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Abstract When [3H]cholesteryl ester-labeled low density (LDL) 
and intermediate density lipoproteins (IDL) from a nor- 
motriglyceridemic, hypercholesterolemic rabbit were injected 
into severely hypertriglyceridemic, hypercholesterolemic rab- 
bits, 60% of the label appeared in very low density lipoproteins 
(VLDL) at 3 hr. A similar experiment showed that 40% of in- 
jected '311-protein-labeled LDL appeared in the IDL fraction at 
4 hr. Taken together, these data suggest that the exchange of 
LDL cholesteryl ester for VLDL triglyceride results in a density 
shift of injected LDL to the IDL density range. Furthermore, 
the percent of injected '311-labeled LDL from normotriglyceri- 
demic rabbits that appeared in the IDL fraction increased in 
rabbits with increasing levels of plasma triglyceride. This LDL 
density shift was reproduced in vitro by incubating iodinated 
LDL from normotriglyceridemic, hypercholesterolemic rabbits 
with concentrations of VLDL from hypertriglyceridemic, hyper- 
cholesterolemic rabbits similar to those in plasma. With such a 
system, it was shown that the percentage of LDL that appeared 
in the IDL fraction increased with time, was enhanced fourfold 
by the addition of plasma lipid transfer protein, increased with 
increasing molar ratio of triglyceride to cholesteryl ester in 
VLDL, but apparently did not increase with increasing VLDL 
particle number. IIP These studies suggest that a pronounced 
decrease in density of lipoproteins that would normally appear in 
the LDL density range, resulting from loss of cholesteryl ester in 
exchange for VLDL triglyceride, may explain, at least in part, the 
reduced LDL levels in severe hypertriglyceridemia. - Minnich, 
A.; B. G. Nordestgaard and D. B. Zilversmit. A novel explana- 
tion for the reduced LDL cholesterol in severe hypertriglyceride- 
mia. J.  Lipid Ra. 1989. 30: 347-355. 

cholesterol concentration observed in severe hypertri- 
glyceridemia. 

The low LDL cholesterol levels in severe hypertri- 
glyceridemia may be a result of the continual exchange of 
VLDL triglyceride for LDL cholesteryl ester (9, 10) in 
species with plasma lipid transfer activity (11, 12). 
However, the present study reports a new finding that 
suggests an additional means by which LDL may be dim- 
inished. U p m  injection into hypertriglyceridemic, hyper- 
cholesterolemic rabbits, iodinated LDL from normotri- 
glyceridemic, hypercholesterolemic rabbits appeared in 
the IDL density range. This shift in density of injected 
LDL is a likely consequence of the exchange of LDL cho- 
lesteryl ester for VLDL triglyceride (13, 14), as suggested 
by the extent and rate of cholesteryl ester transfer out of 
LDL and IDL observed in vivo in the hypertriglyceri- 
demic, hypercholesterolemic rabbit. With an in vitro sys- 
tem that models these in vivo phenomena, we attempted 
to identify factors that are important in determining the 
extent of the appearance of labeled LDL in fractions of 
lower densities. 

MATERIALS AND METHODS 

Materials 
Supplementary key words alloxan-diabetic rabbit hypercholester- Alloxan monohydrate, chloramphenicol, gentamicin 

sulfate, €-amino-n-caproic acid, benzamidine, aprotinin, olemia hyperlipoproteinemia 9 LDL density shift 

cholesteryl methyl ether, and triheptadecanoin were pur- 
chased from Sigma (St. Louis, MO). PPO and POPOP 
were from Eastman Kodak Company (Rochester, NY). 
Bovine albumin was from Miles Laboratories, Inc. (Pen- 

LDL cholesterol is markedly reduced in severe forms of 
human hypertriglyceridemia, such as lipoprotein lipase 
deficiency (1-3), apolipoprotein C-I1 deficiency (2-5), and  
type V hyperlipoproteinemia (3, 6, 7). Severe hypertri- 

Abbreviations: HDL, high density lipoproteins; LDL, low density 
glyceridemia (5,500 mg/dl) in alloxan-diabetic rabbits fed 
a and diet is as- lipoproteins; IDL, intermediate density lipoproteins; VLDL, very low 
sociated with low LDL as well as IDL cholesterol levels density lipoproteins. 
(8). Thus, the diabetic, hypertriglyceridemic, hypercho- 'Present address: Depanment of Chemical Pathology and Metabolic 

