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Abstract Perfusate apoB-100-containing lipoproteins from the 
isolated, perfused livers of African green monkeys consist of sig- 
nificant amounts of d > 1.006 g/ml particles in addition to very 
low density lipoproteins (VLDL). Distinguishing characteristics 
of these perfusate lipoproteins are the relative abundance of sur- 
face lipids and deficiency of core lipids. The present studies were 
performed to determine the likelihood that the d > 1.006 g/ml 
perfusate lipoproteins are secretion products instead of products 
of post-secretory modification (e.g., lipolysis) of secreted VLDL. 
[ 14C]Leucine from the perfusate became incorporated into the 
apoB of each of the perfusate lipoprotein classes to a similar ex- 
tent in both recirculating and nonrecirculating perfusions. 
When endogenously radiolabeled perfusate VLDL from one 
liver was recirculated through a second liver, only about 15% of 
the radiolabeled protein appeared in the d > 1.006 g/ml fraction. 
The particle morphology and the cholesterol and apoB distribu- 
tion between VLDL and d > 1.006 g/ml fractions were similar in 
recirculating and nonrecirculating perfusions. A Golgi appa- 
ratus-rich fraction was isolated from the homogenates of fresh 
liver samples and the isolated Golgi VLDL and d > 1.006 g/ml 
lipoproteins exhibited morphologic evidence of extra surface 
material analogous to that seen in perfusate. I Taken together, 
these data support the possibility that significant amounts of 
d > 1.006 g/ml lipoproteins, many with surface-rich properties, 
are nascent, secretory products of the primate liver. The low 
level of 1ecithin:cholesterol acyltransferase (LCAT) in this perfu- 
sion system appears to permit detection of these secretion pro- 
ducts and it is significant to note that the perfusate lipoprotein 
profile, which is unlike that of normal plasma, is similar to that 
of LCAT-deficient patients - Johnson, F. L., L. L. Swift, and 
L. L. Rudel. Nascent lipoproteins from recirculating and 
nonrecirculating liver perfusions and from the hepatic Golgi ap- 
paratus of African green monkeys. J Lipid Res. 1987. 28: 
549 - 564. 
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The  strong associations that have been observed be- 
tween the incidence of coronary artery atherosclerosis and 
the composition and concentration of plasma lipoproteins 
have stimulated interest in understanding the metabolic 

events that determine these plasma lipoprotein para- 
meters. Much effort has been invested in studies of the 
structure, formation, and catabolism of lipoproteins and 
it is becoming increasingly apparent that the lipoproteins 
normally circulating in blood plasma represent the end 
products of extensive intravascular modifications of par- 
ticles that are secreted by the liver and intestine. Nascent 
particles acquire apoproteins (1 -3), cholesteryl esters (4), 
free cholesterol (5) ,  and other lipids through protein- 
mediated and nonmediated exchange processes (6-8). 
These particles also lose neutral lipids and phospholipids 
via enzyme-catalyzed lipolysis (9, 10) as well as through 
protein-mediated transfer (11). All of this occurs rapidly 
relative to the residence time of the particle in the plasma. 
Consequently, it is difficult to determine the properties of 
lipoprotein particles before their entrance into the 
plasma, but knowledge of the structure and composition 
of nascent lipoproteins will be necessary for complete 
understanding of the extent of intravascular metabolism 
of lipoproteins. In  turn, such information may provide in- 
sight into the role of lipoprotein secretion in determina- 
tion of atherogenic lipoprotein profiles. 

To this end we have conducted studies in which we have 
described the types and amounts of lipoproteins produced 
by the isolated, perfused livers of monkeys fed atherogenic 
diets mimicking those of North Americans (12, 13). 
Regardless of the fat or cholesterol content of the diet, a 
common feature of the lipoproteins accumulating in the 
recirculating perfusate is their relative deficiency of 
cholesteryl esters and their relative abundance of 
phospholipid and free cholesterol. The  newly secreted 
LDL and HDL structurally and compositionally resem- 

Abbreviations: VLDL, very low density lipoprotein; LDL, low densi 
ty lipoprotein; HDL, high density lipoprotein; LCAT, 1ecithin:choles- 
terol acyltransferase; ELISA, enzyme-linked immunosorbent assay. 
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ble the lipoproteins found in the plasma of patients with 
familial 1ecithin:cholesterol acyltransferase (LCAT) defi- 
ciency (14-16) and the LCAT activity in the primate liver 
perfusates was found to be only about 2 %  of that in 
plasma (17). 

