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Abstract The effect of apolipoprotein (apo) E genotype on
apoB-100 metabolism was examined in three normolipi-
demic apoE2/E2, five type III hyperlipidemic apoE2/E2,
and five hyperlipidemic aPoE?) /E2 subjects using simulta-
neous administration of '*I-VLDL and 25I-LDL, and multi-
compartmental modeling. Compared with normolipidemic
apoE2/E2 subjects, type III hyperlipidemic E2/E2 subjects
had increased plasma and VLDL cholesterol, plasma and
VLDL triglycerides, and VLDL and intermediate density li-
poprotein (IDL) apoB concentrations (P < 0.05). These ab-
normalities were chiefly a consequence of decreased VLDL
and IDL apoB fractional catabolic rate (FCR). Compared
with hyperlipidemic E3/E2 subjects, type III hyperlipidemic
E2/E2 subjects had increased IDL apoB concentration and
decreased conversion of IDL to LDL particles (P < 0.05). In
a pooled analysis, VLDL cholesterol was positively associated
with VLDL and IDL apoB concentrations and the proportion
of VLDL apoB in the slowly turning over VLDL pool, and
was negatively associated with VLDL apoB FCR after adjust-
ing for subject group. VLDL triglyceride was positively asso-
ciated with VLDL apoB concentration and VLDL and IDL
apoB production rates after adjusting for subject group. A
defective apoE contributes to altered lipoprotein metabo-
lism but is not sufficient to cause overt hyperlipidemia. il
Additional genetic mutations and environmental factors, in-
cluding insulin resistance and obesity, may contribute to the
development of type III hyperlipidemia. Ooi, E. M. M., E. D.
Janus, S. J. Grant, L. M. T. Sinclair, and P. H. R. Barrett. Ef-
fect of apolipoprotein E genotype on apolipoprotein B-100
metabolism in normolipidemic and hyperlipidemic subjects.
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Apolipoprotein (apo) E is a 34.2 kDa glycoprotein syn-
thesized by the liver and to a lesser extent by peripheral
tissues (1). It is associated in plasma with triglyceride-rich
lipoproteins (TRL) and HDL particles (2). ApoE plays a
central role in mediating hepatic recognition and uptake
of TRL and their remnants by acting as a ligand for li-
poprotein binding to the LDL receptor, LDL receptor-
related protein, and glycosaminoglycans (3). ApoE may also
activate enzymes involved in lipoprotein metabolism, in-
cluding hepatic lipases, cholesteryl ester transfer protein,
and lecithin cholesteryl:acytransferase (4). The apoE gene
is polymorphic, with three common alleles coding for
three major isoforms identified as E2, E3, and E4 (5).

Type III hyperlipidemia, also known as dysbetalipopro-
teinemia, is a rare form of genetic dyslipidemia character-
ized by elevated plasma cholesterol and triglycerides and
the presence of cholesterol-enriched remnant particles,
collectively known as B-VLDL (6). The accumulation of
B-VLDL particles may be associated with impaired TRL ca-
tabolism (7). Type III hyperlipidemic subjects may have
severe xanthomatosis and significantly increased risk of
developing premature atherosclerosis (8). The majority of
type III hyperlipidemic subjects are homozygotes for the
apoE2 allele of the apoE (APOE) gene. However, <10% of
apoE2 homozygotes develop hyperlipidemia, and most
apoE2/E2 subjects are either normolipidemic or hypo-
cholesterolemic (6). The onset of hyperlipidemia may be
associated with additional genetic factors and/or environ-
mental factors such as obesity, diabetes, and menopausal
status (6). The regulation of lipoprotein transport in sub-
jects with the apoE2/E2 genotype, in particular those with-

Abbreviations: apo, apolipoprotein; FCR, fractional catabolic rate;
IDL, intermediate density lipoprotein; PR, production rate; TMU, tet-
ramethyl urea; TRL, triglyceride-rich lipoprotein.

"E. M. M. Ooi and E. D. Janus contributed equally to this work.

*To whom correspondence should be addressed.

e-mail: Hugh.Barrett@uwa.edu.au

Journal of Lipid Research Volume 51,2010 2413



out type III hyperlipidemia, is not well known. A better
understanding of the mechanisms underlying the lipid
and lipoprotein changes in apoE2/E2 subjects is poten-
tially of clinical importance.

In this study, we investigated the kinetics of VLDL, inter-
mediate density lipoprotein (IDL) and LDL apoB using
simultaneous administration of “'I-ZVLDL and '®ILDL
and multi-compartmental modeling in apoE2/E2 subjects
with or without type III hyperlipidemia, and a group of
hyperlipidemic subjects heterozygous for the apoE allele.

