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Abstract Increased plasma cholesterol concentration is as-
sociated with increased risk of cardiovascular disease. This
study describes the development, validation, and analysis of
a physiologically based kinetic (PBK) model for the predic-
tion of plasma cholesterol concentrations in humans. This
model was directly adapted from a PBK model for mice by
incorporation of the reaction catalyzed by cholesterol ester
transfer protein and contained 21 biochemical reactions
and eight different cholesterol pools. The model was cali-
brated using published data for humans and validated by
comparing model predictions on plasma cholesterol levels
of subjects with 10 different genetic mutations (including
familial hypercholesterolemia and Smith-Lemli-Opitz syn-
drome) with experimental data. Average model predictions
on total cholesterol were accurate within 36% of the experi-
mental data, which was within the experimental margin.
Sensitivity analysis of the model indicated that the HDL cho-
lesterol (HDL-C) concentration was mainly dependent on
hepatic transport of cholesterol to HDL, cholesterol ester
transfer from HDL to non-HDL, and hepatic uptake of cho-
lesterol from non-HDL-CHE Thus, the presented PBK
model is a valid tool to predict the effect of genetic muta-
tions on cholesterol concentrations, opening the way for fu-
ture studies on the effect of different drugs on cholesterol
levels in various subpopulations in silico.—van de Pas, N. C.
A., R. A. Woutersen, B. van Ommen, 1. M. C. M. Rietjens,
and A. A. de Graaf. A physiologically based in silico kinetic
model predicting plasma cholesterol concentrations in hu-
mans. J. Lipid Res. 2012. 53: 2734-2746.

Supplementary key words plasma cholesterol ® PBK modeling * mu-
tations © LDL cholesterol ® HDL cholesterol

In silico modeling has proven to be a useful tool in biol-
ogy because it allows the study of interspecies variation and
regulation of homeostasis and allows the integration of in-
formation from various sources (1-3). There are several
modeling efforts on cholesterol (4-7), an important bio-
marker for the risk for cardiovascular events (8-10). Most of
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these cholesterol modeling studies present models that fo-
cus on LDL cholesterol (LDL-C) metabolism in plasma
(4~6) or on cellular cholesterol metabolism (7). These mod-
els do not represent all relevant components of whole body
cholesterol homeostasis because they lack reactions such as
cholesterol absorption and biosynthesis in organs, which
are the reactions targeted by important cholesterol-lowering
drugs, such as statins. This implies that the models cannot
fully explain how relevant plasma cholesterol-associated bio-
markers are influenced by these drug interventions.

We have, therefore, developed an in silico physiologi-
cally based kinetic (PBK) model for plasma cholesterol in
the mouse that includes all relevant reactions and that cor-
rectly predicts the plasma cholesterol levels of a large vari-
ety of mouse strains with gene knockouts related to
cholesterol metabolism (11). The model, of which the
structure is given in Fig. 1, is able to predict HDL choles-
terol (HDL-C), non-HDL cholesterol (non-HDL-C), and
total plasma cholesterol (TC) concentrations (12) as well
as the intra-organ pools representing hepatic free choles-
terol (Liv-FC), peripheral cholesterol (Per-C), intestinal
cholesterol ester (Int-CE), hepatic cholesterol ester (Liv-CE),
and intestinal free cholesterol (Int-FC) in the mouse. A
similar model for humans will be of considerable value in
predicting effects of drugs and genetic variations on plasma
cholesterol concentrations. Therefore, the aim of this
work is to adapt our model to a human version.

Turnover of cholesterol in humans is quantitatively and
qualitatively different from that in mice (13). Qualitative
difference resides mainly in the protein cholesteryl ester

Abbreviations: G, cholesterol (sum of FC and CE); CE, cholesterol
ester; CETP, cholesterol ester transfer protein; FC, free cholesterol;
FH, familial hypercholesterolemia; GWAS, genome-wide association
study; PBK, physiologically based kinetic; SC, sensitivity coefficient;
SLOS, Smith-Lemli-Opitz syndrome; TC, total plasma cholesterol (sum
of HDL-C and non-HDL-C).
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Fig. 1. Conceptual model for pathways determining cholesterol
plasma levels used as a basis to set up the in silico model of the pres-
ent study. Process numbers stand for: 1, hepatic cholesterol synthe-
sis; 2, peripheral cholesterol synthesis; 3, intestinal cholesterol
synthesis; 4, dietary cholesterol intake; 5, hepatic uptake of choles-
terol from LDL; 6, VLDL-C secretion; 7, peripheral uptake of cho-
lesterol from LDL; 8, peripheral cholesterol transport to HDL; 9,
HDl-associated cholesterol esterification; 10, hepatic HDL-CE
uptake; 11, intestinal chylomicron cholesterol secretion; 12, pe-
ripheral cholesterol loss; 13, hepatic HDL-FC uptake; 14, biliary
cholesterol excretion; 15, fecal cholesterol excretion; 16, intestinal
cholesterol transport to HDL; 17, hepatic cholesterol transport to
HDL; 18, hepatic cholesterol catabolism; 19, hepatic cholesterol
esterification; 20, intestinal cholesterol esterification; and 21, CE
transfer from HDL to LDL. Based on Ref. 11.

transfer protein (CETP), which is present in humans and
other primates but absent in mice and other rodents (14).
CETP transfers cholesterol ester (CE) from HDL to LDL,
thereby greatly influencing the distribution of cholesterol
over the different plasma fractions (HDL-C and non-HDL-C).
The importance of the CETP gene is illustrated by the obser-
vation that a specific mutation in this gene causes a 10% in-
crease in HDL-C levels (15). The pharmaceutical industry
has recognized the importance of this gene, resulting in
the development of CETP modulators that aim to increase
the concentrations of HDL-C (16-18).

