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Secretion of Cholesterol-Rich Lipoproteins by
Perfused Livers of Hypercholesterolemic Rats

SIMON-PIERRE NOEL, LAURENCEWONG,PETERJ. DOLPHIN, LADISLAV DORY,
and DAVID RUBINSTEIN, Department of Biochemistry, McGill University,
Montreal, Quebec, Canada H3G1Y6

A B S T RA C T Rats maintained on a high-fat diet
supplemented with propylthiouracil develop a hyper-
cholesterolemia, an increased serum level of apolipo-
protein (apo) E, abnormal very low density lipoproteins
(VLDL) and low density lipoproteins (LDL), and a
fatty liver which contains cholesterol ester as its
major lipid. The fatty liver secretes apoE into a re-
circulating perfusate at a significantly higher rate and
produces cholesterol ester-rich, apoC-deficient VLDL
with slower electrophoretic mobility than the triacyl-
glycerol-rich VLDL produced by perfused normal
livers. LDL, secreted in significant quantities by the
perfused fatty liver, but not by the normal liver, is
also cholesterol rich and contains apoE as well as apoB.
The incorporation of [3H]leucine into apoVLDL and
apoLDL secreted by the livers of the hypercholes-
terolemic animals and the apoVLDL secreted by the
normal liver corresponds to the pattern visualized when
the apoproteins are separated by polyacrylamide gel
electrophoresis. Similar patterns are noted when non-
recirculating perfusates are studied. These results
indicate that the cholesterol ester-rich, apoC-deficient
VLDL and the apoE-containing LDL found in the
serum of hypercholesterolemic rats are not solely
catabolic remnants of VLDL and chylomicrons but
are secreted by the liver. Separation of the perfusate
lipoproteins by agarose gel filtration revealed that

A portion of this work was presented to the American Heart
Association, November 1978, Dallas, Tex., and appeared in
abstract form in 1978. Circulation. 58: II-77.

Dr. Wong is a Fellow of the Canadian Heart Foundation.
Dr. Dolphin is a Scholar of the Canadian Heart Foundation.
Dr. Noel's present address is D6partement de Biochimie,
Universit6 de Montr6al, Montr6al, Quebec, Canada; Dr.
Wong's present address is The Rockefeller University,
NewYork; Dr. Rubinstein and Dr. Dolphin's present address
is Department of Biochemistry, Dalhousie University, Hali-
fax, Nova Scotia, Canada; and Dr. Dory's present address is
Department of Physiology, Louisiana State University, New
Orleans, La. Address reprint requests to Dr. Rubinstein.

Receivedfor publication 7 August 1978 and in revisedform
21 March 1979.

674

most of the apoE secreted by the livers of hyper-
cholesterolemic rats is found in the VLDL and LDL,
whereas apoE secreted by the normal livers is distri-
buted equally between VLDL, high density lipo-
proteins, and a low molecular weight fraction which
corresponds to the virtually delipidated apoprotein.
Thus the distribution of apoE among the lipoprotein
fractions may be related to the total amount of choles-
terol being transported in the circulation.

INTRODUCTION

Primary familial dysbetalipoproteinemia (Type III
hyperlipoproteinemia, broad-beta disease) is charac-
terized by the presence of very low density lipoproteins
(VLDL)' showing 8-mobility on electrophoresis, con-
taining abnormally high amounts of both cholesterol
and apolipoprotein (apo) E (arginine-rich protein),
and a decreased proportion of apoC (1, 2). Based on
these properties and a number of metabolic studies,
it has been suggested that the abnormal VLDL found
in familial dysbetalipoproteinemia represents an ac-
cumulation of remnants of VLDL and chylomicron
catabolism which have not been efficiently removed
(2-6).

The presence of similar 83-migrating VLDL (B-
VLDL) having a high cholesterol and apoE content
and little or no apoC can be detected in the sera of
a variety of animal species fed a high-cholesterol diet,
especially if hypothyroidism is induced simultane-
ously. A lipoprotein fraction having a hydrated density
in the low density lipoprotein (LDL) range with an
apoprotein composition-resembling high density lipo-
protein (HDL) (HDLC) is also found (7-12). It has been
suggested that, like the abnormal lipoproteins of human
dysbetalipoproteinemia, the 8-migrating lipoproteins

I Abbreviations used in this paper: apo, apolipoprotein(s);
B-VLDL, ,3-migrating very low density lipoprotein(s); HDL,
high density lipoprotein(s); LDL, low density lipoprotein(s);
VLDL, very low density lipoprotein(s).
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found in the hypercholesterolemic serum of animals
represent VLDL remnants (8, 13), although the amount
of apoE in these lipoproteins may be too great to be
derived solely from the catabolism of VLDL (9).