METHODS

Subjects

Thirteen Caucasian subjects (eight males and five females)
were studied. Eight of these subjects had the apoE2/E2 genotype
and five had the apoE3/E2 genotype. Of the eight with the
apoE2/E2 genotype, three were normolipidemic and the remain-
ing five were classified with type III hyperlipidemia (9). Patient 6
was subsequently shown to be heterozygous for E2 (Arg 158—Cys)
and E2 Christchurch (Arg 136—=Ser) (10). The presence of other
apoE2 mutations, including E2 Christchurch and E2 Dunedin
(Arg 228 —Cys) (11), were examined and excluded in subjects
with the apoE3/E2 genotype. None of these subjects had a
history of diabetes or other metabolic disorder, cardiovascular
disease, renal dysfunction (macroproteinuria and/or serum
creatinine >150 wmol/L), alcohol consumption >30 g alcohol/
day, or were taking lipid-modifying agents at the time of the
study. All subjects provided informed written consent, and the
study was approved by the Ethics Committee of the North Canter-
bury Hospital Board.

Preparation of labeled lipoproteins

Blood samples were collected from subjects using 0.1% EDTA
following a 14 h overnight fast. Plasma was separated immedi-
ately by centrifugation. VLDL (density < 1.006 g/ml) and LDL
(1.019 < density < 1.063 g/ml) were isolated by ultracentrifuga-
tion at 115,000 gfor 17 h at 4°C in a Kontron TFT 45.6 fixed an-
gle rotor (Watford, Hertfordshire, UK). VLDL and LDL were
washed and concentrated by recentrifugation for 17 h at 4°C at
background densities of 1.006 g/ml and 1.06 3g/ml, respectively.
LDL was dialyzed extensively against 0.15M NaCl, pH 7.4, to re-
move sodium bromide prior to labehn

VLDL and LDL were labeled with "*'T and '®1 (obtained from
the Radiochemical Center, Amersham, UK), respectively, using
the iodine monochloride method of McFarlane (12). Unbound
iodine was removed by passage of the sample through Sephadex
G10 eluted with sterile saline. Residual free iodine was removed
by dialysis against sterile saline containing 0.001% EDTA. I
VLDL was dialyzed for 2 h and then centrifuged at d = 1.006
g/ml for 15 h at 115,000 g. "*I-LDL was dialyzed for 16 h with two
changes of buffer. Prior to injection, the labeled VLDL and LDL
were each made up to a volume of 8 ml with sterile saline and
sterilized by 0.45 wm Millipore filtration (Millipore, New Zea-
land). The lipid labeling was 6-13% in the BILVLDL and 1-18%
in the "I-LLDL.

125

Study protocol

Subjects were admitted to the metabolic ward and fasted 14 h
overnight prior to injection of the labeled lipoproteins. They re-
ceived a bolus injection of labeled lipoproteins, 20-30 wCi P
VLDL and 10-20 pCi '*’I-LDL, administered within 96 h of the
initial blood collection via an indwelling catheter placed in a
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forearm vein. A total of 10 blood samples were collected within
the first 24 h and a further 8-10 samples over the next 56-72 h.
Subjects were discharged from the metabolic ward 72 h postinjec-
tion. Additional daily fasting blood samples were collected until
14 days postinjection. In addition, 24 h urine samples were col-
lected daily for the 14 day period.

During the initial 48 h postinjection, subjects consumed a
1,500 kcal diet containing <5 g of fat/day to minimize intestinal
production of chylomicrons. During the first 48 h of the kinetic
study, plasma triglycerides remained in steady state, varying by
<10% of the mean value. After the initial 48 h, subjects adhered
to their usual low animal fat diet (30% of calories from fat, 15%
from protein, and 55% from carbohydrates). Potassium iodide
(50 mg/day) was given to prevent thyroidal uptake of radioio-
dine until the completion of the study.

