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cludes the transfer of triglyceride (TG) from VLDL and 
LDL to HDL ( 1–3 ). 

 The relationship between CETP and atherosclerosis/
coronary heart disease (CHD) is unclear, as is the impor-
tance of the net transfer of CE from HDL to apolipopro-
tein (apo)B-containing lipoproteins. CETP defi ciency and 
inhibition studies in animals and humans have produced 
confl icting results. Pharmacologic CETP inhibition has in-
creased HDL cholesterol and reduced atherosclerosis in 
rabbit models ( 5 ). In humans, CETP defi ciency has been 
associated with both increased and decreased CHD risk 
( 3, 5 ). The CETP inhibitors JTT-705 and torcetrapib have 
been shown to effectively reduce CETP activity in humans 
and raise HDL cholesterol, although the effect of this class 
of compounds on atherosclerosis and CHD risk is as yet 
unclear ( 6–8 ). 

 Adding to this uncertainty is the termination of a Phase 
III torcetrapib study following an unexpected increase in 
deaths when dosed in combination with statin therapy ver-
sus statin therapy alone. “Off-target” activities of torce-
trapib have been suggested as the reason for increased 
mortality and morbidity ( 9 ) and atherosclerotic plaque 
volume decreases were seen in the subset of patients hav-
ing the greatest HDL changes ( 10 ). It is not yet known, 
however, if the increases in mortality and morbidity were 
caused entirely by the proposed mechanism or were in 
part due to changes in HDL subfractions or in functional-
ity induced by CETP inhibition itself ( 11 ). Studies with 
other CETP inhibitors in development may shed light on 
whether this is a generalized phenomenon or specifi c to 
certain compounds, patient groups, or lipid phenotypes. 

 The inhibitors JTT-705 and torcetrapib block CETP ac-
tivity via different mechanisms. JTT-705 irreversibly binds 
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 Cholesteryl ester transfer protein (CETP) plays a critical 
role in reverse cholesterol transport ( 1–3 ). CETP facili-
tates the net transfer of cholesterol ester (CE) from HDL 
to VLDL and LDL, which is followed by hepatic uptake of 
LDL via the LDL receptor ( 4 ). The CETP-mediated trans-
fer of CE is part of a bidirectional exchange that also in-
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dynamics of CETP activity and inhibition on lipoprotein 
particles in vitro. 

 METHODS 

 Conceptual model for CETP activity 
 There are two prevailing hypotheses for the mechanism of 

CETP activity: the shuttle model and the ternary complex model 
( 20, 21 ). In the shuttle model, CETP can bind to CE and TG, and 
accumulates “stores” of CE and TG that can be subsequently ex-
changed with lipoproteins. Such an exchange begins with CETP 
binding to a lipoprotein (  Fig. 1  , Step 1) ( 22 ) followed by the bi-
directional transfer of lipids between the lipoprotein and CETP 
( Fig. 1 , Step 2). The exchange is followed by CETP dissociation 
( Fig. 1 , Step 3) and the CETP molecule is then free to continue 
binding and exchanging with additional lipoproteins.  

 The ternary complex model ( 23 ) postulates that CETP binds 
to a lipoprotein particle, which, in turn, leads to binding with 
another lipoprotein to form a complex of CETP bound between 
two lipoproteins. This is followed by the transfer of neutral lipids 
between the two lipoproteins, and, fi nally, the dissociation of the 
lipoprotein particles. 

 Experimental evidence from several studies provides strong 
support for the shuttle model. CETP can bind to neutral lipids 
( 22, 24 ) and those lipids can be transferred back and forth be-
tween CETP and lipoproteins ( 25 ). Moreover, a recent study de-
tailing the crystal structure of CETP suggests that CETP binds to 
only a single lipoprotein at a time, forming a “tunnel” with both 
ends bound to the lipoprotein ( 24 ). Both CE and TG can be ex-
changed between the CETP molecule and the bound lipoprotein 
by the fl ow of neutral lipids through the tunnel. These fi ndings 
are consistent with the shuttle theory for CETP-mediated lipid 
transfer. 

 Limited kinetic models have been developed based on both 
the shuttle ( 25–27 ) and ternary complex ( 23 ) hypotheses. They 
provided reasonable approximations to CE transfer data, al-
though none of these models were designed to describe TG 
transfer activity directly, and hence they are not able to capture 
the key exchange dynamics of CE and TG together. The detailed 
crystal structure of CETP ( 24 ) provides compelling evidence for 
the shuttle model over the ternary complex model because it ap-
pears that the CETP molecule can bind to only one lipoprotein 

to CETP and prevents CETP-lipoprotein binding ( 7 ). 
Torcetrapib is more potent ( 8 ) and acts as a noncompeti-
tive inhibitor by binding reversibly to CETP where the re-
sulting complex can bind to lipoproteins and form an 
inactive complex that is unable to complete transfer of lip-
ids ( 7 ). It is unclear, however, what the consequences of 
different inhibition mechanisms may be on CETP transfer 
activity and lipoprotein metabolism in general. 

 Evidence suggests that both the lipid composition and 
the relative particle numbers of lipoproteins infl uence 
CETP activity and the net transfer of CE from HDL to 
apoB-containing lipoproteins ( 2, 12, 13 ). Several human 
studies have shown increased CE transfer and CETP activ-
ity in individuals with higher TG levels including tempo-
rary postprandial increases as well as in hyperlipidemia 
( 13–18 ). When high TG levels are sustained, the increased 
CE transfer mediated by CETP yields higher levels of small, 
dense, proatherogenic LDL particles ( 8 ). This increase in 
CETP activity may be due to the higher levels of TG rather 
than increases in CETP protein ( 13 ). CE transfer activity is 
also augmented in hypercholesterolemia, playing a role in 
shifting the LDL profi le toward smaller, more dense par-
ticles ( 19 ). Whether lipemia-induced increases in CETP 
activity result directly from heightened apoB-containing 
lipoprotein particle number, size, or both is unclear. 

 To gain better insight into the overall effect of CETP on 
net CE transfer and reverse cholesterol transport, it is im-
portant to understand the consequences of CETP inhibi-
tion and the relationship between CETP and lipoprotein 
particle number and composition. Learning more about 
the mechanisms and implications of CETP-mediated lipid 
transfer can help shed light on the complex interrelation-
ships between HDL and the apoB-containing lipoproteins 
and how therapeutic modifi cations to the system could im-
pact HDL and LDL mass, composition, and clearance. 

