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Plasma Clearance of Human Low-Density Lipoprotein in Human
Apolipoprotein B Transgenic Mice Is Related to Particle Diameter

Kaspar Berneis, David M. Shames, Patricia J. Blanche, Michael La Belle, Manfredi Rizzo,
and Ronald M. Krauss

o test for intrinsic differences in metabolic properties of low-density lipoprotein (LDL) as a function of particle size, we

xamined the kinetic behavior of 6 human LDL fractions ranging in size from 251 to 265 Å injected intravenously into human

polipoprotein (apo) B transgenic mice. A multicompartmental model was formulated and fitted to the data by standard

onlinear regression using the Simulation, Analysis and Modeling (SAAM II) program. Smaller sized LDL particles (251 to 257

) demonstrated a significantly slower fractional catabolic rate (FCR) (0.050 � 0.045 h�1) compared with particles of larger size

262 to 265 Å) (0.134 � �0.015 h�1, P < .03), and there was a significant correlation between FCR and the peak LDL diameter

f the injected fractions (R2 � .71, P < .034). The sum of the equilibration parameters, k(2,1) and k(1,2), for smaller LDL (0.255
�1 and 0.105 h�1, respectively) was significantly smaller than that for larger LDL (0.277 h�1 and 0.248 h�1, respectively; P <

01), indicative of slower intravascular-extravascular exchange for smaller LDL. Therefore in this mouse model, smaller LDL

articles are cleared more slowly from plasma than larger LDL and are exchanged more slowly with the extravascular space.

his might be due to compositional or structural features of smaller LDL that lead to retarded clearance.
2004 Elsevier Inc. All rights reserved.
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LASMA LOW-DENSITY lipoprotein (LDL) comprise
multiple distinct subspecies differing in size and density

hat also differ in their metabolic behavior and pathologic
oles.1 In vitro studies in human monocytes2 and human skin
broblasts3 have demonstrated that large and small LDL have

ower affinity to the LDL receptor compared with LDL of
edium size LDL. Further, smaller LDLs bind more avidly to

rterial wall proteoglycans, possibly in relation to their reduced
ontent of sialic acid4-6 and have a greater propensity for uptake
y arterial tissue than larger LDL,7 suggesting a greater trans-
ndothelial transport of smaller particles.

In vivo studies in humans suggested that LDL residence time
s prolonged in individuals with predominantly small dense
DL.8 However, from the studies to date, it cannot be distin-
uished whether this metabolic behavior is due to intrinsic
ompositional or structural differences in LDL particles of
ifferent size or to other metabolic differences, eg, differences
n lipase activities among individuals with different LDL par-
icle size profiles. We therefore have performed in vivo studies
f LDL plasma clearance in an animal model, the human
polipoprotein (apo) B transgenic mouse.

MATERIALS AND METHODS

uman Subjects

We isolated the main LDL species from 6 male normolipidemic
uman subjects from the Cholesterol Research Clinic (Berkeley, CA)
Table 1). Two of the individuals were on statin therapy. Blood was
ollected after a 12- to 14-hour fast into EDTA (1.5 mg/mL) tubes
ontaining plasma preservation and enzyme inhibitors. The tubes were
mmediately placed on ice and plasma was separated at 4°C by low
peed centrifugation.

nimals and Experimental Procedure

Six sets of studies were performed using a total of 30 apo B
ransgenic mice. Seven days before the experiment the mice were
laced on a Western-type diet (21% wt/wt fat, 0.15% wt/wt cholesterol,
9.5% wt/wt casein, and no sodium cholate). Groups of 5 mice each
ere injected via tail vein with 10 �g (50 �L) of the radioiodinated
DL fraction from the same subject. Before injecting, the samples were
quilibrated with “cold” mouse plasma. Plasma samples were collected

t 10, 30, 60, 120, 210, 330, and 480 minutes by retro-orbital bleeding

etabolism, Vol 53, No 4 (April), 2004: pp 483-487
f anesthetized mice. Plasma was separated by low-speed centrifuga-
ion, and samples from mice belonging to the same experimental unit
ere pooled. Mice were anesthetized during the injection and bleeding
rocedures and were killed after the studies.

