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Abstract The present study was undertaken to elucidate
the metabolic basis for the increased remnants and lipo-
protein(a) [Lp(a)] and decreased LDL apolipoprotein B
(apoB) levels in human apoE deficiency. A primed constant
infusion of 

 

13

 

C

 

6

 

-phenylalanine was administered to a ho-
mozygous apoE-deficient subject. apoB-100 and apoB-48
were isolated, and tracer enrichments were determined by
gas chromatography-mass spectrometry, then kinetic param-
eters were calculated by multicompartmental modeling. In
the apoE-deficient subject, fractional catabolic rates (FCRs)
of apoB-100 in VLDL and intermediate density lipoprotein
and apoB-48 in VLDL were 3

 

�

 

, 12

 

�

 

, and 12

 

�

 

 slower than
those of controls. On the other hand, the LDL apoB-100
FCR was increased by 2.6

 

�

 

. The production rate of VLDL
apoB-100 was decreased by 45%. In the Lp(a) kinetic study,
two types of Lp(a) were isolated from plasma with apoE de-
ficiency: buoyant and normal Lp(a). 

 

125

 

I-buoyant Lp(a) was
catabolized at a slower rate in the patient. However, 

 

125

 

I-
buoyant Lp(a) was catabolized at twice as fast as 

 

131

 

I-normal
Lp(a) in the control subjects.  In summary, apoE defi-
ciency results in: 

 

1)

 

 a markedly impaired catabolism of
VLDL/chylomicron and their remnants due to lack of di-
rect removal and impaired lipolysis; 

 

2)

 

 an increased rate of
catabolism of LDL apoB-100, likely due to upregulation of
LDL receptor activity; 

 

3)

 

 reduced VLDL apoB production;
and 

 

4)

 

 a delayed catabolism of a portion of Lp(a).

 

—Ike-
waki, K., W. Cain, F. Thomas, R. Shamburek, L. A. Zech, D.
Usher, H. B. Brewer, Jr., and D. J. Rader.
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Apolipoprotein E (apoE) functions as the ligand for re-
ceptors, including LDL receptor-related protein (LRP),
VLDL receptor, and LDL receptor (1, 2), and is thus im-

 

portant for the metabolism of apoB-containing lipopro-
teins. apoE is also considered to be important for the li-
polysis of triglyceride (TG)-rich lipoproteins (3–6) and
has been reported to facilitate VLDL production in animal
models (7, 8). apoE knockout mice have elevated VLDL
and remnants and developed atherosclerosis on a chow
diet (9). There have been several reported cases of humans
with genetic apoE deficiency (10). All cases have type III
hyperlipoproteinemia and some of the patients developed
premature atherosclerosis in favor of the concept that
apoE is crucial in human lipoprotein metabolism.

Two kinetic studies in apoE-deficient subjects have been
reported. Schaefer et al. (10) performed a radiotracer
study and reported an impaired VLDL metabolism, in par-
ticular apoB-48, in a single apoE-deficient patient. How-
ever, multicompartmental modeling was not employed,
thus only VLDL apoB-100 and apo-B48 were mathemati-
cally analyzed. Gabelli et al. (11) reported, in an LDL ki-
netic study using the same patient, that the rate of catabo-
lism of LDL apoB was increased in the apoE-deficiency
patient despite the relatively lower affinity of the LDL par-
ticles for the LDL receptor. However, an overall scheme of
apoB-containing lipoprotein metabolism in humans with
apoE deficiency has not been established. To establish the
effect of apoE deficiency on apoB-containing lipopro-
teins, we performed an in vivo kinetic study using stable,
isotopically-labeled phenylalanine as a tracer in a patient
with apoE deficiency.

Lipoprotein(a) [Lp(a)] is an atherogenic lipoprotein
related to the LDL structure, but differs from LDL in that

 

Abbreviations: apoE, apolipoprotein E; BMI, body mass index;
FCR, fractional catabolic rate; GC-MS, gas chromatography-mass spec-
trometry; HDL-C, HDL cholesterol; IDL, intermediate density lipopro-
tein; Lp(a), lipoprotein(a); LRP, LDL receptor-related protein; PR,
production rate; RT, residence time; TC, total cholesterol; TG, triglyc-
eride; T/T, tracer/tracee.
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it contains an additional protein called apo(a) (12, 13).
The majority of Lp(a) are present at densities between
LDL and HDL (1.05–1.08 g/ml), but a small portion of
plasma Lp(a) is found in the intermediate density lipo-
protein (IDL) and VLDL density fractions. In this study,
we call the former normal Lp(a) and the latter buoyant
Lp(a). Bard et al. (14) estimated that about 20% of the
Lp(a) particles contain apoE and are distributed in VLDL
and IDL size range. Preliminary study revealed that the
apoE-deficient subject in this study had a markedly in-
creased level of normal Lp(a) and buoyant Lp(a), which
contained apoB-100 or apoB-48 and apoA-IV. Fless et al.
(15) have postulated that buoyant Lp(a) results from free
apo(a) associating with TG-rich lipoproteins, and metabo-
lism of the resultant Lp(a) depends on lipoprotein parti-
cles to which apo(a) binds.