Wehave recently observed that VLDL isolated from
perfusates of livers taken from hypercholesterolemic
rats exhibit some of the immunological properties of
the abnormal circulating VLDL, including a relative
deficiency of apoC (14). This observation may make it
possible to determine directly whether the abnormal
VLDL and LDL found in the serum of hypercholes-
terolemic rats are synthesized and secreted by the
liver. The results to be reported here indicate that
at least a portion of the abnormal lipoproteins found
in the hypercholesterolemic rat serum are secreted
directly by the liver.

METHODS

Experimental animals. Male hooded rats weighing
300-350 g were maintained on a Purina Chow (Ralston Purina
Co., St. Louis, Mo.) or a high-fat diet which included 40%
butter fat, 5%cholesterol, 0.2% choline chloride, 0.1% sodium
cholate, and 0.3% propylthiouracil (Thrombogenic diet; ICN
Nutritional Biochemicals, Cleveland, Ohio). Rats placed on
the high-fat diet for periods of up to 6 wk maintained but did
not gain weight. These animals developed grossly fatty livers.
The rats were anaesthetised with Nembutal (Abbott Labora-
tories, North Chicago, Ill.) before cannulation of the portal
vein. For the studies of the effect of diets on serum lipids,
blood samples were obtained by cardiac puncture.

Liver perfusions. Livers from normal and hypercholes-
terolemic rats were perfused by a modification (15) of the
technique of Miller et al. (16) using a silastic tubing lung (17).
The perfusate consisted of Krebs-Ringer bicarbonate buffer,
pH 7.4, which contained 0.1% glucose. Fresh human
erythrocytes, washed four times, were suspended in the per-
fusate to give a hematocrit of 25%. Replacement of human
erythrocytes by rat erythrocytes did not alter the rate of
secretion of the lipoproteins. The liver was flushed with -30 ml
of perfusate in situ immediately after cannulation, then
transferred to the perfusion apparatus after which 100 ACi
[4,5-3H]leucine (New England Nuclear, Montreal, Quebec)
was added to 40 ml of perfusate recirculating at a rate of- 1 ml/g
liver per min. A perfusate of similar composition was used at
a flow rate of 10 ml/min during 2-h nonrecirculating perfusions.
Bile flow averaged 40 ,l/g liver per h from the control liver
and 9 ,l/dg per h from the fatty liver. Despite this difference
in bile flow, the total cholesterol secreted in the bile by the
two types of livers was not very different (2.8 and 2.4 ug/g
liver per h for control and hypercholesterolemic livers,
respectively) as a result of the higher concentration of choles-
terol in the bile of the fatty livers.

Analysis of lipoproteins. Lipoproteins were isolated from
the liver perfusates or serum by ultracentrifugation in a
Beckman L5-50 preparative ultracentrifuge (Beckman In-
struments, Inc., Spinco Div., Palo Alto, Calif.) with an SW41
rotor using a modification of the method of Havel et al. (18).
Sequential addition of solid NaBr (19) was used to obtain
the following densities: VLDL, <1.006 g/ml; LDL, 1.006-
1.087 g/ml; HDL, 1.087-1.21 g/ml. Each lipoprotein fraction
was washed once with a solution of the appropriate density
which contained 0.01% EDTA, and then dialyzed against
saline that contained 0.01% EDTA and 0.02% NaN3. The

electrophoretic mobilities of the isolated lipoproteins were
determined by a modification of the procedure of Noble (20)
using a 0.8% agarose gel which contained 0.5% bovine
serum albumin (21). Perfusate lipoproteins were also sepa-
rated on a 2.5 x 140-cm Bio-Gel A-0.Sm agarose (Bio-Rad
Laboratories, Richmond, Calif.) column (22) by elution with
a 0.9% NaCl, 0.01% EDTA, 0.02% NaN3 buffer (pH 7.3) at
a rate of 20 ml/h. Each column was recalibrated with isolated
lipoproteins, and the elution pattern was checked with rat
serum. 90-110% of the applied apoE was recovered in the
column eluates. When isolated serum VLDL was applied to
the column, apoE was recovered in the void volume, with
only negligible quantities appearing in the eluates from
the remainder of the column. The perfusates were concen-
trated threefold by dialysis against Aquacide 11-A (Calbiochem-
Behring Corp., American Hoechst Corp, Calif. ) before being
applied to the column. The concentration procedure had no
effect on the distribution of the lipoproteins or their apo-
proteins.