reparation of Lipoproteins

All plasma processing and lipoprotein fractionation were performed
n the presence of 2.7 mmol/L EDTA and 10 �mol/L Trolox. To obtain
po B–containing lipoprotein subfractions, 2 mL plasma was diluted to
final volume of 6 mL with density adjusted to 1.075 g/mL by addition
f NaCl (108 g/L) and centrifuged at 40,000 rpm for 20 hours at 10°C.
he top 1 mL was pipetted to obtain a lipoprotein fraction with d
1.072 g/mL. This fraction was then mixed with 0.5 mL deuterium

xide (D2O), d.1.07 gm/mL and the resultant 1.5 mL (d. 1.084 g/mL)
as added to the bottom of a 12-mL ultracentrifuge tube. With the tube

ngled at approximately 45°, a continuous, linear density gradient, d
.054 to 1.005 g/mL in 9.5 mL, was then added to the tube at 1
L/minute using 2 programmable high precision pumps (Pharmacia
PLC System, Piscataway, NJ) for delivery and mixing of 2 solutions:
1) 0.15 mmol/L NaCl in D2O, pH 7.8, d. 1.11 g/mL and (2) 0.15
mol/L NaCl in H2O, pH 7.8, d. 1.006 g/mL. The tube was then

djusted to a vertical position, and 1 mL H2O was layered on top. Tubes
ere centrifuged at 22,500 rpm for 16 hours at 10°C in an SW41
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484 BERNEIS ET AL
winging bucket rotor (Beckman Instruments, Palo Alto, CA). After
topping the rotor with controlled mechanical braking, nonequilibrium
ensity fractions were pipetted from the tube to obtain 12 1-mL
ractions. Particles of LDL size as determined by gradient gel electro-
horesis were detected in fractions 9, 10, and 11. Fraction 10 repre-
enting the middle of the LDL distribution was used in all 6 kinetic
xperiments as an injectate.

odination of Lipoproteins

For preparations of 125 I–lipoprotein subspecies the lipoprotein sam-
les were dialyzed overnight at 4°C against 0.1 mol/L Na phosphate,
H 6.5. A total of 5 �L Na 125 I was added to an IODO-Gen (Pierce
iotechnology, Rockford, IL) precoated tube, allowed to activate for 6
inutes, then removed and added to the sample to react for 12 minutes,

ccording to the manufacturer’s instructions. To remove unincorpo-
ated label, the radiolabled-lipoprotein preparations was dialyzed
gainst 0.1 mol/L ammonium bicarbonate overnight, followed by phos-
hate-buffered saline (PBS), pH 7.4, overnight and then 0.15 mol/L
aline, pH 7.4. Dialyzed samples were analyzed for protein content
sing a modification of the method of Lowry.9

etermination of Radioactivity in Plasma and Lipoprotein
ractions

Radiolabel incorporation into injectates was determined following
0% trichloroacetic acid (TCA) precipitation. As nearly all protein in
idsize LDL is represented by apo B, these counts were assumed to

epresent apo B-radioactivity. Density subfractions 1 to 12 were pre-
ared by density gradient ultracentrifugation as described above and
irectly counted in a Packard (Downers Grove, IL) 800 auto gamma
ounter with autocorrection for background counts.

hemical Composition Determination

Total cholesterol and triglycerides (TG) were measured using enzy-
atic methods and a Ciba Corning (East Walpole, MA) Express 550
lus 400 E analyzer.10,11 High-density lipoprotein (HDL)-cholesterol
as measured after heparin-manganese precipitation of the remaining
lasma lipoproteins.12 Protein concentrations were determined by the
owry method modified to include sodium dodecyl sulfate.9 Phospho-

ipid was determined by the method of Bartlett,13 and free cholesterol
as measured by an enzyme kit method adapted to microtiter plate.
po B concentrations were determined using sandwich style enzyme-

inked immunosorbent assay (ELISA).14

Plasma apos B, E, and C-III concentrations were measured using
tandardized sandwich-style ELISA. Apo calibrators were standardized
sing CDC #1883 serum reference material (Center for Disease Con-
rol, Atlanta, GA) and pooled reference sera (Northwest Lipid Research
linic, Seattle, WA).

ount Distribution

After radioiodination and reisolation of the injectate by density

Table 1. Subje

Subject Age
BMI

(kg/m2) Medication
Peak Dia

1 63 23 Simvastatin
2 56 22 —
3 33 22 —
4 51 23 —
5 30 26 Pravastatin
6 45 25 —

*Injected LDL from fraction 10.
radient ultracentrifugation as described above, there was an apparent r
edistribution with 16% � 8%, 34.4% � 7%, and 24.4% � 7% of the
otal counts in fractions 9, 10, and 11, respectively. For the purpose of
inetic analysis, the counts in fractions 9, 10, and 11 were summed,
epresenting 75% of the total counts.

