intestinal
bile salt levels. Thus, the presence of the two feedbacks is essential for maintaining robust

homeostasis of both plasma cholesterol and intestinal bile salt levels.
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Figure 5 - Simultaneous removal of HBS and IBS feedbacks. Removal of the HBS negative feedback
leads to cholesterol increase due to an uninhibited rise of IBS concentrations. The effect of high levels of
IBS on cholesterol absorption flux can be countered by removing the positive feedback of IBS on this
process. This brings back cholesterol levels to healthy limits.Solid line with squares represents the normal
phenotypic response and dashed line with circles represents the simultaneous removal of FB1 and FB2 (as
in Fig.1).

Perturbation in the bile excretion

In order to evaluate the significance of the functioning of these two feedbacks we lowered the
bile salt excretion flux by reducing the parameter k4 (See the model equation in supplementary
info). In such a scenario, the steady state plasma cholesterol is very high indicating
hypercholesterolemia (See Fig.6(A)) However, the intestinal cholesterol levels marginally
decrease, due to an increased flux towards hepatic cholesterol (See Fig.6(D)). On removing the
two feedbacks along with the faulty bile excretion, the total plasma cholesterol levels are
invariant to dietary cholesterol levels. Although healthy physiological levels are observed for the
cholesterols, the intestinal bile salts levels show a 16-fold increase tothe normal physiological
range. Thus, this loss of bile homeostasis indicates the significance of these two feedbacks.
Further, as observed before, the absence of the feedbacks increases the standard deviations

indicating a sensitive response to perturbations.
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Figure 6 - Feedback perturbations in the scenario of faulty bile excretion. The importance of the HBS and
IBS feedbacks is not apparent in figures (A), (B), (C), and (D) as far as cholesterol regulation is
concerned. However, in figure (C), it is quite significant that absence of the feedbacks leads to a
deregulation of bile homeostasis. Due to uninhibited synthesis of bile salts, an uncontrolled increase in
bile concentrations are observed (dash-dot line), in contrary to the case where feedbacks exist (dotted
line). A significant rise in standard deviation denotes a lack of robustness due to the removal of the
feedbacks (figure d — dash-dot curve).Solid line with squares represents the normal phenotypic response,
dashed line with circles represents a scenario of faulty bile excretion, and dashed-dotted line with
triangles represents absence of FB1 and FB2 in the scenario of faulty bile excretion (as in Fig.1).

Role of the feedback on cholesterol excretion

Next, we eliminate the feedback from the intestinal bile salts on the excretion of the cholesterol
from the intestine (FB3). It can be observed that the feedback does not significantly affect the
physiological response (See Fig.7). The removal of the feedback, however, increases the

variation in response to the parametric perturbations.
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Figure 7 - Absent IBS positive feedback on cholesterol excretion. The impact of removal of this feedback
is not significant and the cholesterol levels show little deviation from the normal values.Solid line with
squares represents the normal phenotypic response, and dashed line with circles represents removal of
FB3 (as in Fig.1).

Effect of Increased Bile Transport

These studies indicate that the positive regulation of intestinal bile salts over absorption (FB2)
plays a more significant role thanthat over the excretion (FB3). This motivated the idea for a
control strategy that involves reducing intestinal bile salt concentrations to reduce liver and
plasma cholesterol levels. The strategy is implemented by boosting the rate of bile salt transport

from intestine to liver, which depletes the intestinal bile salt concentration.

Figure 8 shows the steady state response, when the bile transport parameter from intestine to
liver is increased by 1.5-fold. This results in reduced blood cholesterol levels. The reduced
intestinal bile concentration causes a decrease in the intestinal cholesterol absorption, as seen in
the hepatic flux ratio (See Fig.8(D)). As this is an outflow for intestinal cholesterol pool, the

intestinal cholesterol levels go up. The decrease in absorption can be directly correlated to a
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decreased flux towards blood. Thus, the above strategy of lowering the intestinal bile transport is

a possible mechanism to regulate plasma cholesterol levels.
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Figure 8 - Effect of Increased Bile Transport on Cholesterol Homeostasis. The increased bile transport
reduces intestinal bile salts thus reducing the excretion and absorption fluxes. Since absorption is affected
more significantly, cholesterol returning to the liver is reduced, thus resulting in healthier plasma
cholesterol values. The reduction in flux values leads to an accumulation of cholesterol in the intestine
depicted in figure (B). Solid line with squares represents the normal phenotypic response, and dashed line
with circles represents the scenario with increased bile transport.