Disorders, St. Thomas' Hospital, London SEI 7EH, United Kingdom. 
lesterolemic rabbit may be an appropriate animal model 'To whom reprint requests should be addressed at: Division of Nutri- 
in which to study a mechanism explaining the low LDL tional Sciences, Savage Hall, Come11 University, Ithaca, NY 14853. 
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tex Division, Naperville, IL). Cholesterol was from ICN 
Biochemicals, (Cleveland, OH). NPH insulin was from 
Lilly (Indianapolis, IN). Dextrostix were from Miles 
Laboratories, Inc. (Ames Division, Elkhart, IN). Glucose 
(Cat. No. 124001) and triglyceride (Cat. No. 701912) en- 
zymatic assay reagents were from Boehringer Mannheim 
Diagnostics (Indianapolis, IN). [1,2(n)3H]Cholestero1, 
1311, and lZ5I were purchased from Amersham (Arlington 
Heights, IL), and [1,2,6,7-3H(N)]cholesteryl oleate from 
DuPont NEN Research Products (Boston, MA). PD-10 
disposable gel filtration columns (Sephadex G-25M) were 
obtained from Pharmacia (Piscataway, NJ). Centricon 30 
microconcentrators were purchased from Amicon (Dan- 
vers, MA) and 30k Centricell centrifugal ultrafilters 
were from Polysciences, Inc. (Warrington, PA). Filters 
(0.22 pm) were from Millipore Corporation (Bedford, 
MA). Pre-coated thin-layer chromatography plates (silica 
gel 60) were purchased from EM Science (Cherry Hill, 
NJ). 

Animals 

Female New Zealand White rabbits (Becken Research 
Animal Farm, Sanborn, NY) weighing 2-4 kg were 
housed separately and maintained on 100 g/day Purina 
Rabbit Laboratory Chow (Ralston Purina Co., St. Louis, 
MO). To induce hypertriglyceridemia secondary to dia- 
betes, alloxan monohydrate (150-200 mg/kg body weight) 
as a 5% solution in 0.9% NaCl was infused intravenously 
at a rate of approximately 1 ml/min. Animals with result- 
ing fasting plasma glucose 2 250 mg/dl, as measured en- 
zymatically (glucose oxidase, horseradish peroxidase) or 
with Dextrostix, were considered diabetic. Some rabbits 
required repeated infusions with increasing doses of al- 
loxan before they became diabetic. In order to achieve 
differences in plasma triglyceride in the hypertriglyceri- 
demic rabbits, different daily doses of insulin (0-13 units) 
were given to the different diabetic rabbits prior to the ex- 
periments. 

Both diabetic and nondiabetic animals were placed on 
diets (100 g/day) containing 0.5% cholesterol and either 
2.5% Wesson oil or 7.5% Mazola corn oil 2-15 weeks be- 
fore the experiments. Diabetic rabbits were fed an addi- 
tional 50-100 g/day unaltered chow to prevent excessive 
weight loss. Unless otherwise noted, blood was collected 
into NazEDTA (1.5 mgfml) and NaN, (4 mg/ml) and kept 
on ice until plasma was isolated at 4OC. All experimental 
protocols were in accordance with University guidelines. 

Isolation and labeling of lipoproteins 
LDL was isolated at 4°C from blood containing 

NazEDTA (2 mg/ml), chloramphenicol (40 pg/ml), gen- 
tamicin sulfate (0.1 mg/ml), €-amino-n-caproic acid (2.6 
mg/ml), benzamidine (10 pg/ml), and aprotinin (10 kalli- 
krein unitdml) or Na2EDTA (1.5 mg/ml) and NaN3 
(4 mg/ml) by sequential ultracentrifugation in solvent 

densities of 1.019 and 1.063 g/ml in a Beckman 65 rotor 
(Beckman Instruments, Inc., Palo Alto, CA) for 2.1 x lo8 
gav. min, or in a Beckman 60Ti rotor for 2.8 x 10' gav, 
min. Similarly, IDL was isolated between the densities 
1.006 and 1.019 g/ml. Fractions were collected by tube 
slicing. 

For in vivo experiments, LDL and IDL were labeled 
with 5 pCi [3H]cholesteryl ester (>97% pure) by the lipo- 
some method of Hough and Zilversmit (15). For in vitro 
experiments, [3H]cholesteryl ester-labeled LDL and IDL 
were obtained from plasma collected 18 hr following oral 
administration of 290 pCi [3H]cholesterol (>95% pure) 
to a hypercholesterolemic donor animal (16). On the aver- 
age, 80% of the label was in cholesteryl ester. 

LDL and IDL were iodinated by the iodine monochlo- 
ride method of McFarlane (17) at pH 10 in order to 
minimize lipid labeling (18). For in vivo experiments, 
0.5-5.0 mCi Iz5I or 1.0-1.6 mCi ','I was used to label 2-13 
mg LDL protein. For in vitro experiments, 20-100 pCi 
1311 was used to label 15-58 mg LDL or IDL protein. Un- 
reacted iodine was removed by PD-10 gel filtration and 
subsequent dialysis at 4OC against phosphate-buffered 
saline (1.14% Na2HP0+ 7-H20, 0.10% NaHZPO+. H20, 
0.53% NaCl, 0.01% NazEDTA, 0.02% NaN3, pH 7.4) if 
necessary. Labeling efficiency averaged 21% and 12% for 
'251 and I3'I, respectively, which converts to 1.5 and 0.9 
mole of I per mole of LDL, respectively. For labeled LDL, 
this procedure consistently resulted in > 95 % trichloro- 
acetic acid precipitability and < 7 %  lipid extractability of 
label with chloroform-methanol 2:l (v/v). For labeled 
IDL, 90% of iodine precipitated with trichloroacetic acid 
and 73% of iodine precipitated with apolipoprotein B 
(19). For in vivo experiments, labeled lipoproteins were 
passed through 0.22-pm filters immediately before injec- 
tion into recipient rabbits. 

