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those of the entire lipoprotein metabolism ( 1, 3 ). The in-
corporation of a labeled amino acid into the protein during 
its synthesis is subsequently measured over time and ana-
lyzed with a compartmental model to obtain the kinetic data 
( 4, 5 ). The reference method to measure tracer enrichments 
involves isolation of the Apos by gel electrophoresis fol-
lowed by acid hydrolysis to obtain unlabeled and labeled 
amino acids. Then, the amino acids are derivatized for GC/
MS analysis   ( 3 ). These approaches are limited to one or a 
small number of relatively abundant Apos and remain a time-
consuming process. Kinetic studies are therefore mainly 
focused on the most abundant structural Apos (ApoA-I and 
ApoB100) and less on others, although they have a central 
role in lipid metabolism (ApoC-II, ApoC-III and ApoE) ( 6 ). 

 The combination of proteomic tools, such as enzymatic 
proteolysis and liquid LC/MS/MS, has appeared recently 
to be a powerful tool to study plasma proteins ( 7–11 ). Al-
though promising, one analytical challenge is to use this 
method in a single run analysis for the determination of 
concentrations and tracer enrichments of a signifi cant set 
of plasma proteins with large differences in molecular 
mass or abundances   ( 6, 11 ). 

 We recently published an LC/MS/MS method to simul-
taneously measure the concentration, tracer enrichment, 
and average size of Apo(a) ( 9, 12 ). In the present study, we 
aimed to describe the development and the validation of a 
multiplexed LC/MS/MS method, performing in a single 
run the enrichment measurements and the quantifi cation 
of six major human Apos (ApoA-I, ApoA-II, ApoB100, 
ApoC-II, ApoC-III, and ApoE) in plasma samples obtained 
from a stable isotope kinetic study in humans. 

       Abstract   A multiplexed assay was developed by MS to ana-
lyze, in a single run, six major human Apos involved in lipo-
protein metabolism: ApoA-I, ApoA-II, ApoB100, ApoC-II, 
ApoC-III, and ApoE. This method was validated in vivo in 
six subjects who received a 14 h constant infusion of [5,5,5-
 2 H 3 ]L-leucine at 10  � M/kg/h. Plasma lipoprotein fractions 
were isolated from collected blood samples and were di-
gested with trypsin. Proteotypic peptides were subsequently 
analyzed by LC/MS/MS. Enrichment measurement data 
were compared with those obtained by the standard method 
using GC/MS. The required time to obtain the LC/MS/MS 
data was less than that needed for GC/MS. The enrich-
ments from both methods were correlated for ApoA-I ( r  = 
0.994;  P  < 0.0001) and ApoB100 ( r  = 0.999;  P  < 0.0001), and 
the Bland-Altman plot confi rmed the similarity of the two 
methods. Intra- and inter-assay variability calculated for the 
six Apos of interest did not exceed 10.7 and 12.5%, respec-
tively, and kinetic parameters were similar and/or in agree-
ment with previously reported data.   Therefore, LC/MS/
MS can be considered as a useful tool for human Apo ki-
netic studies using stable isotopes.  —Croyal, M., F. Fall, 
V. Ferchaud-Roucher, M. Chétiveaux, Y. Zaïr, K. Ouguerram, 
M. Krempf, and E. Nobécourt.  Multiplexed peptide analysis 
for kinetic measurements of major human apolipoproteins 
by LC/MS/MS.  J. Lipid Res.  2016.  57:  509–515.   
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 Lipoprotein kinetic studies using radioactive or stable 
isotope tracers have been performed for years in humans 
to gain a better understanding of the mechanisms involved 
in lipid metabolism disturbances and related diseases ( 1, 
2 ). Endogenous labeling with an amino acid tracer of Apo, 
a main component of lipoproteins, is commonly used, as-
suming the kinetics of Apos represent a good estimate of 
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 LC/MS/MS parameters 
 Peptide candidates were identifi ed and characterized using a 

