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Metabolism of Apoprotein B of Plasma

Very Low Density Lipoproteins in the Rat
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From the Cardiovascular Research Institute and Department of Medicine,
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A B S T R A C T As an extension of metabolic studies of
the cholesteryl ester component of rat very low density
lipoproteins, we have studied the metabolism of the B
apoprotein component labeled by intravenous injection
of ['H]lysine. The B apoprotein separated from other
apoproteins by delipidation and selective precipitation
with tetramethylurea could not be distinguished from B
apoprotein prepared by the conventional gel filtration
technique. After injection of ['H]lysine, specific ac-
tivity of B apoprotein was maximal in very low density
and low density lipoproteins 1 and 1k-h later, respec-
tively, in a manner consistent with a precursor-product
relationship. When protein-labeled very low density
lipoproteins were injected into rats, the relationships of
specific activity again indicated that B apoprotein of
very low density lipoproteins may be the sole precursor
of that of low density lipoproteins. However, less than
10% of the B apoprotein that disappeared from very
low density lipoproteins appeared in low density lipo-
proteins. To evaluate the sites of removal of B apopro-
tein of very low density lipoproteins from plasma, pro-
tein-labeled very low density lipoproteins were incu-
bated with unlabeled high density lipoproteins to reduce
radioactivity in non-B apoproteins selectively by mo-
lecular exchange. Most of the B apoprotein was rapidly
removed by the liver. The extensive hepatic uptake of
both the cholesteryl ester and B apoprotein components
of rat very low density lipoproteins may explain the
characteristically low concentrations of plasma low
density lipoproteins in the rat.
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INTRODUCTION
The plasma low density lipoprotein (LDL)' of both
humans (2, 3) and rats (4, 5) contains as its major
protein component the B apoprotein also found in very
low density lipoproteins (VLDL). Early studies by
Gitlin et al. (6) with radioiodine-labeled VLDL dem-
onstrated transfer of protein from VLDL to LDL in
normal as well as nephrotic humans. More recently,
similar studies in humans (7, 8) and in rats (9, 10)
have shown that the iodine-labeled B apoprotein of
VLDL is transfered to that of LDL.

Although these studies indicate that some of the B
apoprotein of LDL is derived from that of VLDL, the
quantitative aspects of this conversion remain uncertain.
Thus, the fraction of radioiodine-labeled B apoprotein
of VLDL converted to LDL is considerably smaller in
the rat than in man (6, 7, 11), but this could result
from differing behavior of the modified protein in the
two species. Also, these investigations have provided no
information about the extent to which the B apoprotein
of LDL arises from that of VLDL because specific ac-
tivities of the protein were not measured. It is important
to resolve these questions because of their bearing on
the large species differences in concentration of LDL.
Among mammals, rats have nearly the lowest and
humans the highest levels.

In the present study, we have measured the specific
activity of the B apoprotein of VLDL and LDL after
injection of ['H]lysine and also after injection ['H]-
lysine-labeled VLDL into recipient rats. Measurement
of specific activities was greatly facilitated by separating
the B apoprotein from other apolipoproteins on the basis
of its insolubility in tetramethylurea (TMU). The
results confirm that conversion of B apoprotein of

1 Abbreviations used in this paper: LDL, low density lipo-
protein(s) (d 1.019-1.063); TMU, tetramethylurea; VLDL,
very low density lipoprotein(s) (d < 1.006).
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VLDL to LDL is severely limited in this species and
indicate tlhat, like VLDL-cholesteryl esters (12), most
of it is rapidly taken up by the liver. By contrast with the
situation for LDL cholesteryl esters, our results indi-
cate that virtually all of the B apoprotein of rat LDL
may be derived from VLDL.

METHODS
Preparation of labeled lipoproteints. Experiments were

conducted in the afternoon on nonfasting male Sprague-
Dawley rats maintained on standard Purina rat chow (Ral-
ston Purina Co., St. Louis, Mo.). 1-2 mCi of L-[4,5-3H] -
lysine (Amersham/Searle Corp., Arlington Heights, Ill.),
sp act 90 mCi/mmol, was dissolved in 0.15 M NaCl solu-
tion (saline) and injected into a tail vein. At selected in-
tervals the rats were anesthetized with diethyl ether and
bled from the abdominal aorta. Serum was obtained and
centrifuged in the 40.3 rotor of a preparative ultracentrifuge
(Beckman Instruments, Inc., Fullerton, Calif.) at 10°C to
separate the lipoprotein classes described below (13). All
lipoproteins were recentrifuged at their upper density limit
and then dialyzed against saline except d < 1.006 lipopro-
teins to be injected into recipient rats.

