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Effect of cholesterol feeding on the distribution of
plasma lipoproteins and on the metabolism of
apolipoprotein E in the rabbit’

Robert 1. Roth, John W. Gaubatz, Antonio M. Gotto, Jr., and Josef R. Patsch®

The Marrs McLean Department of Biochemistry and the Department of Medicine,
Baylor College of Medicine and The Methodist Hospital, Houston, TX 77030

Abstract Changes in lipoprotein distribution and in apoli-
poprotein E metabolism were studied in rabbits fed a diet
containing 1% cholesterol. Lipoprotein distribution was mon-
itored by rate zonal ultracentrifugation, gel filtration chro-
matography, and electrophoretic techniques. Normolipidemic
rabbit plasma contained VLDL, IDL, LDL, and HDL. Within
1 week on the 1% cholesterol diet, the d < 1.006 g/ml material
was greatly elevated, and the lipoproteins of higher density
(LDL and HDL) decreased below levels of detection. Choles-
teremic d < 1.006 g/ml material was cholesteryl ester-rich,
triglyceride-poor, and contained particles of S 20 to >400.
Upon diet normalization, the LDL and HDL reappeared
within 2-4 weeks accompanied by a decrease in the d < 1.006
g/ml material. The metabolism of apoE was studied by in-
jecting purified and '**I-labeled apoE into rabbits and follow-
ing the clearance of the tracer. ApoE in the normolipemic
rabbit demonstrated a fractional catabolic rate (FCR) of 0.132
hr™! and a half-life (t; ) of 10.3 hr. ApoE in the hy]],\ercho-
lesteremic rabbit demonstrated an FCR of 0.055 hr™' and a
t1/2 of 49.5 hr. ApoE concentrations in the plasma as estimated
by electroimmunoassay were 19.5 mg/dl in the control rabbit
and 199 mg/dl in the hypercholesterolemic rabbit. From these
data, absolute synthetic rates of 20.3 mg/kg per day and 86.1
mg/kg per day were calculated for the control and the hy-
percholesterolemic rabbit, respectively.l We conclude that
the cholesterol-supplemented diet caused pronounced eleva-
tion of apoE in the plasma due to overproduction of the pro-
tein.—Roth, R. L, J. W. Gaubatz, A. M. Gotto, Jr., and J. R.
Patsch. Effect of cholesterol feeding on the distribution of
plasma lipoproteins and on the metabolism of apolipoprotein
E in the rabbit. J. Lipid Res. 1983. 24: 1-11.

Supplementary key words “arginine-rich” protein s fractional cata-
bolic rate

The relationship between dietary lipid and athero-
sclerosis has been a subject of extensive investigation
over the last six decades. Early work by pathologists as
summarized by Duff (2) established the cholesterol-fed
rabbit as a useful experimental model to study this re-
lationship. Cholesterol added to the diet in an abun-
dance of 0.5-2% has been shown to result in a rapid
development of hypercholesterolemia (3-5) and sub-

sequently in the appearance of atheromata (6, 7). Plasma
triglyceride levels have been reported to increase or
remain normal (8-10) or decrease (11) in response to
dietary cholesterol. During the past 20 years, a major
focus of interest has become the characterization of cho-
lesterol-induced changes in the rabbit plasma lipopro-
teins. Gofman et al. (12) described an initial elevation
of normal lipoproteins with S; 5-8 followed by the ap-
pearance of new lipoproteins with S¢ 10-30. His data
indicated a positive correlation between the extent of
atherosclerosis and plasma levels of intermediate density
lipoproteins (S 10-30) but not with low density lipo-
proteins (S¢ 5—8). Schumaker (3) reported that the S; 0-
400 material, which was greatly elevated in cholesterol-
fed rabbits, was relatively rich in cholesteryl esters and
poor in triglycerides compared to the corresponding
lipoprotein fraction of control rabbits. In a subsequent
investigation, Camejo et al. (9) demonstrated that these
cholesterol-induced changes affected primarily the
d < 1.019 g/ml material which corresponds to lipopro-
teins of S¢ 12-400.