Analysis of samples

VLDL, IDL, and LDL were isolated by sequential ultracentrifu-
gation at densities of 1.006, 1.019, and 1.063 g/ml, respectively.
ApoB radioactivity in VLDL, IDL, and LDL was determined by
precipitation of apoB using redistilled tetramethyl urea (TMU)
(Sigma Chemical Co. Ltd., St Louis, MO) followed by extraction
of the remaining lipids with organic solvents as previously de-
scribed (13). In brief, equal volumes of VLDL and TMU were
mixed and incubated at 37°C for 10 min. Insoluble apoB and
lipid was separated by centrifugation at 8,000 g for 20 min, and
the TMU soluble material was removed. Lipid was extracted over-
night at —20°C in 3 ml of ethanol:ether (3:2, v/v) followed by
two further ether extractions. The apoB precipitate dried under
nitrogen was dissolved in 1 ml of 0.5M NaOH. Aliquots of the
solubilized apoB were taken for counting and for protein deter-
mination (14). ApoB-specific radioactivity was then calculated as
counts per minute per milligram of apoB protein. For kinetic
analysis, VLDL, IDL, and LDL apoB activity data were expressed
as a fraction of the injected dose per 1 ml of plasma.

Determination of apoB pool sizes

Aliquots of the VLDL samples were pooled and washed by re-
centrifugation atd = 1.006 g/ml. On these respun samples, VLDL
apoB concentration was determined as the difference between
total VLDL protein measured by the method of Lowry et al. (14)
using BSA as the standard curve and the TMU soluble protein
concentration (15). Correction for incomplete recovery was de-
termined by the measurement of triglyceride concentrations in
the original and respun VLDL samples. The apoB concentration
was multiplied by a factor of 0.77 to correct for the difference in
chromogenicity between apoB and BSA (16). Aliquots of LDL
samples were similarly pooled, respun at density = 1.063 g/ml,
and LDL apoB concentration was determined by the method of
Lowry et al. Correction for incomplete recovery was based on
cholesterol measurements in the original and respun LDL sam-
ples. VLDL, IDL, and LDL apoB pool sizes were derived by mul-
tiplying their concentrations by plasma volume; plasma volume
was estimated as 4.5% of body weight.

Additional analyses

ApoE isoforms were isolated from delipidated VLDL using iso-
electric focusing with Pharmacia ampholytes (Sci-Med Ltd., New
Zealand). Lipoprotein electrophoresis was performed according

to the Helena Laboratories method on cellulose acetate strips
(Chemac Laboratories Ltd., New Zealand) (9-11, 17).

Kinetic analysis
The SAAM II program was used for modeling the data. The
"I and "®I-derived tracer data were modeled simultaneously.



This approach permitted the integration of all tracer data into a
single model (Fig. 1). Five compartments are used to describe
the kinetics of apoB in VLDL, which takes into account the de-
lipidation cascade (compartments 1-4) and a slowly turning over
VLDL pool (compartment 5). The residence time in each com-
partment in the chain is the same. Evidence for the existence of
a slowly turning over population of particles can be observed in
the terminal slope of the VLDL decay curve. VLDL particles can
be converted to IDL or removed directly from plasma. While IDL
(and potentially LDL) particles may be derived from the slowly
turning over VLDL pool (compartment 5), the coefficient of
variation associated with such pathways exceeded 100%. Al-
though such conversion may exist, the present study does not
permit us to resolve this, and additional data would be required
to accurately define such pathways. Plasma IDL kinetics are de-
scribed by two compartments (compartments 6 and 7), where
one represents a slowly turning over pool of IDL (compartment
7), as observed in the tail of the IDL radioactivity curve. The turn-
over rate of compartment 7 was set to equal that of compartment
5, as the terminal slopes of the VLDL and IDL curves were paral-
lel. The material in compartments 5 and 7 may represent a pool
of particles that spans the VLDL and IDL density fraction. De-
spite evidence to suggest that there is a significant direct input of
apoB into the IDL [Svedberg flotation rate (SF) 12-60] in type

Urine
radioactivity

Fig. 1. Compartment model describing VLDL, IDL, and LDL
apoB Kkinetics. Five compartments are used to describe the kinetics
of apoB in VLDL. Compartments 1-4 represent the VLDL delipi-
dation cascade and compartment 5, a slowly turning over VLDL
pool. VLDL particles can be converted to IDL or removed directly
from plasma. Plasma IDL kinetics are described by compartments
6 and 7, where compartment 7 represents a slowly turning over
pool of IDL. IDL particles can be converted to LDL (compartment
8) or removed directly from plasma. LDL kinetics are described by
two independent plasma compartments (compartments 8 and 10)
that account for the heterogeneous nature of LDL particles. Com-
partment 8 exchanges with compartment 9, an extravascular com-
partment. LDL particles in compartment 8 can be removed directly
from plasma and the P Label, originally associated with the LDL
tracer, can be transported to the body iodide pool (compartment
12). LDL particles in compartment 10 were converted to compart-
ment 11, and subsequently the iodine associated with the LDL was
converted to compartment 12. Compartment 11 acts as a delay be-
tween compartment 10 and the body iodide pool. Compartment
13 represents the urine | pool.