Therefore, it appears that the isolated, perfused pri- 
mate liver is a source of significant quantities of nascent 
lipoproteins relatively unmodified by post-secretory 
events. However, the particles accumulating in the recir- 
culating liver perfusates may have been altered from their 
truly nascent state by interacting with the liver itself or 
with the erythrocytes of the perfusate. The present report 
describes our efforts to determine the extent to which 
newly secreted hepatic apoB-100-containing lipoproteins 
were altered during perfusion. We have specifically ex- 
amined the possibility that, for primate livers, perfusate 
d > 1.006 g/ml apoB-100-containing lipoproteins (which 
includes particles rich in excess surface phospholipid and 
deficient in core lipids) were secreted as such instead of 
being derived from VLDL during recirculating perfu- 
sion. We compared the newly synthesized apolipopro- 
teins, chemical composition, and morphology of perfusate 
lipoproteins from nonrecirculating and recirculating pri- 
mate liver perfusions, monitored the fate of hepatic 
VLDL during recirculating perfusion, and examined the 
lipoproteins of the isolated liver Golgi apparatus. The 
results suggest that a variety of apoB-100-containing lipo- 
proteins, in addition to VLDL, are hepatic secretory 
products. 

MATERIALS AND METHODS 

Animals and diets 

Adult male African green monkeys (Cercopithecus 
aethiops) of the vervet subspecies were purchased from Pri- 
mate Imports, Port Washington, NY, and were main- 
tained in two different diet groups as part of other 
ongoing studies described previously (13). One group was 
maintained on semisynthetic diets containing 0.78 mg of 
cholesterol/kcal and 40% of calories as either butter fat or 
safflower oil. The other group was fed similar diets in 
which lard was substituted for butter fat and the source 
of the cholesterol was egg yolk rather than crystalline 
cholesterol. 

Liver perfusion 
Perfusion of the isolated livers by recirculation was per- 

formed for 4 hr (after a 90-min wash-out period) with 
280-320 ml of lipoprotein-free medium circulated 
through the liver at 38OC at a rate of 0.9-1.1 ml/min per g 
liver as described previously (13). The medium consisted 
of Krebs-Henseleit original Ringer bicarbonate buffer 
containing glucose, amino acids, insulin, cortisol, penicil- 

lin, and streptomycin and with a 19-22% hematocrit of 
washed fresh human erythrocytes (13). To radiolabel new- 
ly synthesized apoproteins, 1.0 mCi L-[ '*C(U)]leucine 
(New England Nuclear, Boston, MA) was included in the 
medium of recirculating perfusions. Perfusion of livers 
without recirculation was performed with 8- 11 liters of 
medium with a 10% hematocrit. The flow rate was the 
same as for recirculating perfusion and required 90- 120 
min of perfusion to complete these experiments. One mil- 
licurie of ["C]leucine was also included in the medium of 
nonrecirculating perfusions. 

Lipoprotein isolation and characterization 
For recirculating perfusions, the perfusate was collected 

on ice and adjusted to 0.04% 5,5'-dithiobis(2-nitrobenzoic 
acid) (DTNB), 0.1% EDTA, 0.1% NaN3, pH 7.4. 
Erythrocytes were removed by centrifugation. Isolation of 
VLDL by ultracentrifugation was begun immediately 
and the remaining perfusate lipoproteins were subse- 
quently isolated by ultracentrifugation at d 1.225 g/ml 
and were fractionated by gel filtration as described 
previously (13). All isolated lipoprotein fractions were di- 
alyzed to 0.01% EDTA, 0.02% NaN3, pH 7.4, and stored 
at 4OC. For nonrecirculating perfusions, the perfusate was 
collected and erythrocytes were removed as described for 
recirculating perfusates. The perfusate was stored over- 
night at 4°C and then concentrated to approximately 250 
ml using the Minitan tangential flow ultrafiltration 
system (Millipore, Bedford, MA). Subsequent lipoprotein 
isolation procedures were performed exactly as for recir- 
culating perfusates. 