Isolated lipoproteins were delipidated twice in ethanol-
ether 3:1 (23) at - 100C and solubilized in Tris-glycine buffer,
pH 8.9, which contained 7 M urea and 1% solium dodecyl
sulfate. The apoproteins were separated by electrophoresis on
polyacrylamide gel for 4-5 h (24), and the gel bands vere
identified by comparison with the migration of purified rat apo-
proteins (14). In some experiments the electrophoresis was run
for 25-30 h in 250-mm tubes to further separate closely migrating
bands. Radioactivity associated with apoproteins was counted
after oxidation of the stained gel bands (25).

Analytical procedures. ApoE was determined by a modifi-
cation (12) of the immunoelectrophoretic procedure of Laurell
(26) in which 0.1% Triton X-100 (Rohm and Haas Co.,
Philadelphia, Pa.) and 1%bovine serum albumin were added
to each aliquot being assayed. Triton X-100 was also added to
the gel and the buffers. The interassay and intraassay vari-
ations were <3%at all concentrations when carried out within
3 d. The electroimmunoassay was validated by delipidating
rat VLDL and dissolving the apoproteins in 4 M guanidine
hydrochloride. The apoproteins were then separated on a Bio-
Gel A 1.5-M column (12), and the protein content of the
purified apoE was measured directly by dye binding (27).
These measurements agreed within 10% with the apoE level
obtained by direct electroimmunoassay of the intact VLDL.

Hepatic and serum lipids were extracted by the method
of Folch et al. (28), and the isolated perfusate lipoproteins
were extracted by the ethanol-ether mixture used for delipida-
tion. The lipids were separated on thin-layer chromatography
with silica gel G and a solvent system of petroleum ether,
diethyl ether, and acetic acid, 90:10:1 (vol/vol). The phos-
pholipids were eluted from the silicic acid plates with
chloroform-methanol 2:1 and the neutral lipids with chloro-
form. Phospholipids were digested with perchloric acid, and
the liberated inorganic phosphate was measured by the
method of Fiske and SubbaRow (29). Triacylglycerols were
determined according to Van Handel (30) and cholesterol
by the method of Zlatkis et al. (31). Perfusate triacylglycerol
lipase was assayed by the procedure of Nilsson-Ehle and
Schotz (32). Protein was measured by the method of Lowry
et al. (33). DNAwas extracted from 1 g of liver and deter-
mined by the diphenylamine reaction (34, 35).

RESULTS

Rats maintained for 6 wk on the high-fat diet employed
in these experiments developed a hyperlipemia,
especially hypercholesterolemia, and an increase in
serum level of apoE (12, 36). Before commencing liver
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perfusions, the degree and persistence of these changes
in sera of postabsorptive (7-h-fasted) animals were
determined. The data are shown in Fig. 1. The choles-
terol ester level rose rapidly during the first 20 d of the
high-fat diet, then stabilized, whereas free cholesterol,
although somewhat elevated, did not rise further until
about the 30 d. The level of apoE rapidly became ele-
vated and continued to increase during the ensuing
period. Upon restoration of the normal diet the free
and esterified cholesterol levels fell, but that of apoE
remained high for at least 1 wk. Electrophoresis of the
serum lipoproteins on agarose gels revealed the pres-
ence of B-VLDL 6 d after the high-fat diet had been
replaced by Purina Chow (similar to line 4 in Fig. 3).

The liver accumulated large quantities of cholesterol
esters during the first 4 wk of the hyperlipemia-
inducing diet. The cholesterol ester level then re-
mained elevated, even after cessation of the high-
fat diet. Smaller increments of free cholesterol and
triacylglycerols, and a transient increase in phos-
pholipids was also observed (not shown in Fig. 1). The
persistence of the cholesterol ester-loaded fatty liver,
B-VLDL, and the elevated serum level of apoE, suggest
that livers from hypercholesterolemic rats could re-
flect their in vivo status when perfused in vitro with
an artificial lipid-free medium.

The pattern of secretion of apoE by perfused livers
from normal and hypercholesterolemic animals is
shown in Fig. 2. The secretion of apoE by the control
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livers into the perfusate is linear throughout the
4-h perfusion, which confirms recent observations of
Felker et al. (37). In contrast, there is a rapid initial
release of apoE by the livers from the hypercholes-
terolemic animals, followed by a linear secretion. To
determine to what extent the initial release of apoE by
livers from the hypercholesterolemic rats represents
lipoproteins in contaminating serum or extracellular
fluid in equilibrium with the circulation, ['4C]dextran
(mean 70,000 mol wt, New England Nuclear) was ad-
ministered intraveneously to hypercholesterolemic
animals. The livers were cannulated for perfusion
15 min later, and the ratio of 14C to apoE in the serum

just before cannulation was compared with that found
in the liver perfusate after 15 min of recirculation.
The results (not shown) indicate that a maximum of
one-third of the apoE released during the first 15 min
of perfusion could be accounted for by lipoproteins
of the serum and equilibrated extracellular fluid.