Shore, Shore, and Hart (4) confirmed the vast ele-
vation of VLDL (20- to 44-fold) induced by cholesterol
feeding and noticed a 4- to 5-fold increase in LDL, and

Abbreviations: Sy, rate of flotation at d 1.063 g/ml, 26°C, expressed
in Svedbergs; VLDL, very low density lipoproteins (d 1.006 g/ml; S,
20-400); CER-VLDL, 8-VLDL, cholesteryl ester-rich VLDL from
cholesterol-fed rabbits; IDL, intermediate density lipoproteins (d
1.006-1.019 g/ml, S; 12-20); LDL, low density lipoproteins (d 1.019-
1.063 g/ml, S; 0-12); HDL, high density lipoproteins (d 1.063-1.210
g/ml); HDL,, cholesterol-induced animal lipoproteins found at d
1.02-1.09 g/ml; apoE, “‘arginine-rich™ protein, protein component
of VLDL, IDL, and HDL; apoB, major protein component of chy-
lomicrons, VLDL, IDL, and LDL; apoA-I, major protein component
of HDL; apoA-II, major protein component of human HDL; EDTA,
ethylenediaminetetraacetic acid; Tris, Tris(hydroxymethyl)-aminoeth-
ane; SDS, sodium dodecyl sulfate; FCR, fractional catabolic rate;
LCAT, lecithin:cholesterol acyltransferase.

! A portion of this work has appeared in abstract form (1).

% Address reprint requests to Dr. J. R. Patsch, The Methodist Hos-
pital, 6565 Fannin, Mail Station A601, Houston, TX 77030.
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LDL, that was accompanied by a reduction in HDL
concentration. They found that the VLDL were larger
than their normal counterparts as determined by elec-
tron microscopy, had $-mobility in agarose gel electro-
phoresis, and were specifically enriched in apoE (to
about 50% of the VLDL protein). Stange, Agostini, and
Papenberg (8) observed HDL with altered composition
in structure. In contrast to the report by Shore et al.
(4), Pinon and Bridoux (13) reported that after rabbits
had been on a 1% cholesterol diet for 12 weeks, plasma
levels of HDL had not changed, but the HDL unester-
ified cholesterol increased from 2.3% to 18.5% and cho-
lesteryl esters decreased from 15.5% to 5%.

In this study, lipoprotein distributions of control and
cholesterol-fed rabbits were compared with the use of
zonal ultracentrifugation. Alteration of lipoprotein dis-
tribution was confirmed by lipoprotein electrophoresis
and gel filtration chromatography. Cholesterol feeding
increased the plasma concentration of cholesterol and
apoE. In an effort to understand whether the rise in
apoE plasma levels was brought about by overproduc-
tion or impaired catabolism, absolute synthetic rate and
fractional catabolic rate of apoE were estimated.

MATERIALS AND METHODS

Dietary management

Adult female New Zealand white rabbits weighing 2
3 kg were maintained on a commercial rabbit chow
(Purina) or on a diet supplemented with 1% cholesterol
(Sigma, St. Louis, MO). The cholesterol-supplemented
diet was prepared by dissolving cholesterol in ether,
spraying the solution onto the rabbit chow, and then
allowing the ether to evaporate for at least 12 hr. Li-
poprotein changes were studied in the postabsorptive
state. For in vivo turnover studies, rabbits weighing 2.2—
2.3 kg were used. To assure steady state conditions, the
animals were maintained on either a normal diet or a
diet supplemented with 1% cholesterol from 4 weeks
prior to and throughout the study. For these studies,
the animals were allowed to feed ad libitum regardless
of the schedule of blood sampling.

Lipoprotein isolation

Blood was collected in 1% EDTA by cardiac punc-
ture. VLDL was isolated from plasma by ultracentri-
fugation at plasma density for 18 hr at 55,000 rpm and
4°C in a Beckman L265B ultracentrifuge using a Beck-
man 40.3 rotor. LDL was isolated at d 1.063 g/ml by
centrifuging at 55,000 rpm for 18 hr. HDL was sub-
sequently isolated from the d 1.063 g/ml infranatant
after its adjustment to d 1.210 g/ml and centrifugation
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at 55,000 rpm for 40 hr. For gel filtration chromatog-
raphy, the total lipoprotein fraction was isolated from
plasma by ultracentrifugation at d 1.210 g/ml, 55,000
rpm, and 4°C for 40 hr. Lipoproteins were dialyzed
against a standard buffer containing 150 mM NaCl, 10
mM Tris, I mM EDTA, and 1 mM sodium azide, pH
7.4. In addition to sequential ultracentrifugation, lipo-
proteins were isolated by zonal ultracentrifugation using
Beckman Ti-14 rotors. Analyses of VLDL were per-
formed in a linear sodium bromide gradient (d 1.0-1.15
g/ml) at 42,000 rpm, 14°C for 45 min (14). Total
VLDL, IDL, and LDL were analyzed using a linear
NaBr gradient (d 1.00-1.30 g/ml) at 42,000 rpm and
14°C for 140 min (15). HDL was analyzed using a non-
linear NaBr gradient (d 1.00-1.40 g/ml) at 41,000 rpm
and 10°C for 22 hr (16).

