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An elevated LDL cholesterol concentration is a primary 
risk factor for CVD, and lowering LDL cholesterol with 
statins has clearly been shown to decrease this risk (1). LDL 
consists of particles of varying size, density, and composi-
tion, as assessed by ultracentrifugation, gradient gel elec-
trophoresis, NMR, and ion mobility (2). In 2010, Krauss 
concluded that there was “as yet inconclusive evidence as 
to the extent to which LDL and HDL subfraction mea-
surements improve clinical assessment of CVD risk beyond 
standard lipid risk markers” (2). Recently, measurements 
of small dense LDL [sdLDL; density (d) = 1.044–1.063 g/ml] 
cholesterol in the Framingham Offspring Study, the Multi-
Ethnic Study of Atherosclerosis (MESA), and the Athero-
sclerosis Risk in Communities (ARIC) Study, by using an 
automated assay developed by Hirano et al. (3), have dem-
onstrated that sdLDL cholesterol is a significantly better 
marker of coronary heart disease risk than LDL cholesterol 
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(4–6). The assay separated sdLDL from large buoyant LDL 
(lbLDL; d = 1.019–1.044 g/ml) by using surfactants and 
sphingomyelinase; measured the cholesterol content of 
LDL particles 15–20 nm in diameter, corresponding to the 
density range of 1.044–1.063 g/ml; and had a coefficient of 
variation of <5%. In contrast, previous methods of LDL 
subfractionation, such as ultracentrifugation, gradient gel 
electrophoresis, NMR, and ion mobility, differentiated LDL 
particles based on their density, size, and charge (7–10). 
Lack of particle standardization and reproducibility 
among the LDL subfractions assayed by these earlier 
methods has led to a wide range of variation (6–93%) 
among the results. The new automated homogeneous assay 
based on direct precipitation methods and the measure-
ment of cholesterol has led to significantly improved 
measurement reliability (3–6, 11).

We have documented previously that high-intensity 
statin therapy with either atorvastatin 80 mg/day or rosuv-
astatin 40 mg/day significantly lowers not only total LDL 
cholesterol, but also sdLDL cholesterol by approximately 
50% (12). High-intensity statin therapy has been recom-
mended for patients with established CVD by the recent 
American College of Cardiology/American Heart Associa-
tion guidelines panel (13). Both atorvastatin and rosuvas-
tatin at maximal doses lower LDL apoB concentrations, 
primarily by enhancing apoB catabolism (14–16). Our goal 
in this study, therefore, was to examine the metabolism of 
apoB-100 within lbLDL and sdLDL in subjects with com-
bined hyperlipidemia in the nonfasting state and to 
compare the effects of intensive statin therapy on these 
processes, relative to placebo.

Proteomic analysis has found significant differences 
in the proteome of LDLs compared with that of apoB-
containing lipoproteins in a lower density range (17–19). 
The differences suggest that LDL particles acquire some 
proteins directly from plasma, HDL particles, or peripheral 
cells, and not just from the lipolysis of triglyceride-rich lipo-
proteins (TRLs; d < 1.019 g/ml). It is possible that some of 
these proteins have LDL-specific functions that might alter 
the metabolism of LDL subfractions and provide an expla-
nation for the increased atherogenicity of sdLDLs relative 
to lbLDLs. Therefore, an additional objective was to exam-
ine the protein composition of lbLDL and sdLDL particles 
in the study subjects while on placebo and maximal-dose 
rosuvastatin therapy. We chose to separate the two LDL 
fractions by ultracentrifugation at d = 1.044 g/ml so that 
sdLDL would be defined as it was in the Framingham Off-
spring Study, MESA, and ARIC (4–6).

MATERIALS AND METHODS

Subjects
Six subjects (three men and three postmenopausal women; 

ages 63 ± 5 years, mean ± SEM; BMI, 25.5 ± 1.5 kg/m2) with com-
bined hyperlipidemia, who were enrolled in a larger apolipopro-
tein metabolic study (16), participated in this study. Plasma lipid 
criteria for enrollment were as follows: triglyceride (TG) levels  
1.69 mmol/l, LDL cholesterol levels  3.62 mmol/l, and HDL 

cholesterol levels < 1.29 mmol/l. Subjects with LDL cholesterol 
levels  3.62 mmol/l with or without cholesterol-lowering medi-
cation, with documented T2D controlled with diet or oral antidia-
betic agents, or with hypertension under stable management were 
eligible to participate. Subjects on a cholesterol-lowering regimen 
at the time of enrollment entered a 4–6 week washout period be-
fore starting the study. Exclusion criteria have been described 
previously in detail (16). All subjects met the lipid inclusion crite-
ria at the beginning of the study: total cholesterol (TC), 5.93 ± 
0.33 mmol/l; LDL cholesterol, 4.14 ± 0.42 mmol/l; HDL cho-
lesterol, 1.11 ± 0.17 mmol/l; and TGs, 2.16 ± 0.57 mmol/l. 
There were no significant gender-attributable differences in 
these parameters.

The study protocol was approved by the Human Institutional 
Review Board of Emory University (Atlanta, GA), the Research 
and Development Committee at the Atlanta Veterans Affairs Med-
ical Center (Decatur, GA), and the Human Institutional Review 
Board of Tufts Medical Center and Tufts University Health Sci-
ences (Boston, MA). Written informed consent was obtained 
from each study subject. No serious adverse event was reported 
during the study. No clinical trial registration number was  
assigned to the protocol because enrollment of the subjects 
occurred before 2005 (16).

Study design
The larger metabolic study was a fixed-sequence, placebo-

controlled, dose-titration, single-blind protocol intended to imi-
tate the clinical management of statin therapy (16). All subjects, 
independent of prior cholesterol-lowering medication, were fol-
lowed for three 8 week phases: placebo, rosuvastatin 5 mg/day, 
and rosuvastatin 40 mg/day. There was no washout period be-
tween the phases. The subjects were instructed to take two tablets 
every morning, i.e., two placebo tablets during the first phase; one 
rosuvastatin 5 mg tablet and one placebo tablet during the second 
phase; and two rosuvastatin 20 mg tablets during the third phase. 
In this subset assessment of apoB-100 metabolism in LDL subfrac-
tions, only samples from the placebo and rosuvastatin 40 mg/day 
phases were analyzed.