To establish the role of apoE on the buoyant Lp(a) me-
tabolism and, if so, how buoyant and normal Lp(a) are
metabolically distinct, we investigated a series of in vivo ki-
netic studies where apoE-deficient buoyant Lp(a) and
normal Lp(a) were injected into the apoE-deficient pa-
tient and the control subjects.

METHODS

 

Study subjects

 

One homozygous apoE-deficient patient subject and 10 con-
trol subjects were investigated in this study. The apoE-deficient
subject was homozygous for the A to G substitution in the accep-
tor splice site of the third intron, causing aberrant splicing to
produce two apoE mRNA containing either the entire or the 3

 

�

 

-
portion of the third intron (16), and her characterization, in-
cluding kinetic findings, were previously reported (10, 11, 17,
18). All study subjects had normal fasting plasma glucose levels
and normal thyroid, hepatic, and renal function. All study sub-
jects were hospitalized and 3 days prior to the study were placed
on an isoweight diet containing 47% carbohydrate, 37% fat, 16%
protein, 200 mg of cholesterol per 1,000 Kcal, and a polyunsatu-
rated-saturated fat ratio of 0:3. Subjects gave written informed
consent to the study protocols, which were approved by the Clin-
ical Research Subpanel of the National Heart, Lung, and Blood
Institute.

 

apoB-100 and apoB-48 kinetic study using stable 
isotopically-labeled tracer

 

After a 12 h fast, 

 

13

 

C

 

6

 

-phenylalanine (99% 

 

13

 

C

 

6

 

, Cambridge
Isotope Laboratories, Woburn, MA) was administered to the ho-
mozygous apoE-deficient subject and seven control subjects (#1–
#7) as a priming bolus of 600 

 

�

 

g/kg, immediately followed by a
constant infusion of 12 

 

�

 

g/kg per minute for up to 12 h to 16 h.
Blood samples (20 ml) were obtained from the opposite arm at
10 min, and at 1, 2, 3, 4, 5, 6, and every 2 h until the end of the
infusion. In studies with the apoE-deficient subject and control
subject #7, blood sampling continued at 18, 24, 36, 48, 72, 96,
120, and 168 h. During the infusion, meals were served in equal
small portions every 2 h. Plasma was immediately separated by
centrifugation at 2,300 rpm for 30 min at 4

 

�

 

C. VLDL, IDL, and
LDL were isolated by sequential ultracentrifugation from 5 ml of
plasma and processed for the analysis by gas chromatography-
mass spectrometry (GC-MS) as previously described (19, 20).
Briefly, lipoproteins were dialyzed against 10 mM ammonium bi-
carbonate, lyophilized, and delipidated. apoB-100 was isolated by

 

preparative gradient NaDodSO4-PAGE (5–15%). Nonreducing
PAGE was employed because the apoB-100 band was contami-
nated by Lp(a)-apoB-100 under reducing condition. apoB-100
and apoB-48 bands were cut from gels, subjected to hydrolysis in
6N HCl (Ultrapure grade, J.T. Baker, Inc., Phillipsburg, NJ) at
110

 

�

 

C for 24 h. The protein hydrolysates were lyophilized and
free amino acids were purified by cation exchange chromatogra-
phy (AG-50W-X8, Bio-Rad Laboratories, Richmond, CA). Recov-
ered amino acids were derivatized to the N-heptafluorobutyryl
isobutyl esters, dissolved in ethyl acetate, and analyzed by a
Hewlett-Packard 5890/5988A, a GC-MS in the chemical ioniza-
tion mode, using isobutane as the reagent gas. Selective ion mon-
itoring at 418 

 

m/z

 

 for unlabeled phenylalanine and 424 

 

m/z

 

 for

 

13

 

C

 

6

 

-phenylalanine was used to determine the isotope ratio. Each
sample was analyzed at least 2

 

�

 

. Acquired data were converted
to tracer/tracee ratios using the method of Cobelli, Toffolo, and
Foster (21).

A previously reported multicompartmental model (20) was
built using an interactive computer program (SAAMII version
1.1, SAAM Institute, Inc., Seattle, WA) (22) to determine the apoB-
100 kinetic parameters. In brief, the plasma phenylalanine pool
was used as a forcing function (QL function), followed by a delay
compartment for lipoprotein assembly and subsequent secretion
from the liver. VLDL consisted of large and small compartments,
accounting for the delipidation chain. A single compartment was
allocated for IDL and LDL. As for a multicompartmental model
for apoB-48 in the apoE-deficient subject, we first attempted to
use the apoB-100 model, but could not get a reasonable fitting.
We then modified an apoB-48 model structure as follows: 

 

1)

 

 a
single VLDL apoB-48 compartment was used, and 

 

2)

 

 pathways
from a large VLDL pool were replaced by direct synthetic path-
ways from the intestine to IDL and LDL apoB-48. We assumed
that steady state conditions were maintained throughout the
study period. Plasma volume was assumed to be 4% of body
weight. Residence time (RT; days) was a reciprocal to the fractional
catabolic rate (FCR; day

 

�

 

1

 

). Production rates (PR; mg/kg/d)
were calculated as the products of FCR and pool.

