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Abstract The hepatic uptake of intravenously injected P-very 
low density lipoprotein (8-VLDL) in rabbits fed 2% (w/w) 
cholesterol for 3 weeks was investigated. In vitro studies were 
also conducted to examine the specificity and the capacity of the 
uptake in isolated liver parenchymal cells. The hepatic uptake of 
P-VLDL was 15.8 * 6.7% (n = 6) in the cholesterol-fed rabbits 
as compared to 26.6 * 7.5% (n = 6) of the injected dose in con- 
trol rabbits (P < 0.05). Although this is a fractional reduction, 
it represents a more than 10-fold increase in absolute hepatic up- 
take of lipoproteins in the cholesterol-fed rabbits. In these 
animals the liver parenchymal, endothelial, and Kupffer cells 
took up 10.2 * 2.7%, 3.0 * 0.9%, and 1.8 * 0.4% of the in- 
jected dose, respectively, compared to 25.9 * 6.1%, 3.6 * 1.6%, 
and 1.5 * 0.8% of the injected dose in chow-fed controls. 
However, taking into account the high plasma lipoprotein levels 
in the cholesterol-fed rabbits, the absolute cellular uptake was 
10-fold increased in the parenchymal liver cells and more than 
20-fold increased in the nonparenchymal cells. In vitro results 
indicated a 40% down-regulation of the specific receptor for 8- 
VLDL in the parenchymal cells, and this, together with an in- 
creased competition for binding sites in the hypercholestero- 
lemic rabbits, probably explains the reduced uptake of 0-VLDL 
in terms of % of injected dose observed in vivo. In vitro data 
suggested that the receptor involved in both hypercholestero- 
lemic and normolipemic rabbits was the apolipoprotein (apo) 
B,E receptor. On a per cell basis, parenchymal cells from chow- 
fed control animals took up 2.4 * 0.8% of the injected dose per 
109 cells; this uptake was reduced to 1.1 f 0.5% in hyper- 
cholesterolemic animals. No differences in uptake of P-VLDL in 
nonparenchymal liver cells were observed on a per cell basis be- 
tween the two feeding groups, indicating that binding sites in- 
volved in this uptake are not down-regulated by cholesterol feed- 
ing. On the contrary, the absolute uptake in the 
nonparenchymal liver cells is greatly increased in hyper- 
cholesterolemic rabbits as compared to controls. In cholesterol- 
fed rabbits the three different liver cell types took up approxi- 
mately the same amount of P-VLDL per cell. The liver non- 
parenchymal cells, therefore, assume a prominent role in uptake 
of 0-VLDL in hypercholesterolemic rabbits, accounting for 
more than 30% of the total hepatic uptake as compared to 16% 
in control animals. Electron microscopic studies showed a 
significant accumulation of lipids in all cell types investigated 
from cholesterol-fed rabbits, while no such lipid accretion could 
be observed in control rabbits. The in vivo data show that the 
nonparenchymal cells, notably the Kupffer cells, play an impor- 
tant role in catabolizing P-VLDL in hypercholesterolemic rab- 
bits.-Gudmundsen, O., T. Berg, N. Roos, and M. S. Nen- 
seter. Hepatic uptake of P-VLDL in cholesterol-fed rabbits. J. 
Lipid Res. 1993. 34: 589-600. 
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Feeding rabbits diets high in cholesterol causes marked 
alterations in the plasma lipoproteins. O n e  of these 
changes is the appearance of 0-VLDL. P-VLDL are 
cholesterol-enriched lipoproteins that contain apoB and 
apoE as their major protein constituents. 0-VLDL is also 
produced in patients with type I11 hyperlipidemia (1, 2). 
Cholesterol-rich P-VLDL has been shown to cause 
cholesteryl ester accumulation in macrophages (3), simi- 
lar to that seen after uptake of chemically modified low 
density lipoprotein (LDL) mediated by the scavenger 
receptor. It might also induce monocyte adhesion to en- 
dothelial cells (4). 0-VLDL may accumulate in aorta and 
atherosclerotic lesions (5, S) ,  and this lipoprotein has 
therefore been considered to have a potential role in de- 
velopment of atherosclerosis. Although macrophages take 
u p  P-VLDL avidly, the liver is the main organ of 0-VLDL 
catabolism (7-10). Yet, the role of the different liver cell 
types in the uptake of /3-VLDL in hypercholesterolemic 
animals has not been investigated. 

T h e  functional units of the mammalian liver are hex- 
agonally shaped lobuli consisting of many layers of plate- 
lets of parenchymal cells. The  sinusoids, which are 
specialized capillaries, bring both venous blood from the 
digestive system and arterial blood through the lobuli. 
T h e  sinusoids are lined with the endothelial cells that 
separate the sinusoidal lumen from the space of Disse and 
the underlying parenchymal cells. The  endothelial cells 
often cover the whole circumference of a sinusoid. They 
display 100-nm fenestrations that allow free passage of 
macromolecules and lipoproteins (except chylomicrons) 

Abbreviations: apo, apolipoprotein; P-VLDL, 0-very low density 
lipoprotein; LDL, low density lipoprotein; LDL(cr), cholesterol-rich low 
density lipoprotein; 'IC, tyramine cellobiose; PBS, phosphate-buffered 
saline; FCR, fractional catabolic rate; ACR, absolute catabolic rate. 
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to the space of Disse (11). Within the sheets of paren- 
chymal cells are bile canaliculi that transport bile to the 
bile ducts. The Kupffer cells, the liver macrophages, are 
usually observed in the lumen of the sinusoid. 