LC/HRMS system composed of a Synapt G2 HDMS ®  quadru-
pole-TOF mass spectrometer (Waters Corporation, Milford, MA) 
with an ESI interface and an Acquity H-Class ®  UPLC TM  device 
(Waters Corporation). High throughput analyses were then per-
formed on a Xevo ®  triple-quadrupole mass spectrometer with an 
ESI interface equipped with an Acquity H-Class ®  UPLC TM  device. 
Data acquisition and analyses were performed with MassLynx ®  
and TargetLynx ®  software, respectively (version 4.1; Waters Cor-
poration). Labeled and unlabeled peptides were separated on an 
Acquity ®  BEH C 18  column (2.1 × 100 mm, 1.7  � m, Waters) at 
60°C with a linear gradient of mobile phase B (acetonitrile con-
taining 0.1% formic acid) in mobile phase A (5% acetonitrile in 
water containing 0.1% formic acid) at a fl ow rate of 600  � l/min. 
Mobile phase B was linearly increased from 1 to 50% for 5 min, 
kept constant for 1 min, returned to the initial condition over 1 
min, and kept constant for 1 min before the next injection. Ten 
microliters of each sample was injected into the LC column. La-
beled and unlabeled peptides were then detected by the mass 
spectrometer with the ESI interface operating in the positive ion 
mode (capillary voltage, 4 kV; desolvation gas (N 2 ) fl ow and tem-
perature, 1,000 l/h and 400°C; source temperature, 120°C). The 
multiple reaction monitoring (MRM) mode was applied for MS/
MS detection, and the parameters were optimized for each pep-
tide from synthetic peptide solutions. Selected MRM transitions, 
cone voltages, and collision energies are described in  Table 1 . 

 Conventional GC/MS method for ApoA-I and ApoB100 
kinetic measurements 

 Isolation and measurement of leucine enrichment in ApoB100 
and ApoA-I were described previously ( 14, 15 ). Briefl y, ApoB100- 
and ApoA-I-containing lipoprotein fractions were isolated by so-
dium dodecyl sulfate polyacrylamide gel electrophoresis and 
then hydrolyzed with HCl. Amino acids were purifi ed by cation 
exchange chromatography, derivatized ( N -propanol-acetyl chlo-
ride and heptafl uorobutyric acid), and analyzed by GC/MS to 
determine [5,5,5- 2 H 3 ]leucine enrichment. ApoA-I concentra-
tions were measured by immunonephelometry (Behring, Rueil 
Malmaison, France), and ApoB100 concentrations were obtained 
by selective precipitation and GC/MS with norleucine as internal 
standard ( 16 ). 

 Data management 
 The M3/M0 ratios were calculated using the chromatographic 

peak areas, where M3 corresponds to the  2 H 3 -leucine-labeled 
peptide, and M0 corresponds to the unlabeled peptide. For pep-
tides containing two leucines (ApoA-I and ApoE), two M3 isoto-
pomers could form and be detected simultaneously by the 
selected MRM transitions. Their proportions were assumed to be 
identical, as described previously ( 9, 17 ), and the analytical signal 
obtained during labeled ApoA-I and ApoE detection was experi-
mentally enhanced 2-fold by the two coeluted isotopomers. In 
addition, the peptide isotopologues of ApoA-I and ApoE, con-
taining two labeled leucine residues, were not detected in our 
analytical conditions and were considered as negligible. There-
fore, the M3/M0 ratios measured in the biological samples were 
corrected by dividing the primary result by two, as described pre-
viously ( 17 ). The M3/M0 ratios measured at baseline were sub-
tracted from the following time point ratios. Chromatographic 
peaks having signal-to-noise ratios below the limit of quantifi ca-
tion of 10:1 were excluded and samples were reanalyzed using 
higher sample volumes before the concentration step (400  � l). 
Apo concentrations were calculated using calibration curves plot-
ted from standard solutions, as described previously ( 12 ). The 

 MATERIALS AND METHODS 

 Reagents 
 UPLC/MS-grade acetonitrile, water, and 99% formic acid 

were purchased from Biosolve (Valkenswaard, The Nether-
lands). Ammonium bicarbonate (AB), [5,5,5- 2 H 3 ]L-leucine, 
DTT, iodoacetamide, sodium deoxycholate (SDC), trypsin, am-
monium hydroxide (NaOH), and 37% hydrochloric acid (HCl) 
were obtained from Sigma-Aldrich (Saint-Quentin Fallavier, 
France). Synthetic labeled and unlabeled peptides were pur-
chased from Thermo Scientifi c Biopolymers (Einsteinstrasse, 
Germany). 

 Subjects and sample collection 
 Six overweight male subjects (age: 46 ± 16 years; body mass 

index: 31.8 ± 1.5 kg/m 2 ) with hypertriglyceridemia (plasma tri-
glycerides: 208 ± 57 mg/dl) were enrolled. After an overnight 
fast, each subject received a bolus of 10  � M/kg  2 H 3 -leucine, 
which allowed a faster plasma enrichment plateau, immediately 
followed by a constant infusion (10  � M/kg/h) of  2 H 3 -leucine for 
14 h. Blood samples were collected at 0, 0.75, 1.5, 2.5, 4, 6, 8, 10, 
12, and 14 h in EDTA tubes (Venoject, Paris, France), and the 
plasma was separated by centrifugation at 4°C for 30 min. Plasma 
lipoprotein fractions, including VLDL, LDL, IDL, and HDL, 
were separated by sequential ultracentrifugation methods ( 13, 
14 ) and stored at  � 80°C until analysis. The Ethics Committee of 
Nantes University Hospital approved the clinical protocol, and 
written informed consent was obtained from each subject (refer-
ence trial number: NCT01216956). 