 

Lp(a) kinetic study using radiolabeled tracer

 

Lp(a) particles were isolated from the fasting plasma of the
apoE-deficient subject according to the procedure described by
Fless, Rolih, and Scanu (23). Plasma was obtained after a 12 h
fast, and NaEDTA (0.01%), sodium azide (0.05%), and difluoro-
phosphonate (1 mM) were immediately added. Plasma was ad-
justed to a density of 1.21 g/ml using solid NaBr and ultracentri-
fuged for 48 h to isolate total plasma lipoproteins. The d 

 

�

 

 1.21
g/ml fraction was adjusted to d 

 

�

 

 1.4 g/ml with NaBr and ultra-
centrifuged on a 0–30% NaBr density gradient at 59,000 rpm for
2 h to remove HDL (bottom fraction). The fraction containing
Lp(a) (top fraction) was then adjusted to a concentration of
7.5% CsCl and ultracentrifuged for 30 h to separate buoyant
Lp(a) (top fraction) and normal Lp(a) (bottom fraction). Both
fractions were subjected to chromatofocusing on a PBE94 col-
umn (Pharmacia, Uppsala, Sweden) to remove residual VLDL,
IDL, and LDL. Isolated Lp(a) was analyzed for purity by nonre-
ducing and reducing SDS-PAGE and by 0.6% agarose electro-
phoresis (Helena Laboratories, Beaumont, TX).

Lp(a) samples were extensively dialyzed against PBS with
0.01% EDTA before iodination using a modification of the io-
dine monochrolide method (24). Briefly, an equal volume of a
1 M glycine buffer was added to the Lp(a) sample. Five mCi 

 

125

 

I
or 

 

131

 

I were then added to buoyant and normal Lp(a) solutions,
followed by iodine monochrolide. Approximately 1 mol of io-
dine was incorporated per mole of Lp(a). Samples were dialyzed
extensively against PBS/0.01% EDTA to remove free iodine. Hu-
man serum albumin was added to a final concentration of 5%
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(wt/vol), and samples were sterile-filtered through a 0.22 

 

�

 

m fil-
ter and tested for pyrogens and sterility before injection. Iodin-
ated Lp(a) particles were evaluated by SDS-PAGE and agarose
electrophoresis.

Three days prior to injection, study subjects (the apoE-defi-
cient subject and control subjects #8–10) were placed on an iso-
weight diet. Subjects were permitted to eat a normal diet but
were instructed not to drink alcoholic beverages for 1 week be-
fore and during the study. One day before the injection, the sub-
jects were given potassium iodide at a dose of 900 mg/d in di-
vided doses, and this was continued for the duration of the study.

 

125

 

I-buoyant Lp(a) was injected into the apoE-deficient subject
and control subject #8, and both 

 

125

 

I-buoyant Lp(a) and 

 

131

 

I-nor-
mal Lp(a) were injected into two control subjects (#9, #10) after
a 12 h fast. Blood samples were obtained 10 min after injection,
then at 1, 3, 6, 12, and 24 h, and at 2, 3, 4, 5, 7, 9, 11, and 14 days.
Blood was drawn into the tubes containing EDTA at a final con-
centration of 0.1%, immediately placed at 4

 

�

 

C, and plasma was
separated by low speed centrifugation in a refrigerated centri-
fuge. Sodium azide and aprotinin were added to the plasma at a
final concentration of 0.05% and 200 KIU/ml, respectively. Ra-
dioactivity in the 4 ml plasma was quantitated in a Packard Cobra

 

	

 

 counter (Packard Instrument Co., Downers Grove, IL). Plasma
curves were constructed by dividing the plasma radioactivity at
each time point by the plasma activity at the initial 10 min point.
Plasma radioactivity curves were fit by a multiexponential func-
tion using SAAMII. RTs were determined by the area under the
curves.

 

Analytical methods

 

Total cholesterol and TG levels were determined by auto-
mated enzymatic techniques on an Abbott VPSS analyzer (Abbott
Labs, North Chicago, IL). HDL cholesterol (HDL-C) was mea-
sured by dextran sulfate precipitation (25). apoB concentration
was measured by competitive enzyme-linked immunoassay (26).
apoB-100 and apoB-48 bands on NaDodSO4-PAGE gels were
quantitated using a laser densitometer (BioRad, Richmond, CA).