inetic Analysis

Each of the 6 dynamic data sets of LDL plasma disappearance, 3
rom smaller and 3 from larger LDL particles, were well resolved by a
imple 2-compartment kinetic model comprising an injected plasma
ompartment and an equilibrating extravascular compartment (Fig 1).
ll irreversible loss was assumed to occur from the plasma compart-
ent. As such, the fractional catabolic rate (FCR) is equal to the

ractional rate of irreversible loss from the plasma compartment. The 3
ata sets generated after injecting the larger LDL particles were fitted
imultaneously subject to the constraint that the values of the equili-
ration rate constants were adjustable, but invariant among these 3
tudies. This constraint was used to reduce the confounding effects due
o noise and the covariance in the fitting process between the FCR and
he equilibration rate constants. An identical strategy was used to fit the

data sets generated from the injection of the smaller LDL particles.
he plasma volume of the mice was assumed to be 3.3% of the body
eight15 assuming a mean hematocrit of 40%. This constraint was

mposed like that for the equilibration kinetics to reduce the confound-
ng effects of noise and the covariance in the fitting process between the
lasma volume and the FCR.
All data fitting was performed using the Simulation, Analysis and
odeling (SAAM II) software (SAAM Institute, Seattle, WA), which

ses a weighted nonlinear least squares parameter estimation algorithm.
easurement errors were assumed to be independent and Gaussian
ith zero mean and fractional standard deviation known within a scale

actor determined from the data. Weights were chosen optimally, ie,
qual to the inverse of the variance of the measurement error. The
recision of the parameter estimates was determined from the covari-

haracteristics

of LDL* TC
(mg/dL)

LDL-C
(mg/dL)

HDL-C
(mg/dL)

TG
(mg/dL)

204 123 63 88
202 127 54 109
176 106 51 100
120 65 36 96
159 86 43 154
185 119 42 118

Fig 1. Compartmental model used to explain the kinetics of LDL

n mouse plasma. Compartment 1 is the plasma compartment equil-

brating with an extravascular pool, compartment 2. The fractional
cts C

meter
(Å)

265
264
262
257
253
251
ate of irreversible loss from the plasma compartment is the FCR.
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485PLASMA CLEARANCE OF SMALL DENSE LDL
nce matrix at the least squares fit. Calculated parameter values with
arge uncertainty estimates (coefficient of variation [CV] � 75%) were
ssumed to be not significantly different from zero.

tatistical Analysis

Statistical tests were performed using the Statview software package
SAS Institute, Cary, NC). Mean values for biochemical and demo-
raphic measures of the 3 human subjects with larger LDL and the 3
ubjects with smaller LDL were compared using unpaired Student’s t
ests. Mean values for FCR obtained from larger and smaller particles
ere compared using the unpaired Student’s t test. Simple regression

nalysis was performed to analyze the relationship between particle
ize and FCR. The calculated difference in equilibration kinetics be-
ween larger and smaller particles was tested for significance using the
isher F statistic. This statistic, which is a test for model order, uses the
eighted residual variance obtained from the simultaneous fit of all 6

tudies subject to the constraint of a single invariant set of equilibration
ate constants, and the weighted residual variance obtained from the
imultaneous fit of the 6 studies subject to the constraint that the
quilibration rate constants are invariant only for the 3 studies in each
f the larger and smaller LDL studies.16 Statistical significance was
ssumed present when P � .05.

RESULTS

haracteristics of Subjects and LDL Injectate

To compare differences between larger and smaller LDL

Fig 2. Fits of compartmental model (lines) to LDL plasma disap-

earance data (symbols) in human apo B transgenic mice. Differ-

nces in disintegrations per minute (DPM) values at t � 0 are based

n different amounts of radioactivity used in labeling process.
articles, the subjects were divided into 2 equal groups based p
n the particle diameter of LDL in fraction 10: larger LDL (262
o 265 Å) and smaller LDL (251 to 257 Å). Characteristics of
ubjects including plasma lipid values are listed in Table 1.
ean plasma TG concentrations were slightly, but not signif-

cantly, higher and HDL-C concentrations significantly lower
n subjects with smaller isolated LDL particles (TG: 123 � 29
99 � 11 mg/dL, P � .26; HDL-C: 40 � 4 v 56 � 6 mg/dL,
� .02, respectively). LDL-C concentrations did not differ

etween the 2 groups of subjects. Weight percent of TG (3.1%
1.4% and 3.4% � 0.13%), free cholesterol (6% � 3.8% and

.3% � 4.4%), cholesterol ester (48.1% � 5% and 49.2% �

.3%), phospholipids (21.3% � 3% and 18.7% � 5%), apoli-
oprotein B (21.2% � 3% and 23.2% � 2%), apolipoprotein
III (0.11% � 0.02% and 0.128% � 0.01%) and apolipopro-

ein E (0.083% � 0.039% and 0.094% � 0.011%) did not
iffer between smaller and larger LDL particles used as injec-
ate, respectively.