Apart from this qualitative difference, there are many
quantitative differences between mouse and human with
respect to parameters that influence cholesterol turnover,
such as dietary intake, transport and synthesis rates of cho-
lesterol, and organ sizes (13, 19). Some of these differ-
ences persist even after correcting for differences in body
mass. For example, according to Dietschy and Turley (13),
the amount of cholesterol absorbed from the diet per kilo-
gram of body mass is 30 mg cholesterol/kg body mass/day
in the mouse, compared with only 5 mg cholesterol/kg
body mass/day for human. Consequently, translationally
modifying the available mouse model for human subjects
is not straightforward. This study describes this translation,
as well as a validation of the resulting model, by simulating
human mutations and comparing the model predictions
on HDL-C and non-HDL-C in plasma concentrations with
experimental data reported in literature.

MATERIALS AND METHODS

The development of the in silico model was subdivided into
the following steps: development of a conceptual model (model

structure), mathematical formulation of the model, model cali-
bration, and model validation. After development, a sensitivity
analysis was performed to obtain more insight into the factors
that determine plasma cholesterol concentrations.

Conceptual model development

The conceptual model for the human PBK model was modi-
fied from the conceptual model for the mouse (11). Briefly, the
mouse model was constructed as follows: relevant knockout
mouse models were screened for altered plasma cholesterol lev-
els compared with the levels in the wild-type mouse. If the altera-
tion was more than 2-fold (up or down) compared with the
wild-type, the corresponding gene was marked as a key gene.
Based on the function of a subset of 12 of these key genes that
code for metabolic enzymes producing or consuming choles-
terol and transport proteins transporting cholesterol, metabolic
and transport reactions were included in the mouse conceptual
model (11). The conceptual model for the human was devel-
oped from the mouse model by adding human-specific features
(see Results). In view of the sparsity of data available to calibrate
and validate the model, the number of pools and fluxes in the
model was kept to a minimum to avoid overparametrization. As
a consequence, FC and CE pools were not distinguished in
plasma non-HDL and in the periphery. Also, in the intestine, lu-
minal and enterocytic pools were not distinguished (i.e., the ag-
gregate pools were used).

Mathematical model formulation

As the second step in the model development, the conceptual
model was converted to mathematical equations. Similar to the
mouse model, the human model was formulated as a set of dif-
ferential equations, each describing the time behavior of one of
the cholesterol pools in the conceptual model as a function of
the reaction rates.

Equations were slightly altered compared with the mouse
model: for the human model, reaction rates were expressed as
mmol/man/day, where “man” refers to a standard human, lead-
ing to more simple equations (12). For practical reasons, reac-
tion rates (expressed by v;) were numbered according to the
numbering in Fig. 1. All symbols of variables and parameters that
were used to define the model are given in Table 1. The differen-
tial equations, one for each cholesterol pool in the model, are
given in Table 2 (Eq. 1-8). Eq. 1, for example, can be interpreted
as follows: the change in tme of the concentration of hepatic
free cholesterol is determined by the balance of the rates of the
reactions producing (vy, Vs, V19, V13) and consuming (vy4, vy, Viss
vyg) hepatic free cholesterol.

In a kinetic model, the reaction rates are calculated using ki-
netic equations that express the reaction rate as a function of
concentrations and kinetic parameters. Most reactions in our
model represent a set of lumped enzymatic and/or transport
reactions. Often, such a composite reaction can be conveniently
represented by a kinetic equation that contains apparent rate
constants and apparent Ky values. A general solution is to use
Michaelis-Menten kinetics as a prototype kinetic expression for
biological reactions. In the present approach, to keep the num-
ber of parameters as limited as possible, it was assumed that the
reactions operate in the linear part of a Michaelis-Menten ki-
netic curve (substrate concentration much lower than the ap-
parent Ky) or in the saturated part (substrate concentration
much higher than the apparent Ky). At low substrate concen-
trations, MichaelisMenten kinetics effectively reduce to first-
order kinetics (Eq. 9; Table 2). At high substrate concentrations,
Michaelis-Menten kinetics reduce to zero-order kinetics (i.e.,
the reaction becomes independent of the substrate concentra-
tion) (Eq. 10; Table 2).
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TABLE 1. List of symbols and parameters used

Symbol Description Unit
V. volume of compartment i with i = Liv, Pla, Per, and Int for liver, plasma, periphery, and intestine L/man
i
v reaction rate of reaction i mmol/(man-day)
i
v steady state reaction rate of reaction i mmol/(man-day)
i
[ C] tissue or plasma concentration of pool i, with i = Liv-FC, HDL-FC, HDL-CE, non-HDL-C, Per-C, Int-FC, Liv- mmol/l
i CE, and Int-CE for liver free cholesterol, HDL free cholesterol, HDL cholesterol ester, non-HDL
cholesterol, peripheral cholesterol, intestinal free cholesterol, liver cholesterol ester, and intestinal
cholesterol ester
[ C]:s steady-state concentration of pool i mrmol/l
i
k® zero-order rate constant of reaction i mmol/(liter-day)
i
k / first-order rate constant of reaction i liter/day
i
kS second-order rate constant of reaction i liter/(mmol-day)
i
kmm, ¥i j"-order rate constant of reaction i in a human carrying a mutation that affects reaction i
i
k*,k k"-order reaction rate constant of reaction i that has been altered compared with the normal values
i .
[ C]*,ss steady-state concentration of pool 1, in case the reaction rate constant of reaction i that has been altered mmol/l
i compared with the normal values
{ time day
f rate constant modification factor [
mut

Reaction 21, catalyzed by CETP, was assumed to have kinetics
different from the other reactions. CETP transfers CE from HDL
to LDL and requires the binding of both a donor (HDL) and ac-
ceptor particle (non-HDL) to exchange cholesterol (20,21).
Therefore, the rate of this reaction was dependent on HDL-CE
and non-HDL-CE. It was assumed that the reaction rate was linear
with respect to both concentrations as given by Eq. 11 (Table 2).