 

RESULTS

 

Subjects

 

Characterization of the study subjects is shown in 

 

Table
1

 

. The apoE-deficient subject is a 68-year-old female who
has been previously described (10). The plasma choles-
terol level of 442 mg/dl was disproportionately higher
than the TG level of 171 mg/dl. The VLDL-cholesterol/
TG ratio was increased considerably to 0.94 in this patient
(0.96 as the mean of the other eight homozygous patients),
as compared with a normal value of 0.2, demonstrating
the accumulation of remnants. Despite high cholesterol
and TG levels, HDL-C and its major apolipoprotein con-

stituent, apoA-I, were not low but elevated to 69 mg/dl
and 163 mg/dl. She developed a documented coronary
artery disease at the age of 57 years. Coronary artery dis-
ease was also evident in two other homozygotes (both sib-
lings), her father, and two paternal uncles, thus, although
the onsets were not markedly premature, demonstrating a
strong segregation of coronary atherosclerosis in these
kindred. Plasma Lp(a) concentration in her plasma was
markedly increased to 87 mg/dl. Her Lp(a) phenotype
was determined by an immunoblot demonstrated S1/S4
heterozygote.

Nonreducing SDS-PAGE of VLDL, IDL, and LDL in the
apoE-deficient subject is shown in 

 

Fig. 1

 

. apoB-48 is
present in all apoB-containing lipoprotein fractions, in-
cluding LDL. apoB-48/apoB-100 ratios quantified by a la-
ser densitometer were 0.360 in VLDL, 0.199 in IDL, and
0.181 in LDL, respectively. In contrast to the typical Lp(a)
distribution pattern, where Lp(a) is almost exclusively
present between LDL and HDL density range, a signifi-
cant portion of Lp(a), a mainly smaller isoform of Lp(a)
called S1, exists in VLDL and IDL. In this study, we desig-
nate the former Lp(a) as normal Lp(a) and the latter as
buoyant Lp(a).

 

apoB-100 metabolism

 

Tracer/tracee (T/T) ratios of apoB-100 in VLDL, IDL,
and LDL in the apoE-deficient subject are shown in 

 

Fig.
2A

 

. T/T ratios were fit by the multicompartmental model

 

TABLE 1. Characterization of study subjects

 

Subjects Sex Age BMI TC TG HDL-C apoA-I apoB Lp(a)

 

years kg/m

 

2

 

mg/dl

 

apoE deficiency F 68 27.8 442 171 69 163 92 87
Control subjects (n 

 

�

 

 10)
Mean 25.1 21.4 167.8 71.8 51.5 134.3 101.8 nd
SD 10.2 1.8 30.9 25.1 8.4 4.9 22.5 nd

apoE, apolipoprotein E; BMI, body mass index; HDL-C, HDL cholesterol; Lp(a), lipoprotein(a); nd, not de-
termined; TC, total cholesterol; TG, triglyceride.

Fig. 1. Nonreducing SDS-PAGE of lipoproteins from the patient
with apolipoprotein E (apoE) deficiency. IDL, intermediate density
lipoprotein; Lp(a), lipoprotein(a).
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to determine the kinetic parameters. VLDL apoB-100 T/T
ratio increased slowly during the constant infusion and
then decayed slowly during the washout phase relative to
those in a representative control subject (Fig. 2B). A sub-
stantial difference was observed in the IDL apoB-100 T/T
curve. In a control subject, the IDL T/T ratio increased
relatively rapidly to follow the VLDL apoB-100 T/T curve

and then rapidly decayed after the termination of the in-
fusion (Fig. 2B). In contrast, the IDL T/T ratio increased
and decayed very slowly during and after the infusion pe-
riod in the apoE-deficient subject (Fig. 2A), whereby the
IDL apoB-100 T/T is almost indistinguishable from the
LDL apoB-100 T/T curve. The LDL apoB-100 T/T curve,
however, increased more rapidly during the infusion and
decreased more rapidly during the washout phase in the
apoE-deficient subject than in the control subject.

Kinetic parameters determined by the multicompart-
mental model are listed in 

 

Table 2

 

. The FCR of VLDL
apoB-100 in the apoE-deficient subject was decreased by
68% to 3.75 pools/d as compared with control subjects
(11.65 

 




 

 7.57 pools/d). Furthermore, the IDL apoB-100
FCR was more severely impaired, with 1.20 pools/d in the
apoE-deficient subject. The FCR of LDL apoB-100 was
1.07 pools/d, similar to IDL apoB-100 FCR but increased
by about 3-fold as compared with control subjects. The
rates of production of apoB-100 in the apoE-deficient pa-
tient were decreased by 45% in VLDL and 78% in IDL but
remained unchanged in LDL. Thus, the increased steady
state apoB-100 levels in VLDL (54%) and IDL (137%) re-
sulted primarily from markedly decreased FCR and were
present despite the decreased PR. In contrast, the de-
creased LDL apoB level (

 

�

 

67%) was solely due to the ac-
celerated catabolism in the apoE-deficient subject.

