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A method to study reverse cholesterol transport in humans was developed using stable isotopes and kinetic analysis. Three
normolipidemic subjects received simultaneous intravenous infusions of deuterated leucine and '3C-acetate for 14 and 8
hours, respectively. Deuterium enrichment was measured in protein-bound leucine in apolipoproteins (apo) B-100 and A-I
(using gas chromatography coupled with mass spectrometry [GCMS]) and "3C-enrichment in unesterified cholesterol and
cholesteryl ester (using gas chromatography coupled to isotope ratio mass spectrometry [GC-C-IRMS]) in very-low-density
lipoprotein (VLDL), low-density lipoprotein (LDL), and high-density lipoprotein (HDL) during the tracer infusion. Curves were
analyzed using multicompartmental analysis. This protocol is suitable to quantify the different processes involved in reverse
cholesterol transport (RCT) in humans, including cholesterol esterification, transfer of cholesteryl ester from HDL towards apo
B-100-containing lipoproteins, and the contribution of VLDL, LDL, and HDL in the final steps of RCT. In agreement with
previous data from kinetic analysis of radiotracer experiments, our results suggest that in fasting normolipidemic subjects the
major fraction of cholesteryl ester enters plasma through esterification in HDL (more than 95%). The major fraction of
cholesteryl ester disappears through apo B-100-containing lipoproteins (VLDL and LDL) catabolism (mean of 82%) rather than
through removal from HDL (mean of 18% with approximately an equal part for apo Al-dependent and independent catabo-
lism, respectively, 7% and 11%). We conclude that this protocol could be applied to study the modulation of these processes
by nutrition, diseases, or pharmacologic treatments.

Copyright © 2002 by W.B. Saunders Company

EVERSE CHOLESTEROL TRANSPORT (RCT) allows cholesterol alorfeor together with LDL apo B-108!° have
cholesterol movement from peripheral cells via plasmabeen proposed in the past. This approach underlined the role of
towards the liver, where cholesterol can be metabolized andholesteryl ester movements in RCT in normolipidemic men
cleared from the body as bile acids. RCT is initiated by theand has been successfully applied in various conditions includ-
efflux of unesterified cholesterol from cells into high-density ing liver diseas®or treatment by statinsThe use of radioiso-
lipoprotein (HDL containing apolipoprotein [apo] A-l), a step topes is, however, questionable for ethical and safety consid-
followed by an esterification of cholesterol in these lipoproteinserations, and studies on apo B-100 and A-l metabolism have
by lecithin cholesterol acyl transferase (LCAT). Transfers to-been more recently performed in humans with stable iso-
wards the liver involve 3 possible mechaniskiBhey can be  topes!®12in the field of cholesterol, stable isotopes have been
performed through HDL catabolism (ie, simultaneous uptake ofused concerning turnover of whole body cholestététHow-
apo A-l and cholesteryl ester) or via a selective uptake of HDLever, with regard to plasma cholesterol turnover, after pioneer-
cholesteryl ester involving the recently identified receptor, SR-ing qualitative studies using stable isotope#)e only reported
Bl.2 This transfer towards the liver can also be performedquantitative kinetic data on cholesteryl ester turnover were
through cholesteryl ester transfer mediated by cholesteryl estesbtained in an animal modéland humang by means of
transfer protein (CETP) towards other lipoproteins, very—low-radiotracer methods.
density lipoproteins (VLDL), and low-density lipoproteins  Therefore, we developed a method and a model to access
(LDL), containing apo B-100, and followed by an hepatic RCT by using an endogenous labeling of plasma lipoproteins
uptake of these lipoproteins (ie, simultaneous uptake of apavith stable isotopes in vivo in humans. With this new method
B-100 and cholesteryl ester). The relative importance of thesevith combined tracer infusion, apo A-l, B-100, free, and ester-
3 pathways is controversial in humans and probably differsified cholesterol are simultaneously labeled and analyzed.
between species and the various physiologic or nutritional
situations? MATERIAL AND METHODS
.RCT_ is con_5|dered an antl-_atherogenlc process, and _ep'd%xperimental Protocol
miologic studies have established that the concentration of
plasma HDL or HDL cholesterol is inversely correlated with
the incidence of cardiovascular disedd¢owever, the athero-
geneicity of CETP is controversi&k as cholesteryl ester trans-
fer activity can provide cholesteryl ester to LDL, a well-known
risk factor for coronary heart disease. A safe, ethical method to
quantify in vivo in humans the different pathways involved in
RCT and discriminate the contribution of HDL catabolism or From the Centre de Recherche en Nutrition Humaine, INSERM
cholesterol ester transfer from these lipoproteins to apo B-100-Y539, Nantes, France.
containing lipoproteins could therefore be uséful. Submitted Ju_ly 19, 2000; accepted July 16, 2001,
In vitro methods for CETP activity measurement can esti- Address reprint requests to K. Ouguerram, MD, Centre de Recher-
. . che en Nutrition Humaine, INSERM U539, CHU teeDieu, Nantes,
mate this pathway and have been developed in hum@es. £ ance.
yond its technical difficulties, the latter approach, however, copyrighte 2002 by W.B. Saunders Company
only provides an indirect estimate. In vivo protocols with  0026-0495/02/5101-0010$35.00/0
radioisotopes using endogendusr exogenous labeling of doi:10.1053/meta.2002.29006