To test the efficacy of such a control strategy, a scenario of familial hypercholesterolemia (FH)
was induced in the model. FH is a genetically acquired disease in which patients suffer from high
cholesterol levels due to faulty Low-Density Lipoprotein (LDL) receptor metabolism. This
causes a buildup of cholesterol levels in the blood which is linked to a high risk of coronary heart
disease’. In the model, FH was induced by reducing the rate of hepatic LDL receptor synthesis
(knss) to 0.8-fold the original value. In this case, the plasma cholesterol levels increased to 6.25
mM from 5.5mM under normal dietary cholesterol levels indicating FH. Under FH, if the
intestinal bile transport is lowered, the plasma cholesterol levels reduce back to healthy limits

(See Fig.9(A)). As seen before, the intestinal cholesterol levels increase from 3.9 mM to 6.9 mM
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(See Fig.9(B)). Thus, the healthy physiological homeostasis is regulated through the intestinal

bile transport in coordination with the feedbacks.
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Figure 9 - Significance of Increased Bile Transport as a therapeutic method. The method of Increased Bile
Transport to bring down cholesterol levels is implemented in the scenario of familial
hypercholesterolemia. This method helps control cholesterol levels bringing them down to healthy limits.
Solid line with squares represents the normal phenotypic response, dashed line with circles
representsFamilial Hypercholesterolemia, and dashed-dotted line with triangles represents increased bile
transport in a scenario of Familial Hypercholesterolemia.

Effect of parameter sensitivity

The positive feedback by intestinal bile salts on the hepatic cholesterol absorption is represented
by a Hill equation with a Hill coefficient of n=2.5. The role of sensitivity was studied by making
the feedback less sensitive by assuming the Hill coefficient value to be sub-sensitive (with
n=0.7). Figure 10 (A) plots the reaction rates of the hepatic cholesterol absorption rate for the
two Hill coefficients values (dash line for n=0.7 and solid line for n=2.5) and the cholesterol
excretion rate (dash-dot line) at various intestinal bile salt conditions. It can be noted that for a
sensitive positive feedback response, the excretion is higher than the Hepatic cholesterol

absorption rate at low concentrations of IBS. This results in lower plasma cholesterol (See phase-
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plane plot in Fig.10(B)). If the sensitivity is lowered (i.e. n=0.7), under similar situation, the
response shifts to a higher plasma cholesterol level due to higher absorption rate over the
excretion rate (See Fig.10(B)). A complete reversal in the response is observed at higher IBS
concentrations (See Fig.10(C)). The results demonstrate the role of IBS concentrations and

sensitivity of the positive feedback regulation on the steady state plasma cholesterol levels.
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Figure 10 - Flip Response due to varying sensitivity in the intestinal cholesterol absorption. Sold line
represents cholesterol absorption with n=2.5, dashed line represents absorption with n=0.7, and dashed-
dotted line represents the reaction rate of cholesterol absorption.

Discussions

Apart from targeting some key enzymes of the biosynthesis pathway'®*’ (statins), not much has
been proposed as an alternative measure to control cholesterol metabolism. Moreover, the statin
therapy does not account for the actual causes of cholesterol increase, rather focusing on just the
biosynthesis pathway.Thus, there exists a potential in elucidating different therapeutic
mechanisms that can maintain cholesterol levels in the normal range by targeting the source of
hypercholesterolemia. In our study, a control systems approach to understand the cholesterol

metabolism was applied on a mechanism-based kinetic model based on the information available