 Mathematical models can help dissect the complex dy-
namics of lipoprotein metabolism and provide a greater 
understanding of the role CETP plays. By comprehensively 
detailing the kinetics and interactions of CETP activity, a 
kinetic model could predict the effects of CETP inhibition 
and the differences in inhibitory mechanisms. A model 
also could explore issues related to lipoprotein particle 
size and composition with a view toward predicting and 
explaining the relative atherogenicity of a given lipopro-
tein particle profi le. The fi rst step in building such a model 
is to capture the dynamics of CETP activity in vitro, includ-
ing the binding and the details of the lipid exchange pro-
cesses. Such a model could be a building block in a larger 
model of in vivo lipoprotein metabolism to explore CETP 
biology and investigate inhibition of different components 
of lipoprotein metabolism. 

 In this article, a mathematical model for CETP activity 
in vitro is presented. The model tracks the binding and 
lipid transfer kinetics of CETP and lipoprotein species by 
class including the cholesterol and triglyceride contents of 
the various lipoprotein classes. Model parameters were 
carefully estimated via mathematical optimization by si-
multaneously comparing the model to multiple experi-
mental datasets. The resulting model is able to predict the 

  Fig. 1.  Shuttle model for CETP mechanism. Based on the shuttle 
model, CETP associates with molecules CE and TG. CETP transfers 
lipid between lipoproteins by ( 1 ) binding to a single lipoprotein 
and ( 2 ) facilitating a homo- or hetero-exchange of neutral lipids 
between CETP and the lipoprotein. The exchange is followed by 
dissociation of CETP from the lipoprotein particle ( 3 ). Note that 
binding and dissociation ( 1 ) and ( 3 ) can occur without any ex-
change activity, effectively bypassing ( 2 ).   
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vitro experiment, the lipoproteins involved in the exchange may 
include two or more separate classes or subclasses (e.g., LDL, 
VLDL, HDL3, etc.). For each lipoprotein species, the model 
tracks the “average” lipoprotein particles of each class, as well as 
their corresponding TG and CE compositions. These concentra-
tions are further distinguished by the lipoproteins that are bound 
and unbound to CETP. Finally, the model also includes the con-
centrations of CETP and the CE and TG associated with the 
CETP particles. 

 The model includes the simultaneous binding and ex-
change between CETP and the different lipoprotein species 
as individual lipoproteins bind to CETP molecules, exchange 
lipids, and dissociate. For example, consider the in vitro incu-
bation of LDL, VLDL, and lipoprotein-free plasma (a source 
of CETP) for 18 h, as described in ( 37 ) and Experiment 1 of 
  Table 1      . In this case, the following simultaneous activities are 
modeled: 

 Binding: 
 

  
CETP + LDL CETP•LDL complex

CETP + VLDL CETP•VLDL complex    

 Lipid exchange: 

      
CE / TG exchange between CETP and LDL in the CETP • LDL complex

CE / TG exchange between CETP and VLDL in the CETP • VLDL complex  

 Dissociation: 

   CETP • LDL CETP  LDL

CETP • VLDL CETP  VLDL
   

 In effect, the different lipoprotein species are competing for 
free CETP in order to bind with it and perform a lipid exchange. 
The result is a network of interacting particles that affect CE and 
TG exchange between the different lipoproteins, with CETP act-
ing as the intermediary transfer agent. 

 Depending on the in vitro experiment being considered, the 
general CETP model is customized to consider only those lipo-
protein species involved. The resulting model is a system of 
6 n +3 differential equations, where  n  is the number of distinct 
lipoprotein species. For example, in the case of Experiment 1 
described above and in  Table 1 , there are two lipoprotein spe-
cies and 15 differential equations. The model variables are de-
scribed in   Table 2  . There are seven parameters in the model 
(  Table 3  ), together with additional experiment-specifi c param-

particle at a time. Therefore, in this article, we will consider only 
the shuttle mechanism for CETP activity. The resulting model, 
presented here, captures all the relevant behaviors of CETP activ-
ity, including binding, bidirectional lipid exchange of CE and 
TG, and dissociation. 

 The major assumptions used in building the shuttle-based 
model follow. 

 Equimolar exchange of lipids.   Equimolar exchange occurs 
when the number of molecules transferred from a CETP-bound 
lipoprotein to CETP is equal to the number of molecules trans-
ferred back from CETP to the lipoprotein, yielding no net gain 
or loss of core lipids. Several experimental studies have reported 
equimolar CETP-mediated exchange of neutral lipids ( 28–31 ), 
whereas others have shown a depletion of core lipids in HDL spe-
cies, particularly in the presence of unesterifi ed fatty acids 
( 32–35 ). Given the data showing equimolar exchange can occur 
and that monoclonal antibody evidence ( 28 ) suggests a tight 
coupling between CE and TG exchange, we will assume that the 
exchanges are equimolar, at least in the case of the in vitro envi-
ronment with isolated lipoproteins and low levels of unesterifi ed 
fatty acids. If necessary, this assumption can easily be relaxed to 
allow nonequimolar exchange. 

 Homoexchange and heteroexchange of lipids.   Assuming equimo-
lar exchange, there are four possible scenarios for the exchange 
of lipid between CETP and a bound lipoprotein: a heteroex-
change of   1  ) CE for TG or   2  ) TG for CE, or a homoexchange of 
  3  ) CE for CE or   4  ) TG for TG. Evidence suggests a relative prefer-
ence for homoexchange over heteroexchange ( 36 ). Homoex-
change effectively competes with heteroexchange by tying up 
CETP in a nonproductive manner, blocking the net CE transfer 
from HDL to the apoB-containing lipoproteins. 

 Effects of core lipid composition on transfer activity.   The relative 
preference for the donation of CE versus TG from a lipoprotein 
to CETP is a function of the relative concentrations of CE and TG 
in the lipoprotein’s core ( 29 ). In an in vitro incubation, CETP 
activity will attain equilibrium when all lipoproteins in the incu-
bation have the same CE:TG ratio ( 20 ). 

 A complete list of assumptions used in developing the concep-
tual model are detailed in Appendix I. 