 Selection of peptide markers 
 Apo sequences were BLAST searched using the UNIPROT 

tool (www.uniprot.org), and theoretical proteotypic peptides 
were searched using the free software peptide mass calculator 
(http://web.expasy.org/peptide_mass). The peptide candidates 
were selected to maximize sensitivity, specifi city, and stability. 
Therefore, peptides carrying methionine and cysteine residues 
were not considered due to potential oxidation and peptides hav-
ing less than seven amino acids were excluded. Furthermore, 
peptide candidates had to contain at least one leucine residue for 
 2 H 3 -leucine enrichment measurement. Each putative candidate 
was then experimentally sought in the appropriate concentrated 
lipoprotein fraction and then characterized by LC-high resolu-
tion MS (LC/HRMS). 

 Sample preparation for LC/MS/MS analysis 
 The plasma lipoprotein fractions (100  � l) were desalted and 

concentrated with 50 mM AB buffer (pH 8; 3 ml) and a 5,000 Da 
molecular mass cut-off fi lter  . The concentrated samples (100  � l) 
were mixed with 50 mM AB buffer (pH 8; 88  � l), 10% SDC (10 
 � l), and 500 mM DTT (2  � l). The samples were reduced for 30 
min at 60°C, then alkylated with 2  � l of fresh iodoacetamide so-
lution (1 M in 1 M NaOH) for 60 min at room temperature, and 
protected from light. The samples were digested overnight with 
10  � l of trypsin solution (0.1 mg/ml in 1 mM HCl), and 10  � l of 
20% formic acid was added to stop the reaction and to precipi-
tate the SDC. Finally, the samples were centrifuged at 15,000  g  at 
4°C for 15 min, and the supernatants (150  � l) were transferred 
to vials for LC/MS/MS analyses. Apos were quantifi ed in plasma 
and plasma lipoprotein fractions, as previously described ( 12 ), 
using synthetic proteotypic peptides for standard solutions and 
labeled [ 13 C 6 ,  

15 N 2 ]K or [ 13 C 6 ,  
15 N 4 ]R synthetic peptides as inter-

nal standards ( Table 1 ). Apo quantifi cation was achieved in 
three replicates and at three kinetic time points (baseline, 6 h, 
and 14 h). 



Multiplexed assay for kinetic measurements of apolipoproteins 511

ApoC-II, ApoC-III, and ApoE). Each pool was then divided into 
18 equal fractions of 100  � l and treated as described above. Six 
fractions per time point were analyzed, and the analyses were re-
peated on three consecutive days. The intra- and inter-assay vari-
ability of the LC/MS/MS method was calculated [coeffi cient of 
variation (CV), percent] with a maximum tolerance level of 15% 
( 23 ). To assess the accuracy of the LC/MS/MS method, enrich-
ment of ApoA-I in the HDL sample and ApoB100 in the VLDL, 
IDL, and LDL samples were measured by conventional methods 
using GC/MS (six subjects, 10 kinetic time points per plasma li-
poprotein fraction). The paired results, baseline excluded, ob-
tained for ApoA-I (HDL, n = 54) and ApoB100 (VLDL, IDL, and 
LDL, n = 162) with both analytical methods were analyzed using 
a Pearson correlation test. A Bland-Altman plot was also gener-
ated to test the similarity of both methods accurately ( 24 ). Graph-
ics and statistical analyses were achieved with GraphPad Prism 
software (version 6.0; GraphPad Software Inc., La Jolla, CA). 

 RESULTS 

 Selection of peptide markers 
 The selection of specifi c peptide markers was performed 

successfully for each target Apo by LC/HRMS. The in 
silico selection of the proteotypic peptides led to 2 (ApoA-
II and ApoC-III), 3 (ApoC-II), 16 (ApoE), 19 (ApoA-I), 
and 73 (ApoB100) peptide candidates. The most specifi c 
and detectable of them were selected to optimize the assay 
sensitivity and specifi city. As shown in   Table 1  ,  each candi-
date was detected as a doubly charged precursor ion, ex-
cept for ApoC-II. After MS/MS fragmentations, each 
precursor ion yielded between 10 (ApoE) and 29 (ApoC-
III) specifi c and singly charged product ions (supplemen-
tary Fig. 1A, B). As an example, for ApoA-I and ApoB100, 

primary results were expressed in nanomoles and were converted 
to milligrams per deciliter assuming 1 mol of peptide equal to 1 
mol of protein ( 10 ). 