Three adult normolipidemic and normal weight subjects (subjects 1,
2, and 3; 2 men and 1 woman, weighing, respectively, 65, 68, and 56
kg; 25, 27, and 24 years old) were included in this study. They
consumed a diet composed of 45% of the usual daily caloric intake as
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carbohydrate, 40% as fat, and 15% as protein, for at least 1 week prioexcised from polyacrylamide gels and dried in vacuum for 1 to 2 hours
to the study. The experimental protocol was approved by the ethica(RC 10-10 Jouan, Saint Herblain, France). The desiccated gel slices
committee of Nantes University Hospital, and written informed consentwere hydrolyzed with 1 mL of 4 mol/L HCI (Sigma, St. Quentin
was obtained before the study was started. Fallavier, France) at 110°C for 24 hours. As previously discussed,
Stable isotope solutions were prepared under sterile conditions byydrolysis is a critical step because all other proteins are also hydro-
the Hospital Pharmacy (Professor F. Ballereau) using sterile salinelyzed and then can dilute the tracer. To avoid any contamination with
filtered through 0.22¢m filters and stored at 4°C until used. The outside sources that could alter the ratio of labeled versus unlabeled,
stable-isotope turnover study was performed under fasting conditionsprocedures should be handled carefully, and only new vessels were
starting at 8am after an overnight fast. The endogenous labeling wasused. It must be also pointed out that gentle hydrolysis must be
performed by administration of-[5,5,5%H,] leucine (99.8 Atom%  performed with deuterated tracers because of the possibility of hydro-
2H3; Cambridge Isotope Laboratories, Andover, MA) as endogenousyen exchange when too harsh conditions are apptiétydrolysates
marker of apo A-l and B-100 and of [I*LJacetate (99% Atom%  were then evaporated to dryness, and the amino acids were purified by
enrichment; Tracer Technologies IMC, Sommerville, MA) as an en-cation exchange chromatography using a Temex 50W-X8 resin (Bio-
dogenous marker of cholesterol. Tracers were dissolved in a 0.9%Rad, Richmond, CA). Amino acids and plasma leucine were esterified
saline solution and tested for sterility and absence of pyrogens beforgith propanol/acetyl chloride and further derivatized using heptaflu-
the study. Two plastic catheters were placed intravenously (IV) intogrobutyric anhydride (Fluka Chemie AG, Buchs, Switzerland) prior to
contralateral arm veins: 1 was used for the tracer infusion, and the othegnalysis. Samples were analyzed for isotopic enrichment of leucine
was used for the frequent blood sampling during the study. The subjectgsing gas chromatography coupled-mass spectrometry (GC-MS) as
received simultaneously a primed-constant infusion of deuterateq),.e\,ious|y described®1° Briefly, chromatographic separations were
leucine (10umol/kg body weight injected as a bolus IV over 1 minute performed on a 30 nx 0.25 mm internal diameter (id) DB-5 capillary
and then 10umol/kg body weight/h during 14 hours) as previously column (J&W Scientific, Rancho Cordova, CA). The column temper-
published®9and [1-2*Clacetate (4umol/kg body weight injected as  yre was as follows: initial temperature was held at 80°C, then in-