In normolipidemic rats, P-VLDL is taken up mainly by 
parenchymal liver cells; however, contrary to expecta- 
tions, rat Kupffer cells do not take up significant amounts 
of 0-VLDL (8). In rat liver a relatively high proportion of 
the apoB,E receptor is located in the Kupffer cells. The rat 
liver parenchymal cells express relatively low levels of the 
apoB,E receptor. Thus, in this respect the liver macro- 
phages behave differently from other types of macro- 
phages which avidly take up 0-VLDL via an apoB,E 
receptor (12). The finding that the P-VLDL is taken up 
exclusively by the parenchymal liver cells, therefore, sug- 
gests that P-VLDL uptake is mediated via an apoB,E 
receptor-independent mechanism in rats (13). In the 
present investigation rabbits were used, because 
lipoprotein metabolism in rabbits resembles that of hu- 
mans, in that the plasma concentrations of LDL are rela- 
tively high and the liver expresses high levels of the 
apoB,E receptor (14, 15). P-VLDL has high affinity for the 
apoB,E receptor (16) and mRNA for this receptor has 
been identified in liver parenchymal, endothelial, and 
Kupffer cells in cholesterol-fed rabbits as well as chow-fed 
controls (14, 17). 

Our objectives were: i) to determine the contribution of 
different cell types to the hepatic uptake of 6-VLDL; ii) 
to investigate the effect of cholesterol feeding on the mor- 
phology of each liver cell type by transmission electron 
microscopy; and ii;) to determine the specificity of the 
receptors involved in the in vitro uptake of 0-VLDL in 
liver parenchymal cells from cholesterol-fed and control- 
fed rabbits. The results obtained were compared with 
those previously found for the hepatic uptake of 
cholesterol-rich LDL (LDL(cr)) (17). 

EXPERIMENTAL 

Experimental animals and diets 
Male Chinchilla rabbits, weighing 2-3 kg, obtained 

from GMBH Versuchtierkunde und Zucht, Germany, 
were used in all experiments. One group of animals was 
fed a 2% (w/w) cholesterol chow (EWOS Maintenance 
Feed) for 3 weeks (n = 6). The control group received or- 
dinary laboratory chow (n = 6). Both groups were fed ad 
libitum. In the control group, plasma levels of cholesterol, 
triacylglycerols, and phospholipids were 3.2 k 0.2 
mmolll, 1.7 0.2 mmol/l, and 6.4 1.0 mmol/l, respec- 
tively, compared to 39 k 8.6 mmol/l, 1.7 k 0.2 mmol/l, 
and 8.4 f 2.9 mmol/l, respectively, in the cholesterol-fed 
group. 

Chemicals and assays 
Bovine serum albumin and collagenase (type I) were 

purchased from Sigma Chemical Co., St. Louis, MO. 
NalZ5I and NaI3'I were obtained from The Radiochemi- 
cal Centre, Amersham, Bucks., UK. Tyramine cellobiose- 
adduct was a kind gift from Dr. Helge Tolleshaug, 
Nycomed N S ,  Oslo, Norway. All other chemicals and sol- 
vents were high-purity commercial materials. 

Triacylglycerols were measured enzymatically by 
Nycotest kits (Nycomed A/S, Oslo, Norway). Free and es- 
terified cholesterol and phospholipids were measured en- 
zymatically with kits from Bio MCrieux, Marcy-I'Etiole, 
France. Cholesterol and cholesteryl ester in cultured cells 
were determined by Folchs extraction (18) followed by 
gas-liquid chromatography with a 6 ft, 2 mm capillary 
column on a Schimadzu GC-14A chromatograph at 
295OC. Protein was determined with a BCA protein assay 
obtained from Pierce Europe B.V., Oud-Beijerland, The 
Netherlands, with bovine serum albumin as standard. 
SDS polyacrylamide gel electrophoresis was performed 
according to Laemmli (19). The gels were stained with 
Coomassie blue and radioactivity in apolipoprotein bands 
was measured by autoradiography; the relative distribu- 
tion was determined by densitometry, as described by 
Nenseter et al. (20). 