 Mathematical model 
 The corresponding mathematical model is a system of ordi-

nary differential equations that describes the rate kinetics of each 
process: changes in CETP binding, lipid transfer activities, and 
the composition of the lipoproteins. Depending on the type of in 

 TABLE 1. Experimental data used in model calibration 

Exper. Incubation Measurement Reference

1 VLDL, LDL, LFP for 18 h LDL TG:CE ratio over time (37)
2 VLDL, LDL, LFP for 18 h Final weight ratios of CE and TG in VLDL and LDL (37)
3 VLDL, LDL, LFP for 18 h Final LDL TG:CE ratio with respect to different initial VLDL:LDL protein 

ratios
(37)

4 VLDL, HDL2, LFP for 18 h Final HDL2 TG:CE ratio with respect to different initial VLDL-TG:HDL2-CE 
ratios

(40)

5 VLDL, HDL3, LFP for 18 h Final HDL3 TG:CE ratio with respect to different initial VLDL-TG:HDL3-CE 
ratios

(40)

6 VLDL, LDL, HDL, PP-CETP for 24 h Final amounts of CE in LDL and HDL (36)
7 LDL, CE- and TG-labeled HDL3, CETP 

for 2 h
Percent of label transferred from HDL3 to LDL over time (25)

8 LDL, CE- and TG-labeled HDL3, CETP 
for 2 h

Final percent of label transferred from HDL3 to LDL with respect to amount 
of CETP

(25)

LFP denotes lipoprotein-free plasma, a source of unpurifi ed CETP; PP-CETP denotes partially purifi ed CETP.
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CE:TG ratio in the lipoproteins at the start of the experiment 
( Table 4 ). This increases the number of parameters to be deter-
mined from the data, making the fi tting process itself more 
complex. However, this inclusion is necessary to make sure 
that the base model parameters are consistently representing 
CETP biology only, not explaining the experimental nuances of 
each dataset. 

 Model parameters were estimated by comparing eight differ-
ent experimental datasets with model simulations corresponding 
to the respective experiment. The estimation process involved 
least squares optimization techniques ( 39 ) to simultaneously fi t 
the model against eight different published datasets so that one 
set of base model parameters could explain all data. The experi-
mental data are from in vitro incubations of lipoproteins with 
CETP and the measurements include lipoprotein TG:CE core 
lipid ratios and CE and TG mass transfers over time or with re-
spect to CETP or lipoprotein levels ( 25, 36, 37, 40 ). See  Table 1  
for details on each of the eight experiments. 

 Because these data are from different experiments with differ-
ent experimental conditions, they will have varying levels of noise 
and possible inconsistencies. However, the assumption is made 
that, together, they provide key information about kinetic behav-
iors of many different CETP components in the system. In a 
sense, the process of fi tting all the data simultaneously acts as an 
“averaging” strategy to take into account any small differences in 
the manner in which the assays are conducted. The result is a 
single parameter set that incorporates all the available dynamics 
of the system in a consistent manner across all eight experiments. 
The quality of each of the fi ts is evidence that this strategy ap-
pears to be successful. 

 Details of the model calibration process are given in Appendix 
III. 

 RESULTS 

 Model calibration 
 The estimated base and experiment-specifi c model pa-

rameters are given in  Table 3  and  Table 4 , respectively, 
and comparisons of the experimental data and corre-
sponding model simulations are depicted in   Figs. 2–4  . As 
seen in the fi gures, the model reasonably captures the dy-
namics of CETP-mediated lipid transfer between lipopro-
teins in vitro .  These dynamics include time course 
behavior, as in  Figs. 2, 4A, and 4B , as well as changes in 
response to varying initial amounts of lipoproteins and 
CETP, as in  Figs. 3, 4C, and 4D . Moreover, the model re-

eters (  Table 4  ) that represent any unspecifi ed conditions such 
as the initial amount of CETP in the incubation. The model 
equations are given in Appendix II together with a detailed 
derivation.  

 Model implementation and calibration 
 The model was implemented computationally in Matlab 

(The Mathworks, Natick, MA). A numerically robust stiff ordi-
nary differential equation solver ( 38 ) with tight tolerances was 
used to compute numerical solutions. This particular solver is 
designed to handle systems where the dynamics of one or more 
variables may occur on a different time scale than the others. 
This is a potential issue for the CETP model because the time 
scales of binding and lipid transfer may be signifi cantly 
different. 

 The model parameters can be classifi ed into two categories: 
base model parameters and experiment-specifi c parameters. 
The base parameters apply to all model simulations and are 
given in  Table 3 . The experiment-specifi c parameters are 
unique to each experiment and have been added to account for 
key information that has not been measured or supplied, such 
as the amount of CETP added to the incubation or the initial 

 TABLE 3. Base model parameters 

The parameters listed apply to all experiments, whereas the experiment-specifi c parameters are given in  Table 4 . Estimated 
parameters were determined according to the algorithm given in Model Development.  

 TABLE 2. Model variables 

 The model variables represent lipoprotein particles, CETP 
particles, and the corresponding CE and TG in those particles. The 
total number of variables is 6 n +3, where n is the number of distinct 
lipoprotein species in the incubation (e.g., LDL, HDL3, etc.). Amounts 
are given in  � mols and concentrations are in  � M.   
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parameters held fi xed at the values in  Tables 3  and  4 . 
The corresponding model simulations were then com-
pared with the baseline values obtained with the default 
parameter values in  Table 3 . 

 The predicted sensitivity of the parameters was similar 
for all eight experiments.   Figure 5   depicts the results for 
Experiment 1, which, in this case, is the percent change in 
the fi nal LDL TG:CE ratio with respect to changes in the 
model parameters. As seen in the fi gure, changes in the 
relative preference  �  for homoexchange versus heteroex-
change have the greatest overall impact on the model re-
sponse, whereas the initial amount of CE and TG associated 
with CETP has almost no effect. Across all experiments, 
the model is most sensitive to   �  , followed by the CETP dis-
sociation rate  k off  , with negligible sensitivity to the initial 
amount of CE and TG associated with CETP.  

 Predicted effects of lipoprotein particle size and number 
on CETP activity 

 The CETP model was used to explore in vitro CETP ac-
tivity under varying conditions of increased particle size 
and particle number, singly and in combination. Looking 
at this issue with Experiment 7 (as detailed in  Table 1 ), the 
initial concentrations of LDL particles, LDL CE, and TG 
were varied to simulate changes in particle number and 
size. These initial concentrations were varied to range 
from 0.01 to 100 times the concentrations used in the ac-
tual experiment. 