3844

from models in literature™ . This system engineering approach deals with interactions between
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several modules in the network and the effect of each module on the overall performance of the
network. In our study we simulated the integrated model to obtain insights on the role of the
major feedback mechanisms in the entero-hepatic cholesterol and bile metabolism. We also
ascertain the effect of perturbation in the bile transport mechanism as a potential control point in
cholesterol homeostasis. The major insights of the feedback perturbations in the model are

discussed below.
Role of individual feedbacks on cholesterol homeostasis

In this study we have analyzed the importance of various feedback regulations in the entero-
hepatic bile transport module on the overall cholesterol homeostasis. Identifying the mechanisms
responsible for elevated cholesterol consequently allows us to suggest therapeutic strategies to
bring cholesterol levels back to the healthy range.The knockout of the negative feedback on
hepatic bile salts enhanced the effect of the positive feedback thereby increasing the plasma
cholesterol levels. It has been reported that hypercholesterolemia is observed in patients

346 that is responsible for employing the negative

suffering from the defects in the FXR gene
feedback mechanism®**. Further the analysis also highlighted the significance of the feedback
mechanisms to maintain robustness in the system by demonstrating higher standard deviation to
the parametric perturbations on removing the feedback. The knockout of the feedback of
intestinal bile salts reduced the absorption flux for the intestine thereby reducing the cholesterol
levels both in liver and plasma. However, the knockout of the positive feedback on excretion of

the intestinal cholesterol was not significant relative to the feedback on the absorption process.
Role of multiple feedbacks on cholesterol homeostasis

The simultaneous knockout of positive feedback of IBS and negative feedback of HBS
demonstrated no significant difference in plasma cholesterol as compared to the normal. The
cholesterol absorption into the liver is positively regulated by the intestinal bile salts. When the
bile salts increase uncontrollably due to the absence of the HBS negative feedback, the flux to
the liver increased causing an increase in the cholesterol levels. Hence, removal of the positive
regulation of IBS on cholesterol absorption can help counter the pro-atherogenic effects of
removing the negative regulation on bile synthesis. Therefore, the negative regulation of HBS
and positive regulation of IBS exhibit a balance in action i.e. there is a need for both to exist
together, and if one is perturbed, the other needs to be perturbed as well so as to maintain

homeostasis. Thus, the intestinal cholesterol absorption plays a crucial role in determining the
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cholesterol levels in the body at steady state. As more refined therapeutic strategies are
investigated to control cholesterol, drugs can be designed to target this particular process and
direct the net flux of cholesterol transport either towards the liver or excretion, effectively

controlling the increase or decrease of cholesterol.
Role ofbile excretion

Since the collective removal of positive and negative feedbacks does not demonstrate any
significant change in cholesterol levels, a pertinent question arises regarding the roles of the two
feedbacks to regulate the cholesterol homeostasis. To explore this, a perturbation in the bile
excretion was simulated. The simulations demonstrated an increase in cholesterol levels due to
an increase in the bile salt concentrations, (See Fig. 6). In the perturbed bile excretion case,
removal of the two feedbacks restores the plasma cholesterol levels. Essentially, the knockout of
both the feedbacks results in a decoupling of the cholesterol and bile pathways in the liver-
intestine module, which eliminates the regulatory effect of bile on cholesterol levels. However,
the removal of these feedbacks causes an increase in the bile salt levels. Moreover, the increased
standard deviations in bile levels indicate a loss of robustness in the bile homeostasis. Thus, the
joint action of positive feedback of IBS and negative feedback of HBS ensure a control on the

bile salt concentrations in the body and hence, are necessary for bile homeostasis.
Effect of Increased Bile Transport

The difference in regulatory strengths of IBS on absorption and excretion processes motivated
the idea of a control strategy in which cholesterol levels can be controlled by altering the
concentration of intestinal bile salts. This was implemented by increasing the rate of bile
transport from intestine to liver, thereby reducing the IBS concentration. As shown in Figure 8§,
this results in a lower Input-Output Hepatic flux ratio, leading to a reduction of cholesterol pool
in the liver, and a subsequent reduction in plasma cholesterol. Similar effects can be obtained by
decreasing the liver to intestine bile transport. Due to reduced rates of absorption and excretion,
the net outflow of cholesterol from the intestine is decreased, resulting in an accumulation of
intestinal cholesterol. However, the accumulation is not that significant and can be mitigated by
increasing the dietary fiber content which increases the excretion of intestinal cholesterol. To test
the efficacy of this strategy, the increase in bile transport was implemented in a case of Familial
Hypercholesterolemia. In a hypercholesterolemia case due to genetic defects, the bile transport

perturbation resulted in restoration of normalcy in cholesterol levels, (See Fig. 9). This suggests
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that increased bile transport from intestine to liver can be used as a control strategy to alleviate

hypercholesterolemia.