At the end of each 8 week treatment phase, the subjects were 
admitted to the Clinical Research Unit of the Atlanta Clinical and 
Translational Science Institute for a 69 h metabolic study, under 
fed conditions (16). After an overnight fast, the subjects received 
a bolus injection of 60 mol/kg body weight [5,5,5-2H] l-leucine 
(Cambridge Isotopes, Andover, MA) to determine the kinetics of 
apoB-100. Blood samples were collected into tubes containing 
EDTA (0.15%) at baseline (0 h, 8 AM) and at 30 min, 1, 2, 4, 6, 8, 
10, 12, 14, 21, 27, 33, 45, 57, and 69 h after the isotope was in-
jected. During the first 48 h of the metabolic study, the subjects 
were given equal portions of a fat-free energy drink (240 g of Gen-
isoy powder and 850 g strawberry sorbet, 58 g sugar per 1,000 ml) 
at 10 AM, 1 PM, 4 PM, 7 PM, and 10 PM, to minimize the intermit-
tent influx of intestinal chylomicrons, which might interfere with 
the kinetics of TRL apoB (20, 21). The feeding protocol began 2 
h after the isotope was administered.

Isolation of lipoprotein fractions
The TRL (d < 1.019 g/ml) and total LDL (d = 1.019–1.063 g/ml) 

fractions were isolated from fresh plasma by sequential density 
ultracentrifugation. Isolated as d < 1.019 g/ml, the TRL fraction 
was a heterogeneous mixture of chylomicrons, VLDLs, and IDLs, 
even though the subjects consumed a fat-free energy drink. This 
fractionation was part of the original study protocol and was 
selected primarily to compare the metabolism of apoB-100 in lipo-
proteins with d < 1.019 g/ml with the metabolism of apoB-100 in 
total LDL (see Discussion) (16). In the original protocol, 3–4 ml 
of plasma from each timepoint of the metabolic study was  
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adjusted to d = 1.019 g/ml with potassium bromide (KBr). After 
ultracentrifugation, the top 0.5–0.75 ml was recovered as TRL; the 
middle layer (1.0–1.25 ml) was aspirated and discarded; and the 
bottom (d >1.019 g/ml) layer was transferred to a fresh tube, and 
the density of the solution was increased to d = 1.063 g/ml in or-
der to isolate LDLs. The top 0.5–0.75 ml layer recovered as LDLs 
was transferred to a fresh tube, overlaid with KBr d = 1.063 g/ml, 
and recentrifuged to guard against potential contamination of 
the recovered LDLs by TRL and HDL particles. The recovered 
TRL and LDL aliquots were frozen at 80°C until analysis, with-
out being dialyzed.

To separate the LDL subfractions for the present study, an ali-
quot of undialyzed total LDL was diluted 2:1 with Dulbecco’s PBS 
(Gibco, Life Technologies, Grand Island, NY), thereby adjusting 
the solution density to d = 1.044 g/ml, and then centrifuged at 
171,919.7 g for 41 h by using a Beckman 50.3 Ti rotor (Beckman, 
Brea, CA). The recovered top 30% of the LDL solution repre-
sented lbLDLs (d = 1.019–1.044 g/ml) and the recovered bottom 
portion represented sdLDLs (d = 1.044–1.063 g/ml). The isolated 
LDL subfractions were frozen immediately at 80°C and stored 
for up to 18 months until analysis.

Plasma lipid and apoB determinations
Lipid and apoB levels were measured in five plasma samples 

collected during the continuous feeding period (mean of 2, 4, 6, 8, 
and 10 h). Plasma concentrations of TC, TGs, total LDL choles-
terol, sdLDL cholesterol, and HDL cholesterol were assessed by 
automated online assays. TRL cholesterol concentration was cal-
culated as the difference between TC and the sum of total LDL 
and HDL cholesterol; and lbLDL cholesterol was calculated as the 
difference between total LDL cholesterol and sdLDL cholesterol. 
To determine the concentration of apoB-100 in TRLs, lbLDLs, 
and sdLDLs, the concentration of plasma total apoB, TRL apoB, 
and apoB in each LDL subfraction recovered after ultracentrifu-
gation was measured by an immunoturbidometric method using 
standardized reagents from Kamiya Diagnostics (Seattle, WA). 
The relative proportion of apoB recovered in lbLDLs and sdLDLs 
was multiplied by the concentration of apoB in total LDL, which 
was calculated by subtracting the concentration of TRL apoB from 
plasma total apoB. No correction was made for apoB-48, deter-
mined in our previous studies to represent <5% of the total apoB 
concentration in the d < 1.019 g/ml fraction when study subjects 
with combined hyperlipidemia were in the fed state (14). For 
kinetic analysis (see below), apolipoprotein plasma concentrations 
were converted to pool size (PS) by using the following formula:

( ) = [ /
× ]

PS mg apolipoprotein concentration(mg 1)

plasma volume(l) .

Plasma volume was estimated as 4.5% of body weight (in kg).

ApoB-100 separation, isotopic enrichment, and kinetic 
analysis

The protocols for the separation of apoB-100, the determina-
tion of isotopic enrichment, and the kinetic analysis were per-
formed as previously described (14). Plasma-free amino acids 
were isolated from the TCA extract of whole plasma by cation ex-
change chromatography, using AG50W-X8 100–200 mesh, H+ 
resin (Bio-Rad Laboratories, Hercules, CA). GC/MS selected ion 
monitoring at m/z 349 (derivatized leucine – HF) and m/z 352 
(derivatized D3-leucine – HF) was used to determine the areas 
under the chromatographic peaks for each ion. Percent deuter-
ated leucine enrichment (D3-leucine/[D3-leucine + leucine]) for 
each sample was calculated from the area under the curve and 
corrected for the isotopic enrichment of the D3-leucine tracer 

(22). The isotopic enrichment of the tracer used in this study was 
99.94%, as analyzed by GC/MS.