IIT hyperlipidemia (18), this input appears confined to the small
VLDL (Sf 20-60) fraction (19). It was, therefore, assumed that all
IDL was derived from the VLDL fraction. IDL particles can be
converted to LDL (compartment 8) or removed directly from
plasma.

The kinetics of the LDL fraction were estimated from the
LDL co-injected with the VLDL tracer. In general, LDL kinetics
are not accurately determined from tracer appearance and disap-
pearance originating from VLDL/IDL into the LDL fraction.
The administration of labeled LDL particles, coupled with the
collection of blood and/or urine for 10 or more days, overcomes
this limitation. LDL kinetics are described by two independent
plasma compartments (compartments 8 and 10) that account for
the heterogeneous nature of LDL particles. It was assumed that
LDL derived from the conversion of VLDL and LDL entered the
LDL fraction via compartment 8. LDL particles not derived from
this pathway were assumed to enter the LDL fraction via com-
partment 10 (20). Both inputs of particles into the LDL fraction
account for total LDL production. Compartment 8 was assumed
to exchange with compartment 9, an extravascular compartment.
LDL particles in compartment 8 can be removed directly from
plasma and the " Llabel, originally associated with the LDL
tracer, can be transported to the body iodide pool (compartment
12) where the turnover rate was fixed at 2.5 pools/day (21). LDL
particles in compartment 10 were converted to compartment 11,
and subsequently the iodine associated with the LDL was con-
verted to compartment 12. Compartment 11 acts as a delay be-
tween compartment 10 and the body iodide pool. The model
also included compartments 13, a compartment that accounted
for the appearance of iodine in urine derived from the catabo-
lism of the LDL tracer.
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Statistical analysis

Data are reported as mean + SEM unless specified. Skewed
variables were logarithmically transformed where appropriate.
The statistical significance of differences between mean values
was assessed using independent ttests. Associations between
study variables were examined using simple and stepwise regres-
sion analyses. Statistical significance was defined at P < 0.05. All
data were analyzed using SPSS 15.0 (SPSS, Chicago, IL) software.
The number of subjects included in the study was small. As such,
the use of Bonferroni adjustments of Pvalues was not applied.

RESULTS

Table 1 shows the individual clinical and biochemical
characteristics of the study subjects. Compared with nor-
molipidemic apoE2/E2 subjects, apoE/E2 subjects with
type III hyperlipidemia and apoE3/E2 hyperlipidemic
subjects were older and had significantly higher plasma
cholesterol, triglyceride, VLDL cholesterol, and VLDL
triglyceride concentrations (Table 1). There were no
significant differences between apoE2/E2 subjects with
type III hyperlipidemia and apoE3/E2 hyperlipidemic
subjects.

Table 2 shows the concentrations and kinetics of VLLDL,
IDL, and LDL apoB for the three groups of subjects. Com-
pared with normolipidemic apoE2/E2 subjects, apoE2/E2
subjects with type III hyperlipidemia had a significantly
higher VLDL apoB concentration and decreased VLDL
apoB fractional catabolic rate (FCR). There was no signifi-
cant difference in VLDL apoB production rate (PR). The
proportion of VLDL apoB in the slowly turning over VLDL

Effects of apoE genotype on apoB kinetics 2415



TABLE 1. Clinical and biochemical characteristics of study subjects
LDL HDL VLDL VLDL

Subject Age Weight BMI Cholesterol Triglycerides Cholesterol Cholesterol Cholesterol Triglyceride
Group Subject No. Sex (years) (kg) (kg/m‘z) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L) (mmol/L)
E2/E2 normolipidemic
Gl 1 M 32 64 21.6 4.06 1.35 1.10 1.31 0.39 0.78
Gl 2 F 30 55 21.6 4.75 1.20 1.44 1.83 0.65 0.57
Gl 3 F 37 65 27.9 4.75 2.83 1.92 0.86 1.15 1.78

Mean 33 61.7 23.7 4.52 1.79 1.49 1.33 0.73 1.04

SEM 1.70 2.57 1.69 0.19 0.42 0.19 0.23 0.18 0.30
E2/E2-hyperlipidemic
G2 4 M 46 72 28.6 5.51 4.12 1.23 0.69 2.01 2.54
G2 6 M 47 79 26.8 8.93 5.26 1.73 0.56 4.98 4.09
G2 6 M 40 59 19.3 7.64 3.39 2.52 0.84 2.00 241
G2 7 M 55 87 26.4 10.89 4.34 3.07 1.12 291 2.70
G2 8 M 38 69 23.7 6.97 2.66 2.39 1.04 1.88 1.51