In addition to zonal ultracentrifugation, lipoprotein
distribution in plasma was analyzed by gel filtration
chromatography using a BioGel A-5M column
(1.6 X 100 cm) (17). The d < 1.21 g/ml plasma fraction
was applied and eluted at 22°C in the standard buffer
described above. Stokes radii (d < 1.006 g/ml lipopro-
teins) were estimated by analytical gel filtration (18) on
a calibrated column of Sepharose 2B (0.9 X 100 cm) in
the standard buffer at 4°C as described previously (19).
Lipoprotein electrophoresis of whole serum or isolated
lipoproteins was performed on paper strips (20) on
Geon-Pevikon blocks (21), and on agarose gel (22).

Purification of apoE

ApoE was isolated from the VLDL of cholesterol-fed
rabbits after delipidation of VLDL with diethyl ether-
ethanol 3:1 and subsequent chromatography of apo-
VLDL on Sephadex G-200 in 8 M guanidine hydro-
chloride as described previously (23). The purity of the
isolated apoE was demonstrated by single bands on poly-
acrylamide gel electrophoresis in SDS and urea, and by
double diffusion on Ouchterlony plates employing
monospecific antibodies. Amino acid analyses were per-
formed using a Beckman model 119 analyzer.

Polyacrylamide gel electrophoresis

Apolipoproteins were solubilized in 50% tetrameth-
ylurea (24) and analyzed by electrophoresis using 7.5%
polyacrylamide gels containing 0.1% SDS or 8 M urea
at pH 8.4.

Chemical analyses

Lipoproteins were analyzed for protein by the method
of Lowry et al. (25) using bovine serum albumin as a
standard and for phospholipids by the method of Bart-
lett (26) using a factor of 25 to convert inorganic phos-
phorus to phospholipid. In plasma and in isolated li-
poprotein fractions, triglycerides were estimated using
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a Technicon autoanalyzer (27) and free cholesterol and
cholesteryl esters by an enzymatic procedure (28). To
estimate LCAT activity, initial cholesterol esterification
rates in plasma were determined using an enzymatic
procedure (29).

Protein labeling

Purified apoE was labeled with '?*I according to a
modification (30) of the McFarlane procedure (31). To
remove excess iodine from the protein, the labeling
mixture was chromatographed on Sephadex G-25. The
molar ratio of iodine to protein was below 1.0.

In vivo studies

Metabolism of apoE in vivo was studied by injecting
purified '#I-labeled apoE into the circulation of the
animals through a lateral ear vein and then taking pe-
riodic blood samples for total plasma radioactivity decay
and for lipoprotein distribution of the tracer protein.
Thyroidal uptake of iodine was prevented by the ad-
ministration of KI (0.1 g/1) to the animals via the drink-
ing water 1 day prior to and throughout the study.
Blood (5-10 ml) was collected by cardiac puncture at
appropriate intervals. Radioactivity was monitored us-
ing a Packard Autogamma spectrometer. Decay curves
proved to be biexponential and were processed by the
mathematical procedure of Matthews (32) to determine
the fractional catabolic rate (FCR) and the apparent
half-life of catabolism (t, /5) from the terminal exponen-
tial, designated exponential 1. Exponential I, extrapo-
lated back to 0 time, was subtracted from the actual
decay curve yielding a single exponential (designated
exponential II). ApoE was quantified in frozen serum
samples from control and cholesterol-fed rabbits using
rocket immunoelectrophoresis (33) and an antiserum
raised in a goat against rabbit apoE. The antiserum was
monospecific against rabbit apoE and did not react with
rabbit apoB or rabbit apoA-I. Electrophoresis was per-
formed at 10°C at 3.0 v/cm, constant current setting
for 12 hr. Veronal buffer (0.05 M, pH 8.6) was used in
preparation of agarose, for serum and standard dilution,
and in the electrophoresis cell chambers. The assay was
linear over the range 18-102 ug apoE standard/mi
(r > 0.95). The within-batch coefficient of variation was
4.3% (n = 36). Pool sizes were calculated as the product
of apoE plasma concentration and the plasma volume
which averages 3.28% of body weight in females of this
rabbit strain (34). The product of the pool size times
the FCR obtained from the plasma decay curves gave
the absolute catabolic rate (ACR) which, under steady-
state conditions, equals the synthetic rate (SR). The rab-
bits maintained constant weights and consumed a con-
stant composition diet during the course of the meta-
bolic studies.
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Fig. 1. VLDL analysis in the zonal rotor of normolipidemic plasma
(A) and hypercholesterolemic plasma (B). Rabbit plasma samples an-
alyzed were 10 ml. Ultracentrifugation was performed in a linear NaBr
gradient in the density range 1.00-1.15 g/ml for 45 min (14). Arrows
indicate the elution volumes for lipoproteins with the indicated Sy
rates. Only the first 500 ml of the zonal rotor (665 ml total) are shown.