The apoprotein composition of lipoproteins was 
characterized by polyacrylamide gel electrophoresis in 
sodium dodecyl sulfate (SDS-PAGE) as described 
previously (13) using a slab gel with a 4-30% poly- 
acrylamide gradient. Apoproteins in the gel were stained 
with Coomassie Brilliant Blue R-250 and radiolabeled 
apoproteins were visualized by fluorography as described 
by Laskey and Mills (18). Measurements of the mass of 
lipoprotein protein, phospholipid, free cholesterol, 
cholesteryl ester, and triglyceride as well as negative stain 
electron microscopy of the intact particles were performed 
as described previously (13). The mass concentration of 
apoB in each of the perfusate lipoprotein fractions was 
measured by an enzyme-linked immunosorbent assay 
(ELISA) for apoB-100 similar to that described previously 
for apoA-I (19). Briefly, apoB-containing samples were 
diluted into the range of 0.05 to 1 pg/ml using 0.01 M 
phosphate-buffered saline containing 0.1% Tween and 
0.1% bovine serum albumin, pH 7.0. The diluted samples 
were incubated at 37OC for 3 hr in the presence of the de- 
tergent. Samples containing 10 to 500 ng of apoB were 
then added to microtiter plates precoated with an affinity- 
purified goat anti-apoB polyclonal antibody prepared 
against cynomolgus monkey apoB. An aliquot of the same 
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antibody, conjugated with horseradish peroxidase, was 
then added and color development was with 0 -  
dianisidine. Standard curves for dilutions of purified 
LDL, whole serum, whole perfusate, and isolated per- 
fusate subfractions were parallel, and the amount of apoB 
in each sample was calculated based on the apoB concen- 
tration of the purified LDL. Contamination of the anti- 
body preparation with antibodies to nonapoB proteins 
was less than 1%. Radioactivity in apoB-100 was quanti- 
tated after slicing out the stained band separated by SDS- 
PAGE, solubilizing the gel in 30% HzOZ, and measuring 
the radioactivity by liquid scintillation spectrometry. 

Hepatic VLDL catabolism during recirculating perfu- 
sion 

Radiolabeled VLDL were obtained from the medium 
of a recirculating perfusion by ultracentrifugation of 
220-250 ml of perfusate at d 1.006 g/ml at 4OC in the 60 
Ti rotor (Beckman Instruments Inc., Palo Alto, CA) at 
50,000 rpm for 20 hr. After centrifugation, VLDL were 
isolated in the top 5 ml of each ultracentrifuge tube and 
were washed and concentrated by ultracentrifugation 
under the same conditions in a single tube. The VLDL 
were then dialyzed in 0.9% NaCl, pH 7.4. A second liver 
perfusion was performed within 6 days of the prior perfu- 
sion and within 4 days of obtaining the radiolabeled 
hepatic VLDL. Radiolabeled hepatic VLDL (1-4 mg of 
protein) containing 1 to 3 million dpm were injected into 
the medium of the second recirculating liver perfusion. 
Samples of perfusate were taken at timed intervals 
thereafter during 4 hr of recirculating perfusion for deter- 
mination of the density distribution of radioactivity 
among perfusate lipoproteins. For each sample, erythro- 
cytes were removed from the perfusate by centrifugation 
and perfusate lipoproteins were promptly fractionated by 
density gradient ultracentrifugation in the SW 40 rotor 
(Beckman Instruments, Inc.). Discontinuous density gra- 
dients were constructed from solutions made by adding 
KBr to 1.11% NaC1, 0.01% EDTA, 0.02% NaN3, pH 7.4 
(d 1.006 g/ml). The gradients consisted of 3 ml, d 1.24 
g/ml solution; 3 ml, d 1.035 g/ml solution; 3 ml d 1.019 
g/ml solution; and 4 ml of perfusate, d 1.006 g/ml. The 
gradients were centrifuged for 40 hr at 15OC in the L5-50 
ultracentrifuge (Beckman Instruments, Inc.). The rotor 
was allowed to stop with no braking. The gradients were 
fractionated with a tube-piercing device (Instrumentation 
Specialties Co., Lincoln, NE) with which a dense solution 
(Fluorinert, Instrumentation Specialties Co.) was 
pumped into the bottom of the tube to displace the sample 
through the top of the tube. Equal volume fractions of ap- 
proximately 0.6 ml were collected and radioactivity con- 
tent was determined on aliquots by liquid scintillation. 
Density of fractions was determined by refractometry us- 
ing standard solutions of similar composition that had 
known densities as determined by pycnometry. 