Detailed kinetic information obtained by multicompart-
mental analysis is summarized in 

 

Table 3

 

 and 

 

Fig. 3A

 

.
apoE deficiency resulted in essentially no direct removal
of small VLDL and IDL (Fig. 3A), thus removal of VLDL
and IDL accounts for only 24% of total removal, about
one-third of that in control subjects, where 63% of apoB-
containing particles are removed as VLDL or IDL (Table
3). Rate constants for lipolytic pathways from large VLDL
to LDL via small VLDL and IDL were markedly decreased
by 84% to 96% or 0.79 pools/d (small VLDL to IDL) to
1.20 pools/d (IDL to LDL), as compared with control
subjects (Fig. 3A). Although conversion pathways were
slowed, the percentage of VLDL converted into LDL was
increased to 76% as compared with 37% of the mean of
control subjects, mainly due to the complete block of the
apoE-mediated removal pathways of VLDL and IDL (Ta-

Fig. 2. Tracer/tracee ratio curves for VLDL apoB-100 (open cir-
cles with solid line), IDL apoB-100 (open triangles with dotted
line), and LDL apoB-100 (open squares with solid line) in the
apoE-deficient subject (A) and the representative control subject
#7 (B). Data were fitted by the multicompartmental model using
SAAMII.

 

TABLE 2. Kinetic parameters of apoB-100 and apoB-48 in the patient with apoE deficiency

 

VLDL IDL LDL

conc FCR PR conc FCR PR conc FCR PR

 

mg/dl day

 

�

 

1

 

mg/kg/d mg/dl day

 

�

 

1

 

mg/kg-d mg/dl day

 

�

 

1

 

mg/kg-d

 

apoB-100
apoE deficiency 12.7 3.75 19.0 11.6 1.20 5.6 33.4 1.07 14.3
Control subjects (n 

 

�

 

 7)
Mean 8.2 11.65 34.8 4.9 13.98 25.7 100.5 0.41 16.5
SD 3.5 7.57 18.1 1.5 7.48 12.3 8.7 0.11 5.2

apoB-48
apoE deficiency 7.56 0.59 1.78 4.47 1.35 2.42 11.62 0.78 3.61
Control subjects (n 

 

�

 

 4)
Mean 6.96
SD 1.63

conc, concentration; FCR, fractional catabolic rate; IDL, intermediate density lipoprotein; PR, production rate.
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ble 3). The LDL production pathway was altered by apoE
deficiency: 61% of LDLs were directly produced from
large VLDL via a shunt pathway, whereas this pathway ac-
counted for only 13% of LDL production in control sub-
jects (Table 3).

 

apoB-48 metabolism

 

The T/T ratios of apoB-48 in VLDL, IDL, and LDL in
the apoE-deficient subject are shown in 

 

Fig. 4A

 

. The rate
of increase during the infusion and decay in the washout
phase was markedly decreased in VLDL apoB-48 as com-
pared with the VLDL apoB-48 curve in a representative
control subject (Fig. 4B), and, again, IDL and LDL apoB-
48 tracer/tracee ratios showed similar curves in the apoE-
deficient patient. The IDL and LDL apoB-48 T/T ratios
were not measured in the control subjects due to their
trace amounts. The kinetic parameters of apoB-48 are

summarized in Table 2. VLDL apoB-48 FCR was markedly
decreased by 92%, or 0.59 pools/d, as compared with the
average of four control subjects of 6.96 

 




 

 1.63 pools/d.
Furthermore, the apoB-48 FCRs in IDL and LDL were also
low and similar to the apoB-100 FCR counterpart. With re-
gard to the VLDL apoB-100/apoB-48 FCR ratio, it was
6.96 in the apoE-deficient subject as compared with 1.85 

 




 

1.08 pools/d in control subjects, demonstrating that
apoE deficiency resulted in a more striking delay of VLDL
apoB-48 catabolism relative to VLDL apoB-100 catabo-
lism. As shown in Fig. 3B, this impaired VLDL apoB-48 ca-
tabolism was due to the absence of apoE-mediated uptake
along with the impaired conversion pathway (0.59 pools/d).
Direct removal of IDL apoB-48 was also completely
blocked, thus indicating that apoE play a pivotal role on
the receptor-mediated uptake of VLDL/chylomicron and
their remnants. Interestingly, in addition to VLDL apoB-

 

TABLE 3. Metabolic channeling of apoB-100 in the patient with apoE deficiency

 

Removal from
Conversion from 

VLDL to
LDL Synthesis

Shunt 
Pathway CascadeVLDL IDL LDL IDL LDL

 

%

 

apoE deficiency 24.4 0.0 75.6 29.3 75.6 61.3 38.7
Control subjects (n 

 

�

 

 7)
Mean 44.4 18.9 36.7 51.7 36.7 12.7 87.3
SD 17.3 21.7 22.3 17.2 22.3 10.9 10.9

Fig. 3. Rate constants of apoB-100 (A) and apoB-48 (B) in the apoE-deficient subject. A: Values above the
line represent rate constants (fractional standard deviation %) in the apoE-deficient subject, and those be-
low the lines represent the mean rate constant 
 SD of seven control subjects. Unit for rate constant is given
as pools/day. B: Rate constants of apoB-48 in the apoE-deficient subject. Rate constants are given as the best
estimate (fractional standard deviation percent). Percentages listed on the left side above the lines represent
relative distribution of lipoproteins secreted from the intestine.
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48, the intestine directly secreted IDL apoB-48 (13%) and
LDL apoB-48 (35%), showing that newly secreted apoB-48
containing lipoproteins are heterogeneous in density.