 First, the effects of particle size and number were ex-
plored separately, where LDL particle size was varied in 
one simulation and LDL particle number was varied in a 
second simulation.   Figs. 6A  and B  depict the predicted 
transfer of labeled CE from HDL3 to LDL after 2 h incuba-
tion with CETP for these two cases: 

 Varying LDL particle size, constant particle number (  Fig. 6A  ).  
 As particle size increases, more lipid is available for ex-
change with CETP, facilitating increased CE transfer from 
HDL3 to LDL. 

produces the kinetics of net mass transfer using unlabeled 
lipoproteins ( Figs. 2, 3 ) and the kinetics of radiolabeled 
lipid transfer ( Fig. 4 ).  

 Correlation coeffi cients between the model and data for 
each experiment are given in the legends for  Figs. 2–4 , 
and range between 0.918 and 0.999 with an overall corre-
lation coeffi cient of 0.999 for all model simulations com-
pared with all data. These results suggest that the shuttle 
model can capture experimentally observed behaviors of 
CETP in vitro. 

 Sensitivity of model parameters 
 The sensitivity of the model response with respect to 

the base model parameters in  Table 3  was explored using 
simulations corresponding to each of the eight experi-
ments given in  Table 1 . Each of the base model parame-
ters was varied one at a time by ±25%, with all other 

 TABLE 4 Experiment-specifi c parameters 

Parameter Exper. Value

Amount of CETP in incubation 1 1.15x10  � 5  umoles
Initial TG:CE weight ratio of LDL 1 0.21
Amount of CETP in incubation 2 7.89x10  � 6  umoles
Amount of CETP in incubation 3 8.12x10  � 6  umoles
Initial TG:CE weight ratio of LDL 3 0.08
Initial TG:CE weight ratio of VLDL 3 3.00
Amount of CETP in incubation 4,5 3.96x10  � 5  umoles
Initial TG:CE weight ratio of HDL2 4 0.28
Initial TG:CE weight ratio of VLDL 4 8.00
Initial TG:CE weight ratio of HDL3 5 0.25
Initial TG:CE weight ratio of VLDL 5 8.00
Initial TG:CE weight ratio of LDL 6 0.095
Initial TG:CE weight ratio of HDL 6 0.10
Initial TG:CE weight ratio of VLDL 6 7.57
Initial TG:CE weight ratio of HDL3 7,8 0.25
Initial TG:CE weight ratio of LDL 7,8 0.13
Initial HDL3 cholesterol 7,8 0.31 umoles
Amount of CETP in incubation 7,8  2.3x10  � 5  umoles
Initial LDL cholesterol 7,8 0.23 umoles

Parameters were estimated according to the algorithm given 
in Model Development. The experiment column indicates the 
experiment(s) from  Table 1  to which each parameter applies.

  Fig. 2.  Comparison of data and model fi ts for Experiments 1 and 2. Details of the in vitro experiments are 
given in  Table 1 , and a description of the parameter estimation process is given in Model Development. A: 
Time course of the LDL TG:CE ratio during incubation of LDL, VLDL, and lipoprotein-free plasma. B: Final 
weight ratios of CE and TG in VLDL and LDL after 18 h incubation of LDL, VLDL, and lipoprotein-free 
plasma. Correlation coeffi cients between the model and data for each experiment: (A) 0.974, (B) 0.999.   
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Three separate simulations are given in  Fig. 6C , where par-
ticle size and number were varied according to the follow-
ing scenarios:  a ) more abundant small particles: size 
increases by 1/10th of the increase in particle number;  b ) 
more abundant particles of the original size: particle size 
and number increases are identical; and  c ) more abundant 
large particles: size increases by 10 times the increase in 
particle number. 

 As seen in  Fig. 6C , the net CE transfer increases with 
particle number until the LDL particles become too 
abundant and effectively block CE transfer from HDL. 

 Varying LDL particle number, constant size (  Fig. 6B  ).   The CE 
transfer from HDL3 to LDL has a U-shaped response, with 
lower levels of transfer for both low and high numbers of 
LDL particles. The decreased transfer results from a 
greater relative abundance of HDL3 or LDL, which effec-
tively blocks net CE transfer. The transfer is maximal when 
the relative particle numbers are balanced so that both in-
teract with CETP at suffi cient levels.  

 Because lipemia often involves the increase of both par-
ticle size and number simultaneously, the model was used 
to predict the effects of varying size and number together. 

  Fig. 4.  Comparison of data and model fi ts for Ex-
periments 7 and 8. Details of the in vitro experiments 
are given in  Table 1 , and a description of the param-
eter estimation process is given in Model Develop-
ment. A, B: Time course of percentage of labeled CE 
(A) and TG (B) transferred from HDL3 to LDL dur-
ing incubation with CETP. C, D: Percentage of labeled 
CE (C) and TG (D) transferred from HDL3 to LDL 
after 2 h incubation with varying initial concentra-
tions of CETP. Correlation coeffi cients between the 
model and data: (A) 0.988, (B) 0.985, (C) 0.993, (D) 
0.996.   

  Fig. 3.  Comparison of data and model fi ts for Ex-
periments 3–6. Details of the in vitro experiments are 
given in  Table 1 , and a description of the parameter 
estimation process is given in Model Development. A: 
Final ratio of TG:CE in LDL after 18 h incubation of 
VLDL, LDL, and lipoprotein-free plasma, where the 
initial VLDL:LDL protein ratio was varied. B: Final 
ratio of TG:CE in HDL2 after 18 h incubation of 
VLDL, HDL2, and lipoprotein-free plasma, where the 
initial VLDL-TG:HDL2-CE ratio was varied. C: Final 
ratio of TG:CE in HDL3 after 18 h incubation of 
VLDL, HDL3, and lipoprotein-free plasma, where the 
initial VLDL-TG:HDL3-CE ratio was varied. D: Final 
CE mass in LDL and HDL following incubation of 
LDL, HDL, VLDL, and partially purifi ed CETP for 24 
h. Correlation coeffi cients between the model and 
data for each experiment: (A) 0.978, (B) 0.973, (C) 
0.918, (D) Not enough data.   
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tive inhibitor, which achieves only slight improvement as 
the affi nity increases ( Fig. 7A ). The same effect is seen 
when inhibitor concentration is increased while the affi ni-
ties are held constant ( Fig. 7B ). Under the conditions of 
these in vitro simulations, the irreversible binding inhibi-
tor appeared to be most potent at blocking CE transfer 
activity.  