Isolation of lipoproteins from the hepatic Golgi 
apparatus 

The hepatic Golgi apparatus from monkeys was 
isolated by a method described for isolation of rat liver 
Golgi apparatus (20). Livers were obtained from 
ketamine-anesthetized animals that had been exsan- 
guinated and flushed with saline. Livers were chilled on 
ice and promptly minced and homogenized in batches of 
approximately 10 g each. The Golgi apparatus-rich frac- 
tion was isolated from the homogenate by a combination 
of differential pelleting and discontinuous sucrose density 
gradient centrifugation at 4OC. The final Golgi 
apparatus-rich pellets were combined and washed by 
pelleting in 0.9% NaCl, 0.02% NaN3, pH 7.4. The pellet 
was resuspended in this solution and examined by 
negative stain electron microscopy as described for per- 
fusate lipoproteins. Liver homogenates and purified Golgi 
apparatus fractions were assayed for galactosyltransferase 
activity as described previously (21). 

Nascent lipoproteins were released from the isolated 
Golgi apparatus by passing the resuspended pellet twice 
through a French pressure cell (20). VLDL were then 
floated by ultracentrifugation in the SW 40 rotor for 18 hr 
at 40,000 rpm, 4OC, and were isolated in the top 1.5 ml 
after the tube was sliced. The density of the infranatant 
was raised to d 1.225 g/ml with solid KBr and lipoproteins 
of d 1.006-1.225 g/ml were isolated by ultracentrifugation 
for 40 hr under the same conditions. This fraction was 
further fractionated by density gradient ultracentrifuga- 
tion in an SW 60 rotor (Beckman Instruments, Inc.) con- 
taining 1.5 ml sample at d 1.225 g/ml; 2.0 ml of d 1.063 
g/ml solution; and 1.4 ml of d 1.006 g/ml solution. The 
gradient was spun for 20 hr at 50,000 rpm, 4OC, and frac- 
tionated as described for liver perfusate lipoproteins. 
Fractions within specific density regions were pooled and 
dialyzed along with the VLDL fraction against 0.01% 
EDTA, 0.02% NaN3, pH 7.4, for examination by negative 
stain electron microscopy. 

RESULTS 

[ '*C]Leucine incorporation into apoB 

To determine which of the perfusate apoproteins were 
newly synthesized, VLDL and the d 1.006-1.2 g/ml lipo- 
proteins were isolated from perfusates by ultracentrifuga- 
tion after 4 hr of recirculating perfusion with radioactive 
leucine. The d 1.006- 1.2 g/ml lipoproteins were separated 
by agarose column chromatography, as shown in Fig. 1, 
into size populations. The material in the column regions 
indicated by the Roman numerals was pooled and the 
apoprotein patterns were determined using SDS-PAGE. 
Fig. 2 shows the Coomassie blue-stained apoprotein pro- 
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Fig. 1. Four percent agarose column chromatography of d 1.006-1.2 
g/ml lipoproteins obtained from recirculating perfusate. Roman 
numerals indicate regions routinely pooled for analyses. The elution 
maxima of plasma VLDL, LDL, and HDL are indicated by V, L, and 
H, respectively. The material eluting at Vt included DTNB and 
potassium bromide. 