 

Lp(a) metabolism

 

Characterization of buoyant and normal Lp(a) isolated
from the apoE-deficient subject is shown in 

 

Fig. 5

 

. Autora-
diography of buoyant and normal Lp(a) particles demon-
strated a pre

 

�

 

 migration on agarose gel electrophoresis
(Fig. 5A). Furthermore, as shown in Fig. 5B, buoyant
Lp(a) is primarily comprised of small size Lp(a) [Lp(a)-
S1], whereas normal Lp(a) comprised both large [Lp(a)-
S4] and small Lp(a) [Lp(a)-S1]. Plasma radioactivity
decay curves of 

 

125

 

I-buoyant Lp(a) and the RT in the
apoE-deficient patient and three control subjects (#8–10)
are shown in 

 

Fig. 6

 

 and 

 

Table 4

 

. Buoyant Lp(a) isolated from
the apoE-deficient patient was catabolized almost twice as
slowly in the apoE-deficient subject (3.85 days) than in the
control subjects (2.15 

 




 

 0.33 days). We then compared
metabolism of 

 

125

 

I-buoyant and 

 

131

 

I-normal Lp(a) isolated
from the apoE-deficient patient in three control subjects
(#8–10) for the former and two control subjects (#9, 10)
for the latter. As shown in 

 

Fig. 7

 

 and Table 4, 

 

125

 

I-buoyant
Lp(a) (2.15 

 




 

 0.33 days) were catabolized at twice as fast
as 

 

131

 

I-normal Lp(a) (4.23 

 




 

 0.20 days) in the control sub-

jects. Interestingly, the mean RT of apoE-deficient-normal
Lp(a) was not different from that of normal Lp(a) iso-
lated from a control subject (3.51 

 




 

 0.31 days) (27), sug-
gesting that normal Lp(a) is catabolized in apoE-indepen-
dent manner.

DISCUSSION

apoE deficiency is a rare genetic disease characterized
by palmer and tuboeruptive xanthomas, severe type III hy-
perlipidemia, and, in some cases, premature atheroscle-
rotic vascular disease. To date, five kindreds (10, 16–18,
28–32) have been reported. The present study was de-
signed to further extend the knowledge gained from two
previous kinetic studies in apoE deficiency (10, 11). An
exogenous radiotracer LDL kinetic study in the same pa-
tient revealed an increased catabolism of LDL probably
due to upregulation of LDL receptor activity (11). How-
ever, the LDL isolated from her plasma by ultracentrifuga-
tion almost certainly contained substantial Lp(a). In fact,
this is consistent with the finding that LDL from apoE de-
ficiency was catabolized at slower rates than autologous
LDL in normal subjects, based on the fact that Lp(a) is
catabolized at a slower rate than LDL apoB-100 (27). In
another study, where radiolabeled apoE-deficient VLDL
was used as a tracer, catabolism of VLDL apoB-100 and
B-48 were found to be severely impaired. However, the
lack of analysis using a multicompartmental model did
not permit a comprehensive assessment of apoB-contain-
ing lipoprotein metabolism.

We attempted perform a series of kinetic studies to ex-
plore underlying metabolic abnormalities of apoB-100
and apoB-48 containing lipoproteins as well as Lp(a) in
human apoE deficiency. We employed an endogenous la-
beling technique using stable, isotopically-labeled amino
acid and muticompartmental modeling analysis in order
to conclude the in vivo effect of apoE deficiency on apoB
metabolism. We found that apoE deficiency resulted in
elimination of direct catabolism of VLDL and IDL, as well
as an impaired conversion to LDL. Both metabolic alter-
nations delayed the rate of catabolism of apoB, in particu-
lar, apoB-48. Factors regulating catabolism are receptor-
mediated removal and lipolysis, thus, the markedly
impaired catabolism of the apoB-100- and apoB-48-con-
taining VLDL/IDL in apoE deficiency clearly demon-
strates that apoE play a critical role in vivo for these pro-
cesses. In particular, we showed that IDL apoB-100 and
VLDL apoB-48 were catabolized 12

 

�

 

 more slowly than
controls, indicating that apoE is a major metabolic deter-
minant for these particles.