Lipoproteins 
P-VLDL and LDL(cr) were isolated from fresh, pooled 

rabbit plasma after 2 weeks of cholesterol feeding and 14 
h fasting. Lipoproteins were separated by sequential flota- 
tional ultracentrifugation in a Centrikon T-2060 with a 
TFT 70.38 rotor for 20 h at 40,000 rpm at 10°C (21). Den- 
sity ranges of < 1.006 g/ml and 1.019-1.063 g/ml for 0- 
VLDL and LDL(cr) were used, respectively. 0-VLDL was 
radiolabeled with 131I-labeled tyramine cellobiose(E) 
and LDL(cr) with 125I-labeled TC (22). Tyramine cellobi- 
ose traps the label in the organelle in which degradation 
takes place. The labeled lipoproteins were dialyzed 
against 0.15 M NaCl, 20 mM sodium phosphate, and 1 
mM EDTA, pH 7.4. More than 97% of the radioactivity 
was precipitated by 10% (w/v) trichloroacetic acid. The 
specific radioactivities were 9 and 176 cpm/ng protein for 
1311-labeled TC-P-VLDL and 50 and 355 cpm/ng protein 
for '25I-labeled E-LDL(cr) .  In the '31I-labeled TC-p- 
VLDL, apoB contained 27% and apoE 51% of the total 
radioactivity, whereas in the 1251-labeled E-LDL(cr) ,  the 
apoB contained 82% and apoE contained 16% of the total 
radioactivity. The percent (w/w) distributions of total 
cholesterol, triacylglycerols, phospholipids, and proteins 
in the lipoproteins were 65.1, 3.1, 22.0, and 9.8, respec- 
tively, for 0-VLDL and 61.1, 3.0, 13.2, and 22.7, respec- 
tively, for LDL(cr) (n = 2) (pooled plasma from three 
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rabbits). The particle sizes were 59.0 f 21.6 nm and 
30.1 f 2.9 nm (n = 4) for 0-VLDL and LDL(cr), respec- 
tively, determined by dynamic light scattering/photon 
correlation spectroscopy using 54.5 nm latex particles as 
standards (23). Results obtained by negative stain meas- 
urements gave slightly smaller lipoprotein sizes (53 + 17 
nm (n = 21) and 24 + 4 (n = 16) for /3-VLDL and 
LDL(cr), respectively). This may be due to shrinking be- 
cause samples were measured in a dehydrated environ- 
ment in contrast to photon correlation spectroscopy. Hu- 
man LDL and LDL from control-fed rabbits were 
isolated as described above for LDL(cr). 

In vivo studies 

After 3 weeks of cholesterol feeding, the rabbits were 
injected with 131I-labeled TC-P-VLDL into the marginal 
ear vein. To detect a possible down-regulation of the 
hepatic uptake of the lipoproteins control-fed rabbits were 
also injected. lz5I-1abeled TC-LDL(cr) was also injected 
simultaneously in both animal groups for comparison. 
Blood samples (100 pl) were drawn from the opposite ear 
at 5 and 30 min and 1, 2, 3, 4, 5, 6, 7, and 24 h after injec- 
tion. The radioactivity in the blood samples was counted 
in a Kontron Automatic Gamma Counter MB252. The 
radioactivity in whole plasma volume was calculated by 
assuming plasma to be 3.28% of the total body weight 
(24). Data were fitted to biexponential decay equations, 
and fractional catabolic rates (FCR) (25) were calculated 
from the second (P )  linear phase using Sigmaplot software 
(Sigma Co., St Louis, MO). Absolute catabolic rates 
(ACR) were calculated by multiplying these rates by the 
plasma apolipoprotein pool sizes. 

After 24 h, between 9:OO and 1O:OO AM, animals were 
anesthetized with an intraperitoneal injection of Dormi- 
cum (Roche), 0.5 ml/kg and 5 min later by an intramus- 
cular injection of Hypnorm (Janssen), 0.4 ml/kg. A small 
liver lobe was tied off after 5 min of in situ perfusion with 
a CaZ+-free buffer for determination of total radioactivity 
in the liver. Liver cell suspensions were obtained by en- 
zymatic perfusion of the liver (26, 27) by a two-step proce- 
dure (28) with a flow rate of 100 ml/min. The liver cell 
suspension was filtered through nylon gauze, and the 
parenchymal cells were sedimented by centrifugation for 
2 min at 20 g The pellet was resuspended in incubation 
buffer (29) and the centrifugation was repeated. Non- 
parenchymal liver cells were sedimented from the result- 
ing supernatant by centrifugation for 4 min at 310 g. 
Parenchymal and nonparenchymal cells were further 
purified by centrifugal elutriation using a Beckman JE-6 
rotor and 5-21 centrifuge. Hepatocytes were elutriated at 
1200 rev/min at flow rate 25-50 ml/min and nonparen- 
chymal cells were elutriated at 1500 rev/min at flow rate 
25 ml/min. The parenchymal cells were free of con- 
taminating nonparenchymal cells and vice versa, as 
characterized by their different size. The cells were then 

washed in RPMI 1640 medium. Hepatocytes were seeded 
on fibronectin-coated dishes in RPMI 1640, whereas pure 
endothelial and Kupffer cells were prepared from the non- 
parenchymal cells by a selective attachment method, 
previously described by Laakso and SmedsrQd (30). In 
short, the nonparenchymal cells were first seeded on 
bovine serum albumin/glutaraldehyde-pretreated dishes. 
After 20 min of incubation, the Kupffer cells had attached. 
Nonattached cells were then seeded on fibronectin-coated 
dishes. Kupffer and endothelial cell cultures were more 
than 95% pure as judged by peroxidase staining of the 
Kupffer cells. All cell cultures were washed after 2 h incu- 
bation at 37OC, dissolved in a solution of 0.1% SDS in 0.3 
M NaOH, and the radioactivity was counted. The num- 
ber of cells in each dish were determined by microscopy. 
A minimum of six fields including more than 500 cells 
were counted using an ocular network. The calculated 
standard deviations were all less than 5% of the mean value. 