The kinetic parameters of apoB-100 were assessed by using a 
compartment model and the SAAM II program (The Epsilon 
Group, Charlottesville, VA). As presented in Fig. 1, the model 
consisted of a four-compartment leucine subsystem (compart-
ments 1–4), which describes the plasma kinetics of the D3-leucine 
tracer. Tracer was injected via the plasma compartment, compart-
ment 2; samples were also collected from plasma for the measure-
ment of leucine enrichment. Initially, the subsystem was fit to the 
plasma leucine enrichment data to estimate the fractional rate 
constants between compartments 1–4 together with the irrevers-
ible loss rate constant from compartment 2 (see supplemental 
Table S1 for model parameters). These rate constants were fixed, 
while the apoB section of the model was fit to the TRL, lbLDL, 
and sdLDL apoB enrichment data. A fraction of leucine from 
compartment 2 entered an intrahepatic pool, compartment 5, 
which accounted for the time required for the synthesis, assembly, 
and secretion of apoB-100 into plasma. A second delay compart-
ment (compartment 10) represented the remodeling of apoB-
containing particles that occurs in the hepatic extravascular space. 
Compartment 10 was required in order to fit the lbLDL and 
sdLDL apoB-100 enrichment data. The presence of a delay be-
tween TRL and LDL apoB-100 has been reported previously, with 
studies suggesting that TRLs may leave the plasma and reappear 
later in LDLs (23, 24). The model provides for the direct secre-
tion of apoB into the TRL, lbLDL, and sdLDL fractions, as well as 
the extrahepatic delipidation of TRL to LDL. Four intravascular 
compartments (compartments 6–9) described the kinetics of 
apoB-100 in the TRL plasma fraction and allowed for a delipida-
tion cascade (compartments 6–8) and a slowly turning over TRL 
pool (compartment 9) (25). ApoB in compartment 9 could po-
tentially be converted to LDL, although we could not resolve this 
pathway with any degree of precision during model fitting. TRL 
apoB-100 can be converted to lbLDL or sdLDL or removed di-
rectly from plasma. The metabolism of the LDL subfractions is 
described by two distinct compartments. The compartment repre-
senting lbLDL was derived from direct secretion from the hepato-
cytes and the conversion of TRL to lbLDL (compartment 11) and 
allows for the extravascular remodeling of these particles (com-
partment 12). The compartment representing sdLDL (compart-
ment 13) was derived from three sources: the conversion of lbLDL 
to sdLDL, the conversion of TRL to sdLDL, and de novo hepatic 
synthesis. ApoB in compartment 13 could potentially exchange 
with an extravascular compartment; however, this could not be 
resolved during model fitting, in part because of the relatively 
short duration of the kinetic study. Because an extravascular com-
partment was not included in the final model, the fractional cata-
bolic rate (FCR) estimated by using this model might be an 
overestimate of the true FCR of sdLDL particles.

The FCRs of TRL apoB-100, lbLDL apoB-100, and sdLDL apoB-
100 were derived from the model parameters giving the best fit. Pro-
duction rate (PR) was computed by using the following formula:

( ) ( )

( )
( ) ( )

−1PR mg kg day FCR pools day

apolipoprotein concentration mg l

plasma volume l body weight kg

⋅ =

×

×

LDL subfraction proteomic analysis
Proteomic analysis of lbLDL and sdLDL particles was assessed 

by in-solution tryptic digestion and LC/MS using an Agilent 6550 
quadrupole TOF mass spectrometer with a Chip Nano source 
(Agilent Technologies, Santa Clara, CA). Briefly, apoB-depleted 
aliquots of lbLDLs and sdLDLs were reduced in 20 mM Tris[2-
carboxyethyl]phosphine for 5 min at 95°C, alkylated in 10 mM 
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iodoacetamide for 20 min at room temperature, and then incu-
bated in a 6.6 ng/l solution of sequencing-grade trypsin (Pro-
mega, Madison, WI) at 37°C for 5 h. The digested peptides were 
desalted with a C18 ZipTip pipette tip and eluted with 1% formic 
acid before analysis.

The tryptic peptides were separated chromatographically by us-
ing a Polaris HR chip (Agilent Technologies) consisting of a 360 nl 
enrichment column and a 0.075 × 150 mm analytical column, 
each packed with Polaris C18-A stationary phase with 2 µm parti-
cle size. The mobile phase was 5% acetonitrile and 0.1% formic 
acid (buffer A) (Honeywell/Burdick and Jackson, Muskegon, MI) 
and 95% acetonitrile and 0.1% formic acid (buffer B) (Honey-
well/Burdick and Jackson). For optimal data acquisition, equal 
amounts of the peptides from each sample were injected onto the 
column. Peptides were eluted at a flow rate of 0.4 µl/min with se-
quential linear gradients of 2%→5% buffer B over 0.5 min, 
5%→30% buffer B over 9.5 min, and 30%→5% buffer B over 3 
min, followed by 5.1 min with 90% buffer B and 12.9 min of equil-
ibration with 2% buffer B. Data-dependent MS/MS peptide spec-
tra were collected, four mass spectrometry scans/s, with up to six 
MS/MS spectra from each scan.

To establish protein identification, the MS/MS data were 
analyzed with Spectrum Mill (Agilent Technologies, Rev 
B.04.00.127) and searched against the human sequences in the 
Uniprot/Swissprot database (downloaded 05/2013). Peptide-
to-spectrum matching criteria included a precursor ion mass 
tolerance 15 ppm and a MS/MS fragment mass deviation 30 
ppm. Tryptic peptides having up to two missed cleavage sites, 
fixed carbamidomethylation of the cysteine residues, variable 
oxidation of the methionine residues, and variable pyroglutamic 
acid modification were allowed in the search. The database was 
then restricted to the proteins observed in the first Spectrum Mill 
search, and a second search of the fragmentation data was per-
formed allowing for nonspecific cleavage of the proteins. Pep-
tides were identified with a false discovery rate 1%. The relative 
abundance of each protein was inferred from the summed pep-
tide ion current.

Proteomic analysis could not be achieved in one subject due to 
technical difficulties; therefore, the data represent the analysis of 
five subjects.

Statistical analysis
The SAS System for Windows (release 9.2; SAS Institute, Cary, 

NC) was used for statistical analysis. A logarithmic transformation 
was applied to the data not normally distributed before formal 
analysis. Significant differences in the means between placebo 
and treatment phases and between lbLDL and sdLDL kinetic pa-
rameters were assessed by paired t-test analysis. The percent 
change relative to placebo was calculated on an individual basis 
and summarized descriptively. All data in the text, tables, and 
figures are presented in the original scale of measurement as 
means ± SEM. P < 0.05 was considered significant.