a bolus IV over 1 minute and then;4mol/kg body weight/h during 8 ¢reased at 10°C/min to a final temperature of 180°C. Electron-impact

hours. Venous blood samples were withdrawn in sterile tubesyag chromatography-mass spectrometry was performed on a 5890 gas
(Venoject, Paris, France) containing EDTA (final concentration of 0.2

> THATILE ! ‘ A chromatograph connected with a 5971A quadrupole mass spectrometer
mmol/L) and dithiobisnitrobenzoic (DTNB) acid as an inhibitor of e\ \iett-Packard, Palo Alto, CA). The isotopic ratio was determined
LCAT reaction, final concentration 0.2 mmol/L) at different times: 10, by selected ion-monitoring at m/z 282 and 285. Results were expressed

30 minutes, 1 hour, 1.5 hours, 2 hours, and hourly until the end of ¢ .o -ar/tracee ratio for modeling analyis.

perfusion. Plasma was immediately separated by centrifugation for 30 \;nesterified cholesterol and cholesteryl ester were isolated from
S'?UETS aStC4 IC; sog_lum'velmde, ar'l inhibitor of bacter!aL%rOMh, andIipoproteins as previously describ&dBriefly, lipid extraction was
gdadoc bl (dnterc 'Im’ ont%_um,l rance), aprotefals%m ! ltl?li’ W(ZI’% éaerformed with chloroform-methanol (2:1, vol/vol) according to Folch

added to bloo samples atafinal concentration of 1.5 mmo aT ““et al2” Unesterified cholesterol and cholesteryl ester were separated by
mmol/L, respectively. The plasma was then stored frozen at -20°C forchromatography on silicic aci®lusing microcolumns (Sep Pack car-
later determination of cholesterol and apo concentration and iSOtOpi(fridgeS' Waters Corporation, Milford, MA) The cholesterol samples
enrichments. VLDL, LDL, and HDL were isolated by density gradient Lo . L » . R

were derivatized with a mixture of acetic anhydride (200-pyridine

ultracentrifugation as previously describ®d.Densi radients, . . .
adapted fror% the metho?j of Ter ystra ctlavere pre gedgin 12 mlL. (150 L) (Aldrich, Saint Quentin, France). The samples were heated to
p P L prep - 90°C for 10 minutes. After cooling to room temperature, the deriva-
polyallomer tubes as follows: 1.4 mL distilled water, 1.5 mL saline ._. . .
(density= 1.006), and 1.5 mL (density 1.019), 2.5 mL (densit tizing reagents were evaporated under nitrogen, and the residue was
1063)y3 rT;L (d,ensity=. 1.120) andytz .mL ’ser.um ad'ustedyio a dissolved in hexane. The low*C-enrichments in cholesterol were
e o B o below the limit of sensitivity of GCMS and were therefore measured
density of 1.210 by the addition of solid potassium bromide (KBr). The =~ L )
tubes were centrifuged for 24 hours at 15°C (Hitachi RPS 40T rotor using gas chromatography-combustion-isotope ratio mass spectrometry
'(GC-C-IRMS) with a Finnigan Mat Delta S isotope ratio mass spec-