Cellular distributions between liver parenchymal, en- 
dothelial, and Kupffer cells of l3'I-labeled K - P V L D L  
and lZ5I-labeled TC-LDL(cr) were expressed as a percen- 
tage of injected dose per billion cells. To estimate the con- 
tribution of each cell type to the total hepatic uptake, the 
values above were multiplied by the number of each cell 
type in the whole liver. It was assumed that 1 g of liver 
contained 125 x 106 parenchymal cells, 36 x 106 en- 
dothelial cells, and 19 x lo6 Kupffer cells (31, 32). These 
values refer to rat, because corresponding values for rab- 
bit have not yet been published, to our knowledge. The 
recoveries of radioactivity in the liver using these values 
were 84.5 + 13% and 84.8 f 18.6% for 1311-labeled K- 
PVLDL in cholesterol-fed and normal rabbits, respec- 
tively. The liver weight was found to be 3.47 f 0.38% of 
body weight (n = 4). 

Electron microscopy 

Different liver cell types grown on Falcon 3006 optical 
dishes (60 x 15 mm) and small blocks of liver (1 "3) 
were fixed in a buffer containing 2.5% glutaraldehyde. Af- 
ter glutaraldehyde fixation for 48 h at 4OC, the fixation 
buffer was replaced by a 0.1 M cacodylate buffer (pH 7.4) 
and the tissue pieces and cells were washed twice for 10 
min at 4OC. The samples were postfixed with 4% Os04. 
After rinsing, the samples were dehydrated in an increas- 
ing gradient of ethanol (70%, 90%, 96%, and 100%). The 
tissue samples were embedded directly in Spurr resin, 
whereafter a mixture of Spurr resin and 100% ethanol at 
a ratio 1:2 was added to the dishes for 15 min, replaced 
by a 1:l mixture for another 15 min, and finally by 100% 
Spurr resin. Tissue samples embedded in Spurr resin 
were polymerized at  70°C for 24 h and at 6OoC for 72 h 
before sections were cut. The dishes were filled with 2-3 
mm Spurr resin and beam capsules with their tips cut off 
were placed on the dishes. After polymerization of the re- 
sin at 6OoC for 20 hl, the capsules were filled with resin 
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and polymerized at 6OoC for 24 h. The beam capsules 
were broken loose from the petri dish and much of the petri 
dish material was trimmed away. Fifty-nm sections of 
both samples were then cut on a LKB 111 microtome us- 
ing glass knives. The sections were placed on Form- 
varlcarbon-coated 75-mesh copper grids and stained for 2 
min with a saturated uranyl acetate solution in 50% 
ethanol and for 2 min in 0.2% lead citrate solution in 0.1 
N NaOH. The sections were examined using a JEOL 
lOOC and JEOL lOOCX transmission electron microscope 
and an accelerating voltage of 80 kV. 

In vitro binding of @-VLDL in rabbit parenchymal 
liver cells 

Crude liver cell suspensions were prepared from 
cholesterol-fed and control-fed rabbits by collagenase per- 
fusion; parenchymal cells were isolated by means of 
repeated differential centrifugations and centrifugal 
elutriation, as described above. The parenchymal cells 
were resuspended in a 20 mM HEPES buffer, pH 7.5, 
containing 1% albumin (33) and were more than 95% 
viable by Trypan blue exclusion test and less than 1% con- 
taminated by nonparenchymal cells. Cell concentration 
was adjusted to 107 cells per ml, and the cells were prein- 
cubated for 30 min at 37OC in a shaking water bath. 

Cells were incubated for 2 h in Erlenmeyer flasks with 
lZ5I-labeled TC-P-VLDL and indicated concentrations of 
unlabeled lipoproteins. Studies were carried out at 4OC 
and 37OC, and bound radioactivity was measured in cells 
centrifuged through dibutylphthalate for 30 sec at 2000 g. 

Statistical analysis 

Mann-Whitney two-sample tests were performed to cal- 
culate differences between the groups and the results are 
presented as means standard deviations (SD). 

RESULTS 

In cholesterol-fed rabbits, @-VLDL has a higher 
clearance rate than LDL(cr) 

Five minutes after injection, plasma levels of l3lI-1abeled 
TC-@-VLDL were 98.0 * 27.3% and 33.2 * 6.8% of the 
injected dose in cholesterol-fed and control-fed rabbits, 
respectively (n = 6 in each group). The corresponding 
values for lZ5I-labeled E-LDL(cr )  were 99.8 + 24.3% 
and 90.5 f 7.2% of the injected dose (n = 6). These 
numbers indicate a very high initial clearance rate for p- 
VLDL compared to LDL(cr) in control-fed rabbits. 
However, after the initial 5-min phase, the /3-VLDL 
and LDL(cr) were cleared at comparable, though 
significantly different (P < 0.014), rates in the control 
animals (Fig. 1A). The TI,*, ACR and FCR (Table 1) 
show that in cholesterol-fed rabbits both LDL(cr) and 
@-VLDL were cleared at significantly lower rates than in 