RESULTS

As reported previously, inhibition of HMG-CoA reduc-
tase with rosuvastatin 40 mg/day markedly lowered non-
fasting plasma concentrations of TC (37%, P < 0.0001), 
TGs (32%, P = 0.06), LDL cholesterol (52%, P < 
0.001), and total apoB (42%, P < 0.0001), as compared 
with placebo (Table 1) (16). Rosuvastatin also signifi-
cantly (P < 0.01) reduced the concentrations of apoB and 
cholesterol within lbLDLs (apoB, 39%; cholesterol, 48%) 
and sdLDLs (apoB, 42%; cholesterol, 54%) (Fig. 2). 
In both the placebo and the rosuvastatin phases, the ab-
solute concentration of apoB in sdLDLs was at least 2.5 
times greater than the concentration of apoB in lbLDLs. 
The converse was true for absolute cholesterol concentra-
tions, with twice as much cholesterol being present in 
lbLDLs than in sdLDLs. Relative to placebo, rosuvastatin 
decreased the cholesterol content per particle from 940 ± 

Fig.  1.  Compartment model for the metabolism of 
leucine and apoB-100 in TRL, lbLDL, and sdLDL. 
Compartments 1–4 represent the kinetics of plasma 
leucine after the injection of D3-leucine, which is 
injected into plasma, compartment 2. Plasma leu-
cine exchanges between extravascular compartments 
(compartments 1, 3, and 4). A fraction of the leucine 
pool is directed to an intrahepatic delay compartment, 
compartment 5, which accounts for the time required 
for the synthesis, assembly, and secretion of apoB-100 
into plasma. A second delay compartment (compart-
ment 10) represents the lipolytic remodeling of 
apoB-containing particles that occurs in the hepatic 
extravascular space. Compartments 6–9 describe the 
kinetics of TRL apoB-100 in plasma and allow for a 
delipidation cascade (compartments 6–8) and a slowly 
turning over TRL pool (compartment 9). Compart-
ment 11 representing lbLDL apoB-100 is derived from 
direct secretion of apoB-100 from the hepatocytes and 
the conversion of TRL particles to lbLDL particles and 
allows for the extravascular remodeling of these parti-
cles (compartment 12). Compartment 13, representing 
sdLDL, is derived from three sources: the conversion 
of lbLDL to sdLDL, the conversion of TRL to sdLDL, 
and de novo hepatic synthesis. The rectangle with thin 
dotted lines indicates the leucine model, consisting of 
vascular and extravascular compartments; the rectan-
gles with thick dashed lines denote the plasma com-
partments of TRL, lbLDL, and sdLDL apoB-100.
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128 mol to 719 ± 66 mol (19%, P = 0.06) in sdLDLs  
and from 5,536 ± 518 mol to 4,552 ± 405 mol (14%,  
P = 0.18) in lbLDLs (supplemental Table S2); however, the 
cholesterol:apoB molar ratio in sdLDLs, relative to lbLDLs, 
did not change significantly (P = 0.55). The concentration 
of sdLDL cholesterol was, on average, approximately 32% 
of total LDL cholesterol during both phases.

Figure 3 illustrates the isotopic enrichment of apoB-100 
in lbLDLs and sdLDLs over the course of the metabolic 
study (0–69 h). The appearance of deuterated leucine in 
sdLDL apoB-100 occurred at a slower rate compared with 
lbLDL apoB-100. In addition, the maximum isotopic en-
richment in sdLDL apoB-100 was markedly lower than that 
in lbLDL apoB-100 in both the placebo (Fig. 3A) and the 
rosuvastatin (Fig. 3B) phases. The enrichment of sdLDL 
apoB-100 at its maximum was approximately equal to that 
of lbLDL, indicating that apoB-100 in lbLDL was a partial 
precursor of sdLDL apoB-100. The crossover of the two en-
richment curves occurred earlier in the rosuvastatin phase 
compared with the placebo phase (placebo: 35–40 h; ro-
suvastatin: 20 h), in part a consequence of the relatively 
smaller apoB-100 mass associated with the extravascular 
compartment (compartment 12 in Fig. 1) and the more 
rapid turnover of the lbLDL and sdLDL particles relative to 
the placebo phase. The compartment model giving the best 

fit to the data (Fig. 1) supported this precursor-product re-
lationship between the two LDL subfractions. In addition, 
a clear precursor-product relationship between TRL apoB-
100 and lbLDL apoB-100 and between TRL apoB-100 and 
sdLDL apoB-100 was observed during both phases (supple-
mental Fig. S1).

As shown in Table 2, the rosuvastatin-induced decrease 
in apoB-100 PS in all fractions was attributable to signifi-
cant (P  0.01) increases in the catabolism of apoB-100. 
Relative to placebo, rosuvastatin increased the FCR of 
apoB-100 in TRL, lbLDL, and sdLDL by 45 ± 16%, 131 ± 
66%, and 97 ± 32%, respectively, with no significant effects 
on apoB-100 PR. During both the placebo and rosuvastatin 
phases, sdLDL apoB-100 was catabolized at a slower frac-
tional rate (placebo, 0.36 ± 0.06 pools/day; rosuvastatin, 
0.69 ± 0.14 pools/day) than lbLDL apoB-100 (placebo, 
0.63 ± 0.10 pools/day; rosuvastatin, 1.23 ± 0.24 pools/day; 
both P  0.01). The sdLDL apoB-100 PR was higher than 
the lbLDL apoB-100 PR (placebo, 10.39 ± 1.29 vs. 6.31 ± 
0.64 mg/kg∙day1, P  0.01; rosuvastatin, 11.03 ± 1.21 vs. 
7.35 ± 0.95 mg/kg∙day1, P  0.001). During the placebo 
phase, 25% of TRL apoB-100 was cleared directly from the 
circulation, presumably by the liver; 37% was converted 
from TRL to lbLDL; 38% went directly from TRL to sdLDL 
apoB; and all lbLDL apoB-100 was converted to sdLDL. 
Statin therapy did not alter these distributions significantly.