The rate of secretion of apoE by the perfused livers
was derived by least squares analysis of the linear
portion of the time-course in individual experiments.
The cumulative data is presented in Table I. It will
be noted that the rate of secretion of apoE by the per-
fused livers from the hypercholesterolemic rats was
significantly greater than that of the controls, whether
expressed as micrograms per gram wet weight of liver
per hour, or micrograms per milligram DNAper hour.
The latter compensates for any distortion of secretion
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FIGURE 1 Changes in levels of serum apoE, free and esterified cholesterol and hepatic cho-
lesterol esters during the high-fat diet. The animals were allowed to feed ad libitum until 7 h before
sacrifice when food was withdrawn. After 42 d, a normal chow diet was substituted for the
high-fat diet. Each point is the mean of two animals which gave results within 10% of each other.
(0) serum cholesterol esters; (0) serum free cholesterol; (O) serum apoE; (U) liver cholesterol
esters.
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FIGURE 2 The secretion of apoE by perfused livers from
control (U) and hypercholesterolemic (0) rats. Each point
represents the mean and SEMof at least 10 experiments.

rates introduced by the fatty state of the livers of the
hypercholesteolemic animals (Fig. 1 and Table II). The
initial release of preformed lipoproteins by the per-
fused livers, calculated from the intercepts of the
linear portions of the slopes illustrated in Fig. 2, is
shown in Table I. In the perfusates of livers from the
hypercholesterolemic rats the initial release represents
-30% of the total apoE collected in 4 h, but is negligible
in perfusates of normal livers. To restrict the studies
to lipoproteins actively secreted by the livers, the
perfusates were routinely replaced after the first 15
min in all subsequent experiments, resulting in initial
releases which were close to zero. However, the signifi-
cant difference between the rates of secretion of apoE
by livers from control and hypercholesterolemic rats
persisted. In some experiments, the lipid composition
and electrophoretic pattern of the apoproteins of VLDL
released during the first 15 min were compared with

those seen after the additional 4-h perfusion. No signifi-
cant differences could be detected (data not shown).

The electrophoretic mobility in agarose gel of the iso-
lated perfusate lipoproteins is shown in Fig. 3. The
migration of the VLDL secreted by the liver from hyper-
cholesterolemic rats is retarded compared with that
secreted by the normal liver, although it still has pre-
,p-mobility. The liver from the hypercholesterolemic
rat also secretes LDL of p-mobility which is virtually
absent in control perfusates. No evidence could be
found for the presence of cathodal-migrating Lp-X in
the perfusates when the total lipoproteins or isolated
LDL were submitted to electrophoresis in agar gels (38).

The protein and lipid content of the ultracentrifugally
isolated lipoproteins secreted by the perfused livers
is shown in Table II. Most of the apoprotein secreted
by the livers from normolipemic rats is found in the VLDL,
with virtually none in LDL. Although the total quantity
of apoprotein found in the perfusates of livers from
hypercholesterolemic rats is not significantly greater, it
is distributed more evenly between the VLDLand LDL.
The experimental livers secrete considerably more
lipid, primarily in LDL. It should also be noted that
livers from the hypercholesterolemic animals contain
_10 times as much lipid as the normal livers. This
correlates with the grossly fatty appearance of the ex-
perimental livers.

The lipid composition of the lipoproteins secreted
by the perfused livers is shown in Table III. While
VLDL from the control animals contains primarily
triacylglycerols, cholesterol ester is the predominant
lipid in both the VLDLand LDL secreted by the livers
of hypercholesterolemic rats, apparently reflecting
the latter's lipid content. Thus the cholesterol ester-
rich fatty liver secretes abnormal VLDL, in which

TABLE I
Rate of Secretion of ApoE by Perfused Livers

Control Hypercholesterolemic P

Perfusate collection period
(0-4 h)

Secretion, lg/g liver/h 10.6± 1.1 (11) 14.4+ 1.4 (12) <0.005
Secretion, pg/mg DNAlh 4.2+0.3 (5) 5.6+0.5 (5) <0.05
Initial release,* lg/g liver 4.1±+1.3 28.1+6.2

Perfusate collection periodt
(15 min-4 h, 15 min)

Secretion, Ag/g liverlh 11.8+0.7 (5) 17.8±+1.3 (5) <0.05
Initial release,* tsg/g liver 0.2+0.2 6.8+3.2

Each figure is the mean of the number of experiments indicated in parenthesis +SEM.
* Calculated from the intercept of the linear portion of the time-course during perfusion
(Fig. 2).
t After 15 min of perfusion, the perfusate was discarded, and fresh perfusate was re-
circulated for an additional 4 h.