 Kinetic analysis 
 Kinetic analysis was achieved using the SAAM II modeling pro-

gram (Epsilon Group, Charlottesville, VA). HDL-ApoA-I, HDL-
ApoE, and VLDL-ApoE fractional catabolic rates (FCRs) were 
estimated from the 14 h samples with a mono-compartmental 
model, as described previously ( 18, 19 ). We applied the same 
model for HDL-ApoA-II, HDL-ApoC-III, and VLDL-ApoC-III ac-
cording to Batal et al. ( 20 ) and Chan et al. ( 21 ), but also for 
HDL-ApoC-II and VLDL-ApoC-II. Kinetic data of VLDL-, IDL-, 
and LDL-ApoB100 were calculated using a three compartmental 
model, as previously described   ( 22 ). Plasma leucine was used as 
precursor pool and pool sizes were considered to be constant, as 
no signifi cant variation was observed on Apo concentrations at 
different sampling times (not shown). According to this steady 
state model, the FCR was equal to the fractional synthetic rate. 
Production rates (PRs) were calculated by the product of the 
FCR and the pool sizes of Apos in plasma lipoprotein fractions, 
assuming a plasma volume of 4.5% of body weight. For ApoE, 
ApoC-II, and ApoC-III, the concentrations that were not recov-
ered (in the bottom fractions) were considered to be predomi-
nantly HDL Apos and these amounts were mathematically added 
to HDL for calculation of HDL pool sizes ( 20 ). 

 Validation of the multiplexed LC/MS/MS method and 
statistical analysis 

 To assess the intra- and inter-assay variability of the LC/MS/
MS method, pooled plasma lipoprotein fractions were prepared 
by mixing 400  � l of plasma lipoprotein fractions from the six 
subjects at the following kinetic time points: baseline, 45 min, 6 h, 
and 14 h. These points were chosen to reach baseline, low, inter-
mediate, and high tracer enrichment levels, respectively. The 
VLDL fractions were used for ApoB100 assay validation, and the 
HDL fractions were used for the other Apos (i.e., ApoA-I, ApoA-II, 

 TABLE 1. Summary of the analytical parameters selected for the detection of Apos         

Apo Peptide Sequence Fragment  Cone/Collision (V) MRM Transition ( m/z )
Retention 

Time (min)

ApoA-I
 M0 ATEHLSTLSEK y 6  

+ 30/25 V 608.3  →  664.3 1.6 ± 0.1
 M3 ATEH L ST L SEK 609.8  →  664.3 + 667.3
 IS ATEHLSTLSE K 612.3  →  672.3
ApoA-II
 M0 SPELQAEAK y 6  

+ 30/30 V 486.8  →  659.3 1.4 ± 0.1
 M3 SPE L QAEAK 488.3  →  662.3
 IS SPELQAEA K 490.3  →  667.3
ApoB100
 M0 NLQNNAEWVYQGAIR y 6  

+ 50/30 V 888.5  →  707.4 2.7 ± 0.1
 M3 N L QNNAEWVYQGAIR 890.0  →  707.4
 IS NLQNNAEWVYQGAI R 893.5  →  717.4
ApoC-II
 M0 TAAQNLYEK y 4  

+ 80/30 V 1,037.9  →  552.3 1.4 ± 0.1
 M3 TAAQN L YEK 1,040.9  →  555.3
 IS TAAQNLYE K 1,045.9  →  560.3
ApoC-III
 M0 DALSSVQESQVAQQAR y 8  

+ 40/35 V 858.9  →  887.5 2.0 ± 0.1
 M3 DA L SSVQESQVAQQAR 860.4  →  887.5
 IS DALSSVQESQVAQQA R 863.4  →  897.5
ApoE
 M0 LGPLVEQGR y 5  

+ 25/30 V 484.8  →  588.3 2.1 ± 0.1
 M3  L GP L VEQGR 486.3  →  588.3
 IS LGPLVEQG R 489.3  →  598.3

Underlined L indicates the putative incorporation site(s) of  2 H 3 -leucine. Bold indicates the labeled amino acid 
[ 13 C 6 ,  

15 N 2 ]K or [ 13 C 6 ,  
15 N 4 ]R. IS, internal standard.
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ods used for many years, as described above. The precision 
of the LC/MS/MS measurements was determined by CVs 
calculated from six replicates per enrichment level and 
over three distinct experiments. The intra- and inter-assay 
variability did not exceed 10.7 and 12.5%, respectively, for 
any of the Apos or for various enrichments ranging from 
0.04 to 7.72% (supplementary Table 1 ).  Finally, the LC/
MS/MS effi ciency is illustrated in   Fig. 2  , which shows the 
kinetic enrichment curves of the six Apos.  The kinetic 
measurements were assessed simultaneously in 240 sam-
ples within 1 week (6 subjects, 10 kinetic time points, and 
4 plasma lipoprotein fractions). 