RESULTS

Rabbit lipoproteins in the normal and
hypercholesterolemic state

Five fasted control rabbits used in our experiments
had cholesterol concentrations ranging from 80-105
mg/dl and triglyceride levels of 45-83 mg/dl. The
VLDL-cholesterol:total plasma triglyceride ratio aver-
aged 0.14. Upon cholesterol feeding for 4 weeks or
longer, plasma cholesterol concentrations ranged from
1,000-1,500 mg/dl and plasma triglyceride levels from
40-52 mg/dl. The VLDL cholesterol:total plasma tri-
glyceride ratio was always greater than 10. LCAT ac-
tivity, monitored as the initial esterification rate of
plasma free cholesterol, was 50 nmol/ml per hr in a
control rabbit and 274 nmol/ml per hr in a cholesterol-
fed animal. Lipoprotein electrophoresis on paper strips
and agarose gel showed that postabsorptive control rab-
bit plasma contained -, preB-, and a-lipoproteins. In
contrast, the lipoprotein electrophoresis pattern of the
plasma of cholesterol-fed rabbits showed that the lipo-
protein material had migrated to the B-position or re-
mained at the origin; no a-lipoproteins were detected.
Zonal ultracentrifugation was performed on the control
and cholesterol-fed rabbit plasmas. Fig. 1 shows the ef-
fluent patterns after zonal ultracentrifugation for VLDL
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Fig. 2. Gel filtration chromatography of normal rabbit VLDL (A)
and CER-VLDL (B) on a calibrated column (19) of Sepharose 2B
equilibrated and eluted with standard buffer at 4°C. Stokes diameters
were calculated (18) from elution volumes of 122 ml for normal VLDL

and 94 ml for the larger component of cholesteremic VLDL. Two ml
of each plasma sample was chromatographed. One of two experiments.

20 40

from normal rabbit plasma (Fig. 1A) compared to CER-
VLDL?® from hypercholesterolemic plasma (Fig. 1B).
Both types of VLDL consisted of material spanning the
full range of S 20-400, although CER-VLDL dem-
onstrated a pronounced maximum at S¢ 50-60 which
was not present in normal VLDL. When compared by
chromatography on a calibrated Sepharose 2B column,
the normal VLDL (Fig. 2A) eluted mostly as a relatively
symmetrical peak containing particles with a mean
Stokes diameter of 546 A: VLDL from the cholesterol-
fed animals (Fig. 2B) was much more heterogeneous.
Some material of 546 A Stokes diameter was still pres-
ent in the hypercholesterolemic rabbit, but a substantial
quantity of particles was considerably larger with a mean
Stokes diameter of 958 A. When analyzed by Geon-Pe-
vikon block electrophoresis, VLDL and LDL from con-

* It should be borne in mind that the abbreviation VLDL is strictly
an operational notation referring to lipoprotein material whose com-
position confers a hydrated density of <1.006 g/ml. Clearly, lipopro-
tein particles may have entirely different proportions of lipid and /or
protein constituents but similar or equivalent densities. This is illus-
trated in the present study by comparison of normal VLDL that is
rich in triglyceride (about 62%) and poor in cholesteryl ester (about
2.2%) and hypercholesterolemic VLDL which contains only about 2%
triglyceride but 73% cholesteryl ester.

) Journal of Lipid Research Volume 24, 1983

trol rabbits migrated at pre-8 and B-migration rates,
respectively. CER-VLDL exhibited a migration rate
slower than that of normal VLDL, i.e., between £ and
pre-B (Fig. 3). In addition, cholesterol feeding resulted
in a dramatic decrease in the abundance of triglycerides
in these particles from ~60% (w/w) to ~2%, with a
reciprocal increase in cholesteryl esters from ~2% to
~175% (Table 1).

The plasma zonal profile of normal rabbit VLDL,
IDL, and LDL is shown in Fig. 4A. As evidenced by
this figure, LDL is readily observed. When plasma from
the cholesterol-fed rabbit was similarly analyzed, ma-
terial emerged in the IDL range but LDL was entirely
absent (Fig. 4B). This result was observed in four dif-
ferent rabbits on cholesterol-rich diets of between 4
weeks and more than 12 weeks.