Secretion of Cholesterol-Rich Lipoproteins by Perfused Liver 677



TABLE II
Protein and Lipid Content of Lipoproteins Secreted by Perfused Livers

Protein Lipid

Control Hypercholesterolemic Control Hypercholesterolemic

VLDL, gg/g liver/4 h 95+6 51+10 420+73 380±90
LDL, pg/g liverl4 h 2+1 49±13 47±26 273±66
HDL, pg/g liver/4 h 11±6 30±6 13±6 46±6
Liver, mg/g liver 8.5±0.5 84.9±7

Values represent the mean±SEMof three and five perfusion of livers from control and hypercho-
lesterolemic animals, respectively, and are based on the wet weight of the livers.

cholesterol esters replace triacylglycerols as the
dominant lipid, and cholesterol-rich LDL, a lipoprotein
which is virtually absent from the perfusates of normal
livers.

A comparison of the apoprotein composition of the
VLDL and LDL secreted by perfused livers from
normolipemic and hypercholesterolemic animals, as
visualised by polyacrylamide gel electrophoresis, is
shown in Fig. 4. The VLDL secreted by the livers of
hypercholesterolemic animals contains two distinct
bands in the apoE region of the gel which can be
readily separated by the use of longer gels (Fig. 4B).
The two bands, eluted separately by electrodialysis
(39), reacted with goat anti-rat apoE serum on immuno-
diffusion. Neither band reacted with anti-rat albumin,
anti-apoA-1, anti-apoB, or anti-apoC, nor did their
mobility correspond to apoA-1 when separated by
isoelectric focussing. These observations do not rule

FIGuRE 3 Electrophoresis in agarose of serum and perfusate
lipoproteins. (1) Normal rat serum; (2) VLDL secreted by
perfused liver from normal animals; (3) VLDL secreted by
perfused liver from hypercholesterolemic rats; (4) serum from
hypercholesterolemic rats; (5) LDL secreted by perfused liver
from hypercholesterolemic rats; (6) LDL isolated from the
serum of hypercholesterolemic rats. Gels depicted in 3A and
3B were run at different times so that the mobility of the
lipoproteins on the two gels are not directly comparable.
Lane 1 contains undiluted serum, lane 4 serum diluted 1:1
with saline. Lanes 3 and 4 contain equal amounts of isolated
VLDL (as determined by nephelometry). Lane 5 has =50%
of the LDL of lane 6. The bands in lane 1, from the origin
are LDL, VLDL, and HDL, as determined by isolated lipo-
proteins. The somewhat decreased mobility of normal liver
perfusate VLDL when compared with serum VLDL has pre-
viously been reported (48).

out the possibility that the lower band contains an as
yet unidentified additional apoprotein(s). However,
the separation of rat apoE into two bands by poly-
acrylamide gel electrophoresis in urea has previously
been noted (40). In contrast to the normal VLDL, that
secreted by rat livers taken from hypercholesterolemic
animals appears to be almost devoid of apoC. Whereas
LDL secreted by both types of livers apparently con-
tain apoB at the top of the running gel, LDL from
livers of hypercholesterolemic animals also contain
the double band in the apoE region.

To determine if the abnormal VLDL and LDL
secreted by livers from hypercholesterolemic rats were
synthesized de novo, [3H]leucine was added to the
perfusate. The distribution of the radioactive precursor
among the major apoproteins of VLDL secreted by the
two types of liver, shown in Table IV, reflects the dif-
ferences in the apoprotein patterns after separation on
polyacrylamide gel electrophoresis (Fig. 4). The
relative incorporation of [3H]leucine into apoB and the
upper band of apoE was similar, but the VLDL se-
creted by livers from hypercholesterolemic animals
showed a markedly increased percentage of radio-
activity in the lower apoE band, whereas incorporation
into the apoC bands was very much diminished.
Similarly LDL secreted by the livers from the hyper-
cholesterolemic animals showed [3H]leucine incor-
poration in apoB and in the two bands of the apoE
region, the lower having the greater radioactivity. The
negligible incorporation into the rapidly migrating
apoC bands of the LDL confirms their virtual absence
from the polyacrylamide gels (Fig. 4).