For experiments involving analysis of 3H in tissue pro-
teins, 3H in apoproteins other than the B apoprotein was
reduced by molecular exchange. This was accomplished by
mixing unlabeled HDL with VLDL prepared from rats in-
jected with [3H] lysine 1 h before exsanguination. The
ratio of protein in HDL to that in VLDL was about 10: 1.
After incubation for 30 min at 370C, the mixture, containing
13-50 mg protein in a volume of less than 3 ml, was ap-
plied to a 1.2 X 90 cm column of 6% agarose gel (Bio-Rad
Laboratories, Richmond, Calif.) that had been equilibrated
with 0.2 M NaCl containing 1 mMEDTA at pH 7.0. The
VLDL were eluted with this buffer in the void volume,
uncontaminated by HDL, at a flow rate of 10 ml/h. VLDL
prepared in this manner were injected into recipient rats
within 42 h of the time that the donor rats were bled.
These incubated VLDL had more cholesteryl esters than
nonincubated VLDL (Table I), but their electrophoretic
mobility and content of TMU-insoluble protein and of TMU-
soluble proteins were not altered. A band corresponding to
the major HDL apoprotein could not be detected in the
incubated VLDL by polyacrylamide gel electrophoresis.
However, the percentage of densitometric area owing to
the major slowly migrating (arginine-rich) protein was
reduced from 35 to 28. These VLDL contained 86.3%o (SD
5.9) of the 3H in TMU-insoluble protein.

Injection of labeled lipoproteins into recipient rats. La-
beled VLDL, containing about 0.25 mg protein in a volume
of 0.75-1.00 ml, were injected into tail veins of recipient
rats. Six to eight rats were injected with each preparation
of VLDL and bled at selected intervals under diethyl ether
anesthesia. Blood was allowed to clot or was mixed with
EDTA, 1 mg/ml, and placed on ice, and the serum or
plasma was treated as described above to separate lipopro-
tein classes. Selected organs were removed promptly and
rinsed in saline. The small intestine was flushed with sa-
line and the mucosa expressed with a spatula. The organs
were frozen at -20°C until they were analyzed 2-3 days
later.

Preparation and analysis of apoproteins. Solutions of
recentrifuged and dialyzed lipoproteins (200-400 ul con-
taining less than 1 mg protein/ml) were rapidly mixed in
a 12 ml conical centrifuge tube with an equal volume of

TABLE I
Composition of VLDL

Incubated
Unincubated with HDL

%by weight

Cholesteryl esters 2.9 4.7
Triglycerides 69.8 67.8
Cholesterol 3.2 3.8
Phospholipids 13.9 14.2
TMU-insoluble protein 3.0 2.8
TMU-soluble protein 7.4 6.8

TMU (Burdick & Jackson Laboratories, Inc., Muskegon,
Mich., redistilled if necessary to give a pH of 6-7 when
diluted 1: 5 with distilled water) and allowed to stand for
at least 24 h at room temperature (22-240C) to form a
flocculant precipitate of protein and lipid (14). In prepara-
tions of VLDL this precipitate usually formed a pellicle at
the top of the tube after centrifugation at 1,000 g for 15 min
at room temperature. Precipitates from LDL contained less
lipid, and it was often impossible to separate the precipitate
adequately from soluble components by centrifugation. In
most cases, therefore, the TMU-lipoprotein mixture was
filtered through glass wool packed into the neck of a dis-
posable Pasteur pipette. Portions of the clear TMU-soluble
material and of the untreated lipoprotein solution were
taken for measurement of protein and 3H. Content of pro-
tein and 'H in the TMU-insoluble material was then calcu-
lated by difference. In some cases, 3H in the TMU-insoluble
material, isolated by centrifugation and washed with TMU-
saline, 1: 1 vol/vol, was also determined. For amino acid
analysis of the total protein of VLDL and LDL and of the
TMU-insoluble protein of VLDL, pooled material from 30
rats was delipidated overnight with ethanol-diethyl ether
3: 1 (vol/vol). Additional ether was added to bring the
ratio to 2: 3 to ensure complete precipitation of protein.
Delipidation was repeated and the protein was lyophilized
and then hydrolyzed in vacuo in 5.9 M HCl in the presence
of 10 mg of phenol at 110°C for 22 h. Amino acid content
was determined by a dual column procedure on a Beckman
Model 121M amino acid analyzer.