Direct production of apoB-100 into the LDL subfrac-
tions was also not altered significantly by rosuvastatin ther-
apy (Table 2). During the placebo phase, most of the 
lbLDL apoB-100 was derived from TRL apoB-100 (73.6%), 
with the remainder (26.4%) being secreted de novo by 
the liver. Most of the sdLDL apoB-100 (61.4%) was derived 
from lbLDL apoB-100, with 35.9% from TRL apoB-100 and 
2.7% from de novo hepatic synthesis. Similarly, during the 
rosuvastatin phase, 71.2% of the lbLDL apoB-100 was de-
rived from TRL apoB-100 and 28.8% via de novo hepatic 
production. Most of the sdLDL apoB-100 was derived via 
lipolysis of larger apoB-100-containing particles (66.2% 
from TRL apoB-100; 30.4% from lbLDL apoB-100), and 
only 3.3% was produced de novo.

Proteomic analysis of the lbLDL and sdLDL subfractions 
indicated the presence of the following apolipoproteins, in 
addition to apoB, in the density range of both subfractions: 
apoA-I, apoA-II, apoA-IV, apoC-I, apoC-II, apoC-III, apoC-
IV, apoD, apoE, apoF, and apoM (Table 3). The total protein 

TABLE  1.  Effects of rosuvastatin on nonfasting plasma lipid and 
apolipoprotein concentrations

Parameter Placebo Rosuvastatin 40 mg/day Change, %

Cholesterol, mmol/l
  Total 5.83 ± 0.26 3.69 ± 0.23a

37 ± 2
  TRL 0.78 ± 0.12 0.57 ± 0.04 19 ± 15
  LDL 3.80 ± 0.24 1.86 ± 0.27b

52 ± 5
  sdLDL 1.26 ± 0.22 0.56 ± 0.09c

54 ± 4
  HDL 1.29 ± 0.15 1.27 ± 0.13 0.2 ± 5
TGs, mmol/l 2.11 ± 0.47 1.29 ± 0.32d

32 ± 10
ApoB, g/l 0.99 ± 0.06 0.58 ± 0.06a

42 ± 3

Data are presented as mean ± SEM, n = 6. To convert total, LDL, 
HDL, and TRL cholesterol in mmol/l to mg/dl, multiply by 38.67; TGs 
in mmol/l to mg/dl, multiply by 88.57. The percent change relative to 
placebo is the mean of the percent change calculated on an individual 
basis. Significance for comparison of absolute values with placebo phase 
was determined by using a paired t-test, with TGs being log-transformed 
before statistical analysis.

aP < 0.0001, for comparison with placebo phase.
bP = 0.0002.
cP = 0.003.
dP = 0.06.

Fig.  2.  Cholesterol (A) and apoB-100 (B) concentra-
tions in lbLDL and sdLDL during the placebo and ro-
suvastatin 40 mg/day phases. Data are expressed as 
mean ± SEM (n = 6). White bar, placebo phase; shaded 
bar, rosuvastatin phase.



1320 Journal of Lipid Research  Volume 58, 2017

spectral intensity, log base 2, of each apolipoprotein, as cal-
culated by Agilent Spectrum Mill, was greater in sdLDLs 
than in lbLDLs, with the exception of apoC-II and apoE, 
during the placebo phase. Significant differences (P < 0.05) 
between the two subfractions were noted for apoA-I and 
apoA-IV during the placebo phase and for apoA-IV, apoC-III, 
and apoM during rosuvastatin treatment. ApoA-IV was 
not associated with lbLDLs in either the placebo or the 
rosuvastatin phase. Rosuvastatin lowered the abundances 
of all detected apolipoproteins in lbLDLs except apoA-I, 
with notable decreases occurring in apoC-III (6.9 ± 2.3%, 
P = 0.04), apoM (80.2 ± 19.8%, P = 0.02), apoA-II (58.1 ± 
25.7%, P = 0.08), and apoD (1.3 ± 0.5%, P = 0.07). In 
sdLDLs, only the abundance of apoA-IV was reduced sig-
nificantly (3.1 ± 1.0%, P = 0.04). Other proteins found to 
be present in sdLDLs in some subjects were carbamoyl-
phosphate synthase, clusterin (apoJ), complement C3, he-
moglobin subunits  and delta, histone H4, IgG kappa 
chain C region, serum amyloid A, and serum amyloid A4. 
The proteome of lbLDL particles included histone H3 and 
serum amyloid A4. Because the proteomic analysis was per-
formed on apoB-depleted aliquots of the ultracentrifugally 
isolated LDL subfractions, to enhance the detection of low-
abundance proteins, differences in the posttranslational 
modification of apoB-100 in sdLDLs and lbLDLs, like oxi-
dation or carbamidomethylation, could not be detected.

DISCUSSION

Epidemiological studies including the Framingham Off-
spring Study, MESA, and ARIC have demonstrated that 
sdLDL cholesterol is a significantly better predictor of CVD 
than total LDL cholesterol (4–6). The assay used in these 
studies measured the cholesterol content of LDL particles 
in the density range of 1.044–1.063 g/ml (3). We defined 
sdLDL in an identical fashion and measured the metabo-
lism of apoB-100 and the protein composition of this LDL 
subfraction relative to lbLDL in the density range of 1.019–
1.044 g/ml. We found that sdLDL apoB-100 had a signifi-
cantly longer plasma residence time (3.10 days) than 
lbLDL apoB-100 (1.95 days) in subjects with combined hy-
perlipidemia and that rosuvastatin significantly decreased 
these residence times by more than 40%, without altering 
production.

Previous studies have examined the metabolism of apoB 
in large and small LDLs by using stable isotopes (see sup-
plemental Table S3) (26–28). Campos et al. (26) reported 
a plasma residence time of apoB-100 within dense LDLs  
(d = 1.036–1.063 g/ml) of 2.44 days and in light LDLs  
(d = 1.019–1.036 g/ml) of 1.69 days in eight postmeno-
pausal women in the fed state. Aguilar-Salinas et al. (27) 
studied five subjects with combined hyperlipidemia in the 
fasting state while on placebo and then later on pravastatin 