Although these data indicate that livers from the
hypercholesterolemic rats directly. secrete abnormal
lipoproteins into the perfusate, their possible formation
during recirculation through the fatty liver was con-
sidered. Therefore, livers from normal and hyper-
cholesterolemic rats were perfused in a nonrecir-
culating system. Typical experiments, shown in Table
V, indicate that, as is the case in the recirculating
system, the normal liver largely secretes triacylglycerol-
rich VLDL. The small amount of material found in the
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TABLE III
Lipid Composition of Livers and of Lipoproteins Secreted by Perfused Livers

Control Hypercholesterolemic

TG CE FC PL TG CE FC PL

%distribution

VLDL 71±2 7±2 7±1 16±2 35±2 42±3 11±1 12±1
LDL 39±4 19±7 18±5 25±4 12±2 49±7 19±2 21±5
HDL 14±1 42±1 16±4 28±5 9±2 34±3 27±4 30±3
Liver 31±2 3±0.5 8±1 58±3 13±3 79±2 3±1 6±2

Each value is the mean±SEMof three and six experiments with livers from control and
hypercholesterolemic animals, respectively. It should be noted that the lipid compo-
sition of the LDL secreted by the control liver and the HDL secreted by both the
control and hypercholesterolemic livers represent relatively small quantities when com-
pared with the other lipoprotein fractions (Table II) but are provided for completeness.
Abbreviations used in this table are: TG, triacylglycerols; CE, cholesterol esters; FC,
free cholesterol; PL, phospholipids.

LDL density range appears to be characteristic of the
nonrecirculating system, for it has previously been
observed by Marsh (41) who demonstrated that it is
not serum LDL (42). Both VLDL and LDL secreted
into the nonrecirculating perfusate by the liver from
the hypercholesterolemic rats are cholesterol-ester
rich, the LDL containing about one-half of the total
apoprotein. The lipoproteins were delipidated and
their apoproteins submitted to polyacrylamide gel
electrophoresis. The resulting gel patterns and dis-

B
A VLDLDL L D L

APO-B -_ _ _

............................ . ........... ....................

....B6e@@@. .............@@

APO0- C-ll - C-Ill
..................... ......... . ........ .. ...... ......

FIGURE 4 Polyacrylamide gel electrophoretic patterns of
apoproteins secreted by perfused livers. The gels were
loaded with 50 ,ug of apoprotein, except for apoLDL from the
normal liver perfusates where only 15 ,ug was available. In
subsequent experiments, 50 jug of pooled apoLDL from
normal liver perfusates was applied, but no apoE bands were
visualized. Identity of the apoprotein bands was established
by comparison with the mobility of purified apoproteins. (A)
Regular electrophoresis gels. (B) apoVLDL secreted by per-
fused liver from a hypercholesterolemic rat separated by
electrophoresis on long (250 mm) gels. Note the clear separa-
tion of the upper and lower bands in the apoE region. (N)
lipoprotein secreted by livers taken from normal animals;
(HC) lipoproteins secreted by livers taken from hyper-
cholesterolemic rats.

tribution of incorporated [3H]leucine (not shown)
were similar to those shown in Fig. 4 and Table IV,
with prominent, rapidly migrating apoC bands in the
normal VLDL but only traces in the VLDL secreted by
the hypercholesterolemic livers. Whereas the LDL
from the hypercholesterolemic liver contained signifi-
cant quantities of apoE, that secreted by the normal
contained no visible apoE (although small amounts
could be detected by electroimmunoassay). Thus the
abnormal lipoproteins found in the perfusates of the
livers of the hypercholesterolemic animals are not
formed from normal lipoproteins during recirculation
through the fatty liver.

The possibility that cholesterol ester-rich VLDL or
LDL was formed by the action of a triaL-ylglycerol lipase
released into the perfusate by livers from hyper-
cholesterolemic rats was also considered. Although
a lipase was detected in both normal and experimental
liver perfusates, its activity was far too low to account
for the formation of the cholesterol ester-rich VLDL

TABLE IV
Distribution of [3H] Leucine Incorporated into the Apo

Secreted by the Perfused Livers

Control Hypercholesterolemic

Apoprotein VLDL VLDL LDL

%distribution ±SEM

ApoB 23+4 27+1 50+3
ApoE (upper band) 21+5 19+2 11+1
ApoE (lower band) 9+1 28±4 14+1
ApoC (II and III) 28+4 6+2 1+0.2

Each figure is the mean of four perfusions each of 4-h dura-
tion. Radioactivities apply to the gels ranged from 2,000 to
40,000 cpm, with recoveries of 70-110%.
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TABLE V
Secretion of Lipoproteins into a Nonrecirculating Perfusate

Hypercho-
Normal lesterolemic

VLDL LDL VLDL LDL

ApoE secretion, uglg/h .. 14 27
Lipoprotein secretion

Protein, pg/glh 29 5 13 17
Lipid, glgilh 96 19 140 148

Distribution
Triacylglycerols, % 61 27 20 5
Cholesterol, % 26 53 63 52
Phospholipid, % 13 20 17 43