Hialeah, FL) at 40,000 rpm (Himac CP70, Hitachi). The first 22t 1 led t0 a HP 5890 series Il h i h (Hewlett
fractions (0.5 mL each) were collected from the meniscus. Individual rometer CO.UP edtoa ; series 1l gas chroma ogrgp (Hewett-
Packard) with a DB-1 capillary column (30 m; 0.32 mm id; 0,2%

samples were pooled into the following 3 classes: VLDL (density film thick ) ontifi h  the iniecti
1.006; fractions 1 to 4), LDL (density between 1.006 and 1.063; ilm thickness; J&W Scientific). The temperature of the injection port

fractions 5 to 11), and HDL (density 1.063; fractions 12 to 22). We was 280°C, and the oven temperature was initially set at 70°C, then

assessed the separation densities from a control tube prepared usin 'ngreased at 50°C/min up ‘to‘ 28009 and.was held for 15 minutes at
80°C. The samples were injected in splitless mode.

saline solution with a density of 1.21 and by measuring the density o .
the 22 fractions by refractometric analysis after ultracentrifugation 1Nn€ cholesterol peak eluted from the GC column was introduced on

under the same conditions. In these conditions, lipoprotein recovenfn€ into & combustion furnace, which operated at 940°C. The furnace
was greater than 85%. is a nonporous alumina tube packed with a wire of copper, nickel, and

platinum. Combustion water was removed by passing the effluent
. through a water-permeable Nafion tube. Ofas then driven in the
Analytical Methods electron impact ion source. In the source SCGons were formed and
Analysis of apo was performed as previously described for B8.00 signals from major ions m/z 44'CQ;]), 45 ([**CO,] + [**C'°0'0Y),
and A-11¢ Briefly, HDL, VLDL, and LDL were delipidated with  and 46 (}*C*°0*®0] + [**C*"0'0] + [**C*®0'"O]) were monitored
diethyl ether and apos concentrated with trichloroacetic acid (4.9simultaneously and continuously by 3 Faraday cup detectors. The same
mmol/L) and desoxycholic acid (3.6 mmol/B3.Apo Al and B were samples were analyzed in triplicate by GC-C-IRMS, and measurements
isolated from other apos by sodium dodecyl! sulfate-polyacrylamide gelere highly reproducible<0.5%).
electrophoresis (SDS-PAGE) using a 4-5-10% discontinuous gradi- Isotopic enrichment was expressed relatively to pulse peaks of
ent23 Apos were identified by comparing migration distances with CO, reference, calibrated against the international standard (Pee Dee
known molecular weight standards (cross-linked phosphorylase Belemnite [PDB]).
markers, Sigma, St Louis, MO, and electrophoresis calibration kit, Isotopic calculations. The isotopic abundance ffC in choles
Pharmacia LKB, Biotechnology, Piscataway, NJ). Apo bands wereterol is given by the GC-C-IRMS software expresseda8/00
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Fig 1. Model of plasma cholesteryl ester (CE)
turnover. Using this model, parameters were si-
multaneously identified from apo B-100, apo Al,
and cholesterol data. Dotted arrows represent pro-
cesses involved in turnover of both apos and cho-
lesterol. For these processes, parameters were
common for protein (HDL apo A-l, VLDL, and LDL
apo B-100) and cholesterol models. Exchange of
unesterified cholesterol (UC) in compartment 1 be-
tween lipoproteins and between lipoproteins and
tissues, too rapid for constant rate determination
(see text) appears in the model without rate con-
stant.

Cholesteryl ester
transfer

Lipolysis
k43

3
VLDL CE

P " VLDL release
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versus the international standard PDB &5C (0/00) = (Rsample function to take into account time course of labeling input in cho-
Rstd)/Rstd)*1,000, where R is thé*C/*2C ratio in the sample or the lesteryl ester from unesterified cholesterol and in apo B-100 and apo

international standard PDB @& = 0.0112372). A-l from plasma leuciné:.11.19Parameters were simultaneously identi-
Therefore, Rample = Rstd*[1+(0.001*$*3C)]. The observed fied from apo B-100, apo A-l, and cholesterol data.
fractional abundance F (atom%) was calculated as: ROORstd As commonly accepted regarding lipoprotein modefhgnodel