files for all of the lipoprotein fractions from one represen- 
tative perfusate and, in the lower half of the figure, the 
fluorogram of the same gel is shown. VLDL and column 
regions I, 11, and I11 all contained apoB-100 as the major 
radiolabeled apoprotein. A significant amount of what we 
assume to be apoB breakdown products were present in 
the d > 1.006 g/ml column-isolated material, with relative- 
ly more being found in the smaller particles of region 111. 
The immunologic relationship between the smaller mole- 
cular weight bands and apoB-100 was confirmed by im- 
munoblotting with goat anti-monkey apoB-100 (data not 
shown). This often, but not always, was observed even 
when protease inhibitors, aprotinin and phenylmethyl- 
sulfonyl fluoride, were added to the perfusate at the end 
of perfusion. ApoE was another major radiolabeled apo- 
protein in each of the apoB-containing fractions and in 
the larger HDL of column region IVA. ApoA-I was not 
found in the apoB-containing lipoproteins but was the 
major radiolabeled apoprotein of the region IV lipopro- 
teins. Detectable amounts of small apoproteins were seen 
near the bottom of this 4-30% gradient gel. These pro- 
teins were radiolabeled although the extent of labeling of 
these apoproteins was low. Some non-radiolabeled pro- 
teins, slightly larger than apoE, were seen in the 
Coomassie blue-stained gel. Region I contained most of 
these proteins that were presumed to have originated from 
the erythrocytes in the perfusate. 

In one experiment, the d > 1.006-1.2 g/ml lipoproteins 
were separated by density gradient ultracentrifugation in- 
stead of by column chromatography. The gradient profile 
is shown in Fig. 3A and the apoprotein staining and 
fluorograms for each of the gradient fractions, as deter- 
mined after SDS-PAGE, are shown in Figs. 3B and 3C. 
ApoB was the major radiolabeled protein in the material 
up to fraction 6 (d< 1.06 g/ml). Each of these fractions 
also had apoE. For apoE, progressively increasing 
amounts were seen in fractions 1 to 7, after which the 
relative amount decreased. The large amount of apoE in 
the most dense fraction may represent apoE that became 

dissociated during centrifugation. The ratio of apoB to 
apoE was highest in the least dense of the d >  1.006-1.06 
g/ml lipoproteins. ApoA-I staining and labeling was ap- 
parent in fractions 6 to 11, and was greatest in fractions 
8 and 9; the high amount of apoA-I in fraction 11 prob- 
ably included some that had been dissociated during cen- 
trifugation. The smaller apoproteins were present in sig- 
nificant amounts in many fractions and were radiolabeled, 
although the extent of labeling was less than for the larger 
apoproteins. 

Hepatic VLDL turnover during perfusion 

To determine the extent of conversion of hepatic VLDL 
into more dense perfusate lipoproteins, five experiments 
were performed in which [ 14C]leucine-labeled VLDL 

Fig. 2. SDS-polyacrylamide gradient gel electrophoretogram of recir- 
culating perfusate lipoproteins. A liver was perfused by recirculation for 
4 hr with medium containing ["C]leucine. Perfusate VLDL and d 
1.006-1.2 g/ml lipoproteins were isolated by differential ultracentrifugal 
flotation. The d 1.006-1.2 g/ml lipoproteins were fractionated by gel 
filtration chromatography as in Fig. 1. Panel A Coomassie blue-stained 
gel. Panel B fluorogram of gel in panel A. Roman numerals indicate 
lipoprotein fractions obtained by column chromatography. Apoproteins 
are identified on the left. Approximately 40 pg of protein was applied 
to each lane. 
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Fig. 3. Density gradient fractionation of recirculating perfusate lipoproteins. A liver was perfused with 
[“C]leucine as described for Fig, 2. VLDL and d 1.006-1.2 g/ml perfusate lipoproteins were obtained by differential 
ultracentrifugal flotation. The d 1.006-1.2 g/ml lipoproteins were separated by density gradient ultracentrifugation 
as described in Materials and Methods. Panel A: absorbance 280 nm profile of the perfusate lipoproteins (solid 
line). Panel B: Coomassie blue-stained SDS-PAGE of VLDL and of fractions 1-11 obtained from the density gra- 
dient. Forty-five to 60 pg of protein containing 140-220 x lo3 dpm were applied to each lane for VLDL and frac- 
tions 1-6. Twnty-two to 26 pg of protein containing 40-100 x 10’ dpm were applied in fractions 7-11. Each lane 
of the gel is positioned roughly under the corresponding fraction from the density gradient. Apoproteins are identi- 
fied on the right. Panel c :  fluorogram of the gel shown in Panel A. 
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from one liver were recirculated through a second liver. 
The data in Fig. 4 show the disappearance of the radiola- 
beled VLDL from the perfusate. About 20% of the in- 
jected dose disappeared from the perfusate within the first 
10 min and most of this occurred during the first pass 
through the liver (data not shown). Little or no disap- 
pearance occurred thereafter. A significant portion of the 
disappearance could be accounted for by binding to the 
perfusion apparatus, per se, as shown by the dashed line 
in Fig. 4. The data in Fig. 5 illustrate that the density dis- 
tribution of the VLDL added to the perfusate shifted 
somewhat toward IDL, but that only about 15% of the 
perfusate radioactivity was associated with d 1.015- 1.065 
g/ml material after 4 hr of perfusion (Table 1). About half 
of this redistribution occurred merely upon addition of 
the radiolabeled VLDL to the unperfused medium (zero 
time, Table 1).  