Mean 45% 73.2 25.0 7.99% 3.95% 2.19 0.85 2.76%* 2.65%

SEM 2.99 4.74 1.63 0.91 0.44 0.32 0.10 0.59 0.42
E3/E2-hyperlipidemic
G3 9 M 57 83 27.1 7.71 9.41 1.81 0.60 3.68 5.47
G3 10 F 65 61 25.9 7.84 3.58 4.34 1.08 1.61 2.46
G3 11 F 58 84 35.3 10.54 3.45 6.62 1.03 1.52 2.04
G3 12 M 49 70 25.5 7.92 2.21 4.53 0.53 1.11 1.38
G3 13 F 58 67 26.5 7.46 5.74 2.45 0.99 2.32 3.79

Mean 57% 72.9 28.1 8.29% 4.88* 3.95% 0.85 2.05% 3.03*

SEM 2.54 4.47 1.83 0.57 1.27 0.85 0.12 0.45 0.73

* P<0.05 compared with E2/E2 normolipidemic.
1 P<0.05 compared with E2/E2-hyperlipidemic.

compartment was significantly increased (Fig. 1, compart-
ment 5; 26.0 + 2.95% vs. 9.80 + 1.86% of VLDL apoB pool;
P<0.01). The apoE2/E2 subjects with hyperlipidemia also
had a higher IDL apoB concentration (P = 0.016) and a
trend toward decreased IDL apoB FCR (P = 0.059) com-
pared with normolipidemic apoE2/E2 subjects. LDL apoB
concentrations were not significantly different between
apoE2/E2 subjects, with or without type IIl hyperlipidemia.
The apoE2/E2 subjects with type III hyperlipidemia, how-
ever, had a significantly lower LDL apoB FCR, and this was
accompanied by a commensurate decrease in direct LDL
synthesis (85.8 + 5.23% vs. 70.3 + 3.72%; P< 0.05).

As shown in Table 2, VLDL apoB kinetic parameters
were comparable between apoE2/E2 subjects with type III
hyperlipidemia and subjects heterozygous for the apoE2
allele (apoE3/E2), with the exception for the proportion
of VLDL apoB in the slowly turning over VLDL compart-
ment (Fig. 1, compartment 5; 26.0 + 2.95% vs. 7.69 =
2.75%; P<0.01), which was significantly greater in apoE2/
E2 type III hyperlipidemic subjects. Compared with
apoE3/E2 hyperlipidemic subjects, apoE2/E2 type III hy-
perlipidemic subjects had a higher IDL apoB concentra-
tion and lower LDL apoB concentration and PR (Table 2).
The conversion of IDL to LDL apoB was also significantly

TABLE 2. VLDL, IDL, and LDL apoB kinetic parameters

P
Subject Group E2/E2N E2/E2N E2/E2-H
VS. VS. V8.

Parameter E2/E2-N E2/E2-H E3/E2-H E2/E2-H E3/E2-H E3/E2-H
ApoB concentrations (mg/dl)

VLDL 4.01+0.39 18.3+3.76 18.3 +5.81 0.005 0.012 0.998

IDL 510+1.17 14.8 + 3.05 7.73 +0.91 0.016 0.093 0.040

LDL 28.0 + 6.08 38.3 + 6.56 84.6 + 18.4 0.316 0.019 0.026
FCR (pools/day)

VLDL 2.57 +0.47 1.13 £0.20 1.52 +0.17 0.022 0.044 0.175

IDL 1.15+0.20 0.67 +0.11 0.83+0.08 0.059 0.118 0.275

LDL 0.70 = 0.07 0.41 £ 0.06 0.38 £0.09 0.025 0.040 0.762
PR (mg/kg/day)

VLDL 478 £1.18 8.24+1.29 11.5+2.51 0.102 0.073 0.372

IDL 2.78 +1.03 3.73 £ 0.30 2.83 +£0.37 0.201 0.701 0.075

LDL 8.88 +1.94 6.73 +1.03 12.8 +2.33 0.386 0.288 0.036
Conversion rate (%)

VLDL to IDL 65.6 = 22.1 47.7+4.26 31.2 + 8,58 0.504 0.132 0.123

IDL to LDL 43.8 +8.25 50.3 + 4.52 80.1+7.80 0.473 0.021 0.009

VLDL to LDL 28.4 +11.7 23.3 +0.50 23.6 +5.03 0.702 0.672 0.949

VLDL apoB in slowly turning over 9.80 +1.86 26.0 + 2.95 7.69 +2.75 0.008 0.609 0.002

compartment (%)
Direct LDL synthesis (%) 85.8 +5.23 70.3 + 3.72 80.2 +4.08 0.047 0.427 0.111