*[(0.0018*3*Csample)-1]. The isotopic enrichment E (atom percent validity was checked by statistical analysis using rurdtdsr assess-
excess) was calculated as: £ Fsample-Fbasal value, where ing the goodness of fit and using F f8sand Akaike information
Fsample j and Fbasal values are the observed fractional abunreriterior?* for comparison of models.
dance in the sample at time j and at baseline, respectively E Consecutively to identification of the model, fluxes of processes in
100Rstd*(0.008*°Csampler 1) and APE= atom% sample - atom%  microgram/hour of unesterified cholesterol equivalent per milliliter of
basal value (Atom Percent Excess). plasma were calculated by multiplying the rate constant of the process
Cholesterol concentrations in samples were measured using confin h™) by the involved mass (iug/mL of plasma) and used for
mercially available enzymatic kits (Boehringer, Mannheim, Germany).comparison between each pathway by which cholesteryl ester is leav-
Apo B-100 in VLDL and LDL and plasma apo A-I concentrations were ing the plasma pool.
measured in samples by immunonephelometry (Behring, Rueil Mal-
maison, France) as previously descriBgd. RESULTS
Modeling Methods The concentrations of cholesterol in lipoproteins, apo Al in
The apo and cholesterol data were subjected to compartmentd?lasma, and apo B-100 in VLDL and LDL were measured
analysis using the Simulation, Analysis and Modeling (SAAMII) pro- before and 3 sampling times during isotope infusion. Because
gram3° The model used (Fig 1) takes into account the metabolism ofno significant variations were observed between measurements,
both apos (A-I and B-100) and cholesterol. It was derived from aall subjects were considered in steady state throughout the
previous model developed for radioisotopaad was adapted to stable study. The plasma apo Al concentration was 1#3D.11 g/L,

isotope labeling. This model described 2 pools for apo B-100 (VLDL- 5n( the apo B-100 was, respectively, 5421 in VLDL and
B-100 and LDL-B-100). Each pool described a class of apo B—100—467 + 105 mg/L in LDL’ '

containing lipoprotein. The pools were linked by precursor-product . . . .
relationships. This model was submitted to 1 input in VLDL pool and Cholesterol masses for lipoprotein fractions are shown in

has been previously validated in normolipidemic men during tra(:er-r"’lbl_e 1. For the 3 subjects, cholesteryl ester represented about
perfusiont8 To describe the metabolism of HDL apo A-l, a single pool 2 thirds of total plasma cholesterol, and 70% of cholesteryl
model was use#® Three compartments represent the metabolism of€Ster was transported by LDL, 25% by HDL, and 5% by
plasma cholesteryl ester: LDL, HDL, and VLDL. The internal relation- VLDL.

ships of the system consisted of exchange of cholesteryl ester between The time course ob3-leucine enrichments are presented in
LDL and HDL (k24, k42) and unidirectional movement from HDL to Fig 2 for plasma leucine, apos A-l and B-100, and time course
VLDL (k32), as previously validate®? Lipolysis of VLDL established  of 13C-enrichments in unesterified cholesterol and cholesteryl

a unidirectional movement of cholesteryl ester from VLDL fraction aster is shown in Fig 3. Regarding leucine enrichment, the data
towards LDL (k43). Cholesteryl ester input into the system consisted ofare similar with those obtained in the laboratory in normolipi-
influx by LCAT reaction in HDL (R21) and by VLDL release (R31).