Nonrecirculating liver perfusion 

To minimize the potential of the liver to modify newly 
secreted lipoproteins, nonrecirculating liver perfusions of 
90- 120 min were also performed. Perfusate lipoproteins, 
containing an average of 3.71 1.47 mg of cholesterol, 
were isolated as before and the data in Table 2 show the 
cholesterol distribution among nonrecirculating perfusate 
lipoprotein fractions compared to that for a series of recir- 
culating perfusions. A similar percentage of cholesterol 
was found in the VLDL from both types of perfusion. A 

-With Liver 

*--a Without Liver 
a, 
0 
a, .- 
c 40 

0 , 
0 60 120 180 240 

Time ( Minutes ) 

Fig. 4. Removal of hepatic VLDL by the perfused liver. In five experi- 
ments endogenously labeled hepatic VLDL obtained from the 4-hr 
recirculating perfusate of a liver in which [“C]leucine was added to the 
medium was reinjected into the recirculating perfusate of another liver. 
Disappearance from the medium was followed by measuring perfusate 
radioactivity over the next 4 hr (solid line). A control experiment was 
performed (dashed line) in which the liver was removed from the system 
after 90 min of recirculating perfusion and radiolabeled hepatic VLDL 
was injected into the system. All time point values were corrected for 
samplings. 
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Fig. 5 .  Density distribution of radiolabeled protein from hepatic 
VLDL during recirculating perfusion. A liver was perfused for 4 hr by 
recirculation which endogenously radiolabeled hepatic VLDL as 
described for Fig. 4. Perfusate samples were obtained at timed intervals 
after injection of the labeled VLDL. Perfusate plasma and labeled 
VLDL were then fractionated by density gradient ultracentrifugation as 
described in Materials and Methods. The radioactivity distribution pro- 
files are shown for the uninjected, labeled VLDL (panel A) and for the 
4-hr perfusate sample (panel B). The lines without points show the den- 
sity gradient. 

relatively higher percentage of cholesterol was seen in col- 
umn region I of nonrecirculating liver perfusions, while a 
lower percentage was seen in column regions I11 and IV. 
The distribution of apoB among the lipoprotein fractions 
of three recirculating and three nonrecirculating liver per- 
fusates is shown in Table 3. In both types of perfusion, 
about half of the apoB was found in the VLDL and the 
remainder was distributed among region I-IV lipopro- 
teins. 

The percentage composition of the lipoproteins isolated 
from nonrecirculating perfusates was measured in four 
experiments. The data (Table 4) are compared to similar 
data derived in several recirculating perfusion experi- 
ments. The percentage composition of most of the nonre- 
circulating perfusion lipoprotein fractions was similar to 
that seen for the corresponding fraction from recir- 
culating perfusions. The one possible exception was for 
the region IVA material which had a lower percentage of 
protein and a higher percentage of neutral lipid in the 
nonrecirculating perfusion. However, this fraction con- 
tained significant amounts of apoB according to SDS- 
PAGE, indicating that the separation of HDL and 
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TABLE 1. Distribution of hepatic VLDL radiolabeled protein during recirculating perfusion 

Duration of Perfusion (min) 