The kinetic formats of reactions 1-20 were obtained from the
previously defined mouse model. Instead of developing one opti-
mal model, the mouse model consists of a set (ensemble) of eight
submodels, each having a different combination of first- and ze-
ro-order kinetics for the various reactions. The model prediction
is calculated as the average of the predictions of the submodels.
These eight submodels have been selected from a larger set of
65,536 alternative submodels. Each of the suitable submodels has
been selected on the basis of a correct prediction of a higher or
lower plasma cholesterol level of five knockout mouse strains
compared with the wild-type controls (12). For the human situa-
tion, not enough data were available to apply an identical selec-
tion procedure. Therefore, it was decided to use the kinetic
formats of the reactions 1-20 in the eight submodels for the
mouse also for the corresponding reactions in the human model.
Thus, the eight mouse submodels were converted to eight hu-
man submodels, retaining the kinetic orders of reactions 1-20
and adding reaction 21. As in the mouse model, the human
model prediction was defined as the average of the predictions of
the resulting eight submodels. The predicted TC concentration
was calculated as the sum of all three types of plasma cholesterol
(non-HDL-C, HDL free cholesterol [HDL-FC], and HDL-CE),
whereas the predicted HDL-C concentration was calculated as
the sum of HDL-FC and HDL-CE.

Model calibration

The model was calibrated by assigning values to the kinetic
parameters ( k/, k{, and k). The values of the parameters were
calculated from steady-state concentrations of cholesterol pools
and reaction rates of the reactions obtained from literature.
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Literature data on reaction rates and pool sizes were taken from
a wide range of experiments including cannulations, dietary sur-
veys, and in vitro tests, as explained in detail below. Regarding
reaction rates, we concentrated on data from experiments that
had directly assessed rates that were attributable to a specific re-
action in our model.

As usual in PBK modeling (3, 19), the model was developed
for a standard human, for which we chose the 70 kg “reference
man” as defined by the International Commission on Radiation
Protection (19). Thus, data on 70 kg adult male subjects were
taken as much as possible. In case the data were obtained from
subjects with different body masses, reaction rates were normal-
ized per unit of organ volume and multiplied by the organ mass
of the reference man to obtain the reaction rate for the stan-
dard human.

If a specific submodel a rate was calculated for a firstorder reac-
tion, the corresponding rate constant was calculated using the pool
sizes and steady-state reaction rates according to Eq. 12 (Table 2). In
the case of a zero-order reaction, the corresponding rate constant
was calculated according to Eq. 13 (Table 2). To calculate the rate
constant of reaction 21, Eq. 14 was used (Table 2).

Model validation

To validate the model, the model was used to predict the
plasma cholesterol concentrations of humans carrying genetic
mutations, and these predictions were compared with experi-
mental data obtained from literature. A genetic mutation was
simulated by a model run with a case-specific set of parameters
different from the normal situation, as follows. The rate constants
for the reactions primarily affected by the given mutation were
multiplied with a specific parameter (f,,,), according to Eq. 15,
16, or 17 (Table 2). This multiplication reflects the impact of the
mutation on the reaction rate constant (i.e., fold reduction or
increase). All other parameters were assumed to be unaffected by
the given mutation. The values for f,, for each individual muta-
tion were defined based on literature data as described in the
Results section.
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TABLE 2. Equations used in model development (Eq. 1-11), model calibration (Eq. 12-14), for simulation of
q p (Eq ) (Eq )
the effect of human mutations (Eq. 15-17), and sensitivity analysis (Eq. 18)
Differential Equations
Eq. 1
d(V,,-[Clrc) ¢
Liv—-FC J __ + + + _ _ _ _
EV VstV TV TV TV TV T Vi
dt
Eq.2
d ( Vea® [C]HDL-FC )
=Vt Vg TV — Ve Vs
dat
) Eq.3
d ( Veia® [C]HDL-—CE )
TV T Vg T Vy
dt
Eq. 4
d<VP1a '[C]non HDL—C) T Ve = v
Ve TV T Vs T Yy 21
I dt
Eq.5
d (VP er Per—C )
VotV =V
dt
Eq. 6
WlClore)
FVy TV TV Vye Vg Vs
dt
Eq.7
= d (VLiv le—CE )
& =V
o dt
=<
LLk v Eq. 8
1923 Int © 1,,, CE
&= d GG
1
te equations
o Rate cqut
& . Eq.9
= v, =k -V (zero-order kinetics) 4
LL. Eq. 10
S v, = k’f V- [C ] (first-order kinetics) 4
] s Eq. 11
=k . . . order Kineti q.
% Vy = kZl [C ] HDL-CE [C ]mm HDI-C V (second-order kinetics)
[l Model calibration
=
Eq. 12
Q klz = V;.m IV (zero-order kinetics) 4

5§ Eg. 13

v,
k’f = -—;s—— (first-order kinetics)
[C] -V
. s Eq. 14
K = Vo -
4 2 (second-order kinetics)
té. [C]HDL CE [C]nonHDL C 4
Mutation simulation
Eq. 15
k.m M fmw klz (zero-order kinetics) 4
Eq. 16
km“l'f = f it k,f (first-order kinetics) 4
Eq. 17
2";"1’3 = f mut k;l (second-order kinetics) 4
Sensitivity analysis
*,55 55 k Eq. 18
oo ek
g {C]ss klc ___k“‘,k
j i i
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Model predictions were derived as follows: the differential equa-
tions (Eq. 1-8) were solved by numerical integration with the
normal concentrations as initial values. Integration was performed
using routine odelSs as implemented in MATLAB version 7.5

(R2007b) with the appropriate parameter value(s) for each subject
(normal or mutant). The simulation was performed until steady
state of all cholesterol pools in the model was achieved. Model pre-
dictions were defined as these steady-state concentrations.

A PBK model predicting plasma cholesterol concentrations 2737
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Sensitivity analysis

To identify which reactions had a large influence on the eight
predicted cholesterol pools in the model, a sensitivity analysis was
performed. Percent changes in reaction rates were related to per-
cent changes in tissue and plasma cholesterol pools. One by one,
each kinetic constant was increased by 1% (leaving all other ki-
netic constants unchanged), and the model was used to predict
the effect of this increase on all eight cholesterol pools that fig-
ured in the model. This analysis includes the response of all reac-
tions in the model to the change in this kinetic constant. The
effect of the increase in parameter of rate i on pool j was ex-
pressed in a sensitivity coefficient (SC) as defined in Eq. 18. The
SC of the model was defined as the average of the SCs calculated
with the eight submodels.