Plasma HDL zonal patterns for normal and choles-
terol-fed rabbits differed markedly (Fig. 5). Normal rab-
bits exhibited an apparently heterogeneous HDL peak
(Fig. 5A) whose composition is given in Table 1. For
apoprotein analysis, this peak was divided into three
fractions, I, II, and III. In the cholesterol-fed animals,
HDL was not detectable in the gradient by monitoring

(+)

a b c

Fig. 3. Electrophoresis of (a) LDL, (b) VLDL from a control animal,
and (c) CER-VLDL from a cholesterol-fed rabbit on Geon-Pevikon (21).
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optical density at 280 nm (Fig. 5B). Lipoprotein ma-
terial eluting between 50 and 90 ml of the gradient,
indicated by the hatched bar in Fig. 5B, was recentri-
fuged in a shallower gradient (d 1.0-1.3 g/ml) for
VLDL-IDL-LDL, and was shown to contain only
VLDL and IDL with no detectable LDL or HDL (data
not shown). Chromatography on BioGel A-5M con-
firmed the data obtained by zonal ultracentrifugation.
Gel filtration chromatography displayed peaks corre-
sponding to VLDL, LDL, and HDL (Fig. 6A). In cho-
lesterolemic plasma, gel filtration chromatography eluted
only one lipoprotein fraction in the void volume cor-
responding to VLDL (Fig. 6B). Also, HDL was not de-
tected by paper electrophoresis using a lipid stain (22),
nor by agarose gel electrophoresis using precipitation
(35) for visualization of lipoprotein bands.
Apoprotein composition of lipoproteins

Polyacrylamide gel electrophoresis in SDS indicated
a greatly increased proportion of apoE in CER-VLDL
as compared to VLDL from control rabbits that con-
tained proteins migrating similar to human apoB and
apoC (Fig. 7A). LDL contained only proteins migrating
like apoB (data not shown). All three fractions 1, II, and
111 from the heterogeneous HDL peak (Fig. 5A) con-
tained almost exclusively a tetramethylurea-soluble
apolipoprotein with electrophoretic mobility of human
apoA-I (Fig. 7D). They also showed small amounts of
albumin. None of the HDL fractions exhibited a protein
band analogous to human apoA-Il, in agreement with
other reports (36).

Lipoprotein distribution in response to
cholesterol feeding and reversibility

Because of drastic reduction of LDL and HDL in the
plasma of cholesterol-fed rabbits, it was of interest to
monitor changes in lipoprotein distribution during cho-
lesterol feeding, and then during a subsequent period
when cholesterol was withdrawn and the animals re-

TABLE 1. Percentage composition of rabbit plasma lipoproteins
in the normolipidemic and hypercholesterolemic state

Normolipidemic® Hypercholesterolemic?

VLDL LDL HDL CER-VLDL CER-VLDL
Protein® 7.2 22.6 35.1 4.7 4.1
PL 23.6 25.6 36.0 11.0 10.9
uc 5.5 5.5 3.6 9.2 8.2
CE 2.2 23.8 16.2 73.2 75.2
TG 61.5 22.5 9.1 1.9 1.6

¢ Lipoproteins were isolated from pooled plasma of five normoli-
pidemic rabbits.

¢ Two different rabbits on cholesterol-supplemented diet were used
for isolation of CER-VLDL.

¢ PL, phospholipid; UC, unesterified cholesterol; CE, cholesteryl
ester; TG, triglyceride.