Polyacrylamide gel electrophoresis was performed in 8 M
urea as described by Kant (14). Content of protein in bands
stained with amido-Schwarz was estimated in the range in
which each resolvable component of rat VLDL gave a linear
response by densitometry at 550 nm with a Densicomp
Model 445 (Clifford Instruments, Inc., Natick, Mass.).

To prepare apoproteins for separation by gel filtration,
VLDL from rats injected with [3H] lysine were dialyzed
against saline to remove free [8H] lysine, delipidated with
20 vol of ethanol-ether 2: 1 vol/vol at room temperature,
and redissolved in 0.1 M sodium decyl sulfate. TMU-in-
soluble material was washed with TMU-saline, 1: 1 vol/vol
and, after delipidation with ethanol-ether as above, partially
redissolved in sodium decyl sulfate. Samples of TMU-
soluble apoproteins, as well as sodium decyl sulfate-solu-
bilized whole VLDL apoprotein and TMU-insoluble apo-
protein, were separated by chromatography on a 0.9 X 90
cm column of G-150 Sephadex (Pharmacia Fine Chemicals,
Inc., Piscataway, N. J.) essentially as described by Brown
et al. (15). Fractions of 1.0 ml were collected. The column
was calibrated with blue dextran.
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In on1e experiment, the comiibined Sephadex fractions 2
and 3 (15) of the TMU-soluble material were subjected to
ion exchange chromatography on a 0.9 X 4.5 cm column of
DEAE cellulose (Whatman Chemicals, Div. W. & R. Bal-
ston, MIaidstone, Kent, England) in 6 AI urea, 0.15 Tris,
pH 8.2. Elution wvas at an ionic strength corresponding to
0.15 Ml Tris followed by 0.15 Mt Tris containing 0.35 M
NaCl.

Chlenicical anial vscs. Protein measurements were per-
formed according to Lowry et al. (16) as modified by Kane
for TMU-containing solutions (14). Chemical composition
of lipoproteins was determined as described previously (12).

Analysis of 'H. Lipoprotein solutions and samples of
TMU-soluble and insoluble proteins were counted in either
Protosol or Aquasol (New England Nuclear, Boston,
Mass.). Efficiency of counting was determined with an in-
ternal standard of 'H20.

Samples of wet tissue weighing about 1 g were minced
and extracted with 25 parts acetone-alcohol, 1: 1 (vol/vol),
for 24 h at room temperature, and the insoluble material
was collected on filter paper. This residue wvas dried and
oxidized (17) in a Packard 'Model 305 Sample Oxidizer
(Packard Instrument Co., Inc., Doxvners Grove, Ill.). The
water of combustion was counted in Aquasol. Lyophilization
of tissue samples and subsequent oxidation gave results
identical to those obtained with the extraction and drying
procedure but were more time-consuming.

All samples were counted in a Mark II liquid scintillation
counter (Nuclear-Chicago Corp., Des Plaines, Ill.), equipped
with a photon monitor to discriminate counts owing to
chemiluminescence. When necessary, samples were acidified
with a drop of glacial acetic acid to minimize chemilumi-
nescence.

RESULTS
Distribution of TMIU-insolitble protein int lipoproteinl

fractionis. Although TAIU-insoluble protein constituted
about 30% of VLDL-protein and about 80%o of LDL-
protein, plasma concentrations of TMU-insoluble pro-
tein in VLDL and LDL were nearly equal (Table II).
The amino acid composition of TMU-insoluble pro-
tein of VLDL closely resembled that of LDL-protein
and differed substantially from that of total VLDL pro-
tein (Table III). The percent of protein that was TMU-
insoluble in the small amount of intermediate density
lipoprotein was intermediate between that of VLDL and
LDL (Table II). Protein of HDL contained on the