A review article by Charach et al.*’ raises the point that improper excretion could possibly lead
to a cholesterol build up thus causing coronary diseases associated with it. In fact, a popularly
suggested cure for lowering cholesterol involves including flaxseed in the patient’s diet. This
seed has a high dietary fiber content which binds to the cholesterol in the intestine preventing its
absorption and directing it to the excretion system. Other remedies like Chinese green tea and
dietary plant proteins too lower the cholesterol content by increasing its excretion. Similar to a
purge performed in a chemical plant to balance a build-up in the concentration of certain
compounds, metabolic processes in a healthy human too work towards balancing a cholesterol

build-up by purging.
Effect of feedback sensitivity

The Increased Bile transport trends displayed a dependence on the sensitivity of positive
feedback on the intestinal cholesterol absorption. The intestinal cholesterol pool is maintained by
three major fluxes - cholesterol excretion, absorption into the liver (outflows) and biliary
cholesterol release from the liver (inflow). The balance of the intestinal cholesterol pool is
governed mainly by the nature of kinetics of cholesterol excretion and cholesterol absorption.
Here in the model, the excretion process is represented by mass action kinetics whereas the
positive regulation of bile salts on the absorption process is represented by a Hill function. So as
to assess the importance of the sensitivity of the positive regulation, we varied the Hill function
from sub-sensitive to sensitive and observed the variation in plasma cholesterol. Interestingly, it
was noted that there was a flip in the response in cholesterol levels the Hill function was varied
from sensitive and sub-sensitive regulation (See Fig. 10(B)). In the sub-sensitive case, increasing
the bile transport showed an increase in the plasma cholesterol, contrary to that observed for the
sensitive case, where a substantial decrease was noted. This was essentially due to the relatively
higher rate in the case of sub-sensitive regulation of absorption, which is higher to that of
excretion flux that follows mass action kinetics. However, in the sensitive case, the mass action
kinetics of the excretion process would dominate over the sensitively-regulated cholesterol
absorption in the range of intestinal bile salts less than its own half saturation constant for the
positive regulation (i.e. its Km value). Therefore, the differences in the kinetic nature of the

absorption and excretion rates of intestinal cholesterol and its regulation by IBS can be exploited
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to obtain the desired levels of cholesterol. It is expected that in a large population with different
lifestyles, the parameter space for a flux (K, ,) may vary in a certain range. Hence, difference in

kinetics of these fluxes can lead to different response in a population.
Summary

The overall rigorous analysis of the hepato-intestinal bile transport systems demonstrates a
significant diversity in the way it can regulate the plasma cholesterol levels. In case of feedback
studies, the negative feedback on bile synthesis tightly controls the bile salts to ensure that liver
cholesterol does not accumulate upon itself. The positive feedback on the intestinal cholesterol
absorption maintains a balance between the amount of cholesterol leaving the system and that
returning to the liver and perturbing this balance can shift the system in either direction. The
positive and the negative feedbacks display a tender balance in their role, since disturbing one
requires disturbing the other as well for a subsequent entry into healthy limits.The combined
absence of both, while aiding the control of cholesterol homeostasis, is detrimental to bile salt
homeostasis giving us an indication of their action. The therapeutic use of modifying the bile
transport between liver and intestine can be seen in the resultant reduction in plasma cholesterol
levels. This method was shown to be extremely efficient in controlling Familial
Hypercholesterolemia. The balance of the fluxes in the intestinal cholesterol transport plays an
even greater importance in such a perturbation, since the sensitivity of the positive feedback
determines the homeostatic state of the system. The current study highlights the significance of
the feedbacks and the excretion rates in the cholesterol homeostasis. The parameters space
influencing these mechanisms would play a significant role in maintaining the homeostatic state.
Perturbations in the parametric space may thus shift the homeostatic behavior. The heterogeneity
in the parametric space in human population may indicate the susceptibility or the robustness of
an individual towards hypercholesterolemia. The study indicates that regulating these

mechanisms may be possible therapeutic targets.
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