In vivo experiments 

In eight pairs of rabbits, LDL from a diabetic, hyper- 
triglyceridemic, cholesterol-fed and from a normal, cho- 
lesterol-fed rabbit were isolated simultaneously. LDL 
from the hypertriglyceridemic and from the normal rab- 
bits were iodinated with and 1251, respectively, or vice 
versa, and mixed. Aliquots of this dose were injected in- 
travenously into both rabbits. Two additional hypertri- 
glyceridemic cholesterol-fed rabbits were injected with 
iodinated LDL from a normal, cholesterol-fed rabbit. 
Blood samples were drawn at specified times for 3-6 hr. 
Lipoproteins from plasma and the injected dose with 
added carrier plasma were isolated at 10°C by sequential 
ultracentrifugation in a Beckman ' 50.3 Ti rotor for 
1.4 x 10' g,, min at solvent densities of 1.006, 1.019, and 
1.063 g/ml. Lipoprotein fractions were dialyzed overnight 
at 4OC against 0.9% NaCl before counting in a Beckman 
Gamma 8000 counter. Ultracentrifugation recoveries 
were 84 1% (n = 11). Plasma triglycerides were mea- 
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sured enzymatically (lipase, glycerol kinase, glycerol 
phosphate oxidase, and peroxidase). Most rabbits injected 
with iodinated LDL were also used to study arterial up- 
take of LDL, which will be reported in another paper. 

Three additional hypertriglyceridemic, cholesterol-fed 
rabbits were injected intravenously with [3H]cholesteryl 
ester-labeled LDL + IDL from a normal cholesterol-fed 
rabbit. VLDL, IDL, and LDL + HDL were isolated 
from blood samples drawn at specified times, and lipid ex- 
tracts (20) of these fractions were dried under N2 and 
assayed for 3H in toluene-based scintillant (14.2 g PPO, 
105 mg POPOP, 20 ml ethanol per liter) in a Beckman LS 
8100 scintillation counter. Ultracentrifugation recoveries 
were 93 k 3% (n = 6). 

In  vitro experiments 

Experiments were performed in which labeled LDL or 
IDL from normal, cholesterol-fed rabbits was incubated 
with VLDL from hypertriglyceridemic, cholesterol-fed 
rabbits, in the presence or absence of plasma lipid transfer 
protein. The pooled d > 1.21 g/ml fractions from plasma 
from hypertriglyceridemic and normal cholesterol-fed 
rabbits, after dialysis against 0.9% NaCl, were used as a 
source of lipid transfer protein. To achieve a final compo- 
sition in the incubation mixture similar to that in hypertri- 
glyceridemic rabbit plasma, components were concentrated 
by ultracentrifugation and/or ultrafiltration. Fractions 
were kept on ice before being mixed and subsequently in- 
cubated at 37OC. For every set of incubations, an incuba- 
tion containing an equal volume of phosphate-buffered 
saline in place of transfer protein was included. Aliquots 
were taken from the incubation at various time points 
from 0 to 6 hr, immediately placed on ice, and sequen- 
tially ultracentrifuged at 1.006 and 1.019 g/ml as described 
above. For density gradient ultracentrifugation, the sol- 
vent density of aliquots containing up to 1 mg lipid was 
raised to 1.054 g/ml. Density gradients were constructed 
by successive overlaying with 2.3 ml each of NaCl- 
solutions of densities 1.040, 1.030, 1.019, 1.010, 1.006, and 
1.000 g/ml. Gradients were centrifuged for 5.5 x 10" gav. 
min at 2OoC in a Beckman SW 41 rotor. Fractions were 
collected by aspiration and their densities were deter- 
mined gravimetrically. 

Aliquots of the VLDL, IDL, and LDL fractions with 
added carrier plasma, after standing overnight in 15 vol- 
umes of chloroform-methanol 1:l (v/v), were centrifuged 
to pellet the protein. The supernatant was removed, made 
to 2:l (v/v) chloroform-methanol, and washed with 0.2 
volumes water. Lipid extracts were dried under N2 and as- 
sayed for iodine radioactivity simultaneously with the 
protein pellets and water washes. The distribution of 
iodine radioactivity between protein pellets, lipids, and 
water washes was 86 k 0.3'36, 3 * 0.070, and 11 * 0.3% 
(n = 36), respectively. In cases where LDL was labeled in 
cholesterol as well as in protein, lipid extracts (20) of addi- 

tional aliquots were applied to thin-layer chromatography 
plates to separate free and esterified cholesterol (see 
below) and radioactivity in esterified cholesterol was 
determined as described. For experiments with 1311- 
labeled IDL, iodine radioactivity was determined on apo- 
lipoprotein B precipitates (19) of plasma fractions. 