TABLE II
Pro"ein Concentrations in Plasma Lipoprotein

Fractions of the Rat

TMU- TMU-
insoluble insoluble

d n Total protein* protein* protein

ing,mnl ng,'ml ',/c

<1.006 16 0.101 ±0.049 0.034±0.024 30

1.006-1.019 12 0.0035 +0.0010 401
1.019-1.063 16 0.04340.012 0.03440.012 79

1.063-1.21 16 0.587 ±0.056 0.028 ±t0.115 4.8

* Mean values ±SD.
Determined on pooled samples

I'ABLE III
A4 ino .4cid Compositions of WT'hole Apoprotein of LDL anid

VLDL and of the TMU-Insoluble Protein of VLDL*

TMU-insoluble
\Vhlwole fraction WN'hole

Amino acid apo-LDLt from V'LDL§ al)o-N'LDL

I sr 66.1 62.9 70.2
I-His 14.7 15.1 9.9
Arg 45.5 47.7 51.4
As) 111.1 107.4 101.6
'Flr 64.3 65.9 70.9
Ser 83.5 86.8 81.3
GILi 134.5 124.4 162.1
Pro 51.9 56.4 53.5
Gly 58.3 62.9 80.3
Ala 63.0 64.4 72.2
\.al 59.3 60.9 43.0
Ie 46.3 43.6 28.0
Leu 118.4 120.5 107.8
Tvr 32.0 31.8 27.3
Phe 50.3 49.0 40.3

* Because of lability of cysteine and methioniine in presenice of
traces of TMU, these IIinio acids have been omitted fronm thle
calculationi.

IMean of two p)rep)arations of total lprotein comnponienit.
§ Mean of three preparations.

Meani of two prepa)rations.
average less tlhan 5'c TAIU-insoluble mzaterial, determiii-
nlatioln of which. was subject to substantial variation
because TMIU-insolubilitv was determined by difference.

Inicor-por-ation of [H]lysine inito VLDL anid LDL.
Specific activity of TAIU-insoluble protein of VLDL
was nmaximal 1 h after injection of [3H]lysine (Fig. 1 ).
The specific activity of TMU-insoluble protein of LDL
rose later and reached a maximal value about 1.5 h after
injectioni near tlle point where its value crossed that of
the descendinig curve for V-LDL. By contrast, the spe-
cific activity of TUIL-soluble proteins in both VLDL
and LDL rose to reach a plateau 1 h after injection.
The data shown in Fig. 1 are typical of two such ex-
periments except that in the experiment not shown, the
specific activity of TMU-soluble protein in VLDL
slightly but consistently exceeded that of its counterpart
in LDL.

Characterization of labeled VLDL. Less than 10% of
the 3H in VLDL obtained from rats 1 h after injection
of [3H]lysine was extracted by chloroform: methanol,
2:1 vol/vol. An average of 64.5% (SD 3.9) was in-
soluble in TMU. The proteins of nonincubated VLDL,
delipidated in ethanol: ether and dissolved in sodium
decyl sulfate, separated into three major peaks upon gel
filtration on Sephadex G-150 (Fig. 2). 50% of the 'H
and 31% of the protein were recovered in the first peak
that eluted in the void volume; 36% of the 'H and 51%
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of the protein eluted in the other peaks. Overall re-
covery was 86% for 3H and 82% for protein. When
TMU-soluble proteins were subjected to gel filtration,
92% eluted in peaks 2 and 3 (Fig. 2). Upon electro-
phoresis in polyacrylamide gel, the second peak con-
tained the slowly migrating arginine-rich apoprotein of
VLDL (18); the third contained the rapidly migrating
C apoproteins. 100% of the TMU-soluble 3H-apoprotein
was eluted from a column of DEAEcellulose in 0.15 M
Tris containing 0.35 M NaCl, indicating that contami-
nation of TMU-soluble apoproteins with the B-apopro-
tein was negligible (19). When TMU-insoluble ma-
terial, similarly delipidated with ethanol-ether and dis-
persed in sodium decyl sulfate, was applied to a column
of Sephadex G-150, essentially all of the eluted 3H ap-

cpm
tube

cpm
tube

cpm
tube

20001

O D
(650 nm)