control rabbits. In the cholesterol-fed rabbits, @-VLDL 
was cleared more rapidly than LDL(cr) (P < 0.012 at 24 
h) (Fig. 1B). After 24 h, 35.6 * 6.2% of injected 1311- 

labeled E-@-VLDL and 54.6 * 5.2% of injected 1Z5I- 
labeled TC-LDL(cr) were recovered in blood from 
cholesterol-fed rabbits. The corresponding values for con- 
trols were 4.1 * 0.5% and 9.2 * 2.2% for @-VLDL and 
LDL(cr), respectively. Although PCR for @-VLDL was 
reduced to 35% of the control value, the absolute cata- 
bolic rate (ACR) increased. ACR for @-VLDL in control- 
fed rabbits is very small due to the low plasma level of @- 
VLDL. Daugherty and colleagues (5) found this flux to 
be less than 1.1 mglday. In cholesterol-fed animals, the 
ACR was calculated to be 25.3 * 3.8 mg apolipoproteidday 
per kg for @-VLDL. According to our data, the theoretical 
amount of LDL- plus @-VLDL-cholesterol irreversibly 
cleared from the plasma in a cholesterol-fed rabbit weigh- 
ing 3 kg will then be 764.5 mg124 h, where 508.5 mg124 
h is from @-VLDL catabolism. 

0 6 12 18 24 

Time after injection (h )  

Fig. 1. Blood clearance curves of intravenously injected @-VLDL and 
LDL(cr) into cholesterol- and chow-fed rabbits. Blood clearance curves 
for chow-fed control rabbits (panel A) and cholesterol-fed rabbits (panel 
B) of intravenously injected lSII-labeled E-fl-VLDL (closed circles) and 
'25I-labeled TC-LDL(cr) (open circles) (n = 6). Data are shown as 
means * SD. 
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TABLE 1. Plasma clearance parameters for 8-VLDL and LDL(cr) 
in cholesterol-fed and control-fed rabbits A 1  

Control-Fed Cholesterol-Fed 
Parameter Rabbits Rabbits 

FCR 6-VLDL 1.58 f 0.18 0.56 f 0.08 
ACR 8-VLDL 25.3 f 3.8 
Tln P-VLDL 10.7 f 1.3 30.3 i 4.6 

FCR LDL(cr) 1.18 f 0.12 0.42 f 0.11 
ACR LDL(cr) 6.73 f 0.67 31.6 f 8.1 
Tu2 LDL(cr) 14.2 f 1.5 42.5 f 10.4 

The fractional catabolic rates (FCR) are expressed in plasma pools per 
day, the T1,2~ in hours, and the absolute catabolic rates (ACR) are 
expressed as mg apolipoprotein per day per kg rabbit (n 5 6 for each 
group). 

Hepatic uptake of @-VLDL is reduced in 
cholesterol-fed rabbits 

As shown in Fig. 2, the hepatic uptake of '3II-labeled 
E-@-VLDL after 24 h as percent of injected dose was 
26.6 * 7.5% in control-fed rabbits as compared to 
15.8 * 6.7% in the cholesterol-fed rabbits (n = 6 in each 
group; P < 0.05). The uptake of 1251-labeled TC- 
LDL(cr) was reduced by 75% after cholesterol feeding 
(n = 6 in each group; P < 0.005). However, considering 
the high plasma levels of lipoproteins in the cholesterol- 
fed rabbits, the absolute uptake of LDL(cr) was about 
4-fold higher than that observed in the control animals; 
hepatic uptake of 0-VLDL was IO times higher than that 
of the controls. 
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Fig. 3. Uptake of intravenously injected "'I-labeled TC-f3-VLDL in 
liver parenchymal, endothelial, and Kupffer cells. In vi, uptake of j311- 
labeled 'IC-8-VLDL in liver parenchymal (PC), endothelial (EC), and 
Kupffer cells (KC) 24 h after the injection are shown in cholesterol-fed 
(hatched bars) and control-fed rabbits (open bars) expressed as percent 
of injected dose in panel A and as percent of injected dose per 109 cells 
in panel B (mean f SD); *,P < 0.037. 

Distribution of injected P-VLDL in liver cells is 
altered after cholesterol feeding 

The uptake of l3II-labeled E-8-VLDL as percent of 
injected dose in parenchymal, endothelial, and Kupffer 
cells is shown in Fig. 3A. Cholesterol feeding led to a 
reduced uptake of 1311-labeled E-P-VLDL in paren- 
chymal liver cells, whereas the uptake of the lipoprotein 
in nonparenchymal liver cells was unaffected by 
cholesterol feeding. Thus, the relative distribution of l3II- 
labeled TC-P-VLDL between the cells is altered after 
cholesterol feeding as shown in Table 2. In the 
cholesterol-fed animals, the parenchymal, Kupffer, and 

TABLE 2. Distribution of P-VLDL taken up by different liver cell 
types in control and cholesterol-fed rabbits 

Cholesterol-Fed Liver Cell Control-Fed 
Types Rabbits Rabbits 

Fig. 2. Hepatic 
TC-LDL(cr) in cholesterol- and control-fed rabbits. The hepatic uptake 
of intravenously injected lSiI-labeled TC-8-VLDL and '2JI-labeled TC- 
LDL(cr) as percent of injected dose in cholesterol-fed rabbits (hatched 
bars) and chow-fed controls (open bars) are shown as mean f SD; 
*,P < 0.027 (n = 6) vs. control, **,P < 0.005 (n = 6) vs. control. 