Chemical determinations 

Except where otherwise noted, mass analyses of plasma 
and lipoprotein fractions were performed on lipid extracts 
(20) which were dried under N2, applied to thin-layer 
chromatography plates, and developed in hexane-diethyl 
ether-acetic acid 80:20:1 (v/v/v). Free and esterified cho- 
lesterol were eluted from the silica gel with chloroform- 
methanol 9:l (./.). These eluates were dried under N2 
and saponified (21). Subsequently, cholesterol was deter- 
mined by the method of Zak et al. (22) or by gas-liquid 
chromatography on 10-m fused silica capillary columns 
(Hewlett Packard HP-17), 0.53 mm internal diameter at 
26OOC with N2 carrier flow rate of 10 ml/min and cho- 
lesteryl methyl ether as an internal standard. Trihepta- 
decanoin was added as a triglyceride internal standard 
before thin-layer chromatography and the triglyceride- 
containing silica gel bands were transmethylated in 4 ml 
2 %  H2S0, in anhydrous methanol for 1 hr at 7OOC. Fatty 
acid methyl esters were extracted into 4 ml of hexane after 
addition of 4 ml of water, and analyzed by gas-liquid 
chromatography at 17OOC as described. Apolipoprotein B 
was precipitated by the method of Klein and Zilversmit 
(19) and protein was measured by the method of Lowry 
et al. (23) with dry bovine serum albumin as a standard. 

RESULTS 

Plasma triglyceride and lipoprotein cholesterol 
Induction of diabetes in rabbits and subsequent addi- 

tion of 0.5 glday cholesterol and 2.5 or 7.5 g/day triglycer- 
ide to the diet resulted in plasma triglyceride concentra- 
tions from 100 to 16,000 mg/dl. Nondiabetic rabbits were 
fed a diet containing 0.5% cholesterol and, hence, were 
also hypercholesterolemic. In diabetic rabbits with plasma 
triglyceride averaging approximately 6,000 mg/dl, LDL + 
HDL and IDL cholesterol levels were 6% and lo%, re- 
spectively, of those in normal cholesterol-fed rabbits, all of 
which were normotriglyceridemic (Table I). Since HDL 
cholesterol in hypercholesterolemic rabbits typically aver- 
ages <5% of cholesterol in the HDL + LDL fraction 
(24), the relative decrease of LDL + HDL cholesterol 
represents mainly a decrease in LDL cholesterol. Also ap- 
parent from Table 1 is that LDL + HDL and IDL 
cholesterol levels are similar in diabetic, mildly hyper- 
triglyceridemic, and normal, cholesterol-fed rabbits. This 
observation diminishes the possibility that some factor of 
diabetes other than hypertriglyceridemia is responsible 
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TABLE 1. Lipoprotein lipids in diabetic and normal rabbits after 2 weeks of cholesterol and triglyceride feeding 

Total Cholesterol 
Plasma 

Triglyceride VLDL IDL LDL + HDL 

Diabetics (n = 6) 

Diabetics (n = 4) 

Normals (n = 5) 

mg/dl 

6254 i 1021 

146 i 37 

22 i 3 

mg/dl 
(% estented cholesterol) 

1193 i 253 23 f 3 21 i 6 
(59 f 2) (58 i 4) (68 i 3) 
385 i 108 271 115 293 i 90 
(82 i 3) (74 f 1) (70 + 2) 
247 f 71 223 i 37 346 * 19 
(80 i 1) (69 i 3) (73 i 3) 

Values are expressed as means i standard error 

for the low IDL and LDL + HDL cholesterol levels in the 
hypertriglyceridemic rabbits. In another group of six dia- 
betic rabbits, inverse relationships between plasma 
triglyceride and cholesterol content of IDL and LDL were 
demonstrated (25). 

In vivo experiments 
The low LDL and IDL cholesterol levels in hyper- 

triglyceridemic rabbits may be due to exchange of IDL 
and LDL cholesteryl ester for VLDL triglyceride. When 
IDL c LDL from a normal cholesterol-fed rabbit, labeled 
in the cholesteryl ester moiety, were injected intravenously 
into three hypertriglyceridemic rabbits, labeled choles- 
teryl ester moved from IDL and LDL into VLDL (Fig. 1). 
At 3 hr, 64% of the injected label appeared in VLDL, and 
only 11% and 5% remained in IDL and LDL, respective- 
ly. Thus, rapid transfer of lipoprotein core lipids occurs in 
plasma of diabetic, hypertriglyceridemic, hypercholes- 
terolemic rabbits. 

When iodinated LDL from a normal, cholesterol-fed 
rabbit was injected intravenously into a hypertriglyceri- 
demic, cholesterol-fed rabbit, label disappeared from the 
LDL fraction and appeared in the IDL fraction (Fig. 2, 
left panel). After 4 hr, 40% of the label had appeared in 
the IDL fraction. Since approximately 90% of the label 
in LDL is in apolipoprotein B (data not shown), which is 
nonexchangeable, movement of iodine label represents a 
density shift of the whole LDL particle to the IDL density 
range. It is likely that the shift in density of LDL from 
normal, cholesterol-fed rabbits to the IDL fraction results 
from the exchange of LDL cholesteryl ester for VLDL 
triglyceride. If so, a similar density shift of injected LDL 
from the hypertriglyceridemic donor (autologous LDL) 
would not be expected, since the core lipid composition of 
this LDL had presumably already equilibrated with that 
of VLDL prior to reinjection into the recipient rabbit. In 
fact, LDL from the hypertriglyceridemic donor remained 
in the LDL fraction when reinjected (Fig. 2, left panel). 
Neither LDL preparation showed any transfer of label to 

the IDL fraction when injected into a normal, cholesterol- 
fed rabbit (Fig. 2, right panel). Disappearance of total 
label from plasma was similar for both types of LDL in 
the hypertriglyceridemic rabbit as well as in the normal, 
cholesterol-fed rabbit. Not more than a total of 12% of the 
injected label appeared in HDL or VLDL. 