RESULTS

Conceptual model development

Fig. 1 presents the conceptual model for human
plasma cholesterol levels. The model contains eight pools
and 21 reactions, such as hepatic cholesterol synthesis
(reaction 1), biliary cholesterol excretion (reaction 14),
fecal cholesterol excretion (reaction 15), and CETP
(reaction 21).

Model development and calibration

The human PBK model was formulated as differential
equations (Eq. 1-8; Table 2) and rate equations (Eq.
9-11; Table 2) based on the conceptual model given in
Fig. 1. The model was calibrated using compartmental
volumes, steadystate cholesterol concentrations, and
rates of cholesterol-involving reactions derived from lit-
erature. A detailed description of how data were derived,
transformed into the correct units, and scaled to the 70 kg
“reference man” as defined by the International Commis-
sion on Radiation Protection (19) can be found in the
supplementary material. Concerning plasma cholesterol,
the total plasma cholesterol concentrations were 5.25 mM
for TC and 1.19 mM for HDL-C as was obtained from an
inventory of data from 8809 US adults (22). Plasma cho-
lesterol not present in the HDL-C pool (4.03 mM) was
considered to be present in the non-HDL-C pool. The
total HDL-C concentration (HDL-C, 1.19 mM) consists of
HDL-FC and HDL-CE. The HDL-FC:HDL-CE ratio was
1:3 as obtained from Groener et al. (23). This ratio was
applied to the HDL-C data above to obtain the HDL-FC
and HDL-CE concentration, resulting in 0.30 mM for
HDL-FC and 0.89 mM for HDL-CE. No distinction was
made between non-HDIL-free cholesterol and non-HDL-
cholesterol ester (i.e., only the total [non-HDL-C] was
considered).

A summary of the results is presented in Table 3. Several
steady-state reaction rates were not directly obtained from
data but instead were calculated from the other reaction
rates using mass balances as indicated in Table 3 for v,
V¥, V7, V01019, V7, and Vg 99

The model predicted a steady state that matched all the
data in Table 3, which indicates that the data, taken from
various sources, were mutually consistent.

2738  Journal of Lipid Research Volume 53, 2012

Model validation

As a model validation, 10 genetic variations known to
affect cholesterol metabolism were simulated, and model
predictions for TC, HDL-C, and non-HDIL-C were com-
pared with experimental data. The 10 mutations included
mutations that cause familial hypercholesterolemia (FH),
fish eye disease, Smith-Lemli-Opitz syndrome (SLOS), and
other diseases. Details on all 10 mutations (numbered with
roman digits) are given in Table 4 and are explained be-
low. In the list of 10 mutations, two genes were included
twice (APOB and LCAT), both as homozygote and as
heterozygote variant.

Each mutation was simulated by multiplying the rate
constant of the reaction affected with a specific parameter
f. defined for that mutation (see Eq. 15-17; Table 2).
The parameter f,,, is generally defined as the ratio of the
value of a specific variable in carriers of the mutation to
the value of that specific variable in controls. The specific
affected variables for all mutations are given in Table 4. The
parameter f,,, for the simulation of a bile acid synthesis de-
fect in the gene CYP7Al (mutation X), for example, was
defined as the ratio of the bile acid contents of the stools
from carriers of the mutation to that in controls. The af
fected individuals had 5% of the amount of bile acids in
their stools compared with healthy controls (24). The value
of £, was, therefore, set to 0.05 (Table 4). Values of the
parameter £, range from 0.00 for the SLOS mutation and
the homozygote LCAT mutation to 0.65 for a variant of the
CETP gene, implying that the list contained mutations that
cause both mild and severe phenotypes.

Model predictions and experimental data are given in
Fig. 2 (for TC), Fig. 3 (HDL-C), and Fig. 4 (non-HDIL-C).
Apart from LCAT deficiency (mutation VIII; Table 4), the
model correctly predicted whether the TC, HDL-C, and
non-HDL-C concentrations were decreased, increased, or
relatively unchanged by the mutations. The average rela-
tive deviations between model predictions and experimen-
tal data were 36%, 49%, and 43% for TC, HDL-C, and
non-HDL-C, respectively. This is considered successful
within the present state-of-the-art of PBK modeling, where
quantitative predictions may generally be correct within
one order of magnitude (25-28). These model predic-
tions are generally within the experimental error margin
given the small patient groups sizes (generally n < 20).

Model analysis

An important step in modeling is model analysis, which
is the step in which novel biological insight can be ob-
tained. Model sensitivity analysis was performed to analyze
which cholesterol concentrations were most affected by
which biological reactions. Fig. 5 presents the sensitivity
coefficients (SC) (Eq. 18) that express the sensitivity of the
eight concentrations in the model toward changes in the ki-
netic parameters of each of the 21 reactions. A positive SC
indicates that an increase in the reaction rate constant re-
sulted in an increase of the predicted concentration. A neg-
ative SCindicates thatan increase in the reaction rate constant
resulted in a decrease of the predicted concentration. Some
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TABLE 3. Numerical values for the compartmental volumes, steady-state concentrations, and steady-state

reaction rates for a 70 kg reference man. The intestinal pools consist of both the cholesterol in lumen and
enterocyte. More details can be found in the text and in supplementary material