PC 83.9 f 4.3 67.8 + 8.7" 

KC 4.8 f 1.7 12.1 f 4.1" 

The results are shown as percent of total hepatic uptake i SD; PC, 

"P < 0.03 compared to control rabbits. 

EC 11.4 f 2.7 20.2 f 5.3 

parenchymal cells; EC, endothelial cells; KC, Kupffer cells. 
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Fig. 4. Morphology in situ of different liver cell 
types in cholesterol-fed and chow-fed control rab- 
bits. Appearance of different rabbit liver cell types 
in control (panel A) and in cholesterol-fed (panel 
B) animals in situ. Black dots label parenchymal 
cells, stars label Kupffer cells, arrows label stellate 
cells, and large arrow-heads label the endothelial 
lining. Small arrow-heads label lipid droplets. Bar 
represents 2 pm. 
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C 
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F 

Fig. 5. Morphology of cultured liver cell types from cholesterol-fed and chow-fed control rabbits. Appearance of different isolated rabbit liver cell 
types from control (panels A-C) and cholesterol-fed (panels D-F) rabbits. Panels A and D depict parenchymal cells, panels B and E endothelial cells, 
and panels C and F Kupffer cells from control and cholesterol-fed animals, respectively. Small arrow-heads label lipid droplets. Bar represents 2 pm. 
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endothelial cells took up equal amounts of 13'I-labeled 
E-0 -VLDL per cell (Fig. 3B). In control animals, the 
parenchymal cells took up more than twice as much 1311- 

labeled TC-8-VLDL as the Kupffer or endothelial cells on 
a per cell basis. On  the other hand, the absolute uptake 
of 0-VLDL was greatly increased in all cell types. In 
parenchymal cells the absolute uptake in the cholesterol- 
fed rabbits was 10-fold higher, in the endothelial cells it 
was 17-fold higher, and in Kupffer cells it was 30-fold 
higher than that of control rabbits. The nonparenchymal 
liver cells, notably the Kupffer cells, therefore, play an im- 
portant role in blood clearance of /3-VLDL in the 
cholesterol-fed rabbits. 

Electron microscopic studies revealed large quantities 
of fat stored in all liver cell types 

The rabbit liver morphology as seen in ultrathin, post- 
stain sections shows the arrangement of each liver cell 
type (Fig. 4). The ultrastructure is preserved after 
cholesterol feeding and corresponds to the description 
given in the introduction. All parenchymal liver cells in 
the cholesterol-fed rabbits contained very large lipid 
droplets (seen as "empty vacuoles"); some Kupffer cells 
contained many, other a few, and some no lipid droplets, 
whereas all the endothelial cells displayed large numbers 
of lipid droplets. Except for stellate cells, no other cell 
type displayed lipid droplets in control-fed rabbits. 

In cultured cells from control and cholesterol-fed rab- 
bits the same features as described above were seen (Fig. 5). 
Parenchymal cells contained numerous mitochondria, 
rough endoplasmic reticulum, an uneven nucleus, and 
had an almost round outline with numerous short 
microvilli. Parenchymal cells from cholesterol-fed rabbits 
displayed numerous large lipid droplets, while in control 
cells no such droplets could be observed. In sections from 
cultured endothelial cells, the fenestrated sieve plates and 
the thin cytoplasmic extensions that normally surround 
the sinusoid are seen as a mesh of numerous small spots 
in the cytoplasm. Large amounts of lipid droplets were 
seen in endothelial cells from cholesterol-fed rabbits. The 
cultured Kupffer cells contained various numbers of lipid 
droplets, confirming the in situ observations. The lipid 
droplets found in all liver cell types from the cholesterol- 
fed rabbits consist predominantly of cholesteryl esters (17). 

Effect of cholesterol feeding on in vitro cell association 
of 0-VLDL in rabbit parenchymal cells 

Binding studies of 0-VLDL in isolated parenchymal 
cells indicated that the binding could be divided into a 
saturable and an unspecific component (Fig. 6 A,B) (34). 
Transforming these data into a Scatchard plot revealed 
Kd values of 14.7 * 14.0 pg/ml and 33.3 * 9.3 pg/ml in 
cells from cholesterol-fed rabbits and chow-fed controls, 
respectively. The nonspecific binding was higher in the 
cholesterol-fed animals. 
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Fig. 6. Binding of 125I-labeled TC-0-VLDL to liver parenchymal cells 
isolated from control chow-fed rabbits (panel A) and cholesterol-fed rab- 
bits (panel B). The curves were best-fitted to a formula describing one 
specific binding site plus a nonspecific component: bound = Cap*free/ 
(Kd + free) + nonsp. *free. Using this curve-fit the capacity (Cap), Kd. 
and the nonspecific component (nonsp.) were calculated. The dependen- 
cies for the Kd values were 0.80 in A and 0.70 in B. Specific bound lz5I- 

labeled TC-P-VLDL was calculated by subtracting the nonspecific com- 
ponent from the bound ligand (t = bound - nonsp.*free) and trans- 
formed: f(t) = -tlK, + CaplK,. 