1000

d 1.006-1.063

d <1.006

00

20 40 60

Fraction number
FIGURE 2 Gel filtration in G-150 Sephadex of delipidated,
sodium decyl sulfate solubilized apoproteins of (from top):
VLDL; TMU-soluble apoproteins of VLDL; and TMU-
insoluble apoprotein of VLDL incubated with HDL (see
text). VLDL were obtained from rats injected 1 h pre-
viously with [3H] Iysine. Bottom: elution of blue dextran.

u 1 2

houn

FIGURE 1 Specific activity of I
(top) and TMU-soluble apoprotei
LDL of [3H] lysine injected rat
pooled lipoprotein from three anima

3' 4 5 peared in the void volume (Fig. 2), indicating that this
5 material had the chromatographic properties of the

B-apoprotein in human VLDL (2).

[n (bottom) of VLDLa and Fate of labeled VLDL apo proteins. After injection

ts. Ea(h point represents of labeled VLDL (nonincubated) into recipient rats,
als. the behavior of TMU-insoluble and soluble proteins
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Percent of injected
TMU- insoluble 3H - protein

differed substantially. Removal of TMU-insoluble pro-
tein was rapid and little appeared in other lipoproteins
(Fig. 3). 'H in the intermediate fraction was maximal
15 min after injection and then declined, whereas that
of LDL rose to a plateau value between 15 and 60 min.
Removal of TMU-soluble proteins was slow, and most
of the 'H was found in HDL, falling from about 50% of
that injected after 5 min to about 25% after 60 min
(Fig. 4). From 15 to 20% of the injected TMU-soluble
'H remained in VLDL and about 20% with other serum
proteins (d> 1.21) at all times after injection. The
amount of TMU-soluble 'H-protein present in the
plasma decreased from more than 90% of that injected
after 5 min to 75% after 60 min.

To determine the site at which the TMU-insoluble
protein Nas rapidly removed from the blood, incubated

O| </006
-d 1006-10/9

d / 0/9 - 1.063

30

Minutes

FIGURE 3 Distribution of TMU-insoluble 'H-protein in
plasma lipoprotein classes after intravenous injection of
['H] lysine-labeled VLDL. Each point represents pooled
lipoproteins from two rats. Values are calculated as total
'H-protein less TMU-soluble 'H-protein. Direct measure-
ment of 'H in the TMU-insoluble pellicle gave similar
values.

Percent of injected
TMU- soluble 3H -protein

.0

cpm /mg

6

4

2

30

Id </.006

io
/1006 -/0/9

d 10/9 - /063

[o jd /.063-12/

0-
d > /21

_ .I .I l
15 30

Minutes
45 60

FIGURE 4 Distribution of TMU-soluble 8H-protein in
plasma lipoproteins. Same experiment as Fig. 3.

4,

5 30 45 60
Minutes

FIGURE 5 Specific activity of TMU-insoluble protein of
VLDL and LDL after intravenous injection of ['H]ilysine-
labeled VLDL. Each point represents pooled lipoproteins
from two rats. Top: unincubated VLDL; bottom: VLDL
incubated with HDL to reduce content of TMU-soluble 8H-
protein.
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TABLE IV
Distribution of 3H after Intravenous Injection of [3H]Lysine-Labeled VLDL Incubated with HDL

to Reduce 3H in TMU-Soluble Proteins

Time after injection
Number of

rats 5 min 15 min 30 min 60 min

1%of injected H*
Lipoproteins

d < 1.006 8 32.7413.4t 12.846.8 7.143.5 2.441.2
(4)§ (34.3-4 14.4) (11.947.7) (4.942.3) (1.0±1.0)

d 1.006-1.019 8 2.1±1.1 2.4±1.3 2.0±0.8 1.0±0.5
d 1.019-1.063 8 0.8±0.3 2.0±0.7 2.640.7 2.9i0.9

(4) (0.6±0.3) (1.7±0.8) (2.4±0.8) (2.7±1.0)
d 1.063-1.21 8 3.8 ± 1.8 4.1±+2.0 2.9 ± 1.8 4.1 42.4
d > 1.21 6 1.9±1.4 2.3±1.2 1.9±1.5 4.0±2.4

Organs
Liver 8 36.3±11.5 50.545.3 48.5±8.3 40.9410.4
Intestine 4 0.4±0.1 0.8+0.6 1.8±1.7 1.0±1.0
Spleen 2 0.4 0.3
Kidneys 2 0.1 1.0
Heart 2 0.3 0.2
Lungs 2 0.8 1.6

Total 78.0 77.5 66.8 59.4

* Based upon plasma volume of 4.5% of body weight (18).
Mean values±SD.