The net transfer is greatest for scenario ( c ), where the 
LDL particles are relatively larger and have more lipid to 
exchange. 

 Comparison of different mechanisms for CETP 
inhibition 

 The model was used to compare the effects of different 
CETP inhibition mechanisms on CETP activity. The mech-
anisms of the inhibitors torcetrapib and JTT-705 were 
compared with a classic competitive inhibitor mechanism. 
Simulations of CETP inhibition used the conditions cor-
responding to Experiment 7, which involves the incuba-
tion of CE- and TG-labeled HDL3 with LDL and CETP 
(see  Table 1 ). The following CETP inhibition mechanisms 
were compared with the baseline conditions:  1 ) competi-
tive inhibition: inhibitor reversibly binding to CETP;  2 ) 
noncompetitive inhibition (torcetrapib mechanism): 
inhibitor binding reversibly to CETP, with subsequent 
reversible binding to lipoproteins to form a complex 
incapable of lipid transfer; and  3 ) irreversible binding of 
inhibitor to CETP (  JTT-705 mechanism). 

 Predictions were conducted with varying inhibitor con-
centrations or inhibitor binding affi nities to explore the 
effects of inhibitor affi nity and concentration on CETP ac-
tivity. All dissociation rates for the inhibitor were assumed 
to be equal to the CETP-lipoprotein dissociation rate, and 
the inhibitor concentration and binding association rate 
were set to the corresponding values for CETP when they 
were not varied in the simulation. 

 As seen in   Fig. 7  , the model predicts that noncompeti-
tive and irreversibly binding CETP inhibitors are consider-
ably more potent at blocking CE transfer activity than an 
inhibitor with a classic competitive inhibition mechanism, 
which had relatively little effectiveness. Increasing the rel-
ative binding affi nity of the inhibitor greatly improves the 
level of CETP inhibition except in the case of the competi-

  Fig. 5.  Sensitivity of model parameters. Each base model param-
eter (see  Table 3 ) was varied by ±25% and the model response cor-
responding to Experiment 1 (see  Table 1 ) was computed. The 
graph depicts the percent change in the fi nal LDL TG:CE ratio 
from the baseline value calculated with the parameter values in 
 Table 3 . The symbols ♦ and * denote percent change values less 
than 0.5% for the corresponding parameters that were increased/
decreased (respectively) by 25%.   

  Fig. 6.  Computational experiment comparing effects of varying 
LDL particle size and/or number. Model simulations correspond-
ing to Experiment 7 in  Table 1  were generated with varying initial 
concentrations of LDL particles and LDL lipids. A: Initial LDL 
particle size was varied by holding the particle number constant 
while varying the initial amounts of TG and CE. B: Initial LDL 
particle number was varied while the size was held constant by 
fi xing the initial amounts of TG and CE. C: Initial LDL particle 
number and size were varied according to the following: (a) size 
increase is 1/10th the increase in particle number; (b) particle 
size and number increases are identical; (c) size increase is 10 
times the increase in particle number. Each graph shows the pre-
dicted percentage of labeled CE transferred from HDL3 to LDL 
after four h of incubation with CETP. The thin gray line and the 
open circle represent the percent label transferred from the ac-
tual experiment.   
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CETP appears to be unable to bind more than one lipo-
protein simultaneously ( 24 ). A future study could consider 
the ternary complex conceptual model to further evaluate 
its plausibility in comparison to the shuttle-based model 
developed here. 

 A key fi nding of the model is that the net transfer activ-
ity of CETP is strongly infl uenced by the relative prefer-
ence for homoexchange versus heteroexchange of lipids. 
The model corroborates experimental evidence ( 36 ), sug-
gesting that homoexchange occurs more frequently than 
heteroexchange so that net CE transfer from HDL to 
apoB-containing lipoproteins is effectively inhibited by the 
nonproductive homoexchange activity. This may be re-
lated to the physical structure of the CETP tunnel, ( 24 ) 
which appears to allow the passage of CE molecules more 
easily than the larger TG. Based on the model predictions, 
modulating CETP to alter this relative preference could 
signifi cantly change net CE transfer activity. If possible, 
such a modulation could yield a new class of CETP inhibi-
tor by effectively decreasing the productive heteroex-
change activity. One potential avenue for reducing 
heteroexchange is to block TG transfer while preserving 
CE transfer, which has been achieved experimentally with 
the CETP monoclonal antibody LT-J1 ( 41 ). 

 Model simulations also suggest that lipemia affects CETP 
transfer activity differently depending on whether the 
lipemia results from increased lipoprotein particle size or 
number. As seen in  Fig. 6A , increases in particle size (via 
core lipid content) yield increased CE transfer, eventually 
attaining a maximal level of transfer. In contrast, increases 
in lipoprotein particle number can either improve or re-
duce CE transfer activity ( Fig. 6B ) depending on the num-
ber of particles relative to the other lipoproteins. If the 
concentration of one species signifi cantly outnumbers the 
other species, the dominant species can tie up more CETP 
and effectively inhibit the transfer of CE from HDL to apoB-
containing lipoproteins. This effect is seen even when in-
creases in particle number are concurrently accompanied 
by increases in particle size ( Fig. 6C ) although the larger 
particles have a greater capacity to facilitate net transfer. 

 These predictions suggest that increased CE transfer ac-
tivity observed in postprandial and chronic lipemia are more 
directly related to increased lipid core content rather than 
an increase in particle numbers, although both can have a 
positive effect under the right conditions. It is not clear if 
changes in lipoprotein particle numbers in vivo are dramatic 
enough to signifi cantly alter net CETP transfer by over-
whelming available CETP with a single type of lipoprotein. 
Moreover, any lipemia-induced increase in particle number 
is typically accompanied by larger particle size in cases such 
as postprandial lipemia, hypercholesterolemia, and hyper-
triglyceridemia. Further experimental studies could help 
shed light on the relationship between lipoprotein particle 
size and number and the resulting effects on CE transfer 
activity, which could improve our understanding of the im-
plications of lipemia on lipoprotein metabolism. 