The data are representative of two experiments with each
type of liver. Both experiments gave similar patterns. The
livers were perfused for 2 h, after discarding the perfusate
used during the initial 15 min. The collected perfusate lipo-
proteins were then isolated. In one set of experiments the
livers were perfused for only 1 h before the lipoproteins were
isolated. A pattern similar to that shown above was obtained.

and LDL from normal VLDL. However, the detec-
tion of slight perfusate lipase activity makes it impos-
sible to rule out the formation of some cholesterol
ester-rich LDL from the corresponding VLDL, which
already is triacylglycerol poor. Nevertheless, choles-
terol ester-rich LDL, which have an apoprotein
electrophoresis pattern similar to LDL secreted by the
fatty livers (Fig. 4) can be isolated from hepatic
Golgi apparatus of the hypercholesterolemic rats.2

The distribution of electroimmunoassayable apoE
among the various ultracentrifugally isolated perfusate
lipoproteins is shown in Table VI. In contrast with the
normal perfused livers, those from the hypercholes-
terolemic rats secreted a significant portion of the apoE
in the d: 1.006- to 1.087-g/ml fraction. Division of the
apoE between the HDL and d > 1.21-g/ml fractions
was quite variable, the latter having at least 45 and 65%
of the total apoE in the experimental and control per-
fusates, respectively. These high levels may be, to a
large extent, artifactual, being derived primarily from
HDLduring ultracentrifugation (43).

To overcome this problem, the distribution of the
apoE among the perfusate lipoproteins and the d > 1.21-
g/ml infranatant fraction was determined after separa-
tion by filtration on agarose columns, thereby avoiding
ultracentrifugation. Various eluates were pooled ac-
cording to the peaks illustrated in Fig. 5. The dis-
tribution of apoE among the resulting fractions is also
shown in the figure. It will be noted that the apoE
secreted by the normal liver is approximately equally
divided between fractions I (VLDL and LDL), II

2 Dolphin, P. J. Unpublished results.

(HDL), and, surprisingly, V. The latter also contained
some hemoglobin (because of slight hemolysis during
the perfusion), which has a molecular weight of
similar magnitude to apoE. However, among lipo-
proteins secreted by livers from hypercholesterolemic
rats, most of the apoE was found' in fraction I with
relatively small percentages associated with the
lower molecular-weight (<70,000) fractions (III-V).

DISCUSSION

These data indicate that the rat liver can synthesize
and secrete lipoproteins having many of the charac-
teristics of both the circulating B-VLDL of hyper-
cholesterolemic animals (9-12) and the broad-beta
lipoproteins of human dysbetalipoproteinemia (1, 44).
These include VLDL having increased cholesterol
ester and decreased triacylglycerol levels and di-
minished apoC-II and apoC-III content. The VLDL
secreted by the fatty livers consistently have slower
mobility than the control VLDL on agarose gel
electrophoresis, although not sufficiently retarded
to show ,8-mobility. However, the difference in
mobility is similar to that reported by Mjos et al. (13)
after catabolism of triacylglycerol-rich lipoproteins in
supradiaphragmatic rats and to the two types of VLDL
found in some normolipemic subjects (21).

In addition to cholesterol ester-rich VLDL the liver
from hypercholesterolemic rats secretes a cholesterol
ester-rich LDL which contains a significant quantity of
apoE. However normal livers, in agreement with earlier
studies (42,45), secrete virtually no LDL. The secretion
of cholesterol ester-rich lipoproteins of d < 1.06 g/ml
by perfused livers from cholesterol-fed rats has been
noted by Swell and Law (46). Indeed, it is possible
that the cholesterol-rich VLDL and LDL represent a
spectrum of lipoprotein particles, differing only in the
relative amounts of lipid and protein. These results
do not rule out the possibility that the abnormal LDL
is derived from VLDL (or vice versa) within the liver
(or in the space of Disse) before its secretion. How-

TABLE VI
Distribution of ApoE among Perfusate Lipoprotein Fractions

Control* Hypercholesterolemict

%distribution±SEM

VLDL 30±+13 17±3
LDL 4+2 32+4
d > 1.087§ 66+15 51±4

* Three experiments.
t Five experiments.
§ The HDL and d > 1.21-g/ml fractions are not presented
separately because of the variable distribution of apoE be-
tween them as a result of ultracentrifugal preparation.
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ever, the formation of abnormal LDL
the action of the liver during recircul
fusate lipoproteins, because a similar
after the use of a nonrecirculating
lipolysis of normal triacylglycerol-i
hepatic lipase.