To study the specificity of /3-VLDL binding and uptake 
in rabbit liver parenchymal cells, suspensions of isolated 
cells were incubated with labeled /3-VLDL in the presence 
or absence of unlabeled control rabbit LDL, LDL(cr), 
human LDL, and 0-VLDL. Incubations were done at 
4OC (Fig. 7 A,B) and at 37OC (Fig. 7 C,D). The results 
obtained in control cells and in cells from cholesterol-fed 
rabbits were similar, although a higher nonspecific bind- 
ing again was observed in cells from cholesterol-fed rab- 
bits. Thus, the uptake of '251-labeled TC-0-VLDL at 
37OC was nearly abolished by an approximately 100-fold 
excess of unlabeled /3-VLDL in control cells, whereas a 
similar excess of /3-VLDL reduced cell association about 
80% in cells from cholesterol-fed rabbits (Fig. 7 C,D). 
Rabbit LDL (both LDL(cr) and control LDL) also 
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Fig. 7. Competition of different lipoproteins on cell association of I25I-  

labeled E-6-VLDL to suspended hepatocytes from cholesterol-fed and 
chow-fed rabbits. The figure shows competition studies of human LDL 
(closed triangles), control-rabbit LDL (closed circles), cholesterol-fed 
rabbit LDL (open triangles), and 6-VLDL (open circles) on binding of 
‘25I-labeled TC-j3-VLDL (5 fig/ml) at 4OC (panels A, B) and cell associa- 
tion of ‘25I-labeled TC-6-VLDL at 37°C (panels C, D) to suspended 
parenchymal liver cells from chow-fed (panels A, C) and cholesterol-fed 
(panels B, D) rabbits. 

efficiently reduced cell association of @-VLDL, whereas 
human LDL was a less effective competitor. The results 
obtained at 4OC deviated in some respects from those 
found at 37OC. Binding of lZ5I-labeled E-@-VLDL was 
inhibited to about the same extent by all lipoproteins 
tested (Fig. 7 A,B). However, a progressive reduction of 
i251-labeled W-@-VLDL cell association was observed by 
unlabeled human LDL, control rabbit and cholesterol-fed 
rabbit LDL. Unlabeled @-VLDL was the most effective 
inhibitor of cell association. 

DISCUSSION 

The purpose of the present study was to determine the 
contribution of the different liver cell types to the hepatic 
uptake of 0-VLDL in hypercholesterolemic rabbits. Previ- 
ous studies in our laboratory have demonstrated that the 
nonparenchymal liver cells acquire a more important role 
in the hepatic uptake of LDL in cholesterol-fed rabbits 
than in control animals (15, 17). Negligible amounts of 
LDL(cr) were taken up in Kupffer or eqdothelial cells in 
control rabbits. In cholesterol-fed rabbits, on the other 
hand, the nonparenchymal liver cells, notably the en- 

dothelial cells, were of significant importance in the 
hepatic uptake of LDL(cr) accounting for more than 30% 
of the hepatic uptake (17). The present study demon- 
strates that the nonparenchymal liver cells assume a 
prominent role in the hepatic uptake of 6-VLDL in hyper- 
cholesterolemic rabbits. In contrast to the hepatic distri- 
bution of injected LDL(cr), which showed a 4-fold rise in 
endothelial cells (17), the increased @-VLDL uptake in the 
nonparenchymal cells was most pronounced in the 
Kupffer cells (Table 2). Recently de Rijke, Hessels, and 
Van Berkel (35) published that oxidatively modified @ -  
VLDL is recognized by binding sites on Kupffer cells in 
rats, while “less modified” lipoproteins such as acetylated 
LDL bind primarily to specific recognition sites on the rat 
liver endothelial cells (36, 37). Indications of in vivo 
modification of LDL and @-VLDL have been published 
(38, 39) [also discussed in recent reviews (40-44)]. Thus, 
one possible explanation for the increased uptake of @- 
VLDL in the Kupffer cells in the cholesterol-fed rabbits 
is that @-VLDL might have undergone oxidative 
modifications due to the long half-life in plasma. As the 
percent of hepatic @-VLDL catabolized by the Kupffer 
cells is more than doubled in hypercholesterolemic rab- 
bits, one might suggest that P-VLDL becomes more “se- 
verely” modified in the cholesterol-fed rabbits than 
LDL(cr) although LDL(cr) has a longer half-life. Experi- 
ments are under way to describe the lipoprotein modifica- 
tions induced by cholesterol feeding. 

Particle size measurements showed that the diameters 
of @-VLDL and LDL(cr) were 60 nm and 30 nm, respec- 
tively. We do not know whether the larger size of @-VLDL 
compared to LDL(cr) may explain the high uptake of @- 
VLDL in the phagocytic Kupffer cells. Tabas and cowork- 
ers (45) found that @-VLDL particles were not phagocy- 
tosed in mouse peritoneal macrophages. 