inetic Analysis and Multicompartmental Modeling

The model fit the data well in all 6ix experiments as seen in
ig 2. The computed values for FCR were well resolved from

he data with the exception of that for smaller LDL in experi-
ent 1, which was too small to be resolved from zero. The FCR

alues and their estimated uncertainties (expressed as CV in
ercent) are shown in Table 2. The mean FCR for larger LDL
0.134 � 0.015 h�1) was greater than that for smaller LDL
0.050 � 0.045, P � .04). A significant correlation was found
etween LDL particle size and FCR (R2 � .714, P � .034) as
hown in Fig 3.

Fig 3. Simple regression analysis between FCR (h�1) and peak

Table 2. Fractional Catabolic Rates (h�1)

Experiment Larger LDL CV (%) Smaller LDL CV

1 0.132 31 0*
2 0.150 28 0.064 36
3 0.120 37 0.087 24

Abbreviation: CV, coefficient of variation.
*Too small to be resolvable from zero.
article size of the injected LDL fractions.
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486 BERNEIS ET AL
The sum of the equilibration parameters, k(2,1) and k(1,2),
or smaller LDL (0.255 h�1 and 0.105 h�1, respectively) was
ignificantly smaller than that for larger LDL (0.277 h�1 and
.248 h�1, respectively; P � .01). This is indicative of slower
ntravascular-extravascular exchange for smaller LDL.

DISCUSSION

In the present study we found that the metabolism of smaller
DL particles differ from that of larger-sized LDL in an apo B

ransgenic mouse model. Smaller particles demonstrated de-
reased FCR and slower intra extravascular equilibration com-
ared with larger LDL particles. Decreased FCR of small dense
DL is in accordance with in vivo studies in humans8 and in
itro studies in human monocytes2 and human skin fibroblasts3

emonstrating that large and small LDL have lower affinity to
he LDL receptor compared with LDL of medium size. In the
eport of Campos et al,3 medium sized LDL ranged in diameter
rom 259 to 271 Å corresponding well to larger LDL particles
n our report, while small LDL was defined having a size less
han 257 Å, corresponding well with the size of smaller LDL.
n the present study, the variation of LDL size in the small LDL
roup was higher compared with the larger LDL group. This is
ost likely explained by the heterogeneity of LDL particles in

umans,17 suggesting that further heterogeneity within these
ractions imparts greater variation in their metabolic character-
stics. These findings are also supported by studies using 13C
uclear magnetic reasonance (NMR) suggesting that differ-
nces in the conformation of apo B-100 and surface charge
etween LDL subspecies are major determinants of their cat-
bolic fate,18 and that intermediate size LDL subspecies con-
titute the optimal ligand for the LDL receptor among human
DL particle subpopulations.

Decreased intra-extravascular equilibration of small dense c
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ompared with medium sized LDL, as reported in this study, is
onsistent with several other observations. It has been shown
hat smaller LDLs bind more avidly to arterial wall proteogly-
ans, possibly in relation to their reduced content of sialic
cid.4-6 Sialic acid, perhaps because of its exposure at the LDL
urface, plays a determinant role in the in vitro association of
DL with the polyanionic proteoglycans.5 Interestingly, mod-

fication of LDL arginine and lysine residues abolished the
bility of the lipoprotein to interact with proteoglycans,19 a
nding that supports the hypothesis that the interaction is
ependent on key positively charged amino acids on apo B. In
he present study, we did not find that differences in lipid
oncentrations or content of apo E or CIII or LDL were related
o differences in plasma clearance, but the power to detect such
ffects was small.

The model of apo B transgenic mice was chosen to evaluate
he kinetic behavior of the human LDL particles of different
ize in vivo in a genetically homogeneous recipient avoiding
ther metabolic differences that could influence LDL metabo-
ism. Human-like LDL subclasses with normal composition are
ound in fat-fed transgenic mice expressing high levels of
uman apo B, but with low cholesteryl ester transfer activity.20

e cannot exclude that human LDL binds with different af-
nity to the mouse LDL receptor in the present model. How-
ver, it has been shown in mouse hepatocyte cultures that the
ack of the LDL receptor induced a loss of 48% of human LDL
inding capacity, suggesting that human LDL is well recog-
ized by the mouse LDL receptor.21 It is concluded that small
DL particles have intrinsic features that lead to retarded
etabolism and decreased intra-extravascular equilibration

ompared with medium-sized LDL. These properties could

ontribute to greater atherogenicity of small dense LDL.
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