In similar experiments, the percent of labeled LDL 
from normal, cholesterol-fed rabbits remaining in the 
LDL fraction 3 hr after injection decreased with increas- 
ing plasma triglyceride in recipient rabbits (Fig. 3). This 
decrease represents an increase in the appearance of 
labeled LDL in the IDL fraction (data not shown). It is 
also apparent from Fig. 3 that injected autologous LDL 
remained in the LDL fraction in rabbits with a wide 
range of plasma triglyceride levels. Neither LDL prepara- 
tion left the LDL fraction when injected into normal, 
cholesterol-fed rabbits (data not shown). Whether the in- 
creasing percent of labeled LDL from normal, cholesterol- 

n 

l o o 1 )  
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IDL 
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- -  
i o  1 2 3 
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Fig. 1. In vivo cholesteryl ester transfer from IDL and LDL to VLDL 
Venus time. IDL + LDL were obtained from a normal, cholesterol-fed 
rabbit, labeled with liposomes containing [’Hlcholesteryl ester, and in- 
jected into hypertriglyceridemic, cholesterol-fed rabbits (VLDL tri- 
glyceride 7693 i 569 mg/dl, n = 3). Values are shown as means i 
standard error. 
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Fig. 2. Behavior of injected iodinated LDL in rabbit plasma. LDL 
from two cholesterol-fed rabbits: one hypertriglyceridemic (0) and one 
normal (O), were iodinated with lZ5I and '"1, respectively. A mixture of 
the iodinated LDL preparations was injected intravenously into the 
same two rabbits. Plasma triglyceride was 8,800 and 80 mgldl in the 
hypertriglyceridemic (HYPER TG) and normal rabbit (NORM0 TG), 
respectively. 

fed rabbits that appeared in lower density fractions was 
attributable to increments in the recipients' plasma tri- 
glyceride, per se, or to other factors that change in parallel 
with plasma triglyceride, cannot be concluded from these 
in vivo studies. Two such potential factors are the ratio of 
triglyceride to cholesteryl ester in VLDL, since the ratio 
of triglyceride to total cholesterol increased in rabbits with 
increasing hypertriglyceridemia (data not shown), and 
VLDL particle number. These possibilities were studied 
with an in vitro system, as described below. 

In vitro experiments 

In order to identify factors that influence the density 
shift of LDL, the in vivo experiments were modelled with 
an in vitro system (Fig. 4). When LDL from normal, 
cholesterol-fed rabbits was incubated with VLDL from 
hypertriglyceridemic rabbits, 90% of labeled cholesteryl 
ester left the LDL fraction and 75% appeared in the 
VLDL fraction (upper panel). Similarly, during 6 hr, 
70% of the protein label, which traces the behavior of 
whole LDL particles, left the LDL fraction, but in con- 
trast to labeled cholesteryl ester, appeared mainly in the 
IDL fraction (lower panel). 

Four similar incubations in which doubly labeled IDL 
from normotriglyceridemic rabbits was incubated with 
triglyceride-rich VLDL were also performed. In a repre- 
sentative 6-hr incubation (VLDL triglyceride, 23.7 mg/ml, 
IDL esterified cholesterol, 0.95 mg/ml, and VLDL tri- 
glyceride to cholesteryl ester molar ratio, 3.2), 48% of the 
protein label and 86% of the cholesteryl ester label ap- ' 

peared in the VLDL density range. 

Table 2 shows that movement of cholesteryl ester from 
LDL to VLDL was enhanced threefold, and appearance 
of LDL in the IDL fraction was enhanced fourfold by 
addition of plasma lipid transfer protein to the incubation 
mixture. However, even without the addition of lipid 
transfer protein, both these processes occurred, although 
to a much smaller extent. This could possibly be due to 
contamination of lipoproteins with lipid transfer protein. 

In order to assess the effect of VLDL concentration on 
the LDL density shift, four experiments were performed 
(two to four incubations in each), within which the VLDL 
concentration was varied by dilution of the same VLDL 
preparation (Fig. 5).  These data reveal no particular 
dependence of the appearance of LDL in the IDL fraction 
on VLDL concentration when VLDL triglyceride to cho- 
lesteryl ester molar ratio was high (3.6 and 5.7). It appears 
that a maximum of 70% of LDL undergoes a density shift 
under these conditions. In most experiments, the labeled 
LDL that had left the LDL density range appeared in the 
IDL density range. However, results of one experiment 
(VLDL TG/CE = 5.7, Fig. 5) showed that as much as 
28% of labeled LDL was present in the VLDL density 
range after a 6-hr incubation period. Fig. 5 also suggests 
that the percent of LDL that appears in the IDL fraction 
increases with increasing molar ratios of triglyceride to 
cholesteryl ester in VLDL. 