On the other hand, the LDL apoB-100 catabolic rate
was increased in the apoE-deficient subject by nearly
3-fold. Given that LDL particles from apoE patients have a
lower affinity to the LDL-receptor (11), it is likely that the
LDL receptor activity is upregulated in the apoE-deficient
subject. Previous animal studies (33, 34) demonstrated
that apoE-containing lipoproteins can effectively compete
with LDL for LDL receptor-mediated uptake. Inasmuch as

Fig. 4. Tracer/tracee ratio curves for VLDL apoB-48 (open circles
with solid line), IDL apoB-48 (open triangles with dotted line), and
LDL apoB-48 (open squares with solid line) in the apoE-deficient
subject (A), and the tracer/tracee ratio curve for VLDL apoB-48 in
the representative control subject #7 (B). Data were fitted by the
multicompartmental model using SAAMII.
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apoE-deficient VLDL/IDL cannot compete with LDL for
an LDL receptor binding site, LDL is removed more effec-
tively through this pathway. This process may be further
accelerated by decreased hepatic cholesterol content,
caused by poor delivery of apoE-deficient VLDL/IDL cho-
lesterol to the liver, leading to increased hepatic LDL re-
ceptor activity. To our knowledge, apoE deficiency is the
first case where IDL and LDL apoB are catabolized at sim-
ilar rates.

In contrast to the complete elimination of direct re-
moval for small VLDL and IDL, we found a “normal” re-
moval rate of large VLDL in the apoE-deficient subject.
Supporting this surprising finding is a study by Tomiyasu
et al. (35), which showed an increased direct removal of
large VLDL without apoE as compared with those with
apoE. By electron microscopy, VLDL in apoE-deficient
subjects are more heterogeneous in size as compared with
“classic” type III hyperlipidemia or healthy controls (10,
31, 36). Inhibition of direct removal of IDL apoB-100 is
supported by a kinetic study by Turner et al. (37) using
dyslipidemic E2 homozygotes, but not by the other study
by Demant et al. (38) using normolipidemic E2 homozy-
gotes. Although the exact reason for the discrepancy is
not clear, it is possible that direct removal of IDL is more
profoundly impaired by the lack of apoE or the presence
of dysfunctional apoE with dyslipidemia as compared with
dysfunctional apoE but with normal lipids. The catabolic
rate of LDL apoB-48 in the apoE deficiency was 0.78
pools/day. No kinetic data for LDL apoB-48 are available
in other studies for comparison with how LDL apoB-48
was removed from the circulation of our patient. apoE has
been considered as a crucial ligand for the removal of chy-

lomicron remnants when removed via LRP or VLDL re-
ceptors (39), thus these receptors being unlikely candi-
dates for the removal. A newly isolated receptor, apoB-48
receptor (40), may have potential, but its significance in
chylomicron metabolism in humans has yet to be estab-
lished. The interaction of candidate receptors with apoE-
deficient LDL apoB-48 will be a key study to clarify this
question.

Another important observation in the present study was
markedly decreased hepatic VLDL production in the
apoE-deficient subject. The exact mechanism for the de-
creased VLDL production is not clear at present. apoE-

Fig. 5. Autoradiographs of buoyant and normal Lp(a) isolated from the apoE-deficient subject. A: Agarose
gel electrophoresis of buoyant and normal Lp(a), together with VLDL isolated from the apoE-deficient sub-
ject. Both buoyant and normal Lp(a) migrate at pre� position, whereas VLDL migrates at � position. B: Non-
reducing NaDodSO4-PAGE of buoyant and normal Lp(a). Lp(a) comprises two isoforms: Lp(a)-S4 for the
large isoform and Lp(a)-S1 for the small isoform.

Fig. 6. Metabolism of 125I-buoyant Lp(a) isolated from the apoE-
deficient subject in the apoE-deficient subject (closed circles) and
in the control subjects (closed triangles). Data from the control
subjects are given as the mean 
 SE.
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deficient mice have been shown to have an impaired
VLDL-TG secretion (41). We (7, 8) and others (5, 42, 43)
reported that apoE gene transfer promoted VLDL TG
and apoB secretion in this animal model. Indeed, De-
mant et al. (38) reported that VLDL apoB synthesis was
significantly decreased in subjects with dysfunctional
apoE (apoE2) as compared with those with normal apoE
(apoE3), an in vivo evidence that apoE functionality as-
sociates with VLDL production. Overall, the present study
supports the notion that apoE may facilitate hepatic VLDL
secretion in humans.

The production and origin of IDL and LDL were also
affected by apoE deficiency. apoB-100s containing IDL
and LDL are more dependent on large VLDL as their ori-
gin in the apoE-deficient subject than in control subjects.
This pathway was reported first in homozygous FH (44),
then in other types of hyperlipidemia (45, 46), and also in
normal subjects (47) and help fit “early” rise of tracer/tra-
cee ratio of IDL and LDL apoB-100 as was observed in
our apoE-deficient subject. Based on modeling studies by
Fisher (48) and Beltz (49), this pathway is proposed to
represent a rapid and complete lipolysis, resulting in con-
version to LDL or direct removal by LDL receptor. In our
opinion, the finding that VLDL in subjects with apoE defi-

ciency, including our subject, are heterogeneous in size
(10, 31) is consistent with the current compartmental
model, and it is possible that large VLDL has a distinct
metabolism as compared with small VLDL, which is only
slowly converted to IDL with no direct removal. However,
the exact mechanisms accounting for this pathway re-
mains unclear. IDL apoB production was found to be only
one-fifth of normal production. This finding, together
with the finding that IDL input from small VLDL through
lipoprotein lipase-mediated lipolysis was markedly im-
paired, indicates lipolysis reaction as a major metabolic
determinant for IDL production.