 Kinetic parameters of Apos 
 Apos were successfully quantifi ed in plasma and lipo-

protein fractions by LC/MS/MS. Total recoveries (mean ± 
SEM) of ApoE, ApoC-II, and ApoC-III in plasma lipopro-
tein fractions separated by ultracentrifugation were 69.7 ± 
2.5%, 79.1 ± 6.9%, and 67.5 ± 2.7%, respectively, and 
ranged from 96.2 to 104.7% for ApoA-I, ApoA-II, and 
ApoB100. As CVs did not exceed 12.4% and Apo concen-
trations were stable throughout the kinetics, the mean 
values were kept as fi nal concentrations (  Table 2  ).  ApoA-
I/ApoA-II concentration ratio was of 4.0 ± 0.7 in HDL and 
ApoC-III/ApoC-II concentration ratios were of 3.3 ± 0.3 and 
3.3 ± 0.9 in HDL and VLDL, respectively. As shown in 
 Table 2 , ApoA-I and ApoB100 concentrations measured by 
LC/MS/MS and conventional methods were not different. 

the complete characterization of the fragmentation pat-
terns identifi ed the peptide sequences underlying their 
specifi city. The most intense product ion was then selected 
for MRM transitions leading to the specifi c detection of 
the target peptides (supplementary Fig. 1C). As illustrated 
for ApoE (supplementary Fig. 2), the MRM mode allowed 
the specifi c detection of both labeled and unlabeled target 
peptides. As expected, the chromatographic peak intensi-
ties corresponding to the labeled ApoE peptide (M3) in-
creased during the course of the labeled tracer perfusion. 

 Comparison of LC/MS/MS with conventional GC/MS 
methods 

 As illustrated in   Fig. 1A  , the data obtained with the two 
methods were not statistically different and were signifi -
cantly correlated with a slope close to one for ApoA-I in 
HDL ( r  = 0.994,  P  < 0.0001, y = 0.99x + 0.01) and ApoB100 
in VLDL/IDL/LDL ( r  = 0.999,  P  < 0.0001, y = 1.001x + 
0.013).  For the Bland-Altman plot, the mean difference 
and the limits of agreement, corresponding to the 95% 
confi dence level (i.e., mean ± 1.96 × SD), were drawn ( Fig. 
1B ), and 94 and 98% of the points were between the limits 
of similarity for ApoA-I and ApoB100, respectively. 

 Validation of the LC/MS/MS method 
 The accuracy of the LC/MS/MS method was estab-

lished by comparing the ApoA-I and ApoB100 enrichment 
measurements with those obtained by the reference meth-

  Fig. 1.  Comparison of the conventional GC/MS method and the LC/MS/MS method for  2 H 3 -leucine in-
corporation measurements in ApoA-I (HDL, n = 54) and ApoB100 (VLDL, IDL, and LDL, n = 162). Linear 
correlation obtained between the two methods (A) and comparison of the two methods using the Bland-
Altman plot (B). For the Bland-Altman plot, the average enrichment levels (percent) obtained by both 
methods were calculated and then plotted against the difference of the two measurements.   
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be selected to not interfere with other nontargeted pro-
teins. For example, the amino acid sequence of ApoB48 is 
48%, identical to that of the N-terminal ApoB100 se-
quence ( 25 ). The trypsin digestion of ApoB100 yields a set 
of peptides indistinguishable from those generated for 
ApoB48; therefore, they must not be considered (not 
shown). All the candidates shown in  Table 1  meet this cri-
teria and some of them (ApoA-I, ApoA-II, and ApoE) were 
identical to those selected by Ceglarek et al. ( 11 ). The 
high level of reproducibility (CVs <15%) reinforced their 
relevance for the kinetic enrichment measurements of the 
targeted Apos. 