Roth et al. Cholesterol feeding and lipoprotein metabolism in the rabbit
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Fig. 4. Zonal effluent patterns of normal (A) and hypercholester-
olemic (B} plasmas spun for IDL-LDL. Ten m! of normal plasma and
15 mi of hypercholesteremic plasma were centrifuged in a NaBr gra-
dient d 1.00-1.30 g/ml for 140 min at 15°C (15). Bars indicate the
elution volumes for human VLDL, IDL, and LDL.
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Fig. 5. Zonal rotor effluent patterns of HDL from the plasmas of
normal (A) and cholesterol-fed (B) rabbits. Ten-ml samples were spun
in a nonlinear NaBr gradient d 1.00-1.40 g/ml for 22 h at 10°C (16).
Open bars indicate the fractions pooled for chemical analyses. With
normolipidemic plasma, 92.4% of total plasma cholesterol was recov-
ered in the VLDL + LDL and HDL fraction (panel A). With hyper-
cholesterolemic plasma, 91.3% of total plasma cholesterol was recov-
ered in the VLDL fraction (panel B). The dashed lines indicate the
elution volumes for normal human HDL; and HDL5. Material eluting
in the area indicated by the hatched bar of panel B was pooled for
subsequent recentrifugation in a shallower gradient (15) and found to
consist of VLDL and IDL only (data not shown). Aliquots of gradient
volume 1, 11, and I1I of panel A were used for apoprotein analysis by
SDS gel electrophoresis (Fig. 7, D).
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Fig. 6. Gel permeation chromatography of d < 1.210 g/ml ultra-
centrifugal fraction from identical plasma volumes of normal rabbit
plasma (A), and hypercholesterolemic plasma (B). Using zonal ultra-
centrifugation and agarose gel electrophoresis, peaks I, I1, 111, and IV
of panel A were identified as VLDL, LDL, HDL, and lipid-poor pro-
tein fractions, respectively. Using the same criteria for panel B, peak
I exhibited VLDL-like flotation and LDL-like electrophoretic behav-
ior; peak IV of panel B exhibited the same characteristics as peak 1V
of panel A.

turned to the control diet. Fig. 8 shows the LDL zonal
effluent patterns of plasma samples taken from a rabbit
at various time intervals following the initiation of the
1% cholesterol diet. At 3 days, the rabbits had devel-

A B c

oped a moderate hypercholesterolemia (377 mg/dl),
and LDL had been greatly reduced (Fig. 8A). Eight days
after initiation of cholesterol feeding, LDL had virtually
disappeared (Fig. 8B). Fig. 9 shows the HDL zonal ef-
fluent patterns during the same period of cholesterol
feeding. At 3 days (Fig. 9A), HDL was greatly reduced
and at 8 days (Fig. 9B), 4.5 weeks, and at 7.5 weeks
(Fig. 9C), HDL remained undetectable. After 7.5
weeks, the rabbit was returned to a diet of commercial
chow without added cholesterol. Fig. 10 shows the LDL
zonal elution profiles of plasma samples taken from the
same rabbit following return to the normal diet. After
2 weeks on the normal diet, mostly VLDL and IDL,
but no LDL with typical flotation behavior were ob-
served (Fig. 10A). After 4.5 weeks, LDL had fully reap-
peared (Fig. 10B). The normalization of HDL was also
observed. After 8 days (Fig. 11A) and 2 weeks (Fig.
11B), HDL still had not increased to a significant level.
By 4.5 weeks (Fig. 11C), HDL was restored to easily
detectable levels; at this time, however, HDL of higher
density still appeared somewhat reduced so that the
HDL of lower density was relatively more abundant. At
7.5 weeks, the heterogeneity of HDL was still apparent
and was similar to that prior to cholesterol feeding (Figs.
11D and 5A).

Metabolism of apoE

As described above, hypercholesterolemic rabbits
contained almost exclusively d < 1.019 g/ml lipopro-

Fig. 7. Polyacrylamide gel electrophoresis in 0.1% SDS of apolipoproteins of a cholesterol-fed and normoli-
pidemic rabbit. A, CER-VLDL; B, normolipidemic VLDL; C, IDL of cholesterol-fed rabbit; D, HDL of nor-
molipidemic rabbit. The three gels contain (from left to right) the HDL gradient regions I, II, and III of

Fig. 5A.
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Fig. 8. Zonal rotor effluent patterns of IDL-LDL from rabbit plasma
samples obtained 3 days (A) and 8 days (B) following initiation of a
diet enriched with 1% cholesterol. Plasma aliquots were 4 ml. Exper-
imental details are the same as described in the legend for Fig. 4.

tein material in their plasma. It was reported by Shore
et al. (4) and confirmed in this work that the compo-
sitional differences in this material (high cholesterol vs.
low triglyceride) are accompanied by a dramatic in-
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Fig.9. Zonal effluent profiles of HDL subfractions from rabbit plasma
obtained 3 days (A), 8 days (B), and 7.5 weeks (C) following initiation
of the 1% cholesterol diet. Ten-ml plasma samples were centrifuged.
The bars indicate the elution volumes of rabbit HDL. Experimental
details are the same as those described in the legend for Fig. 5.
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Fig. 10. Zonal profiles of rabbit plasma spun for IDL-LDL. Plasma
samples were obtained 2 weeks (A) and 4.5 weeks (B) following ces-
sation of the cholesterol-enriched diet. Each plasma sample was 4 ml.
Bars indicate the elution volumes of rabbit IDL and LDL. Experi-
mental conditions are the same as those described in the legend for
Fig. 4.