The effect of VLDL core lipid compo$ition on LDL 
density shift was tested directly with different sources of 
VLDL, in order to eliminate potential variability due to 

Fig. 3. Radioactivity remaining in the LDL fraction 3 hr after injec- 
tion of labeled LDL as a function of recipient plasma triglyceride. Data 
were generated from eight hypertriglyceridemic, cholesterol-fed rabbits 
injected simultaneously with iodinated autologous LDL (0) and LDL 
from normal, cholesterol-fed rabbits (O), and from two additionat hyper- 
triglyceridemic cholesterol-fed rabbits injected only with iodinated LDL 
from a normal, cholesterol-fed rabbit. The regressibn fines for auto- 
logous LDL as well as for LDL from normal, cholesterol-fed rabbits 
(r = -0.94, P < 0.001) are shown. 
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Fig. 4. Redistribution of LDL ['H]cholesteryl ester and '3'I-labeled 
protein versus time of incubation with triglyceride-rich VLDL. LDL 
from a normal, cholesterol-fed rabbit, labeled in vivo with 
[ 'H]cholesteryl ester and subsequently iodinated, were incubated in the 
presence of plasma lipid transfer protein (d > 1.21 g/ml from 1.3 ml 
plasma) with VLDL from a hypertriglyceridemic, hypercholesterolemic 
rabbit, in a total volume of 2.6 ml. VLDL triglyceride concentration in 
the assay was 23.1 mg/ml, LDL esterified cholesterol was 0.56 mg/ml, 
and VLDL triglyceride to cholesteryl ester molar ratio was 3.5. 

interexperimental comparisons. In three experiments 
(three to five incubation in each), the molar ratio of tri- 
glyceride to cholesteryl ester in VLDL varied while 
VLDL triglyceride concentration was held approximately 
constant. Fig. 6, which shows the results of one such ex- 
periment, indicates that with increasing molar ratios of 
triglyceride to cholesteryl ester in VLDL, the percent of 
LDL that appeared in the IDL fraction increased. Results 
of the two other experiments, performed in the presence 
of different VLDL triglyceride concentrations, showed a 
similar trend (data not shown). 

Since the incubations in the experiment shown in Fig. 6 
contained similar amounts of VLDL triglyceride but 
VLDL with different composition, the possibility for vari- 
ation in the number of VLDL particles among incuba- 
tions existed. To determine whether differences in the ex- 
tent of LDL density shift could be explained by variation 
in the number of VLDL particles, VLDL apolipoprotein 
B was measured for each incubation (Fig. 6,  lower x-axis 
scale). Increasing molar ratios of triglyceride to choles- 
teryl ester in VLDL, associated with increasing percent of 
labeled LDL appearing in the IDL fraction, were also as- 
sociated with decreasing VLDL particle numbers in the 
incubations. 

Fig. 7 shows a more detailed characterization of the 
density distribution of 1311-labeled LDL as determined by 
sequential ultracentrifugation. The mean density of I3'I- 
labeled LDL after incubation with triglyceride-rich VLDL 
was 1.030 and 1.023 g/ml in the absence and presence, 
respectively, of plasma lipid transfer protein. The approx- 
imately 20% of labeled LDL that appeared as d > 1.05 
g/ml was not included in the calculation of mean density. 
Density gradient ultracentrifugation of "'I-labeled LDL 
from a similar incubation showed a similar density shift 
of 0.008 g/ml. Results of density gradient ultracentrifuga- 
tion also showed that the density distribution of 13'1- 
labeled LDL in the absence of VLDL was virtually identi- 
cal to that of 1311-labeled LDL incubated with VLDL in 
the absence of plasma lipid transfer protein. 

DISCUSSION 

The density shift of LDL reported in the present paper 
is likely to occur as a consequence of core lipid exchange 
between LDL and VLDL. This is supported by the in 
vivo observation that cholesteryl ester moves rapidly from 
injected LDL to triglyceride-rich VLDL under experi- 
mental conditions similar to those used to demonstrate 
the in vivo density shift of LDL. More direct evidence is 

TABLE 2. Effect of dasma b i d  transfer urotein on density shift of LDL 

Percent of lplI-Labeled LDL in 
d < 1.019 g/ml Fraction at 6 hr Incubation Label 

% Lola1 

LDL + VLDL [SH]cholesteryl ester (n = 2) 24 
16 f 3.2" LDL + VLDL 

LDL + VLDL + transfer protein 76 
LDL + VLDL + transfer protein 57 f 5.8" 

13'I-labeled protein (n - 4) 
[SH]cholesteryl ester (n = 2) 
1311-labeled protein (n - 4) 

Incubations contained VLDL from hypertriglyceridemic, cholesterol-fed rabbits, LDL from normal, cholesterol-fed rabbits, and a source of plasma 
lipid transfer protein (d > 1.21 g/ml from 0.7-1.3 ml plasma) or an equal volume of saline, in a total volume of 1.0-2.6 ml. LDL were iodinated 
and, in two experiments, also labeled in vivo with 'H cholesteryl ester. VLDL triglyceride was 47.0 f 8.9 mg/ml. VLDL triglyceride to cholesteryl 
ester molar ratio was 3.4 + 0.87. LDL esterified cholesterol was 0.64 f 0.12 mg/ml. 