Data presented as mean + SEM. Bold text indicates statistical significance a P < 0.05. N: normolipidemic; H: hyperlipidemic.
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decreased in these subjects. No difference was observed in
the conversion of VLDL to IDL and VLDL to LDL apoB.
Figure 2 shows the normalized VLDL, IDL, and LDL
apoB-specific activity-time curves for a representative sub-
jectfrom each group. The normalized VLDL apoB-specific
activity-time curve decayed faster in normolipidemic
apoE2/E2 subjects compared with hyperlipidemic apoE2/
E2 and apoE3/E2 subjects (Fig. 2A). The IDL apoB-
specific activity-time curve decayed faster in normolipidemic

VLDL apoB
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pared with type III hyperlipidemic subjects (Fig. 2B). The
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faster in normolipidemic apoE2/E2 subjects compared
with hyperlipidemic apoE2/E2 and apoE3/E2 subjects
(Fig. 2C).

Table 3 shows the associations between VLDL choles-
terol and VLDL triglyceride concentrations with kinetic
parameters of VLDL, IDL, and LDL apoB in a pooled anal-

0 10 20 30 40 50 60 70 80 90
Time (hours)
B 100 IDL apoB
=) |
£
E 10 .
T
<
]
o
2 1 Fig. 2. Normalized specific activity-time curves for
§ in a representative subject in E2/E2 normolipidemic
ﬁ (filled square), E2/E2 type III hyperlipidemic (X),
g o1 and E3/E2 hyperlipidemic (filled circle) for VLDL
'Zo‘ apoB (A), IDL apoB (B), and LDL apoB (C).
0.01 - T T T T T T T T )
0 10 20 30 40 50 60 70 80 90

Time (hours)

(9]

100

LDL apoB

Normalized ApoB S.A. (dpm/mg)

0.1 - . . T

0 20 40 60
Time (hours)

80

Effects of apoE genotype on apoB kinetics 2417



TABLE 3. Associations of VLDL

cholesterol and VLDL triglycerides concentrations with kinetic parameters

of VLDL, IDL, and LDL apoB

VLDL Cholesterol VLDL Triglycerides

Parameter R P r P
ApoB concentrations (mg/dl)

VLDL 0.845 0.001 0.783 0.003

IDL 0.687 0.014 0.514 0.087

LDL —0.461 0.131 —0.480 0.114
FCR (pools/day)

VLDL -0.659 0.020 —0.549 0.065

IDL —0.430 0.163 —0.064 0.844

LDL 0.156 0.628 0.145 0.654
PR (mg/kg/day)

VLDL 0.514 0.087 0.603 0.038

IDL. 0.437 0.156 0.632 0.027

LDL —0.174 0.588 —0.145 0.654
Conversion rate (%)

VLDL to IDL —0.216 0.501 —0.055 0.865

IDL to LDL -0.207 0.519 0.019 0.953

VLDL to LDL —0.272 0.393 —0.036 0.911

VLDL apoB in slowly turning over 0.611 0.035 0.395 0.203

compartment (%)
Direct LDL synthesis (%) —0.328 0.298 —0.466 0.127

Bold text indicates statistical significance at P< 0.05.

ysis after adjusting for subject group. The adjustment was
performed to exclude subject group driving associations be-
tween VLDL cholesterol and VLDL triglycerides with study
variables. VLDL cholesterol concentration was positively as-
sociated with VLDL and IDL apoB concentrations and the
proportion of VLDL apoB in the slowly turning over VLDL
compartment (compartment 5) (P < 0.05), and negatively
associated with VLDL apoB FCR (P< 0.05). VLDL triglycer-
ide concentration was positively associated with VLDL apoB
concentrations and the production rate of VLDL and IDL
apoB (P<0.05). In a stepwise regression model thatincluded
VLDL apoB residence time and subject group, VLDL apoB
concentration and the proportion of VLDL apoB in the
slowly turning over compartment were both independent
predictors of VLDL cholesterol concentrations (adjusted
7 =0.81, P<0.001). In a stepwise regression model that in-
cluded VLDL and IDL apoB PR and subject group, VLDL
apoB concentration was the only significant predictor of
VLDL triglycerides (adjusted #=0.67, P<0.001).