Output from the system was achieved by efflux from LDL (k04) and de”.”'c SUbjeqs for apos B_.lgoi.nd A-129°The labeled leucine
VLDL (k03), which are dependent on apo B-100 metabolism of theseennchr_nent increased rapidly in VLDL apo B-l_OO and more
lipoproteins. Efflux of cholesteryl ester from HDL occurred depen- SIOWIY in LDL apo B-100 and HDL apo Al, reflecting the lower
dently of the clearance of apo A-l though HDL catabolism (k02) or turnover constant rates of these lipoproteins. The time course of
independently of this process by selective uptake of cholesteryl estet°C enrichment in plasma unesterified cholesterol was virtually
(k'02). Modeling analysis was performed as describecsing forcing  identical in VLDL, LDL, and HDL during the experiment (data



Table 1. Cholesterol Masses in Lipoprotein Fractions and Turnover
Parameters of Plasma Cholesteryl Ester Metabolism
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67%, and 84%). In term of net fluxes, the fate of HDL choles-
terol ester was predominantly the transfer towards VLDL

Subject 1 Subject 2 Subject 3 (87%, 79%, and 77%) rather than direct removal from HDL
Cholesterol mass® (13%, 21%, and 23%, with approximat_ely equal parts for apo
Plasma total Al-dependent and independent catabolism, k02 and k'02, mean
cholesterol 2,060 1,815 1,715 value 0.008 and 0.013h respectively). VLDL cholesteryl
Plasma unesterified ester was mainly converted into LDL cholesteryl ester (88%,
cholesterol 720 630 550 97%, and 82%).
VLDL cholesteryl
ester 90 85 65 DISCUSSION
LDL cholesteryl To our knowledge, the current study is first to use a dual
HSEt:r:olesterw 960 840 790 stable isotope approach to assess lipoprotein kinetics through
ester 290 260 310 endogenous labeling of both their cholesterol moiety and their
Absolute net influx of protein moiety. Constant infusion of botfC-acetate and deu
cholesteryl ester terated leucine in our experimental conditions enabled us to
in plasma® obtain measurable deuterium enrichments by GC-MS for
R21 317 +15% 37654 27.2 +1.2 plasma leucine, apos A-l and B-100, as well as measurdtle
R31 07x04 0.2=x0.1 0.3+ 0.15 enrichment by GC-C-IRMS for unesterified cholesterol and
Rate constant® cholesteryl ester in the VLDL, LDL, and HDL.
K02 0.006 + 0.002 0.007 £ 0.001 0.012 + 0.003 The model used for stable isotopes in this study was identical
K02 0.010 = 0.003 0.020 = 0.010 0.009 = 0.005 compared with the model developed with radiotracerut
K32 0.11+0.08  0.10 = 0.005 0.07 * 0.04
K24 0.12+0.02 0.08 =0.01 0.19 + 0.02
K42 0.41+0.07 0.26+0.03 0.48 = 0.05
K03 0.04 +0.02  0.01 =0.005 0.06 = 0.02 (Tracer/Trace)*100
K43 0.30 +0.09 037 +0.02 0.27 *+ 0.01 A
K04 0.027 = 0.008 0.033 + 0.001 0.024 + 0.001 1°°1 )
s N __, Plasmaleucine
NOTE. Results were expressed in (a) micrograms of unesterified 10 st . . ¢ VLDL-B100
cholesterol equivalent per milliliter of plasma, (b) micrograms of 14 ///&_k LDL-B100
unesterified cholesterol equivalent per milliliter of plasma per hour, 01 HDL-Al
and (c) pool per hour. ’
*Represents the identified values * standard deviation as obtained 0,01 4
by iterative least-squares fitting. 0,001 . . ' . . ' .
0 2 4 6 8 10 12 14
B

not shown). Therefore, only enrichments of plasma unesterified

a—— Plasma leucine

cholesterol are presented in Fig 3 and were used as forcing 104 ———es . . VLDL-B100
function for the labeling of cholesteryl ester in the model 1 ./‘)—-—*—' LDL-B100
analysis. The order of labeling appearance in plasma cho- % HDL-AI
lesteryl ester is shown in Fig 3. Labeling appeared first in %11

unesterified cholesterol, then in the cholesteryl ester:HDL, fol- g1

lowed by VLDL, and later by LDL. The apo and cholesterol

curves were analyzed using the multicompartmental model of 0,001 ) 4 6 s 10 12 1a

Fig 1.
The parameters related to cholesterol metabolism are shown

in Table 1. HDL cholesteryl ester was transferred towards b ¢ .
VLDL at the rate of 0.11, 0.10, and 0.07*hHDL cholesteryl 10 H/T,c:.—_.qﬂ:_:t P eagame
ester V\iaS transferred towards LDL at the rate of 0.41, 0.26, and | ¢ o hg'—l_'_ﬁ?m
0.48 h-.