§ Numbers in parenthesis refer to TMU-insoluble protein as percent of injected TMU-insoluble 3H.
86% of the labeled protein injected was insoluble in TMU.

VLDL containing an average of 86% of the 'H in
TMU-insoluble fraction were used. Removal of this la-
beled protein from the plasma was rapid and the rate
and extent of transfer of labeled TMU-insoluble pro-
tein to LDL were similar to those observed with VLDL
not incubated with HDL (Table IV). Most of injected
'H rapidly appeared in hepatic proteins. 15-min after
injection, it amounted to 51% of the 'H injected and
58% of that removed from plasma VLDL. The other
organs analyzed contained very small amounts of 'H.
At early time points, recovery of 'H in these tissues and
in blood plasma was about 78% of the amount injected.

The specific activity of TMU-insoluble protein in
VLDL and LDL was determined in two experiments
in which labeled VLDL were injected; one with VLDL
that had been incubated with HDL and one with un-
incubated VLDL. In both cases, the specific activity in
LDL rose to equal that in VLDL after 30-60 min (Fig.
5), as in experiments in which ['H]lysine was injected.

DISCUSSION
As in man (14), our results show that TMUselectively
and quantitatively precipitates the B apoprotein in small
samples of VLDL and LDL, greatly facilitating mea-
surements of mass and radioactivity. Upon gel filtration

in Sephadex G-150, the distribution of 'H in TMU-
insoluble protein of VLDL corresponded to peak VS-1
of Bersot et al. (4), and P1 of Koga et al. (5), identi-
fied by them as the rat apoprotein corresponding to the
B apoprotein. The amino acid composition of the TMU-
insoluble protein in VLDL also resembled that ob-
tained for the P1 peak of both VLDL and LDL by
Koga et al. (5). The biosynthetic tracer that we have
used not only has theoretical advantages over tracers
produced by derivatization, but it also labels VLDL-lip-
ids to a lesser extent than the commonly used radioiodine.

Perfused livers of fed rats secrete substantial amounts
of protein in VLDL (20, 21). Although such livers
secrete only very small amounts of lipoprotein in the
density range 1.019-1.063 (21),'2 it has been difficult to
exclude significant direct secretion of LDL because
their rate of catabolism is much lower than that of
VLDL. Our measurements of specific activity of B apo-
protein indicate that all of the B apoprotein of LDL
could be derived from that of VLDL. A precursor-
product relationship between the specific activity of B
apoprotein in VLDL and LDL was observed not only
after injection of ['H]lysine but also after injection of

'Hamilton, R. L., M. C. Williams, R. J. Havel, and C. J.
Fielding. Unpublished data.
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VLDL containing lysine-labeled B apoprotein. In eacl
case peak specific activity occurred in LDL about 1 h
after the label was introduced into VLDL.

The rapid removal of lysine-labeled B apoprotein of
VLDL from the blood and the persistence of the label in
other (TAMU-soluble) apoproteins is consistent with ob-
servations of Eisenberg and Rachmilewvitz (10, 11) and
Roheim et al., (22) with 1"I-labeled rat VLDL. This
general agreement supports the usefulness of the deriva-
tized proteins as tracers in metabolic studies. However,
subtle changes in VLDL can substantially alter their
metabolism (12) and it must be emphlasized that precise
comparisons cannot be made.

3H-protein of incubated VLDL (86% B apoproteiin)
was rapidly removed by the liver and no evidence for
appreciable uptake by other organs was obtained. This
result substantiates the observations of Eisenberg and
Rachmilewitz, who found that rat liver rapidly took tip
about half of "I-labeled NLDL-apoprotein after its in-
travenous injection (10). Since this corresponded to
rapid removal of VS-1 apoprotein N-hile most of the
other apoproteins were retained in the blood, they conl-
cluded that the B apoprotein is rapidly removed by the
liver. Roheim et al. have reported similar results (22).