DISCUSSION

We provide new data on the effects of apoE genotype on
the metabolism of apoB-containing lipoproteins in nor-
molipidemic and hyperlipidemic subjects. We demon-
strate for the first time that compared with normolipidemic
apoE2/E2 subjects, apoE2/E2 subjects with type III hyper-
lipidemia have increased VLDL and IDL apoB concentra-
tions, primarily as a consequence of decreased VLDL and
IDL apoB FCR. We also showed that compared with hyper-
lipidemic subjects heterozygous for the apoE allele, type
HI hyperlipidemic apoE2/E2 subjects have significantly
increased IDL apoB concentrations and decreased conver-
sion of IDL to LDL particles. Both normolipidemic and
type III hyperlipidemic apoE2/E2 subjects had decreased
conversion of IDL to LDL particles compared with sub-
jects heterozygous for the apoE allele.
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Few studies have examined the metabolism of apoB-
containing lipoproteins in subjects with type III hyper-
lipidemia. Stalenhoef et al. (7) showed that type III
hyperlipidemia is characterized by delayed catabolism of
apoB-100- and apoB-48-containing lipoproteins, with little
conversion to IDL and LDL particles. Turner et al. (22)
showed that the production of IDL is increased in these
subjects and that the conversion of IDL to LDL apoB is
delayed by 5-fold. Studies of chylomicron metabolism have
shown that type III hyperlipidemia is associated with de-
layed catabolism of chylomicrons and their remnants (23,
23, 24, 24). Trembley et al. (25) recently showed that in
patients with coexisting type III hyperlipidemia and
heterozygous familial hypercholesterolemia, VLDL and
IDL apoB FCR were decreased and LDL apoB FCR in-
creased compared with familial hypercholesterolemia
heterozygous and normolipidemic subjects. We extend
previous reports by examining the metabolism of apoB-
containing lipoproteins in normolipidemic apoE2/E2
and type III hyperlipidemic apoE2/E2 subjects using dual-
tracers and multi-compartmental modeling. We also inves-
tigated a group of subjects heterozygous for the apoE
allele with hyperlipidemia similar to that seen in type III
hyperlipidemic subjects.

Consistent with previous studies, type III hyperlipidemic
apoE2/E2 subjects had elevated levels of plasma choles-
terol, triglycerides, VLDL cholesterol, and VLDL triglycer-
ides (22-24). They also had higher VLDL and IDL apoB
concentrations due, primarily, to reduced VLDL and IDL
apoB FCR compared with normolipidemic apoE2/E2 sub-
jects. The reduction in VLDL and IDL apoB FCR may be
consequent on the inhibitory effect of apoE2 on LPL-
mediated lipolysis (26) and decreased binding affinity of
apoE2 to hepatic clearance receptors (27), resulting in the
accumulation of remnants particles in the circulation (27).
Type III hyperlipidemic subjects also had a significantly
greater proportion of VLDL particles in the slowly turning



VLDL pool. Earlier studies suggest that particles in this
pool may correspond to B-VLDL particles (28, 29). The
greater proportion of VLDL particles in the slowly turning
over VLDL pool, exclusively in apoE2/E2 subjects with type
IIT hyperlipidemia, suggest that this may be a key mecha-
nism in the expansion of plasma 3-VLDL pool (30). Fur-
thermore, the increased proportion of VLDL apoB in the
slowly turning over VLDL pool is an independent determi-
nant, together with VLDL apoB concentrations, of VLDL
cholesterol levels. Collectively, these kinetic defects may ac-
count for the dyslipoproteinemia seen in our apoE2/E2
type III hyperlipidemic subjects. Whether downregulation
of VLDL receptors or other extrahepatic receptors (31,
32), or the inhibition of lipolytic enzymes by other apopro-
teins, such as apoC-III (33, 34), contributes further to the
impaired catabolism and accumulation of 3-VLDL particles
in circulation requires further investigation.