 By exploring the effects of CETP inhibition, the predic-
tions suggest that the mechanisms of the CETP inhibitors 
JTT-705 and torcetrapib (irreversible binding and non-

 DISCUSSION 

 Employing the shuttle mechanism for lipid transfer, the 
mathematical model presented here is able to reproduce 
both dynamic and dose-dependent behaviors seen in pub-
lished experimental data. These results indicate that the 
kinetics of the shuttle mechanism can produce behavior 
consistent with CETP activity in vitro, corroborating the 
strong experimental evidence supporting the shuttle 
model. Note that this does not rule out the plausibility of 
the ternary complex conceptual model, although a recent 
fi nding based on CETP’s crystal structure indicates that 

  Fig. 7.  Comparison of mechanisms for CETP inhibition. Model 
predictions corresponding to Experiment 7 in  Table 1  were con-
ducted, with simulations of CETP inhibition by three different 
mechanisms. Competitive inhibition involves reversible binding of 
inhibitor to CETP. The noncompetitive inhibition mechanism rep-
resents reversible binding of inhibitor to CETP and subsequent 
reversible binding of the CETP-inhibitor complex to lipoproteins, 
forming an inactive complex that is unable to complete lipid trans-
fer. The irreversible binding mechanism corresponds to irrevers-
ible binding of inhibitor to CETP. The graphs represent the 
percentage of CE transfer that occurs in the presence of inhibitor 
compared with the full activity in the baseline simulation, where 
(A) inhibitor concentration is varied relative to CETP concentra-
tion, and (B) inhibitor binding affi nity is varied relative to CETP 
affi nity.   
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 Moreover, our approach also mitigates serious problems 
with ill-posedness (i.e., computational ambiguity) that 
would occur when fi tting each experiment separately be-
cause there would be many more unknown parameters 
than data points in this particular case. As seen in  Figs. 
2–4 , the resulting parameter set from the simultaneous fi t 
consistently captures the known behaviors in the system as 
represented by the available experimental data. 

 By combining multiple datasets, we can partially com-
pensate for less than optimal data such as the lack of 
VLDL-HDL temporal data. In the event that more com-
prehensive, fully temporal datasets are generated with suf-
fi cient numbers of data points in each set, it would then be 
feasible to fi t each dataset separately as one way to under-
stand the detailed kinetics better. This also would allow for 
a comparison between the two estimation approaches and 
the resulting parameter sets. 

 One major limitation of the model itself is that it may 
provide a relatively poor approximation to the in vivo 
scenario, which is also frequently the case with in vitro ex-
perimental models. The in vivo dynamics of CETP are in-
tertwined with the activities of LCAT, lipases, receptor 
uptake of cholesterol in the liver, dietary uptake, choles-
terol effl ux, and other factors that infl uence lipoprotein 
composition and function, none of which are accounted 
for in an isolated in vitro setting. Therefore, neither the 
experimental nor mathematical in vitro models can pre-
dict the full consequences of CETP activity and inhibition 
in vivo. The in vitro models, however, do provide a good 
starting point for understanding the basic mechanisms 
and behaviors that are diffi cult to ascertain in vivo. The 
next logical modeling step would be to incorporate this 
CETP in vitro mathematical model into a larger in vivo 
model that accounts for the interactions between CETP 
and other key activities. 

 Even with these limitations, the CETP in vitro model 
can explore the dynamics of lipid transfer activity and shed 
light on behaviors that are diffi cult to measure simultane-
ously and exhaustively such as the net transfer activity be-
tween any two lipoprotein species and the degree of 
homoexchange versus heteroexchange. Moreover, these 
phenomena can be investigated computationally under a 
variety of conditions to predict the impacts of lipemia, 
CETP inhibition, disease, and therapeutic intervention. 
Insights gained from the model can help motivate and de-
sign new in vitro and in vivo experiments to better under-
stand the implications of CETP activity and inhibition. 

 APPENDIX I: MODEL ASSUMPTIONS 

 The kinetic model for CETP activity in vitro is based on 
the following assumptions: 

 1. CETP associates directly with CE and TG molecules 
that in turn, can be exchanged with lipoproteins ( 24, 
25 ). Recent details of CETP’s crystal structure show that 
neutral lipids inhabit the tunnel of the CETP molecule 
and that these lipids are able to move back and forth be-
tween the inside of the tunnel and a lipoprotein bound 
to CETP ( 24 ). 

competitive mechanisms, respectively) are signifi cantly 
more potent at blocking CETP activity than a competitive 
inhibitor. Under the assumption that all inhibitor binding 
affi nities and concentrations are equal, the most effective 
mechanism is the irreversible binding inhibitor. This sug-
gests that if specifi city in targeting CETP is established, 
this mechanism could provide the most robust increases in 
effectiveness when incrementally increasing the inhibi-
tor’s affi nity for CETP. The fact that torcetrapib appears to 
be more potent in experimental studies ( 8 ) suggests it has 
a higher affi nity for CETP than JTT-705. 

 As with any mathematical model of a biological system, 
there is inherent uncertainty in whether the model accu-
rately refl ects the biology. In many cases, there is incom-
plete knowledge of key biological details so that the model 
represents a hypothesis about the underlying mecha-
nisms. Moreover, the ability to estimate accurate parame-
ters depends greatly on the quality and quantity of the 
relevant experimental data. Our approach is to build a 
biologically plausible model that matches well with as 
much available experimental data as possible. The cali-
brated model then can be used to make predictions and 
test hypotheses, which in turn should be tested and vali-
dated experimentally. 

 The model calibration strategy that we applied yields a 
good match overall between model simulations and ob-
served experimental behavior given the quality of the data. 
The fi ts for Experiments 4 and 5, which involve exchange 
between VLDL and HDL, are, however, less accurate than 
the fi ts for the other experiments. There can be several 
interpretations of these particular results, including model 
error and insuffi cient data. A serious and fundamental 
limitation is that in the absence of time course data for the 
VLDL-HDL exchange, it is very unlikely that the parame-
ters of any model can adequately take into account the 
important time-dependent dynamics of lipid exchange for 
this scenario. Such is the situation we face here and it is 
possibly the explanation for the less-than-desirable fi tting 
quality. One outcome of this observation is the need for 
new experiments with accurate temporal measurements of 
the VLDL-HDL exchange so that the explicit kinetics of 
CETP can be validated and the model parameters im-
proved. The additional data would also help explain 
whether the relatively poor fi ts are related to errors in the 
model or a lack of relevant data. 