Organ Symbol Value Obtained from
Volumes (liters/man)
Liver Vie 1.80 Calculated assuming liver mass is 2.57% of total body mass and
] organ density is 1 kg/1 (19). ]
Intestine Vine 0.64 Calculated assuming intestinal mass is 0.91% of total body mass
and organ density is 1 kg/1 (19).
Plasma Vi 2.79 Calculated assuming plasma volume is 39.9 ml/kg body
mass (51).
Periphe Vper 64.8 Calculated by subtracting liver, intestinal and plasma mass from
phery Y g P
Stcad 5 ( . . the? 70 kg lo;al boc)iy mass and assuming density is 1 kg/L
teady-state concentrations (mmol per liter tissue or plasma;
Hepatic free cholesterol [C Livrc 8.00 Measured using needle liver biopsies (52).
HDL free cholesterol [ClupLrc 0.30 See text (22,23).
HDL cholesterol ester [Cl oL ce 0.89 See text (22,23).
Non-HDL cholesterol [CI% on HOLC 4.03 Sce text (22).
Peripheral cholesterol [CT perc 1.20 Measured in biopsies from large organs in sudden death
individuals (53).
Intestinal free cholesterol [C1nerc 1.99 Determined from biopsies from sudden death individuals.
P
(54). Ratio Int-FC:Int-CE was assumed to be equal to that
ratio in CaCO, cells (55).
Intestinal cholesterol ester [CT®mece 0.25 Determined from biopsies from sudden death individuals.
(54). Ratio Int-FC:Int-CE was assumed to be equal to that
ratio in CaCO, cells (55).
epatic cholesterol ester LivCE . easured using needle liver biopsies .
Hepatic chol 1 [C]*% 5.30 M d using needle liver biopsies (52)
Steady-state reaction rates (mmol/[man-day])
Hepatic cholesterol synthesis v, : Determined with ex vivo studies on liver biopsies (13,56,57).
1% yn P
- Peripheral cholesterol synthesis A7 3.79 Calculated from total body {determined from squalene
W] kinetics), hepatic, and intestinal cholesterol synthesis rates
(56).
3 Intestinal cholesterol synthesis Vs 0.18 Determined with ex vivo studies on intestinal biopsies (58).
i o<C yn P
H il Dietary cholesterol intake vy 1.09 Calculated using 7 day food recall (59).
% Hepatic uptake of cholesterol from \7s 11.42 Sum of the uptake rates of non-HDL-C (reactions 5 and
Eé non-HDL reaction 7) was calculated with the LDL-C balance: v5* +
Vo= = Vo™ + vg® +v,™. The ratio between hepatic (vs*) and
< Q extrahepatic uptake (v;*) in the human was assumed to be
i & identical to that ratio in the mouse (60).
— Hepatic VLDL-C secretion \7n 4.76 Calculated from stable isotope study (61) and lipoprotein
AT composition data (62).
i O Peripheral uptake of cholesterol from v, 1.31 See v;?
‘- non-HIDL
< Peripheral cholesterol transport vg® 2.48 Calculated with the peripheral cholesterol balance
¢ to HDL e =V + V5 =)
i Z HDL-associated cholesterol Vg 7.86 Determined with ex vivo test with endogenous substrates
| & ificati (63,64) ¥
: esterification : ,64).
8 Hepatic HDL-CE uptake Vg 2.93 Calculated with the HDL-CE balance (vip* = Vg™~ — Vo, ™).
1 ey Intestinal chylomicron-C vy 3.04 Calculated with the intestinal cholesterol ester balance
secretion (Vi =Veg).
Peripheral cholesterol loss Vig© 2.62 Calculated with the total body balance
H Vi =V Vgt v VT vy - vy
H Hepatic HDL-FC uptake Vis® 1.57 Calculated by assuming that the ratio between Vg and Vi3 is
i similar in human and mouse (12).
Biliary cholesterol excretion Vi 3.66 Measured using bile that was collected with a swallowed tube
(65).
Ué_ Fecal cholesterol excretion Vis 1.85 Measured by fecal collection and analysis (59).
Intestinal cholesterol transport Vi 0.03 Measured using in an in vitro assay with CaCo, cells (66)
to HDL
Hepatic cholesterol transport Vig© 6.91 Calculated with the hepatic free cholesterol balance
to HDL Vi =V v v VS — VT v — V).
Hepatic cholesterol catabolism Vig 1.03 Assumed to be equal to fecal loss of bile acids, measured by
fecal collection and analysis (59).
Hepatic cholesterol esterification Vig© 4.76 Calculated with the hepatic cholesterol ester balance
(V19" = V")
Intestinal cholesterol esterification Vog 3.04 Calculated with the intestinal free cholesterol balance
(Vor™ = V5" + V5 4 vy — vye” Vi),
CE transfer from HDL to non-HDL Vo, 493 Measured ex vivo with radiolabeled CE (non-HDL) (21).
concentrations responded to changes in many different rate cholesterol esterification (reaction 9), and hepatic choles-
P & y P
constants (e.g., hepaticfree cholesterol [Liv-FC]), whereas terol transport was only sensitive to HDL (reaction 17; Fig.
g hep port y g
other concentrations were sensitive to changes in only 2 5). Fig. 5 indicates that some reactions strongly influ-
few reactions. HDL-FC, for example, was only sensitive ~ enced many concentrations. The rate of hepatic uptake
SC < —0.25 or SC > 0.25) to changes in HDL-associated of cholesterol from non-HDL (reacton 5) influenced
g
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TABLE 4. Description of the 10 human mutations used for model validation. The table includes the name of the gene carrying the mutation,
the plasma cholesterol levels (TC, HDL-C, and non-HDL-C) of the subjects carrying the mutations (expressed as fold increase relative to the
control group), the number of the reaction(s) affected by specific mutations, the severity of the affection expressed as ., (Eq. 15-17), and the
name of the variable used to determine £,,,,. Reaction numbers correspond to numbers in Fig. 1.