 We confi rmed that LC/MS/MS is able to accurately 
quantify plasma proteins, as previously published ( 6, 8, 10, 
11 ). We measured similar ApoB100 and ApoA-I concen-
trations whatever the analytical method previously em-
ployed. For the other Apos, the concentrations were in the 
same range compared with other studies involving either 
LC/MS/MS ( 6, 8, 11 ) or conventional methods ( 5, 14, 15, 

Kinetic parameters of Apos were also similar with both 
methods for ApoB100 and ApoA-I. Compared with previ-
ous reported data, the results obtained for ApoA-II, ApoC-
II, ApoC-III, and ApoE were in similar ranges ( Table 2 , 
supplementary Table 2). 

 DISCUSSION 

 The current approaches with the conventional GC/MS 
method to measure the Apo kinetics of lipoproteins using 
stable isotope-labeled tracers are often limited to a small 
number of relatively abundant proteins, such as ApoB100 
and ApoA-I, and require a complex and time-consuming 
preparation. This study demonstrated that enzymatic pro-
teolysis and subsequent LC/MS/MS analysis can over-
come this pitfall. 

 The choice of the peptide candidates is a critical point 
to conduct Apo measurements by LC/MS/MS. They must 

  Fig. 2.  Mean changes in  2 H 3 -leucine incorporation 
over the course of the tracer infusion in six hypertri-
glyceridemic patients. Basal enrichment was subtracted 
( �  M3/M0). Results were obtained for ApoA-I (HDL), 
ApoA-II (HDL), ApoB100 (VLDL, IDL, and LDL), 
ApoC-II (VLDL, HDL), ApoC-III (VLDL, HDL), and 
ApoE (VLDL, HDL). Values are presented as the 
mean ± SEM.   
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isolation by gel electrophoresis (VLDL-, IDL,-, LDL-
ApoB100, and HDL-ApoA-I) to GC/MS processing, it took 
3 weeks to obtain results, while the LC/MS/MS results 
were obtained within 5 days. We acknowledge that this ob-
servation relied on the laboratory technical resources, but 
the LC/MS/MS method was also able to provide measure-
ments for additional Apos ( Fig. 2 ), which would have 
required some additional time with the conventional 
method. As suggested above, one limitation of the LC/
MS/MS method measurements was the loss of accuracy 
for chromatographic peaks having signal-to-noise ratios 
below 10. For the six Apos studied, only seven samples 
(fi ve VLDL and two IDL samples, ApoB100 only) needed 
to be reanalyzed. The problem was overcome by using 
higher sample volumes (400  � l) during the concentration 
step. As shown by the Bland-Altman analysis, the enrich-
ments measured by LC/MS/MS in this study were identi-
cal to those measured with the conventional GC/MS 
method and were in the same range as those reported pre-
viously by others using similar stable isotope protocols and 
the GC/MS method for ApoA-I ( 15, 26 ) and ApoB100 ( 20, 
27 ). Similar results have been also reported for ApoA-II 
( 21, 26 ), ApoE ( 19, 20 ), and ApoC-III ( 20, 28 ). To the best 
of our knowledge, no data have been published for ApoC-II 
with GC/MS measurements. 

 The kinetics of Apos were in good agreement with those 
previously published in several studies (see supplementary 
Table 2). For HDL-ApoA-I- and HDL-ApoB100-containing 
lipoproteins, FCRs and PRs were similar whatever the ana-
lytical method employed and in the same range as those 
already published   ( 5, 14, 18–22, 26, 27 ). In addition, HDL-
ApoA-II FCRs were close to those obtained for HDL-ApoA-
I and ensuing PRs were also consistent with previous 
estimates ( 21, 26 ). Similar fi ndings were observed for 
ApoE and ApoC-III ( 19, 20, 28 ), although the patients 
studied and the study design were not perfectly compara-
ble. As previously explained ( 28 ) and unlike ApoE ( 19, 
20 ), ApoC-III FCRs calculated in VLDL and HDL were 
similar, supporting rapid exchanges of ApoC-III between 
both particles. We found similar data for ApoC-II but, to 
our knowledge, no previous work can support this fi nding. 
Despite the lack of direct comparisons in our study with 