 It is important to note that our calibration method is 
just one of several valid approaches. Another technique is 
to fi t each dataset separately and compare the resulting 
parameter estimates from each fi t. Based on characteris-
tics of the CETP model and the available data, we chose to 
fi t all data simultaneously to achieve one consistent set of 
parameters that could explain all data. Using multiple ex-
periments together exposes the optimization to a more 
complete range of kinetic behaviors, providing a better 
sense of closeness between the model and all experiments. 
The result is a more reliable and robust set of parameters 
that explains a much more diverse set of CETP-related 
phenomena than could have been obtained by fi tting one 
experiment at a time. 
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given in  � M, amounts in  � moles, and time is expressed in 
minutes so that fl uxes are given in  � M/min and  � moles/
min. 

 As suggested by the crystal structure of CETP ( 24 ), we 
assume that each CETP molecule can bind only to one li-
poprotein particle at a time. CETP binding to lipoprotein 
particles is modeled using standard binding kinetics: 

   f f

j jLP CETP LPC    

 where f

jLP  is unbound lipoprotein of species j, CETP f  is 
unbound CETP, and LP j C is the complex formed by 
 binding of f

jLP  and CETP f  . These binding association and 
dissociation kinetics are represented by the following 
equations: 

  j

f

f f

on j off j

d LP
= k LP CETP +k LPC

dt

  (  Eq. A1) 

  
f

n
f f

on j off j
j=1

d CETP
= k LP CETP +k LPC

dt

  (  Eq. A2) 

  j f f

on j off j

d LPC
= k LP CETP k LPC

dt
  (  Eq. A3) 

 for j = 1,…,n, where n is the number of distinct lipopro-
tein species. 

 As the lipoprotein particles bind and dissociate from 
CETP, their lipid contents concurrently become available 
or unavailable for exchange with CETP. Therefore, the 
kinetics of TG and CE in unbound lipoproteins f

jLP  are 
given by 

  
f

f

j

jj

LP
f

on ofL f LP CP

d CE

= k CE CETP +k CE
dt

  ( Eq. A4 ) 

  
f

f

j

jj

LP
f

on ofL f LP CP

d TG

= k TG CETP +k TG
dt

  ( Eq. A5 ) 

 for j = 1,…,n. 
 The equations for the TG and CE in CETP and in lipo-

proteins bound to CETP include the binding-related ki-
netics in Eq. A1 and A2 and the dynamics of lipid transfer, 
which are derived next. 

 The exchange of lipids between CETP and a bound 
lipoprotein can be represented as one of four cases:  A ) 
homoexchange of CE for CE,  B ) homoexchange of TG 
for TG,  C ) heteroexchange of CE for TG, and  D ) het-
eroexchange of TG for CE. In each case, equimolar ex-
change (Assumption 4) dictates that the fl ux of lipid 
out of the lipoprotein is equal to the fl ux of lipid com-
ing into the lipoprotein. Moreover, Assumption 6 im-
plies that the rate of CE leaving the lipoprotein is 
proportional to the relative amount of CE versus TG in 
the core and a similar relation applies to the rate of TG 

 2. CETP can bind reversibly to only a single lipoprotein 
particle at a time. This is based on evidence from the crys-
tal structure of CETP ( 24 ) and that it has been shown to 
bind to HDL, VLDL, and LDL particles ( 42 ). 

 3. All lipoprotein particles have effectively the same af-
fi nity for CETP binding ( 42 ). This assumption can be re-
laxed if necessary. Unless there are good kinetic studies to 
justify the relaxation, it will be impossible to distinguish 
the binding affi nity constants. 

 4. Once CETP is bound to a lipoprotein, an equimolar 
exchange of neutral lipids may occur between the lipopro-
tein and CETP ( 29 ) or CETP may dissociate without facili-
tating exchange. This too can be relaxed if there are 
suffi cient quantitative experimental data to justify and cali-
brate the nonequimolar exchange activity. 

 5. This exchange of lipids between CETP and a bound 
lipoprotein may involve a heteroexchange of CE for TG 
(or TG for CE), or a homoexchange of CE for CE or TG 
for TG. Evidence suggests a relative preference for ho-
moexchange over heteroexchange ( 36 ). In most cases, 
homoexchange can be ignored because there is no 
change in the lipid composition of the bound lipopro-
tein or CETP. Note that homoexchange must be consid-
ered when labeled lipids are used in the incubation 
because a homoexchange may involve trading a labeled 
CE for an unlabeled CE, for example. In this case, homo-
exchanges impact the distribution of lipids in terms of 
transferring label. 

 6. The relative preference for donation of CE versus TG 
is based on the relative concentrations of both CE and TG 
in the lipoprotein’s lipid core ( 29 ). 

 7. Lipid transfer inhibitor protein (LTIP), or apolipo-
protein F ( 43 ), inhibits lipid transfer activity between 
CETP and LDL, with negligible direct effects on other li-
poprotein species ( 36 ). Following the lipid exchange, 
CETP dissociates from the lipoprotein. Note that because 
CETP binds reversibly to a lipoprotein, it is not required 
that an exchange occurs before dissociation. 

 8. Equilibrium of the active exchange process in each 
lipoprotein class is attained when all lipoproteins have 
equal TG:CE ratios ( 20 ). 

 9. The incubations are rapidly well mixed, so that any 
spatial variation in concentrations can be ignored. 

 APPENDIX II: MODEL DERIVATION 

 The model equations are derived using the eight as-
sumptions given in the Model Development section, to-
gether with mass action kinetics, modifi ed as necessary. In 
the experiments listed in  Table 1 , Experiment 6 has three 
lipoprotein species and all other experiments have two. 
The equations are presented assuming n distinct lipopro-
tein species, such as HDL, VLDL, etc.. The number of spe-
cies will vary with the conditions of the in vitro incubation 
that is to be simulated. 