The rate and extent of uptake of apoprotein B of
VLDL by the liver closely resemble that of their cho-
lesteryl esters (12). This process folloN-s hydrolysis of
component triglycerides of V-LDL in extrahepatic tis-
sues, which results in formation of a remnant particle
that retains all of the component B apoprotein and cho-
lesteryl esters of VLDL but which is substantially de-
pleted not only of triglycerides but also of much of its
phospholipids and C apoproteins (18). Thus, both a ma-
jor apolar "core" component and a major polar "sur-
face" component of remnant VLDL are rapidly re-
moved by the liver. The hepatic uptake of component
cholesteryl esters of VLDL is followed by gradual
hydrolysis (12), and our results suggest that the B apo-
protein is also slowly degraded (Table IV). "I-labeled
VLDL apoprotein taken up by rat liver is initially coIn-
centrated at the cell surface, but gradually appears in
the region of secondary lysosomes (23). Therefore, it
seems likely that rapid hepatic uptake is followed by
gradual enzymatic degradation of both lipid and protein
components. The actual mechanism of uptake remains to
be determined, but the comparable uptake of core and
surface components is clearly consistent with endocyto-
sis of the entire particle.

A small fraction of remnant VLDL evidently es-
capes hepatic degradation and appears as LDL, which
contains very little triglyceride or protein other than the
B apoprotein. Whether the liver participates in the
formation of LDL remains uncertain because some la-
beled cholesteryl esters are found in d 1.019-1.063 lipo-

proteins after injection of cholesteryl ester-labeled VLDL
inito functionally eviscerated rats (18). Recent studies in
pigs suggest that the liver may interact in some way
with LDL but that catabolism of LDL-apoprotein oc-
curs in extrahepatic tissues (24). This interpretation is
suipported b) the recent demloinstration of higlh affinity
receptors for LDL inl hlunman fibroblasts, which. evidently
mlediate the catabolism of both cholesteryl esters and the
B apoprotein (25). The rapid uptake by the liver of
these two components of remnant VLDL is in striking
contrast to these observatioins and suggests that a highly
specific mechanism operates in liver as well.

Approximately as much VLDL B apoprotein was
converted to LDL as was observed previously for
cholesteryl esters (12). However, in contrast to the
B apoprotein, LDL derive their cholestervl esters in
part from souirces other than VLDL, probably related
to the action of lecithiin: cholesteryl acyl transferase.
The small fraction of B apoprotein of VLDL converted
to LDL in the rat is consistent with their turnover
times and pool sizes in the blood. Since the turnover
times are on the order of 5.5 min and 130 min (10),
respectively, and w-e found that the pool sizes are ap-
proximately equal (Table II), it follows that transport
of B apoprotein in LDL is oily about 4A of that in
VLDL.

The extenit to whlich B apoprotein of VLDL is re-
moved by the liver or converted to LDL may varv coln-
siderably among mlammnnals. In aduilt lhuimans, average
intravascular pool sizes of apoprotein PB in VLDL aind
LDL (for a plasma volume of 3,000 ml) are approxi-
matelv 90 mg4 and 2,500 mg (26) and their turnover
times are abotut 2 h (7) and 100 h (27), respectively.
This gives rates of transport of 45 and 25 mg/h for
VLDL and LDL. If LDL are not secreted independently
in man, it appears that a large fraction of the B protein
in VLDL may be converted to LDL. This conclusion is
supported by published data on the conversion of radio-
iodine-labeled apoprotein of VLDL to LDL (6, 7). Com-
parison of the approximately 15-fold difference in the
fraction of B apoprotein of VLDL that is converted
to LDL in rats and humans with the difference in
ratio of B apoprotein concentration in the two lipopro-
tein classes (1: 1 in the rat and 25-30: 1 in man) indi-
cates that the proportional use of the two pathways of
catabolism of remnant VLDL evidently could be a major
determinant of the gross differences in concentration
of plasma LDL in the two species.

'Transport of B protein of VLDL in the two experi-
ments shown in Fig. 5 was estimated from the relationship:
cpm B apoprotein injected /Jf6` specific activity of B apo-
protein. The turnover time was calculated from the value
for transport and the plasma content of B apoprotein (for a
plasma volume of 4.5%).

'Kane, J. P., and R. J. Havel. Unpublished data.
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