18–22, 26–28 ). In addition, ApoA-I/ApoA-II and ApoC-
III/ApoC-II concentration ratios were also in the reported 
ranges ( 6, 11, 19, 21, 26 ). However, some drawbacks may 
be encountered when using LC/MS/MS. The use of pro-
teotypic peptides involves an optimal proteolysis to obtain 
a full recovery; otherwise the concentrations could be un-
derestimated. Using our protocol and an overnight trypsin 
digestion, the hydrolysis was complete for each target pro-
tein ( 6, 9–11 ). LC/MS/MS detector responses could also 
be altered by matrix effects. It was unfortunately impossi-
ble to accurately quantify Apos directly in desalted samples 
of lipoproteins (5,000 Da molecular mass cut-off fi lter) 
because we did not fi nd solution to assess total Apo recov-
eries during the desalting process. For quantifi cation, sam-
ples were therefore assayed separately and the sample 
dilution (1/25) minimized matrix effects ( 12 ) without sig-
nifi cantly affecting the limit of quantifi cation of the Apos 
analyzed in this study (signal-to-noise ratio >10 in each 
sample). LC/MS/MS is based on proteotypic peptide 
analysis and results are primarily expressed as moles per 
liter. To convert concentrations in milligrams per decili-
ter, protein molecular masses are used, assuming a single 
polymorphic isoform for each Apo. This is not the case for 
ApoE and ApoC-III ( 20 ). The accurate detection of iso-
forms could be assessed by LC/MS/MS ( 10, 12 ), but this is 
a complex analysis. We have assumed that these polymor-
phic variations did not signifi cantly alter the molecular 
masses of the targeted Apos. This is another limitation of 
LC/MS/MS, but the comparison with the other methods 
used for concentration measurements is reassuring and 
suggests that this pitfall is probably not critical. The proto-
col used (primed and constant infusion of the tracer) is 
another limitation, as tracer boluses are often preferred 
for proteins with slow turnover rates ( 29 ). With this latter 
study design, the peak enrichments are different com-
pared with the range we have analyzed. Additional studies 
are warranted to validate this LC/MS/MS method with 
the bolus tracer study design. 

 To compare and validate our LC/MS/MS method with 
the conventional GC/MS method for enrichment mea-
surements, we used 240 biological samples (6 subjects, 10 
kinetic time points, 4 plasma lipoprotein fractions). From 

 TABLE 2. Kinetic parameters of Apos     

Apos Concentration (mg/dl) FCR (pool/day) PR (mg/kg/day)

HDL-ApoA-I, LC/MS/MS 139.0 ± 10.5 0.28 ± 0.04 17.7 ± 3.0
HDL-ApoA-I, GC/MS 136.3 ± 7.6 0.28 ± 0.04 17.2 ± 2.6
HDL-ApoA-II, LC/MS/MS 38.8 ± 6.4 0.36 ± 0.06 6.0 ± 1.0
VLDL-ApoB100, LC/MS/MS 8.8 ± 1.1 5.44 ± 1.1 20.7 ± 2.8
VLDL-ApoB100, GC/MS 8.7 ± 1.2 5.65 ± 0.9 21.3 ± 2.8
IDL-ApoB100, LC/MS/MS 3.9 ± 0.5 5.66 ± 1.15 10.0 ± 2.5
IDL-ApoB100, GC/MS 3.7 ± 0.4 5.60 ± 1.12 9.9 ± 2.6
LDL-ApoB100, LC/MS 52.5 ± 8.3 0.30 ± 0.04 7.0 ± 1.3
LDL-ApoB100, GC/MS 49.5 ± 6.5 0.31 ± 0.05 6.8 ± 1.3
HDL-ApoC-II, LC/MS/MS 1.5 ± 0.3 1.39 ± 0.30 0.9 ± 0.2
VLDL-ApoC-II, LC/MS/MS 5.4 ± 1.5 1.44 ± 0.45 3.3 ± 1.1
HDL-ApoC-III, LC/MS/MS 4.5 ± 0.9 1.11 ± 0.12 3.2 ± 0.8
VLDL-ApoC-III, LC/MS/MS 13.2 ± 1.7 1.17 ± 0.18 13.0 ± 2.0
HDL-ApoE, LC/MS/MS 2.5 ± 0.5 0.58 ± 0.09 0.7 ± 0.3
VLDL-ApoE, LC/MS/MS 1.6 ± 0.3 2.70 ± 0.46 2.0 ± 0.6

Values are mean ± SEM.
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Res.     52   :   794 – 800 .  
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the conventional GC/MS method for ApoA-II, ApoC-II, 
ApoC-III, and ApoE, the comparison of our kinetic data 
with already published works supported the effi ciency of 
the LC/MS/MS method. 

 Finally, we could easily add the kinetic analysis for 
Apo(a) that we have reported previously ( 12 ) to this mul-
tiplexed LC/MS/MS analysis. Along with others, we have 
recently shown that LC/MS/MS can also be used to quan-
tify plasma proteins and assess protein sequence modifi ca-
tions, such as polymorphic size ( 6, 10–12 ). In this study, we 
have focused on the concentrations and the tracer enrich-
ments of six major human Apos, measured using a simple 
and fast protocol. These analytical methods could be 
merged and adapted continually to obtain, in a single run, 
the concentrations, polymorphic modifi cations, and sta-
ble isotope enrichments of most of the human Apos, mak-
ing LC/MS/MS a useful tool for human lipoprotein 
kinetic studies.  