crease in the relative content of apoE. The high levels
of apoE-enriched lipoprotein material resulted in an
elevation of the total plasma apoE concentration. The
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Fig. 11. Zonal effluent patterns of HDL from rabbit plasmas obtained
8 days (A), 2 weeks (B), 4.5 weeks (C), and 7.5 weeks (D) following
cessation of the cholesterol-enriched diet. Samples were each 10 ml
Bar indicates the elution volume of rabbit HDL. Experimental details
are the same as those described in the legend to Fig. 5.
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Fig. 12. Decay of plasma '*I-labeled apoE in a normal rabbit;
3.5 X 10° cpm of '**I-labeled apoE in 1.2 ml of the standard buffer
was injected.

mechanism for this elevation in plasma apoE is un-
known. It is possible that it reflects an increased syn-
thesis or, alternatively, a blockage in the catabolism of
the proteins. To investigate these possibilities, an in vivo
turnover study was performed. ApoE was isolated from
the d < 1.006 g/ml lipoprotein material of a choles-
terol-fed rabbit, purified to homogeneity, and radiola-
beled with '?°I, as described in the Methods section.
125].Labeled apoE was injected intravenously into rab-
bits, plasma samples were taken at short intervals, and
the radioactivity was counted in plasma aliquots. In a
control rabbit, '#*I-labeled apoE was cleared from the
circulation with a biexponential decay (Fig. 12). The
decay profile was resolved into two exponentials, yield-
ing excellent correlation coeflicients. Exponential 1
(r = 0.995), the terminal linear portion of the decay
curve, reflected the clearance of **I-labeled apoE from
the plasma. A fractional catabolic rate (FCR) of 0.132
hr™' was calculated for this process, and the half-life
(t1/2) was 10.3 hr. Exponential II (r = 0.999) reflected
the rate of equilibration of '**I-labeled apoE between
the intravascular and extravascular compartments. The
half-time of the equilibration process was 2.1 hr.
Clearly altered metabolic parameters were found in
the hypercholesterolemic state. The clearance of '*°I-
labeled apoE from the plasma of a cholesterol-fed rabbit
is shown in Fig. 13. This decay curve was also biexpo-
nential, and could be resolved into the terminal expo-
nential I (r = 0.993) and into exponential I (r = 0.993).
The half-time of equilibration obtained from exponen-
tial I was 2.6 hr, very similar to that of the normal
rabbit (2.1 hr). However, in the cholesteremic state,
only 5.5% of the total apoE was cleared from the cir-
culation per hour (FCR = 0.055), whereas 13.2% of the
apoE was cleared in the same time in the normolipemic

8 Journal of Lipid Research Volume 24, 1983

state. The half-life was increased by a factor of five
(t12 = 49.5 hr). The apoE plasma concentration, as es-
timated by electroimmunoassay, was 199 mg/dl for the
cholesterol-fed rabbit used in the turnover study. The
apoE level in the control rabbit used in the turnover
study was 19.5 mg/dl of plasma. The absolute catabolic
rate (ACR), which, under steady-state conditions equals
the absolute rate of synthesis, was 86.1 mg/kg per day
for the cholesterol-fed animal and 20.3 mg/kg per day
for the normal rabbit. Thus, the cholesterol-fed rabbit
synthesized and cleared approximately four times more
apoE per day than the normal rabbit.