Fig.  3.  D3-leucine percent enrichment of apoB-100 
in lbLDL and sdLDL during the placebo (A) and rosu-
vastatin 40 mg/day (B) phases. The graphs depict the 
fit of the model to the enrichment data derived from 
the GC/MS analysis. The points represent enrichment 
(mean ± SEM, n = 6); lines denote the model-predicted 
values. Open triangles and solid line indicate apoB-100 
in lbLDL; filled squares and dashed line indicate 
apoB-100 in sdLDL.
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therapy (20 mg/day). They observed a mean apoB plasma 
residence time on placebo and statin of 5.11 and 2.82 days 
for dense LDLs (d = 1.035–1.063 g/ml) and 1.31 and 0.80 
days for light LDLs (d = 1.019–1.035 g/ml), respectively 
(27). Zheng et al. (28) fractionated LDLs into light (d = 
1.025–1.032 g/ml), medium (d = 1.032–1.038 g/ml), and 
dense (d = 1.038–1.050 g/ml) subclasses and examined 
apoB metabolism in 12 normolipidemic and 9 hypertriglyc-
eridemic subjects in the fed state. In their study, plasma was 
separated by immunoaffinity chromatography, before ultra-
centrifugation, into four fractions based on apoC-III and 
apoE content. In all three LDL density ranges, the major 
LDL particle, making up >90% of total LDL, contained nei-
ther apoC-III nor apoE, and the observed apoB residence 
times in normal subjects were approximately 0.3 days in light 
LDLs, 0.67 days in medium LDLs, and 0.85 days in dense 

LDLs. Notably, this study omitted the densest LDL fraction 
(d = 1.050–1.063 g/ml). Discrepancies among the reported 
plasma residence times, in our opinion, relate to the selec-
tion of study subjects; the study design, including modeling 
of tracer data; and the feeding status of the subjects dur
ing the metabolic study. Hyperlipidemic subjects often have 
delayed LDL apoB-100 catabolism (see supplemental Table 
S3). We have documented also that feeding results in more 
direct TRL apoB-100 catabolism and less conversion of TRL 
apoB-100 to LDL apoB-100, as well as delayed LDL apoB-100 
catabolism, compared with the fasting state (29). Despite 
the differences, our findings are consistent with these pre-
vious studies and support the concept that apoB in sdLDLs 
is catabolized more slowly than apoB in lbLDLs.

Our data indicate that approximately 80% of lbLDL 
apoB-100 is derived from TRL apoB-100, with the remainder 

TABLE  2.  Effects of rosuvastatin 40 mg/day on the PS, FCR, and PR of apoB-100 in TRL and LDL subfractions

Placebo Rosuvastatin Change, %

TRL apoB-100
  Pool size, mg 283 ± 64 179 ± 41a  32 ± 6
  FCR, pools/day 3.37 ± 0.53 4.75 ± 0.71b 45 ± 16
  PR, mg/kg∙day1 12.64 ± 2.14 12.34 ± 2.45 0.1 ± 9
  RT, h 7.79 ± 0.90 5.65 ± 0.87 26 ± 9
lbLDL apoB-100
  Pool size, mg 812 ± 68 493 ± 60a

39 ± 5
  FCR, pools/day 0.63 ± 0.10 1.23 ± 0.24b 131 ± 66
  PR, mg/kg∙day1 6.31 ± 0.64 7.35 ± 0.95 23 ± 20
  RT, day 1.95 ± 0.48 0.95 ± 0.15 42 ± 11
sdLDL apoB-100
  Pool size, mg 2321 ± 264 1363 ± 198a

41 ± 4
  FCR, pools/day 0.36 ± 0.06c 0.69 ± 0.14b,c 97 ± 32
  PR, mg/kg∙day1 10.39 ± 1.29c 11.03 ± 1.21d 12 ± 16
  RT, day 3.10 ± 0.36e 1.75 ± 0.31b,c

42 ± 10
% conversion
  TRL to lbLDL 37.27 ± 5.55 41.88 ± 8.82 10 ± 15
  TRL to sdLDL 37.65 ± 10.36 36.89 ± 11.30 5 ± 28
  TRL cleared directly by liver 25.08 ± 9.22 21.24 ± 11.95 19 ± 31
  lbLDL to sdLDL 100 100 0
Direct apoB-100 production
  TRL, de novo hepatic synthesis
    mg/kg∙day1 12.64 ± 2.14 12.34 ± 2.45 0.1 ± 9
    % of total TRL apoB-100 100 100 0
    % of total apoB-100 secreted 84.81 ± 6.89 81.87 ± 8.97 5 ± 5
  lbLDL, de novo hepatic synthesis
    mg/kg∙day1 1.36 ± 0.36 2.02 ± 0.98 32 ± 27
    % of total lbLDL apoB-100 26.43 ± 11.82 28.77 ± 13.09 19 ± 32
    % of total apoB-100 secreted 12.99 ± 6.50 15.67 ± 8.39 20 ± 14
  lbLDL, from TRL
    mg/kg∙day1 4.95 ± 0.92 5.33 ± 1.36 6 ± 14
    % of total lbLDL apoB-100 73.57 ± 11.82 71.23 ± 13.09 9 ± 9
  sdLDL, de novo hepatic synthesis
    mg/kg∙day1 0.28 ± 0.05 0.36 ± 0.11 66 ± 57
    % of total sdLDL apoB-100 2.70 ± 0.37 3.35 ± 0.88 37 ± 40
    % of total apoB-100 secreted 2.20 ± 0.49 2.46 ± 0.67 56 ± 55
  sdLDL, from TRL
    mg/kg∙day1 3.80 ± 0.71 3.31 ± 0.45 4 ± 18
    % of total sdLDL apoB-100 35.90 ± 2.79 30.43 ± 3.15 13 ± 13
  sdLDL, from lbLDL
    mg/kg∙day1 6.31 ± 0.64 7.35 ± 0.95 23 ± 20
    % of total sdLDL apoB-100 61.40 ± 3.11 66.22 ± 2.65 9 ± 7

RT, plasma residence time. Data are presented as mean ± SEM, n = 6. The percent change relative to placebo is the mean of the percent change 
calculated on an individual basis. Significance for comparison of absolute values with placebo phase and for comparison of sdLDL with lbLDL was 
determined by using a paired t-test.