"Mean * standard error. 
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Fig. 5. Effect of VLDL concentration on density shift of LDL. '% 
labeled LDL from a normal, cholesterol-fed rabbit was incubated with 
VLDL from a hypertriglyceridemic, cholesterol-fed rabbit at 37OC. Each 
assay contained similar amounts of LDL esterified cholesterol (average 
0.98 mg/ml) and of plasma lipid transfer protein (from 0.7-1.3 ml 
plasma) in a volume of 1.3-2.6 ml. Each set of symbols represents a 
different experiment. Within an experiment, different concentrations of 
VLDL were achieved by dilution of the same source of VLDL. VLDL 
triglyceride to cholesteryl ester molar ratio (VLDL TG/CE) varied for 
the different experiments, as indicated in the figure. '"I-Labeled LDL 
that appeared in the d < 1.019 g/ml fraction after 6 hr of incubation is 
expressed as a percent of that in LDL + IDL + VLDL. 

obtained from the in vitro observations that the appear- 
ance of LDL in the IDL fraction coincided with the trans- 
fer of LDL cholesteryl ester to VLDL and was dependent 
on the activity of plasma lipid transfer protein. Morton 
and Zilversmit (26) have shown that triglyceride and 
cholesteryl ester are transferred in proportion to their 
content in donor lipoproteins, and that the exchange of 
core lipids between lipoproteins is equimolar. Deckel- 
baum et al. (13) have shown that LDL loses cholesteryl 
ester and acquires triglyceride when exposed to tri- 
glyceride-rich VLDL. Therefore, it is quite likely that 
transfer of cholesteryl ester out of LDL in the present ex- 
periments occurs in exchange for VLDL triglyceride. It 
can be calculated, for example, that a shift in density of 
LDL from 1.04 to 1.01 g/ml would result if 60% of LDL 
cholesteryl ester (d = 0.98 g/ml) were replaced with an 
equimolar amount of triglyceride (d = 0.92 g/ml). Thus, 
the observed exchange of LDL cholesteryl ester for VLDL 
triglyceride appears to be responsible for the observed 
magnitude of the LDL density shift. 

Deckelbaum et al. (13) demonstrated a slight density 
shift of LDL after exposure to triglyceride-rich VLDL, 
but did not observe appearance of LDL in the IDL den- 
sity range. This result can possibly be attributed to a rela- 
tively low molar ratio of triglyceride to cholesteryl ester in 
VLDL. We observed appearance of a greater percentage 
of LDL in the IDL fraction with higher molar ratios of 
triglyceride to cholesteryl ester in VLDL. It is probable, 

however, that another experimental factor affecting the 
potential for LDL to float in the IDL fraction is the start- 
ing density of the LDL. In one experiment in which the 
density distribution of LDL was characterized in detail, 
the mean density of the starting LDL was 1.03 g/ml. In 
this case, a mean shift in density of 0.007 g/ml resulted in 
the appearance of 23% of the LDL in the IDL fraction 
after incubation with VLDL containing a relatively low 
(1.4) molar ratio of triglyceride to cholesteltyl ester. Theo- 
retically, this mean density shift from 1.030 to 1.023 g/ml 
could be induced by replacement of 35% of cholesteryl 
ester with an equimolar amount of triglyceride (i.e., a 
triglyceride to cholesteryl ester molar ratio of 0.54). 

Under our experimental conditions, increasing VLDL 
concentration per se did not appear to increase the ap- 
pearance of LDL in the IDL fraction at relatively high 
molar ratios of triglyceride to cholesteryl ester in VLDL. 
Based on kinetic studies of cholesteryl ester exchange (27, 
28), an increase in the number of VLDL particles might 
be expected to increase the rate of core lipid equilibration 
between VLDL and LDL. However, this principle may 
not extend to our measurements of an LDL density shift, 
which results from the heteroexchange of core lipids, if the 
ratio of triglyceride to cholesteryl ester in VLDL is high 

h j  I 

w 

r-0.93 
p(O.01 

0- 
0.0 1 .o 2.0 

VLDL TG to CE MOLAR RATIO 

1 .'l 5 0.63 0.1 1 

VLDL APO B (mg/ml) 