The distribution of incorporated [3I-
the apoproteins of the VLDL and L
the livers of hypercholesterolemic ral
pattern on polyacrylamide gel electr(
at least some of the abnormal chole
lipoproteins found in the serum of hype
animals are the result of de novo sy
remnants of VLDL or chylomicron ca

The livers secreting the abnormal
infiltrated with lipid, 80%of which is c
Apparently, the secretion of some of th
apoE. The association of apoE with
metabolism has been noted in humans
(47). The secretion of cholesterol es
teins and the maintenance of an ir
apoE secretion by the perfused fatt
that the apoprotein plays a role in
cholesterol esters from the liver that i
upon the presence of lipid in the p(
sumably, the serum.

The distribution of apoE among the

fractions appears to be dependent upon the amount
of cholesterol ester to be secreted. Thus in the hyper-

MoGLosIN . cholesterolemic state, apoE is more firmly bound to

* . the circulating VLDL (14) and less is recovered in the
33 d > 1.21-g/ml fraction (12, 36). In the absence of a

*. cholesterol load, much of the apoE is secreted by the
perfused liver as HDL (42), especially when LCAT
is inhibited (48). It now appears that the normal liver
also secretes a considerable portion of apoE in a vir-
tually delipidated form. The proportion of apoE in
fraction V of Fig. 5 (<45,000 mol wt) is greatly
diminished in the perfusate of livers from hyper-
cholesterolemic rats (although the absolute quantity
is not decreased as much because of the higher secre-
tion rate of the livers from hypercholesterolemic rats),
lending credence to the concept that the density frac-
tion in which apoE is found depends upon the amount

wm6~ - of cholesterol to be secreted (12). The association of
so 90 100 the apoE with the larger cholesterol-carrying lipopro-

teins may occur in nascent VLDL or in the circulation.
7oteins by agarose Weisgraber et al. (47) noted that after intravenous ad-
trated in the figure ministration of iodinated HDL, apoE was recovered
ite of a liver from in HDL of normolipemic rats, but in the B-VLDL,
mg of protein was LDL, and HDLC of hypercholesterolemic rats. The

of distribution is movement of apoE among lipoprotein fractions may
type of liver. The also be reflected by the exchange between VLDL and
ercholesterolemic; HDL of an apoprotein having the mobility of apoE

on polyacrylamide gel electrophoresis (24).
In addition to redistribution of the apoE to the

is not a result of cholesterol-carrying lipoproteins, this apoprotein is
ation of the per- secreted at a more rapid rate by livers from hyper-
r pattern is seen cholesterolemic animals. If it is assumed that the in-
system, nor by creased rate of synthesis of apoE by the perfused liver

rich VLDL by is representative of the 6-wk period of the high-fat diet,
it can be calculated that 10-15 d would be required

Illeucine among for the level of apoE in sera of hypercholesterolemic
DL secreted by rats to reach that found in vivo in 6 wk. This suggests
ts parallels their that the total catabolic rate is also increased. The po-
Dphoresis. Thus, tential of the perfused control liver to maintain the
sterol ester-rich normal serum level of 20 mg/dl (Fig. 1) can be es-
rcholesterolemic timated. Wehave noted an average liver weight of 13 g
inthesis and not for 340-g rats. Assuming a plasma volume of 4.5% of
.tabolism. body weight at the secretion rate of 12 ,tg/g per h
lipoproteins are (Table I) the entire plasma apoE content can be
oholesterol ester. secreted in 20 h. Because the half-life of apoE in the
iis lipid involves rat has been estimated between 9.5 and 11 h (49, 50),
cholesterol ester it is apparent that the secretion rate of the perfused
s (1) and animals normal liver is adequate to maintain the circulating
ter-rich lipopro- apoE levels. This would be necessary because the in-
icreased rate of testine secretes virtually no apoE (51).
y livers suggest The origin of the lipoproteins released by the
the transport of livers from the hypercholesterolemic rats during the
is not dependent first 15 min of perfusion is obscure. Most of it is not a
erfusate or, pre- result of lipoproteins in contaminating serum or in

extracellular fluid in equilibrium with the circulation,
a various density such as in the space of Disse. However, some material
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may be bound to hepatocyte membranes, possibly as
remnants, or be released from some damaged
hepatocytes. Regardless of the origin of these rapidly
released lipoproteins, it is apparent that the fatty livers
from the hypercholesterolemic animals are capable of
synthesizing de novo and secreting unusual cholesterol
ester-rich lipoproteins which have many of the char-
acteristics of the B-VLDL and the LDL seen in vivo,
whereas the normal liver secretes the triacylglycerol-
rich VLDL characteristic of normolipemic serum.
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