DISCUSSION

The aim of this work was to investigate in rabbits
some of the effects of cholesterol feeding on lipoprotein
distribution and metabolism. It was known from several
previous reports (3, 4, 9) that cholesterol feeding results
in elevated concentration, increased size, and dramatic
compositional change in the d < 1.006 g/ml lipoprotein
material. Our results further confirmed these effects.
We report the new and unexpected finding, however,
that virtually all LDL and HDL material can disappear
from rabbit plasma as a consequence of cholesterol feed-
ing. LDL and HDL have been isolated previously from
cholesterol-fed rabbits by Stange et al. (8) and Pinon
and Bridoux (13). It is possible that procedural differ-
ences account for this discrepancy between results.
Stange et al. (8) used a different type of commercial
chow, and studied male rabbits of a different strain as
did Pinon and Bridoux (13). It has been well docu-
mented that different strains of rabbits can differ in
their dietary-induced cholesterolemic response (37).
Shore et al. (4) used conditions very similar to ours,
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r>0.993
bp=0.014
"Iz' 495 b
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by #0.276
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Fig. 13. Decay of g)lasma 125]labeled apoE in a cholesterol-fed rabbit;
2.5 X 10° cpm of '**I-labeled apoE in 1.2 ml of the standard buffer
was injected.
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except for the source of commercial rabbit chow. They
also showed that the d < 1.019 g/ml lipoproteins were
increased and HDL greatly reduced. However, they
found a marginal elevation of LDL (d 1.019-1.063 g/
ml). Our rabbits responded to the high dietary choles-
terol load with a rapid and sustained alteration in li-
poprotein distribution that was fully reversible upon
returning the animals to commercial rabbit chow. An
interesting observation in our experiments was that cho-
lesterol feeding can cause typical LDL to disappear com-
pletely from the circulation. One explanation for this
phenomenon, not previously reported, could be that
LDL does not disappear but that its typical physical
chemical characteristics are altered. According to this
view, the dietary cholesterol challenge would cause LDL
to become larger and less dense until it could not be
distinguished from VLDL on the basis of size or ultra-
centrifugal flotation behavior. In nonhuman primates,
cholesterol feeding can cause the replacement of normal
LDL by LDL of increased size and particle weight (38).
Alternatively, the failure to detect LDL in our animals
could be due to the true absence of both typical and
altered LDL. This could be the result of an impaired
formation of LDL from its putative precursor, VLDL,
which is normally converted to LDL by a mechanism
involving stepwise delipidation of the triglyceride-rich
lipoproteins by lipoprotein lipase (39). Cholesterol feed-
ing in the rabbit does not alter the clearance rates of
triglycerides from the circulation (34, 40). Therefore,
the disappearance of LDL could be caused by replace-
ment of normal precursor VLDL by abnormal
d < 1.006 g/ml lipoproteins whose catabolism does not
lead to formation of IDL and LDL. Camejo et al. (9)
showed that the larger VLDL population from choles-
terol-fed rabbits was cleared from the circulation of con-
trol rabbits very rapidly and that the nonexchangeable
cholesteryl esters of these particles were not found later
in the LDL or HDL fractions. Kushwaha and Hazzard
(10) found that the same was true for the protein moiety
of VLDL of the cholesterol-fed rabbit. In the normal
rabbit, chylomicron remnants are rapidly removed from
the circulation by the liver (41). Using radioactive di-
etary retinol, Ross and Zilversmit (34) demonstrated
that the majority of the d < 1.019 g/ml lipoproteins of
cholesterol-fed rabbits are indeed chylomicron rem-
nants. In the cholesterol-fed state, removal of remnants
by the liver is impaired (34, 40) because of saturation
and reduction in the number of hepatic receptors (42).

Our data show that cholesterol feeding raises the
plasma level of apoE by causing an overproduction of
this apolipoprotein. Qualitatively similar results have
been reported from studies with rats (43). This over-
production could occur in the liver, a major site of apoE
synthesis (44), or in macrophages and/or macrophage-

derived cells. Monolayers of mouse peritoneal macro-
phages synthesize and secrete apoE (45). Production of
apok is stimulated 3- to 8-fold in the presence of acetyl-
LDL or VLDL from cholesterol-fed rabbits (45). In
good agreement with these in vitro results, the in vivo
turnover data from our cholesterol-fed rabbit suggest
a 4-fold overproduction of the protein.

The reason for the absence of mature spherical HDL
in the cholesterol-fed state is not clear. Potential sources
for HDL formation are a) intravascular lipolysis of tri-
glyceride-rich lipoproteins (46-49) which is not im-
paired in the cholesterol-fed state (34, 40); and b) in-
testine and liver which secrete nascent discoidal pre-
cursor HDL (50, 51). Since we have observed LCAT
activity apparently sufficient for formation of spherical
HDL, we are led to believe that the discoidal HDL pre-
cursors containing both LCAT-activator and LCAT-
substrates, i.e., apoA-I, cholesterol, and phosphatidyl-
choline, must not be formed. Using electron micros-
copy, Stange et al. (8) were able to find some discoidal
HDL upon cholesterol feeding. These particles could
correspond to the apoE/phospholipid discs secreted by
cholesterol laden-macrophages (52).

To what extent the alteration of lipoprotein distri-
bution is related to the accelerated atherosclerosis in
the hypercholesterolemic rabbit* has yet to be eluci-
dated. Zilversmit has proposed that cholesterol-en-
riched remnant particles contribute to atherosclerosis
by direct interaction with the arterial wall (53). Mac-
rophages possess a high affinity receptor for chylomi-
cron remnants and can accumulate cholesteryl esters via
this route (54). The above hypothesis (53) could be
strongly supported by our study which shows that typical
LDL, widely implicated as atherogenic particles, can be
completely absent in this pathologic condition.Bll
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