HDL-C non-HDL-C

TC(Relative (Relative to  (Relativeto  Reaction
No. Gene to Control) Control) Control) Affected j F— Experimentally Measured Variable Used To Determine [, Ref.
I LDLR® 1.85 0.86 2.17 5,7 0.38 The fractional catabolic rate of APOB in LDL (61)
I APOB’ 1.36 0.85 1.52 57 0.31 The fractional catabolic rate of APOB in LDL (61)
131 APOB* 1.97 1.12 2.24 5,7 0.32 The fractional catabolic rate of APOB in LDL (61)
v ABCA1? 1.07 0.22 1.42 8,16,17 0.41 The cholesterol efflux rate to APOA1 (67)
v APOE* 2.80 NA NA 5,7 0.45 The residence time of the carrier or control form of (68)
APOE in a normal subject
A% CETH 1.01 1.10 0.98 21 0.65 The plasma level of CETP (15)
VII LCAT® 0.81 0.79 0.97 9 0.62 The in vitro determined activity of LCAT (46)
VII LCAT" 0.77 0.19 0.82 9 0 The in vitro determined activity of LCAT (46)
X DHCRT? 0.20 NA NA 1,2,3 0.00 The cholesterol synthesis activity in cultured fibroblasts ~ (69,70)
X CYP7AY 1.74 0.97 2.09 18 0.05 The bile acid content of the stools (24)

NA, not available

* Heterozygote familial hypercholesterolemia (FH).

* Heterozygote familial defective APOB (FDB).

° Homozygote familial defective APOB (FDB).

¢ Hypoalphalipoproteinemia.

¢ Type III hyperlipoproteinemia.

! Heterozygote in exon 15.

¢ Heterozygote familial LCAT deficiency (incl. Fish eye disease).
"’ Homozygote familial LCAT deficiency (incl. Fish eye disease).
' Smith-Lemli-Opitz syndrome (SLOS).

7 Bile acid synthesis defect.
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(again [SC| > 0.25) four of the eight pools. In contrast, in-
testinal cholesterol synthesis (reaction 3) or intestinal cho-
lesterol transport to HDL (reaction 16) did not influence
any concentration.

An increased free cholesterol concentration (Liv-FGC
and Int-FC) is associated with membrane damage and cy-
totoxicity (29). This model analysis might, therefore, be
relevant to predict cytotoxicity: if a reaction highly affects
one of these pools, then substances that alter the activity of
that reaction may induce cell death.

Fig. b shows that Liver FC (Liv-FC) was not only sensitive
to changes in the reactions that directly produced or con-
sumed hepatic free cholesterol, such as biliary cholesterol
excretion (reactions 14) and hepatic cholesterol catabo-
lism (reaction 18), but also to peripheral cholesterol syn-
thesis (reaction 2) and intestinal cholesterol esterification
(reaction 20). Int-FC was primarily sensitive to changes in
intestinal cholesterol esterification (reaction 20), biliary
cholesterol excretion (reaction 14), and fecal cholesterol
secretion (reaction 15).

3r— T T T T Y T T

Mutation nr
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Fig. 2. PBK model predictions compared with ex-
perimental data for TG concentrations (relative to
control) for 10 different human mutations. Mutation
numbers correspond to the numbers in Table 4.
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Fig. 3. PBK model predictions compared with ex-
perimental data for HDL-C (relative to control) for
10 different human mutations. Mutation numbers
correspond to the numbers in Table 4. NA, no data
available.
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Of special interest for the purpose of the present model
are the SC values for cholesterol concentrations in plasma
(TC, HDL-C, and non-HDL-C) that are correlated with the
risk for coronary heart disease (10). Sensitivity coefficients
for the influence of the different reactions on these con-
centrations are given in Fig. 6.

Hepatic uptake of cholesterol from non-HDL (reaction 5),
hepatic transport of cholesterol to HDL (reaction 17), and
hepatic cholesterol esterification (reaction 19) were the
reactions that showed the largest influence on TC (i.e.,
resulting from the combined influence of these reactions
on HDL-C [Fig. 6, middle panel]) and non-HDL-C [Fig. 6,
right panel]). Reactions 6, 11, 16, and 21 had the smallest
effect on TC. The HDL-C concentration (Fig. 6, middle
panel) was mainly dependent on hepatic transport of cho-
lesterol to HDL (reaction 17), CE transfer from HDL to

non-HDL (reaction 21}, and hepatic uptake of cholesterol
from non-HDL (reaction 5). The model predicted (Fig. 6,
right panel) that non-HDL-C was highly dependent on he-
patic uptake of cholesterol from non-HDL (reaction 5)
and mainly on hepatic transport of cholesterol to HDL
(reaction 17) and hepatic cholesterol esterification (reac-
tion 19).

In general, as seen in Fig. 6, sensitivity coefficients for
TC were more similar to those for non-HDL-C than to
those for HDL-C because only a small fraction of plasma
cholesterol is present in HDL-C.

Finally, this sensitivity analysis revealed that, according to
the model, there are several efficient ways to lower non-
HDL-C concentrations and increase HDL-C concentrations
simultaneously by modulating only one single reaction (Fig.
6, middle and right panels). The most potent reactions

4 T T T y T T T T

non HDL-C

[ Jexpermental
35k BER) Predicted i

Fig. 4. PBK model predictions compared with ex-
perimental data for non-HDL-C (relative to control)
for 10 different human mutations. Mutation num-
bers correspond to the numbers in Table 4. NA, no
data available.
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Fig. 5. Color representation of the sensitivity coefficients that quantify the influence of changes in the rate
constants of the different reactions on the different concentrations. See text for details. Reaction numbers

correspond to the numbers in Figure 1.

seem to be hepatic uptake of non-HDL-C (reaction 5) and
CE transfer from HDL to LDL (reaction 21). The first re-
action is targeted indirectly by statins (30). The latter reac-
tion is targeted by CETP inhibitors, a drug class of which
several members (e.g., dalcetrapib) were recently tested in
clinical trials (16, 31, 32).