Of interest, normolipidemic apoE2/E2 subjects, like
the type III hyperlipidemic apoE2/E2 subjects (7, 22, 35),
have decreased conversion of IDL to LDL apoB. Further-
more, VLDL apoB FCR was, on average, 66% slower in the
normolipidemic apoE2/E2 subjects than that reported in
normolipidemic subjects without the apoE2/E2 genotype
[mean (range): 2.57 (1.68-3.30) vs. 7.70 (4.30-13.9),
pools/day] (36). These kinetic defects are consistent with
the presence of apoE2 (7, 22, 35). Despite this, these sub-
jects had lipid and lipoprotein profiles that are within the
normal range (29, 36-38). To explain this, there was a
commensurate decrease in VLDL apoB production
(~64%) in normolipidemic apoE2/E2 subjects compared
with normolipidemic subjects without the apoE2/E2 geno-
type (36). The mechanism for this is unclear and war-
rants further investigation. Normolipidemic apoE2/E2
subjects also had an elevated direct LDL apoB synthesis,
coupled with a compensatory increase in LDL apoB FCR.
As such, LDL apoB concentration remained low in these
subjects. The exact mechanism for the increase in direct
LDL apoB synthesis is unclear and requires further study.
The increased LDL apoB FCR may relate to upregulation
of hepatic LDL receptors, in part, a function of decreased
uptake of chylomicron remnants and associated choles-
terol by the liver (35). Furthermore, there may be reduced
competition for LDL receptor-mediated removal of VLDL
remnants, which is apoE-dependent (32). Our observation
supports the notion that apoE2 homozygosity contributes
to altered lipoprotein metabolism but is not sufficient to
cause the development of type III hyperlipidemia (6, 32),
and that additional genetic polymorphisms (39, 40), such
as polymorphisms in proteins that regulate lipolysis of li-
poproteins (34) and/or other environmental factors lead-
ing to insulin resistance and obesity (41), contribute to the
expression and severity of type III hyperlipidemia.

The apoE2/E2 type III hyperlipidemic and apoE3/E2 hy-
perlipidemic subjects exhibited comparable hyperlipidemia.
However, different metabolic mechanisms underlie the hy-
perlipidemia observed. The inhibitory effects of apoE2 on
LPL-mediated lipolysis, in part through displacement of
apoCHI, and the reduced ability of apoE2 to enhance hepatic
lipase-mediated lipolysis may explain these differences (6).

In vitro studies have demonstrated that the addition of apoE3
but not apoE2 restored LPL-mediated conversion of hepatic
B-VLDL into LDL particles (42, 43). Consistent with this, sub-
jects with the apoE3/E2 genotype in this study had higher
rates of conversion of IDL to LDL and production of LDL
apoB that was coupled with higher LDL apoB levels com-
pared with apoE2/E2 homozygotes, with or without type III
hyperlipidemia. Whether the presence of additional genetic
mutations where type III hyperlipidemia may be inherited in
a dominant fashion (E3 Leiden and E1 Harrisburg) (44, 45)
may explain the hyperlipidemia in the apoE3/E2 subjects re-
quires further investigation.

The study has limitations. The isolation of VLDL and
LDL particles by ultracentrifugation may remove apoE
from these particles. However, apok is rapidly exchanged
between VLDL and HDL particles (46). As such, it is an-
ticipated that VLDL particles will acquire apoE from en-
dogenous VLDLand HDL particlesshortlyafterreinjection.
It is also important to acknowledge the possibility that the
LDL particles (or a component of this fraction) isolated
represents the spillover of particles from the VLDL and
IDL density fractions (47). However, the kinetics of the
particles in the LDL fraction are distinct from those of the
particles in the VLDL and IDL fractions. The kinetics of
apoB-48 were not examined in our subjects. Previous stud-
ies have demonstrated that in apoE2/E2 normolipidemic
and type III hyperlipidemic subjects, the catabolism of
apoB-48-containing lipoproteins were impaired (7). The
measurement of lipid transfer proteins, including choles-
terol ester transfer protein and phospholipid transfer pro-
tein, which may contribute to particle remodeling, may
have clarified the mechanism for altered lipoprotein com-
position and kinetics (48). The sample size is small, and
larger numbers may have demonstrated increased rates of
VLDL apoB secretion, in addition to reduced VLDL apoB
FCR, in hyperlipidemic subjects. This study, however, pro-
vides important insights into the effect of apoE genotype
on apoB metabolism and is hypothesis generating.

In conclusion, the present data demonstrate that plasma
lipid and lipoprotein abnormalities in apoE2/E2 subjects
with type III hyperlipidemia are due to a combination of
VLDL and IDL apoB catabolic defects and increased pro-
portion of VLDL in the slowly turning over VLDL pool.
The abnormalities may account for the increase in risk of
premature atherosclerosis in type III hyperlipidemia. Our
data support the notion that a defective apoE is essential
but not sufficient to cause overt hyperlipidemia. Second-
ary factors, such as additional genetic mutations and envi-
ronmental factors, including obesity and insulin resistance,
may play contributing roles to the development of type III
hyperlipidemia. Our results also reveal the differing mech-
anisms underlying comparable hyperlipidemias and rein-
force the need for targeted interventions on lipoprotein
metabolism in different states of dyslipidemia for better
cardiovascular risk management. Bl
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