Human apoE deficiency provides us an unique oppor-
tunity to assess the effect of apoE deficiency on Lp(a) me-
tabolism. In the apoE-deficient subject, in addition to
“normal” Lp(a), we identified “buoyant” Lp(a), which ex-
isted within VLDL and IDL density range and contained
apoB-48, apoA-IV, and apoCs. It’s been shown that apo(a)
is not only found at the densities between 1.055 to 1.12
g/ml but can be associated with TG-rich lipoproteins, in
particular, postprandially (50, 51). This “postprandial”
Lp(a) contains apoE, more TG and is distributed mainly
in VLDL and IDL density range. Therefore, it is conceiv-
able that “buoyant” Lp(a) found in the apoE-deficient
subject is the product of free apo(a) associating with chy-
lomicron and VLDL and their remnants.

Buoyant Lp(a) from the apoE-deficient subject was la-
beled and injected into apoE-deficient subject and control
subjects to assess how association of apoE with buoyant
Lp(a) modulates buoyant Lp(a) metabolism. We found
that buoyant Lp(a) was catabolized at a slower rate than in
control subjects. Based on the easily-transferable feature
of apoE, this finding can be interpreted as indicating that,
in control subjects, injected apoE-deficient buoyant Lp(a)
acquired apoE to accelerate its catabolism. To our knowl-
edge, this is the first demonstration that apoE can modu-
late Lp(a) metabolism in vivo. We differentially labeled
and injected buoyant and normal Lp(a) isolated from the
apoE-deficient subjects into the normal subjects to answer
the second question of whether metabolism of buoyant
and normal Lp(a) differ. We found that buoyant Lp(a)
was catabolized at a faster rate than normal Lp(a) in the
control subjects. We also observed radioactivity of buoyant
Lp(a) in densities where normal Lp(a) resided, indicating
that buoyant Lp(a) was converted to normal Lp(a). Taken
together, we suggest that buoyant Lp(a) is a precursor for
normal Lp(a), and apoE plays an essential role to convert
buoyant Lp(a) into normal Lp(a). Of note is the fact that
the apoE-deficient normal Lp(a) was catabolized at a simi-
lar rate to the normal Lp(a) isolated from the control sub-
jects (27), indicating that once mature Lp(a) has been
formed, the subsequent metabolism of Lp(a) is apoE-
independent. However, it should be cautious to extend
this observation to normolipidemic humans, because there
are very trace amounts, if any, of “buoyant” Lp(a) in nor-
molipidemic subjects.

The present study has some limitations. First, we only
studied one apoE-deficient subject. In this regard, we have
a theoretical limitation to generalize the findings to other

 

TABLE 4. Residence time of Lp(a)

Buoyant Lp(a)
Normal 
Lp(a)

Normal 
Lp(a)

from a 
Controlfrom the apoE-Deficient Patient

days

apoE deficiency 3.85
Control subjects

#8 1.75
#9 2.56 4.03
#10 2.13 4.42
Mean 2.15 4.23 3.51a

SD 0.33 0.20 0.31a

a Data from Rader et al. (27).

Fig. 7. Metabolism of 125I-buoyant Lp(a) (closed triangles) and
131I-normal Lp(a) (closed circles) isolated from the apoE-deficient
subject in the control subjects. Data from the control subjects are
given as the mean 
 SE.
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apoE-deficient patients. However, all but one apoE-defi-
cient subject, with poorly controlled diabetes and heavy
drinking (29), show similar lipid profiles. We, therefore,
believe that the results from this single patient with this
very rare genetic disease are generalizeable and provide
important insights into the role of apoE in lipoprotein
metabolism.

In summary, apoE deficiency in humans results in a
markedly impaired catabolism of VLDL/chylomicron and
their remnants, an increased rate of catabolism of LDL
apoB-100, reduced VLDL apoB production, and delayed
catabolism of buoyant Lp(a). This study provides new in-
sights into the role of apoE in apoB and Lp(a) metabo-
lism and indicates that delivery of apoE may be a novel
method to reverse proatherogenic lipoprotein profile by
reducing atherogenic remnants and Lp(a).

The authors are indebted to Marie Kindt, Glenda Tally, Susan
Meyn, and Yoshiko Doherty for excellent technical support.
The authors thank George Grimes and the Pharmaceutical De-
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and Betty Kuzmik and the nursing staff of the National Insti-
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