DISCUSSION

In silico models have been used for various purposes in
the study of cholesterol metabolism, such as in the inter-
pretation of isotope-labeling studies (4-6, 33), in the anal-
ysis of the regulatory pathway of cholesterol synthesis (34),
or in making predictions of the effect of genetic mutations
or food and drug interventions (35, 36). These models,
however, could predict the effect of a few genetic muta-
tions only. The aim of this study was to develop a model
that can be applied in the prediction of a wide variety of

TC HDL-C

non HDL-C
086 T T 0.8 ¥ T

0.6

04F

0.2 J.I
0

08 10 20 o 0 20 “o 10 20

Reaction nr Reaction nr Reaction nr
Fig. 6. Sensitivity coefficients (see Eq. 18) for the different reac-
tions toward TC (left panel), HDL-C (middle panel), and non-
HDL-C (right panel). Reaction numbers correspond to the
numbers in Figure 1.
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genetic, nutritional, and pharmaceutical effects on plasma
cholesterol levels.

As all models, our model is a compromise between sim-
plicity and complexity (37). A too simple model is not use-
ful to simulate multiple interventions because such a
model will lack the targets of atleast part of these interven-
tions. A too complex model is not useful either because
insufficient experimental data will be present to define the
parameters (calibration) or to validate the model.

One of the important necessary simplifications made was
to restrict the description of lipoprotein metabolism to cho-
lesterol alone. As a consequence, no distinction was made
between different fractions of non-HDL-C (i.e., LDL, IDL,
and VLDL) in the present model. Including a more detailed
mechanistic description of lipoprotein metabolism is a
highly complex task that will necessitate to, for example,
include the link between cholesterol metabolism and trig-
lyceride metabolism. Although significant progress in this
field is being made (4, 38, 39), this was considered too am-
bitious for the present stage of model development.

As a consequence of these necessary simplifications, rates
derived from model-based interpretation of stable isotope
tracer data were unsuited for model calibration because the
structure of well-established isotopic tracer kinetic models
(33 and references therein) did not match with the present
model due to different aggregations of reactions. A factor
further hampering the use of these data is that the tracer
analysis considers bidirectionality of fluxes, whereas our
PBK model formulation had to be limited to unidirec-
tional (i.e., net) fluxes to keep the number of parameters at
a minimum. As a result, using the isotopic flux data for cali-
bration of the PBK model was not possible.

The following two examples illustrate some of the diffi-
culties arising from the different structures of the present
PBK model vs. the established tracer kinetic models
described in Schwartz et al. (33): (I) The tracer kinetic
model assumes all cholesterol to be synthesized in the
liver, whereas in the present PBK model the liver contrib-
uted only 10% of total cholesterol synthesis, in line with
data from Dietschy and Turley (40). (2) Schwartz et al.
(33) reported that the liver does not take up HDL-CE,
whereas the corresponding reaction (reaction 10) in the PBK
model carries a considerable flux (2.93 mmol/man/day),
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which is more in line with the statement of Rinninger et al.
(41) based on data obtained with primary hepatocytes
(i.e., “high-density lipoprotein cholesteryl esters were se-
lectively taken up by hepatocytes and are hydrolyzed inde-
pendently from the classical lysosomal catabolic pathway”).
Thus, although the two models differ markedly in struc-
ture, supporting evidence for the PBK model structure
can also be found in the literature. This suggest that valu-
able insights could be obtained from future work that
would analyze structure variations in both models while
taking calibration data for both models into account. For
instance, one could investigate whether directing v; and
Vg into liver CE and adding a pathway that is the reverse of
Vg to represent lysosomal hydrolases is equivalent (in
terms of outcomes and conclusions) to directing them
into the liver FC pool as in the present PBK model. Like-
wise, different alternative structures of the tracer kinetic
models may be investigated that are more in line with the
PBK model. Such models could, for example, incorporate
constraints on net fluxes derived from the PBK model in
the isotopic tracer data analysis.

The level of complexity of the model described here was
apparently an acceptable compromise because the model
could successfully be calibrated from literature data by
flux balancing with only a limited set of assumptions (see
supplementary information). Nevertheless, the conse-
quences of the implemented calibration procedure may
be a point for further attention. Data used were from a
variety of different unconnected studies that used differ-
ent experimental protocols and methods, often applied to
very small groups of subjects of different weight and age.
This carries the inherent risk of data inconsistencies and
potentially large influences of individual variation. Al-
though this risk was mitigated as much as possible by scal-
ing all data to a 70 kg reference man, questions may remain
as to the impact of the calibration on the predictions by
the model. The sensitivity analysis gives some insight in
this issue (i.e., from Fig. 6 it appears that variation of reac-
tions 6, 11, and 16 will have little influence on the plasma
cholesterol predictions of the model). Although a full vari-
ability analysis would be required to cover this issue, this
was not feasible because data are too sparse to give a statis-
tically meaningful estimate and to validate the analysis, but
we generally saw a 25% variation across any dataset. Rather,
we discuss in the following sections some specific results
that seem at variance with established cholesterol flux
analysis literature (33 and references therein). Peripheral
cholesterol loss (reaction 12) was 2.62 mmol/man/day, which
is comparable to the sum of net bile acid loss (1.03 mmol/
man/day) and net fecal cholesterol loss (1.85 mmol/
man/day), which are generally considered the main
routes for cholesterol loss from the body. Beyond skin
sloughing and steroid hormone production, one could
ask which candidate processes could carry this flux. Be-
cause the estimation of total cholesterol synthesis is based
on in vivo squalene isotopic labeling data, we do not con-
sider a mistake in this estimation as a possible explanation
for the missing peripheral cholesterol excretion. Rather,
we hypothesize that sebum production might contribute

considerably in this regard. Human sebum secretion rates
from forehead skin are reported to lie between 1.3 and 3.3
mg/10 cm?/3h (42). NMR studies indicate that the molar
fractions of CE and squalene in sebum are 0.03 and 0.28,
respectively, with the other constituents being triglycer-
ides, fatty acids, and wax esters (43). With a total body area
of approximately 2 m?, taking into account the molar
weights of the different constituents and assuming uni-
form secretion rates, an upper bound for the total CE and
squalene flux may be as high as 2.5 mmol/man/day. Al-
though this estimation seems to support the possibility
that peripheral cholesterol loss may be as high as the
model calibration suggests, independent validation exper-
iments are necessary to confirm the hypothesis that sebum
excretion is a possible explanation for the missing periph-
eral cholesterol excretion.