 Notation: square brackets denote concentrations, 
whereas variables without brackets correspond to amounts. 
Detailed descriptions of the model variables and parame-
ters are given in  Tables 2 ,  3  and  4 . All concentrations are 
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j

j j

j

j j

j

LP C CETP

LP C LP C CETP CETP

j j

6 LTIP

0 tr j

j j

6 LTIP

0 j

LP C

LP C LP C

tr j

CE flux out of LPC = TG flux into LPC

=10 N k k 1

TG flux out of LPC = CE flux into LPC

= 10 N

LPC

CE TG

CE +TG CE +TG

LPC

TG

k k 1

CE +TG
CETP

CETP CETP

CE

CE +TG ( Eq. A9 )

 for j = 1,…,n. 
 These expressions are similar to the homoexchange 

rates in Eq. A7–A8, except that the (1 �  � ) refl ects the rela-
tive preference for heteroexchange. Note that in all four 
cases, the rates depend on the concentrations of the lipid 
leaving and entering the lipoprotein particle. 

 Combining the rates in Eq. A7–A9 with the binding ki-
netics as in Eq. A3, we have the following differential equa-
tions for the amount of CE and TG in  LP j   bound to 
CETP: 
        

j

j
f
j

LP C f

on off LP C

6 LTIP

0 tr j j

LP

dCE
= k V CE CETP k V CE

dt

+10 N k k 1 α LPC flux1 flux2
 

( Eq. A10 )
        

j j
f

jLP C f

on off LP C

6 LTIP

0 tr j

LP

j

dTG
k V TG CETP k V TG

LPC flu

dt

+10 N k k 1 x2 flux1
 

( Eq. A11 )
 for j = 1,…,n, where 

  

j

j

j j

j j

CETP

LP C LP C CETP CETP

CET

LP C

P

LP C LP C CETP CET

LP C

P

j

j

TG
flux1 =

CE
f

CE

CE +TG CE +TG

TG

CE +TG CE +
lux

T
=

G
2

  ( Eq. A12 ) 

 Note that the homoexchanges cancel out and do not 
explicitly appear in the differential equations because the 
exchange of two identical particles does not alter the com-
position of the lipoprotein. In the case of radiolabeled lip-
ids, however, all four cases ( A )–( D ) must be included 
because there may be a homoexchange that involves both 
labeled and unlabeled lipid (e.g., radiolabeled CE ex-
changed with unlabeled CE). 

 The differential equations for the amounts of CE and 
TG associated with CETP include the transfer fl uxes as in 
Eq. A10–A11: 

  
 

n
6 LTIPCETP

0 tr j j j j
j=1

dCE
= 10 N k k 1 LPC flux2 flux1

dt   
( Eq. A13 ) 

leaving the particle. Because the fl ux of CE and TG de-
pends on their relative concentrations in both the do-
nor and acceptor particle, both relative concentrations 
are included in the fl ux in a multiplicative manner, 
which is a simple and standard way to incorporate the 
effects of two interacting species. Thus, for Case ( A ), we 
have the following expression for lipid exchange be-
tween a single molecule of CETP bound to a lipoprotein 
particle of the jth species: 

       

( Eq. A6  ) 
j

j j

j

j

LP CLTIP CETP
tr i

LP C LP C CETP CETP

Flux of CE leaving LPC molecule = Flux of CE entering 

LPC molecule

CE CE
= k k

CE +TG CE +TG
 

 for j = 1,…,n. The constant  �  represents the relative 
preference for homoexchange of lipids versus heteroex-
change, refl ecting the effective competition between the 
two types of exchange activity. 

 The overall fl ux rate of CE homoexchange between li-
poproteins of species j bound to CETP is given by the fl ux 
rate in Eq. A6 multiplied by the number of LP j :CETP 
complexes: 

      

( Eq. A7 )

 

j

j j

j j

6 LTIP

0 tr j

LP C CETP
j

LP C LP C CETP CETP

CE CE
LP

Flux of CE leaving LPC = Flux of CE enterin

C
CE +TG CE +

g LPC

=10 N k
G

k
T

 

 for j = 1,…,n. 
 where N 0  represents Avogadro’s number. Note that 

since the fl ux rate in Eq. A7 depends on the amount of 
lipoprotein:CETP complex, there is no transfer in the ab-
sence of CETP-lipoprotein binding. The rate also depends 
on the relative amount of CE versus TG in the lipoprotein, 
refl ecting that lipids are competing for interaction with 
CETP as in Assumption 6. Finally, the dependence on the 
concentration of CE associated with CETP indicates that 
the bidirectional homoexchange of CE for CE is depen-
dent on the levels of CE in both donor and acceptor 
particles. 

 A similar rate expression applies for the homoexchange 
of TG for TG as in Case ( B ): 

        

j

j j

j j

6 LTIP

0 tr j

LP C CETP
j

LP C LP C CETP CETP

TG TG
LP

Flux of TG leaving LPC = Flux of TG enterin

C
CE +TG CE +

g LPC

=10 N k
G

k
T

 
( Eq. A8 )

 for j = 1,…,n 
 For the heteroexchange cases ( C ) and ( D ), the rate ex-

pressions are given by 

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


A mathematical model for CETP in vitro 2233

 3. Reestimate all parameters simultaneously in a fi nal 
optimization using all data sets 

 This approach is a pragmatic heuristic designed to mini-
mize optimization problems and false convergences. The 
fi rst two steps are designed to provide good starting esti-
mates to Step 3. They simplify the problem to estimate ei-
ther base model parameters or experiment-specifi c ones. 
Step 3 has no such restrictions, takes advantage of good 
starting estimates for the parameters (increasing optimiza-
tion effi ciency), reduces the likelihood of reaching a false 
minimum, and is designed to correct for any artifacts in-
troduced in the prior steps. The optimizations were con-
ducted using a standard pattern search technique ( 44 ). 
When available, error bars given with the experimental 
data (e.g., standard error of the mean) were utilized in the 
least squares optimization process as relative weights, so 
that data points with larger uncertainty carried less weight 
in the optimization than points with less uncertainty. 
When error bars were not provided with the data, a 10% 
standard error of the mean was assumed.  

 The authors gratefully thank Dr. Richard Morton of the 
Cleveland Clinic (Cleveland, OH) for his time and his insights 
into the biology of CETP. The authors also thank Dr. Mark 
Harpel of GlaxoSmithKline (King of Prussia, PA) for his insights 
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