The FCR of @-VLDL was reduced in hypercholestero- 
lemic rabbits, but considering the high plasma level of @- 
VLDL the absolute amount taken up by the parenchymal 
liver cells was increased. These cells contained large lipid 
droplets as seen in the electron microscope both in cells 
in culture and in situ (Figs. 4 and 5). The Kd value for 
the @-VLDL binding site on parenchymal cells isolated 
from hypercholesterolemic rabbits was measured to be 
less than 50 pg/ml. If the in vivo & is similar, the con- 
centration of endogenous @-VLDL will exceed the K d  by 
a factor of nearly 100. The specific binding mechanism 
would then be saturated, leaving nonspecific mechanisms 
to dominate the uptake in hypercholesterolemic rabbits. 
One such nonspecific mechanism that could dominate the 
uptake at concentrations above saturation is fluid-phase 
endocytosis, because uptake by fluid-phase endocytosis is 
proportional to the concentration of solute taken up. We 
have found that Kupffer cells take up 5 times more fluid 
by fluid-phase endocytosis than liver endothelial cells 
(Gudmundsen, O., T. GjQen, and T. Berg, unpublished 
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results). The plasma level of @-VLDL is increased rela- 
tively more above the saturation level than LDL(cr), and 
the Kupffer cells may therefore take up considerable 
amounts of @-VLDL by fluid-phase endocytosis in the 
hypercholesterolemic rabbits. 

In accordance with findings by Kovanen and coworkers 
(lo), our data show that @-VLDL in chow-fed rabbits is 
rapidly cleared from the plasma. We found that 5 min af- 
ter injection approximately 33% of the injected dose 
could be recovered in the blood. Most of this rapidly 
cleared 6-VLDL is presumably taken up by the liver as 
shown in dogs (9), rats (8), and in rabbits (10). The uptake 
of @-VLDL (26.6% of injected dose) observed in the livers 
of control animals after 24 h is relatively low. A much 
higher recovery would be expected if the liver is the main 
organ for uptake of P-VLDL. 

The hepatic uptake may, however, be underestimated in 
both animal groups because of leakage of labeled tyra- 
mine cellobiose to the bile after protein degradation. Pitt- 
man and colleagues (22) found this leakage to be approxi- 
mately 20% per 24 h after uptake of TC-labeled 
asialofetuin. As this leakage originates exclusively from 
the parenchymal liver cells, the results show an underesti- 
mation of the uptake in these cells and not in the non- 
parenchymal cells. The underestimation is probably 
smaller in the cholesterol-fed rabbits because the clear- 
ance was slow and the hepatic uptake of labeled @-VLDL 
was relatively low. 

A rapid initial clearance was not observed in 
cholesterol-fed rabbits. After 5 min, 90% of the injected 
dose of P-VLDL was recovered in blood in these animals, 
indicating that the mechanism mediating the rapid initial 
uptake was down-regulated in the cholesterol-fed rabbits. 
A down-regulation of the specific uptake mechanism for 
P-VLDL was also measured in vitro in isolated paren- 
chymal cells from cholesterol-fed rabbits. These cells 
showed a 40% reduction in uptake capacity as compared 
to controls. A specific apoE receptor on liver parenchymal 
cells has been postulated as a lipoprotein receptor for 
chylomicron remnants and other apoE-enriched 
lipoproteins. Our  data, obtained in in vitro experiments 
with unlabeled ligands (Figs. 6 and 7), suggest that the 
only specific mechanism involved in the uptake of 0- 
VLDL in both cholesterol-fed and chow-fed rabbits is the 
apoB,E receptor. This is in contrast to the findings in rats 
(8, 13), where @-VLDL is taken up by mechanisms in- 
dependent of the apoB,E receptor in the liver. The apoB,E 
receptor has a higher affinity for apoE than for apoB and 
this affinity difference may explain differences in the 
hepatic uptake of LDL(cr) compared to 0-VLDL in 
cholesterol-fed rabbits as well as the absence of a rapid in- 
itial clearance of LDL(cr) in control rabbits. 

The in vitro data show an increased unspecific binding 
of @-VLDL after cholesterol feeding. This is in contrast to 
prior in vivo studies in our laboratory, in which no higher 

nonspecific component of LDL binding was observed in 
cholesterol-fed rabbits compared to controls using 
methylated LDL as a marker for nonspecific binding (15). 
One would expect the lipid-loaded parenchymal cells, as 
shown in the electron microscopical pictures, to have al- 
tered membrane properties. This may in turn influence 
the nonspecific binding of @-VLDL. The 40% loss in 
specific receptor capacity observed in the parenchymal 
cells from hypercholesterolemic rabbits in vitro would 
also contribute to nonspecific binding, because this will 
lead to a sustained higher concentration of @-VLDL. 

In summary, our data show that the nonparenchymal 
cells, notably the Kupffer cells, play a more important 
physiological role in catabolizing 0-VLDL in hyper- 
cholesterolemic rabbits than in chow-fed controls. In the 
control rabbits P-VLDL is taken up almost exclusively by 
the liver parenchymal cells. In vitro data suggest that the 
specific receptor involved in the uptake of P-VLDL in the 
liver parenchymal cells of both chow-fed and cholesterol- 
fed rabbits is the apoB,E receptor. a 
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