aP  0.01, for comparison with placebo phase.
bP < 0.05.
cP  0.01.
dP  0.001, for comparison with lbLDL.
eP < 0.05.
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being produced directly. They also show that approxi-
mately 60% of sdLDL apoB-100 is derived from lbLDL 
apoB-100, with most of the remainder coming directly from 
TRL apoB-100. There does appear to be a small percentage 
of sdLDL apoB-100 derived from direct liver production. 
These percentages are not greatly altered with rosuvastatin 
therapy for either lbLDL apoB-100 or sdLDL apoB-100. In 
this study, we did not subfractionate the TRL fraction, and, 
therefore, we were unable to ascertain which portion of the 
TRL fraction may have been the precursor of, or contrib-
uted more to, the sdLDL fraction, compared with the 
lbLDL fraction or how rosuvastatin may have modified the 
delipidation cascade more specifically. Aguilar-Salinas et al. 
(27) concluded that “a clear precursor-product relation-
ship” was observed between the VLDL, IDL, light LDL and 
dense LDL fractions. In contrast, Zheng et al. (28) found 
that 83% of sdLDL apoB-100 was derived directly from 
IDLs, with only 8% being derived from lbLDLs. Packard 
and colleagues (30–32) did not examine the metabolism of 
LDL subfractions directly; however, they did propose that, 
in subjects with moderate hypertriglyceridemia, there is 
likely to be increased conversion of large VLDL apoB-100 
directly to sdLDL. It should be noted that the separation of 
LDL subfractions probably results in the isolation of het-
erogeneous populations of particles that have different 
metabolic and, hence, kinetic properties.

It was important to examine differences in the proteome 
of lbLDLs and sdLDLs on both placebo and rosuvastatin, 
which potentially might explain the difference in the cata-
bolic rate of apoB in lbLDLs and sdLDLs. Earlier studies of 
LDL composition have reported that apolipoproteins A-I, 
A-II, C-I, C-II, C-III, C-IV, D, E, and F, in addition to apoB, 
as well as clusterin, complement C3, C4a, and C4b, and 
paraoxonase 1 are associated with LDL particles (11, 17–19). 
Davidsson et al. (33) examined the protein content of LDL 
subfractions of d = 1.030–1.040 and 1.040–1.063 g/ml and 
observed a higher apoC-III content and a lower content of 
apoA-I, apoC-I, and apoE in sdLDLs versus lbLDLs. More-
over, in subjects with metabolic syndrome and diabetes, 
there were not only excess sdLDLs, but also greater apoC-
III enrichment of sdLDLs than in normal subjects (33).

We also found that the proteomes of the lbLDL and 
sdLDL subfractions separated by ultracentrifugation were 
different. Apolipoproteins A-I, A-II, C-I, C-II, C-III, C-IV, D, 
E, F, and M were associated with both lbLDL and sdLDL 
density fractions, whereas apoA-IV was associated only with 
the sdLDL density fraction. On placebo, the sdLDL sub-
fraction had significantly higher apoA-I content than did 
the lbLDL subfraction. Rosuvastatin treatment resulted in 
significant decreases in the apoA-IV content of sdLDLs and 
in the apoC-III and apoM content of lbLDLs as compared 
with placebo. The effects on apoM were very striking. Data 
derived from proteomic analyses based on lipoprotein par-
ticles isolated by ultracentrifugation should be viewed with 
caution. Weakly associated proteins are well known to re-
distribute from one lipoprotein fraction to another during 
ultracentrifugation, due to high shear forces and the ionic 
strength of preparative solutions. Although the procedure 
used to isolate the total LDL fraction in the larger meta-
bolic study included reultracentrifugation in order to 
guard against potential contamination by TRL and HDL 
particles (see Materials and Methods), a more specific iso-
lation procedure, namely, immunoprecipitation with a 
monoclonal antibody against human apoB, with or without 
ultracentrifugation, would have had the advantage of de-
termining whether the LDL subfractions do indeed con-
tain protein components that are normally thought to be 
associated with HDLs, such as apoA-I.

Further studies are required to understand fully the 
function of many of the identified apolipoproteins in hu-
mans. It is known, however, that apoC-III inhibits lipopro-
tein lipase activity and the hepatic uptake of TRL; therefore, 
its presence may prolong the residence time of apoB-
100-containing lipoproteins (34, 35). The reduction in 
apoC-III associated with lbLDL during the rosuvastatin 
phase may, as a result, contribute to the significant increase 
in apoB clearance. Alternatively, and in our opinion more 
likely, the enhanced LDL apoB-100 clearance induced by 
statins relates to the inhibition of cellular cholesterol syn-
thesis and up-regulation of LDL receptor activity. In previ-
ous studies, we documented significant differences in 
lipid composition between sdLDLs and lbLDLs, indicating 

TABLE  3.  Apolipoprotein composition of lbLDL and sdLDL during placebo and treatment with rosuvastatin 40 mg/day

Placebo (total protein spectral intensity, log base 2) Rosuvastatin (total protein spectral intensity, log base 2) Rosuvastatin vs. placebo,a change, % (P)

Proteins lbLDL sdLDL Pb  lbLDL sdLDL Pb lbLDL sdLDL

ApoA-I 19.9 ± 0.9 22.8 ± 0.5 0.03 20.4 ± 0.9 22.9 ± 0.5 0.09 2.6% (0.64) 0.8% (0.74)
ApoA-II 19.0 ± 0.5 19.3 ± 0.7 0.72 7.9 ± 4.8 19.2 ± 0.3 0.08 58.1% (0.08) 0.2% (0.88)
ApoA-IV 0 14.7 ± 3.7 0.02 0 14.1 ± 3.5 0.02 0 3.1% (0.04)
ApoC-I 9.1 ± 5.6 19.8 ± 1.0 0.16 7. ± 4.9 19.8 ± 0.6 0.07 2.1% (0.87) 0.7% (0.97)
ApoC-II 22.0 ± 0.1 20.3 ± 0.9 0.11 20.2 ± 0.8 20.4 ± 0.4 0.78 8.2% (0.11) 1.3% (0.94)
ApoC-III 23.4 ± 0.3 23.4 ± 0.4 0.93 21.8 ± 0.5 23.5 ± 0.2 0.02 6.9% (0.04) 0.4% (0.92)
ApoC-IV 10.1 ± 4.1 13.3 ± 3.3 0.64 3.3 ± 3.3 13.4 ± 3.4 0.07 40.6% (0.17) 0.1% (0.95)
ApoD 12.8 ± 5.2 20.7 ± 0.4 0.21 12.5 ± 5.1 20.5 ± 0.4 0.19 1.3% (0.07) 1.3% (0.46)
ApoE 23.5 ± 1.1 22.7 ± 0.4 0.53 22.3 ± 1.8 22.5 ± 0.4 0.92 5.6% (0.30) 0.6% (0.81)
ApoF 11.7 ± 4.8 21.1 ± 0.6 0.13 11.6 ± 4.7 20.9 ± 0.2 0.12 0.6% (0.79) 0.7% (0.70)
ApoM 18.5 ± 0.3 19.7 ± 0.8 0.31 3.8 ± 3.8 18.8 ± 0.4 0.01 80.2% (0.02) 3.6% (0.43)