Fig. 6. Effect of VLDL core lipid composition on density shift of LDL. 
"'I-Labeled LDL from a normal, cholesterol-fed rabbit was incubated 
at 37OC for 6 hr with VLDL from hypertriglyceridedic, cholesterol-fed 
rabbits. VLDL containing different molar ratios of triglyceride to 
cholesteryl ester were obtained by preparing VLDL from different rab- 
bits. The concentration of VLDL triglyceride was siniilar for the differ- 
ent incubations (37.6 * 4.3 mg/ml). LDL esterified cholesterol was 0.5 
mg/ml. Transfer protein waa from 0.7 d plasma, and total assay volume 
was 1.0 ml. VLDL apolipoprotein B (apoB) was determined as in 
Methods for each incubation. T h e  x-axis scale beneath the figure was 
derived from the equation for the regression of VLDL apoB on the mo- 
lar ratio of triglyceride to cholesteryl ester molar ratio in VLDL 
(r = -0.85). 
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Fig. 7. Density distribution of '311-labeled LDL incubated with 
triglyceride-rich VLDL. 13'I-Labeled LDL (0.44 mg/ml esterified 
cholesterol) from a normal, cholesterol-fed rabbit was incubated with 
VLDL from a hypertriglyceridemic, cholesterol-fed rabbit (triglyceride 
19.5 mg/ml, triglyceride to cholesteryl ester molar ratio 1.4) in the ab- 
sence (-TI') or presence (+TI') of plasma lipid transfer protein from 0.9 
ml plasma, in a final volume of 1.0 ml. Fractions were generated by 
ultracentrifugation of equal aliquots of the incubation mixtures at 1.054, 
1.04, 1.03, 1.019, and 1.006 g/ml. 

enough to induce the maximum percent of LDL to appear 
in the IDL fraction even at the minimum VLDL concen- 
trations tested. 

The association of appearance of LDL in the IDL density 
range with increasing VLDL triglyceride to cholesteryl 
ester molar ratios cannot be explained by increasing num- 
ber of VLDL particles. The decreasing apolipoprotein B 
concentration with this increasing density shift (Fig. 6) 
merely reflects the higher triglyceride to protein ratio in 
VLDL with increasing ratio of triglyceride to cholesteryl 
ester. Also, it is unlikely that increasing movement of 
LDL to the IDL fraction is due to differences in apopro- 
tein content among the different VLDL, since Granot et 
al. (14) have demonstrated that exchange of core lipids 
also occurs when LDL is incubated with Intralipid@. 
Under the present experimental conditions, increases in 
the amount of LDL appearing in the IDL fraction appear 
to be due mainly to increases in the molar ratio of 
triglyceride to cholesteryl ester in VLDL. 

This influence on LDL density shift may also operate 
in vivo, since in vitro incubations contained proportions 
of plasma constituents which were designed to approxi- 
mately reflect those in plasma of hypertriglyceridemic 
rabbits. Among hypertriglyceridemic rabbits injected 
with iodinated LDL, plasma triglyceride to cholesterol 
molar ratios increased in parallel with plasma triglyceride 
levels. It is therefore likely that the increase in the percent 
of injected labeled LDL that appeared in the IDL fraction 
in rabbits with increasing hypertriglyceridemia can be at- 
tributed to the increasing molar ratios of triglyceride to 
cholesteryl ester in VLDL. 

Behavior of injected LDL from a normotriglyceridemic 
rabbit when exposed to VLDL from a hypertriglyceri- 
demic rabbit illustrates the possibility for a similar 

mechanism in plasma of any type of hypertriglyceridemic 
rabbit: exchange of cholesteryl ester for VLDL triglycer- 
ide could induce the density shift of LDL subsequent to 
its formation. It is also conceivable, however, that core 
lipid exchange and density shift may occur continuously 
and concomitantly with lipolysis of VLDL in such a way 
as to diminish the production rate of lipoproteins that 
float in the LDL density range. Continual core lipid 
heteroexchange may also cause VLDL to become so en- 
riched with cholesteryl ester that even complete lipolysis 
does not result in formation of lipoproteins in the LDL 
density range (10). 

The extreme plasma triglyceride levels at which the 
density shift of injected LDL was observed in the hyper- 
triglyceridemic rabbit (4000-16,000 mg/dl) are relatively 
rare in humans. However, the in vitro experiments 
demonstrated pronounced density shifts of LDL in the 
presence of 1000-4000 mg/dl VLDL triglyceride when the 
molar ratios of triglyceride to cholesteryl ester in VLDL 
were relatively high. Such ratios (approximately 2-6) are 
noted in humans with type I (2, 29, 30) and type V (6, 
7, 31) hyperlipoproteinemia. Under these circumstances, 
LDL may shift density to the IDL fraction, or the un- 
usually low density of lipolyzed VLDL might prevent 
their appearance in the LDL fraction. Observations of 
low LDL apolipoprotein B in some cases of human hyper- 
triglyceridemia (2 ,  3 ,  32-35) are consistent with this 
hypothesis. 

In conclusion, the present study reports a new observa- 
tion which, together with cholesteryl ester exchange out of 
LDL, may account for low LDL concentrations associ- 
ated with severe hypertriglyceridemia. Such loss of 
cholesteryl ester in exchange for VLDL triglyceride may 
induce a density shift in LDL or VLDL lipolytic products 
so as to reduce the presence of these lipoproteins in the 
LDL density fraction. I 
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