The fractional catabolic rate (FCR) of VLDL (k&%43) and 011
LDL (k04) apo B-100 was, respectively, 0.34 and 0.027br 0,01
subject 1, 0.37 fi and 0.033 H for subject 2, and 0.33 and
0.024 h' for subject 3. The FCR of HDL apo A-l was 0.006, %% A S A
0.007, and 0.012°h (Table 1). Hours

Fluxes of cholesteryl ester input into the plasma are given in
Table 1. The major part of the cholesteryl ester entered plasma Fig 2.
through esterification in HDL (more than 95%). Cholesteryl tio in pl
ester left plasma mainly as apo B-100—containing IipoproteinslB)' and
(respectively, 89%, 81%, and 82%). The fate of HDL cho- ¢yyves f

Time course (in semilogarithmic scale) of tracer/tracee ra-
asma leucine, apo B-100 of VLDL and LDL, and HDL apo A-l

during an infusion of deuterated leucine for subject 1 (A), subject 2

subject 3 (C). Points represent data values. Lines represent
itted using the model of Fig 1 for apos and forcing function

lesteryl ester was predominantly the exchange with LDL (76%,used for modeling for plasma leucine.
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poprotein unesterified cholesterol and represented as part of
compartment 1 (Fig 1). This is in agreement with the rapid
equilibrium previously observed between unesterified choles-
terol in liver and plasma in animals during various labeling
approache®: Thus, plasma unesterified cholesterol was used
as forcing function to represent labeling input from unesterified
cholesterol into HDL and VLDL cholesteryl ester.

Coefficient of variations for most of the processes are lower
than 30% of the parameter values (Table 1), suggesting the
used model is consistefit.However, for some of the parame-
ters (net output of HDL cholesteryl ester k'02 and k32, release
and direct removal of VLDL R31 and k03), the values showed
higher standard deviations (30% to 70% of the identified
value). Better coefficients could be obtained by cholesterol
kinetics during a longer time, possibly after interruption of the
perfusion3¢ Such a tracer methodologic approach could raise
the problem of a system study in no steady state conditions.

Although intermediate-density lipoprotein (IDL) were in-
cluded in LDL fractions in our study, the data obtained for apo
B-100 were in the same range as those routinely obtained in

000 normolipidemic subjects using simple apo labeling with stable

isotopes after separation of IDL from LDL in our laborat&try

or by other investigators in recent studi@s8 Despite FCR
being markedly different for IDL and LDE$ the very low IDL
concentration (20-fold lower than LDB) involves no conse-
quence on rate constants of apo B-100 turnover parameters.
However, IDL isolation could be needed in pathologic condi-
tions resulting in high amounts of IDL.