Data are presented as the total protein spectral intensity, log base 2, of the individual proteins, as calculated by Agilent Spectrum Mill (Agilent 
Technologies), mean ± SEM, n = 5.

a Percent change relative to placebo was calculated on an individual basis and summarized descriptively by LDL subfraction. Significance for 
comparison of rosuvastatin phase absolute values with placebo phase absolute values was determined by using a paired t-test.

b Significance for comparison of sdLDL with lbLDL was determined by using a paired t-test.
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that major apoB-100 conformational changes on the sur-
face of sdLDLs, as compared with lbLDLs, were required to 
accommodate the smaller amount of lipid (35). At that time, 
we speculated that these changes would likely affect the bind-
ing of sdLDL to its receptor and its plasma residence time 
(36), a concept supported by competitive binding assays in 
human skin fibroblasts with LDL particles of different size 
(37). Our current data also support this hypothesis.

It is possible that the increased atherogenicity of sdLDLs 
is not only due to lipolysis and the subsequent alteration in 
particle size. Other factors may, at least in part, be respon-
sible, such as the binding of apoB-containing lipoproteins 
to proteoglycans in the extracellular matrix of the arterial 
wall, which, in turn, would increase the time the particle 
spends trapped in the subendothelial space of the artery 
wall and stimulate uptake by macrophages. Anber et al. 
(38, 39) have demonstrated, using LDL isolated from dys-
lipidemic subjects with a lipid profile comparable to our 
study subjects, that the formation of arterial wall proteogly-
can/LDL complexes was positively associated with the per-
centage of sdLDLs (d = 1.044–1.063 g/ml) in total LDL 
and plasma TG levels and negatively associated with the 
percentage of lbLDLs (d = 1.019–1.033 g/ml) and plasma 
HDL cholesterol levels. Furthermore, proteoglycan/LDL 
complex formation was significantly higher in the subjects 
with elevated sdLDL levels. In the present study, the pro-
teomic analysis was performed by using apoB-depleted ali-
quots of the isolated LDL subfractions, and the differences in 
the posttranslational modifications of apoB-100 in sdLDLs, 
compared with apoB-100 in lbLDLs, which may have char-
acterized the conformational changes and pointed to the 
primary reason(s) that sdLDL is particularly atherogenic, 
were not analyzed. Regardless of the precise mechanism, a 
prolonged plasma residence time would extend the period 
of exposure that the arterial wall has to the particle and, 
thus, would enhance the atherogenic potential of sdLDL.

A novel aspect of the present study was that the kinetics 
of LDL apoB-100 was examined in LDL density subfrac-
tions that match with those used in epidemiological and 
clinical studies. Although the importance of our findings is 
potentially limited by the small number of study subjects 
and relatively short duration of each kinetic study, the dys-
lipidemic phenotype of the subjects, and the feeding pro-
tocol used in the study, our data do indicate 1) that a 
significant percentage of TRL apoB-100 (25% in this study) 
is catabolized directly; 2) that the remaining TRL apoB-
100 is converted directly and equally to both lbLDLs  
and sdLDLs; and 3) that all lbLDL apoB-100 is converted  
to sdLDL apoB-100. These findings provide an explana-
tion for the elevated sdLDL concentrations observed in 
hypertriglyceridemic subjects, potentially due to the in-
creased direct conversion of TRL apoB-100 to sdLDL apoB-
100. Packard et al. (30–32) have postulated convincingly 
that the key abnormality leading to the generation of sdLDL 
is the development of mild to moderate hypertriglyceride-
mia, defined as a plasma TG concentration > 1.5 mmol/l. 
Under these metabolic conditions, large-size VLDL1 accu-
mulates due to overproduction and/or delayed clearance; 
when lipolyzed, VLDL1 gives rise to a population of small 

LDLs, which fail to bind well to the LDL receptor and, 
therefore, have a longer plasma residence and increased 
likelihood of undergoing remodeling. Through the action 
of cholesteryl ester transfer protein, cholesteryl ester is ex-
changed for TG, resulting in TG-enriched LDL, a good 
substrate for hepatic lipase and, in turn, sdLDL (31).

The benefit of statins for decreasing CVD risk is under-
scored by the observation that rosuvastatin not only enhanced 
TRL and LDL apoB-100 fractional catabolism, but also sig-
nificantly enhanced the fractional catabolism of apoB-100  
in both lbLDL and sdLDL. We found that the concentration 
of apoB in sdLDLs was more than twice as high as that in 
lbLDLs, whereas the converse was true for the cholesterol 
concentrations, with twice as much cholesterol being present 
in lbLDLs than in sdLDLs. Treatment with rosuvastatin de-
creased the total number of lbLDL and sdLDL particles as 
measured by apoB concentrations, as well as the cholesterol 
content per particle. It did not, however, change the 
cholesterol:apoB molar ratio in sdLDLs relative to lbLDLs.

In conclusion, sdLDL apoB-100 was catabolized more 
slowly than lbLDL apoB-100 in subjects with combined hy-
perlipidemia during both the placebo and rosuvastatin (40 
mg/day) treatment periods. Rosuvastatin enhanced the 
clearance of apoB-100 in both sdLDLs and lbLDLs, with no 
effect on production or on the conversion rates of TRL to 
LDL subfractions. There were differences in apolipopro-
tein composition and abundance between sdLDLs and 
lbLDLs, which may account for some of the differences in 
the atherogenicity of the LDL particles. We believe, how-
ever, that the increased plasma residence time of sdLDL 
apoB-100 relative to lbLDL apoB-100 is due to a change in 
apoB-100 conformation on the surface of sdLDLs, inhibit-
ing receptor-mediated catabolism. Other factors, such as a 
preferential affinity for proteoglycans in the arterial wall, 
may have an effect in the atherogenicity of the different 
LDL particles. However, in our view, the major reason for 
the increased atherogenicity of sdLDL is its longer resi-
dence time in plasma, leading to an increased likelihood of 
lipolysis, posttranslational modification, oxidation, and en-
hanced uptake into the arterial wall.
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