 The authors thank the staff of the Clinical Investigation Center 
of the University Hospital in Nantes, especially Eliane Hiverneau 
for her invaluable help with patients and blood collection. 
They also thank Stéphanie Billon-Crossouard and Audrey 
Aguesse for their technical assistance for developing this 
method. 

 REFERENCES 

    1 .  Foster ,  D. M. ,  P. H.   Barrett ,  G.   Toffolo ,  W. F.   Beltz , and  C.   Cobelli . 
 1993 .  Estimating the fractional synthetic rate of plasma apolipopro-
teins and lipids from stable isotope data.    J. Lipid Res.     34   :   2193 – 2205 .  

    2 .  Lam ,  S. M. , and  G.   Shui .  2013 .  Lipidomics as a principal tool for 
advancing biomedical research.    J. Genet. Genomics   .    40   :   375 – 390 .  

    3 .  Lichtenstein ,  A. H. ,  J. S.   Cohn ,  D. L.   Hachey ,  J. S.   Millar ,  J. M.  
 Ordovas , and  E. J.   Schaefer .  1990 .  Comparison of deuterated leu-
cine, valine, and lysine in the measurement of human apolipopro-
tein A-I and B-100 kinetics.    J. Lipid Res.     31   :   1693 – 1701 .  

    4 .  Barrett ,  P. H. , and  G. F.   Watts .  2003 .  Kinetic studies of lipoprotein 
metabolism in the metabolic syndrome including effects of nutri-
tional interventions.    Curr. Opin. Lipidol.     14   :   61 – 68 .  

    5 .  Matthan ,  N. R. ,  S. M.   Jalbert ,  S.   Lamon-Fava ,  G. G.   Dolnikowski ,  F. 
K.   Welty ,  H. R.   Barrett ,  E. J.   Schaefer , and  A. H.   Lichtenstein .  2005 . 
 TRL, IDL, and LDL apolipoprotein B-100 and HDL apolipoprotein 
A-I kinetics as a function of age and menopausal status.    Arterioscler. 
Thromb. Vasc. Biol.     25   :   1691 – 1696 .  

    6 .  Pan ,  Y. ,  H.   Zhou ,  A.   Mahsut ,  R. J.   Rohm ,  O.   Berejnaia ,  O.   Price , 
 Y.   Chen ,  J.   Castro-Perez ,  M. E.   Lassman ,  D.   McLaren ,  et al .  2014 . 
 Static and turnover kinetic measurement of protein biomarkers in-
volved in triglyceride metabolism including apoB48 and apoA5 by 
LC/MS/MS.    J. Lipid Res.     55   :   1179 – 1187 .  

    7 .  Lee ,  A. Y. ,  N. A.   Yates ,  M.   Ichetovkin ,  E.   Deyanova ,  K.   Southwick ,  T. 
S.   Fisher ,  W.   Wang ,  J.   Loderstedt ,  N.   Walker ,  H.   Zhou ,  et al .  2012 . 
 Measurement of fractional synthetic rates of multiple protein analytes 
by triple quadrupole mass spectrometry.    Clin. Chem.     58   :   619 – 627 .  

    8 .  Lassman ,  M. E. ,  T. M.   McLaughlin ,  E. P.   Somers ,  A. C.   Stefanni ,  Z.  
 Chen ,  B. A.   Murphy ,  K. K.   Bierilo ,  A. M.   Flattery ,  K. K.   Wong ,  J. M.  
 Castro-Perez ,  et al .  2012 .  A rapid method for cross-species quan-
titation of apolipoproteins A1, B48 and B100 in plasma by ultra-
performance liquid chromatography/tandem mass spectrometry.  
  Rapid Commun. Mass Spectrom.     26   :   101 – 108 .  

    9 .  Zhou ,  H. ,  J.   Castro-Perez ,  M. E.   Lassman ,  T.   Thomas ,  W.   Li ,  T.  
 McLaughlin ,  X.   Dan ,  P.   Jumes ,  J. A.   Wagner ,  D. E.   Gutstein ,  et al .  2013 . 
 Measurement of apo(a) kinetics in human subjects using a micro-
fl uidic device with tandem mass spectrometry.    Rapid Commun. Mass 
Spectrom.     27   :   1294 – 1302 .  

    10 .  Lassman ,  M. E. ,  T. M.   McLaughlin ,  H.   Zhou ,  Y.   Pan ,  S. M.  
 Marcovina ,  O.   Laterza , and  T. P.   Roddy .  2014 .  Simultaneous quan-