The data obtained for apo Al were in the same range as those
routinely obtained in normolipidemic subjects using simple apo
labeling with stable isotopes in our laboratéfor by other
investigators in recent studié%4° Regarding cholesterol,
among the 3 classes of lipoproteins studied, the HDL contained
the most rapidly renewed cholesteryl ester (mean of 058 h
0.35 and 0.16, respectively, for VLDL and LDL). Yet, 75% of
the HDL cholesteryl ester turnover corresponds to a seemingly
futile cycle of bidirectional exchange with LDL. This is in
agreement with a previous study on HDL cholesteryl ester
turnover using radiotracers in normolipidemic subjeéétsor
the 3 subjects, the rate transfer of HDL cholesterol towards
VLDL was in the same range (0.11, 0.10, and 0.00% hs
obtained with radioisotope labeling (0.11 0.03 h*,° 0.12 +
0.01 h%).8 The transfer rate of HDL cholesteryl ester towards
LDL measured (0.41, 0.26, and 0.48)hwas also in the same
was adapted to endogenous labeling conditions. The order afange as compared with radioisotope studies (:4818 h',°
labeling appearance in lipoproteins agrees with the proposed.24 = 0.12 h*).8 The transfer rate of LDL cholesteryl ester
model structure. In this model, labeling of plasma cholesterottowards HDL measured (0.12, 0.08, and 0.19 was also in
appeared by the way of unesterified cholesterol synthesis, folthe same range as compared with in vitro studies (0.08 to 0.12
lowed by esterification in the HDL and direct cholesteryl esterh™).42 As in previous studie%? this transfer occurs under strict
release into VLDL. Transfers of cholesteryl ester from HDL to cholesterol exchange conditions (zero mass balance). Compar-
VLDL also contributed to the labeling of these lipoproteins. ison of cholesteryl ester transfer obtained in our study can be
The enrichment of LDL occurred by VLDL lipolysis and made with in vitro data from methods involving measurements
transfer from HDL towards LDL. The VLDL release (R31) was of cholesteryl ester masses transferred from HDL to the apo
introduced in the model because the VLDL cholesteryl esterB-100—containing lipoproteins. The latter methods do not take
data could not be entirely fitted from an HDL cholesteryl esterinto account bidirectional exchange of cholesteryl ester be-
precursor. Thus, fitting required input from another source oftween HDL and LDL, but only net mass transfer. The values
cholesteryl ester with a high level of labeling during the first calculated from data obtained by this method in normolipi-
experimental hours. This was achieved by inserting a tissueemic subjects (near 5%%¢3 are lower, but in the same range
unesterified cholesterol source in rapid equilibrium with li- as our data (7%, 10%, and 11%h

B
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Fig 3. Time course (in semilogarithmic scale) of '*C enrichment
(in atom percent excess [APE]) in plasma UC and CE of VLDL, LDL,
and HDL during an infusion of "*C-acetate for subject 1 (A), subject 2
(B), and subject 3 (C). Points represent data values. Lines represent
curves fitted using the model of Fig 1 for CE and forcing function used
for modeling for unesterified cholesterol.
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The obtained curves in the present study yielded the sameien the essential part of VLDL cholesteryl ester is derived
quantitative information as those obtained by others usingoy transfer from HDL (over 95%) rather than from direct
protein and cholesterol radiolabeling with the same médel. hepatic synthesis. As previously suggested by other inves-
Moreover, compared with the previous studies, our protocoltigatorsl?”the efflux of plasma cholesteryl ester is essentially
allowed for assessment of the influx rate of esterification in thederived from apo B-100-containing particles after CETP-
plasma through LCAT reaction (R21, Table 1) as well. The fluxmediated transfer (80% to 90%) rather than from direct HDL
of LCAT-derived cholesteryl ester was estimated by our ap-and HDL cholesteryl ester removal.
proach as 32ug of unesterified cholesterol equivalent per In conclusion, the current approach proved to be suitable to
milliliter of plasma per hour, ie, 85umol - h'* per liter of  quantify in vivo the different processes involved in RCT in
plasma.This value was in the range of in vitro data (50 to humans, ie, transfer of cholesteryl ester from HDL towards apo
120 umol - h* - L™1)44 The rate constant of the reaction can B-100—containing lipoproteins, conversion of VLDL into
be calculated from influx rate taking into account the in- LDL, the part of the VLDL, LDL, and HDL in the final steps
volved mass of plasma unesterified cholesterol. The obtainedf RCT. Protocols previously published using radiotracer al-
values, 4.5%, 6%, and 5% respectively, for the 3 sub lowed obtaining these parameters. The use of endogenous
jects are close to those obtained in normolipidemic men bylabeling of cholesterol, however, also determines in vivo the
in vitro methods (5% to 6% 1).45 As previously reported rate of esterification through LCAT reaction, and the use of
with other labeling condition8?17 the values obtained by stable isotopes improves the feasibility of the studies in ethical
our method support the view that in fasting normolipidemic and safety conditions.
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