Another item is the transfer of FC from liver to HDL
(Vy, 6.91 mmol/man/day), which in the present analysis
greatly exceeded total hepatic uptake of HDL-FC and
HDL-CE combined (v;q + Vi3, 4.50 mmol/man/day),
whereas in Schwartz et al. (33) the reverse was observed
(i.e., more liver uptake of HDL-C than transfer from liver
to HDL). However, in Schwartz et al. (33), this net flux is
the difference between very high fluxes (> 46 mmol/man/
day) that operate in both directions. Thus, both models
indicate a large contribution to plasma HDL coming from
the liver. This has also been observed in animal studies
and in our previous mouse work (12).

These observations indicate that, although the flux dis-
tribution in our model deviated strongly from that seen in
established isotope tracer studies for reasons discussed
above, supporting evidence for the PBK model structure
and flux predictions can be found in the literature.

The key question is whether the model is valid for its
intended use to predict changes in plasma cholesterol
concentrations following different dietary regimens, phar-
macological treatments, or genetic variation. Indeed, the
PBK model was able to predict the effects of 10 human
mutations (Figs. 2—4), including a mutation in the LDLR
gene (mutation I, responsible for FH) and the DHCR?7
gene (mutations IX, responsible for SLOS). While simu-
lating this latter syndrome, negative concentrations were
predicted for several submodels. This must be due to the
fact that these submodels retain zero-order kinetics (i.e.,
saturated Michaelis-Menten kinetics) when under the ex-
treme conditions associated with blocked cholesterol
synthesis in SLOS (44), cholesterol concentrations are
lowered to such an extent that first-order kinetics would
be more appropriate.

Model predictions for TC deviated on average less than
40% from experimentally observed values, which is rela-
tively good compared with the current state of the art for
PBK models of exogenous substances (26-28, 45). This is
all the more remarkable because the model was obtained
via a relatively straightforward translational adaptation of
our previously developed mouse model.

The only case where a large deviation between model
predictions and experimental data (HDL-C concentration)
were seen is in LCAT deficiency: mutation VIIL The model
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predicted an increase in HDL-C, whereas a decrease is ob-
served in reality (Fig. 3). This increase is in the form of
HDL-FC and not in HDL-CE (data not shown). The result-
ing shift in CE/FC ratio predicted by the model is in fact
similar, as seen in the literature (46). A possible explana-
tion for the deviation between model predictions and ex-
perimental data is that, in reality, a maximum of HDL-FC
might exist. If this maximum is reached, the transport of
free cholesterol to HDL (reactions 8, 16, and 17) will be
inhibited, thereby causing HDL-C lowering. The model in
its present form does not take this into account.

As shown in Fig. 6, the model predicted that an in-
creased dietary intake of cholesterol (reaction 4) will
lead to an increased TC level, an increased non-HDL-C
level, and a slightly lowered HDL-C level. This is in
agreement with findings in nutritional studies (see me-
ta-analysis in Ref. 47). The model also predicted that
non-HDL-C is mostly affected by hepatic cholesterol es-
terification (reaction 19) and hepatic uptake of choles-
terol from LDL (reaction 5). This confirms that the liver
is a2 dominant organ in determining the plasma choles-
terol levels (13).

A decrease in hepatic cholesterol synthesis (reaction 1)
resulted in a decrease of the non-HDL-C (Fig. 6, right
panel) and in an increase of HDL-C. This is in agreement
with the outcome of statin-mediated inhibition of hepatic
cholesterol synthesis (48). In reality, statin therapy will
also cause an up-regulation of the LDLR and thereby the
activity of hepatic non-HDL-C uptake, increasing the non-
HDL-C lowering effect.

A decrease in the activity of CETP (reaction 21) had a
larger relative effect on HDL-C than on non-HDL-C (Fig. 6).
This is in agreement with the outcome of torcetrapib-
mediated CETP inhibition (49) and CETP mutations (mu-
tation VI, Table 4). Taken together, these findings illustrate
that the described model can indeed be helpful to predict
effects of dietary and pharmaceutical interventions.

A recent genome-wide association study (GWAS) has
found 95 SNPs that correlated with altered TC, HDL-C,
LDL-C, or triglycerides concentrations (50). At least 19 of
these SNPs were near genes that are involved in one or
more of the reactions in the model. The gene ABCAL, for
example, is involved in the transport of cholesterol to HDL
(reactions 8, 16, and 17).

We compared effect sizes of the 19 SNPs given by
Teslovich et al. (50) with the sensitivity coefficients of
associated reactions (Fig. 6) by Spearman correlation and
found a positive correlation between our findings and the
ones reported by Teslovich et al. (50) for HDL-C, LDL-C,
and TC (all P< 0.05) (data not shown). This is an addi-
tional validation of the present model and implies that the
developed model is useful to study the implications of
genetic variations on cholesterol metabolism.

The GWAS study (50) also reports several SNPs correlat-
ing with cholesterol concentrations in plasma near genes
that could not be directly linked to a specific reaction in
our model (Fig. 1), like in HNF4A, CILP2, and ANGPTLS3.
This absence of a direct link is the result of essential sim-
plifications needed to construct the model.

2744 Journal of Lipid Research Volume 53, 2012

We conclude that the approach of first developing a
computational PBK model for the mouse and then trans-
lating it into a human model as described in this paper
resulted in an accurate model for the prediction of plasma
cholesterol concentrations in humans. Sensitivity coeffi-
cients derived from the model correlated well with recent
independent GWAS data on plasma cholesterol. Because
the model correctly predicted key features of the effect of
increased dietary cholesterol intake and of statin treat-
ment and CETP inhibition, we expect that the model can
also be used to predict the effects of a wider variety of
pharmacological and dietary interventions on plasma cho-
lesterol levels in humans, which will be the subject of fur-
ther work.ill
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