Injected 
Density VLDL 0 60 120 180 240 

s/ml % % 
< 1.015 9 6 . 2 i 2 . 8  8 5 . 6 k 4 . 9  7 4 . 2 k 6 . 0  7 8 . 3 k 4 . 6  78.7 7 3 . 9 i 1 . 1  
1 .O 15- 1.065 2.1 f 2.8 7 . 1 k 2 . 4  1 2 . 1 f 2 . 2  1 1 . 2 k 0 . 7  13.5 1 5 . 9 i 1 . 2  
1.065- 1.21 1.5 f 1.3 4.1 k 2.0 8.4 i 1.1 6.3 i 2.0 4.4 6.8 i 0.8 
> 1.21 0.2 f 0.2 3.2 k 2.2 5.4 f 3.7 4.2 k 1.8 3.6 3.4 i 0.6 

In five experiments endogenously radiolabeled hepatic VLDL (containing 1-4 mg of protein) were obtained from 
the recirculating perfusate of one liver and were injected into the recirculating perfusate of another liver. Perfusate 
plasma was obtained at the times indicated and fractionated by density gradient ultracentrifugation. Radioactivity 
distribution was determined on the fractionated gradient as in Fig. 5 and radioactivity within the indicated density 
ranges was totalled for this table. The values for the zero time point were obtained by adding radiolabeled VLDL 
to unperfused medium before density gradient fractionation. The injected VLDL sample was loaded directly into 
the density gradient without mixing it with perfusion medium; n = 2 for the 180-min interval. 

LDL-like material may not have been complete in nonre- 
circulating perfusates and the composition may reflect 
this contamination. 

Fig. 6 illustrates the morphology of the lipoprotein 
fractions isolated from nonrecirculating liver perfusion. 
VLDL were seen as round, electron-lucent particles (in- 
dicating a spherical shape) of varying size within the 
range of 250 to 500 A in diameter. The presence of excess 
surface appeared (to varying degrees depending on the 
animal) as an attached tab on the particles. Region I 
material consisted mostly of large amorphous structures, 
reminiscent of cellular membrane isolates. The region I1 
material was heterogeneous in appearance. It consisted of 
round, electron-lucent (presumably spherical) particles, 
some with attached tabs, and darker particles (300-700 A 
in diameter) that appeared flat ( -  lOOA thick) when seen 
on edge. The particles of region I11 were of similar mor- 
phology to those of region I1 but were generally smaller 
(200-250 A in diameter) and many showed an elliptical 
or angular appearance. The region IV material was also 
heterogeneous, containing discoidal particles of 85- 185 A 
in diameter that tended to form rouleaux upon negative 
staining in addition to smaller round and irregularly 
shaped particles averaging about 75 A in diameter. 

The data in Table 5 show the specific activities for the 
apoB of the VLDL and lipoproteins of column regions 
1-111 from three nonrecirculating liver perfusions. The 

apoB mass was measured by ELISA and the radioactivity 
of apoB was determined after slicing and counting the gel. 
The values shown are normalized to the VLDL apoB 
specific activity, and they indicate that the degree of label- 
ing of the apoB from each lipoprotein subfraction is ap- 
proximately equivalent. 

In one experiment the effect of exogenous free fatty 
acids on lipoprotein secretion was examined. A liver was 
perfused for 2 hr with 300 ml of medium containing 3% 
fatty acid-free human serum albumin. The medium was 
then changed and the liver was perfused for an additional 
2 hr with 300 ml of fresh medium containing 3% human 
serum albumin with 5 moles of sodium oleate per mole of 
albumin and into which 912 pmoles of sodium oleate was 
infused over the 2-hr perfusion. The cholesterol secretion 
rates in the period without fatty acids versus the period 
with fatty acids were 3.72 and 3.06 mg/hr per 100 g liver, 
respectively, and the distributions of cholesterol in these 
two periods were 24% versus 31% in VLDL; 2 %  versus 
4% in column region I, 12% versus 10% in column region 
11, 48% versus 42% in column region 111, 4% versus 5% 
in column region I V , ,  and 9% versus 8% in column re- 
gion IVB. 

In one experiment, a 90-min nonrecirculating perfu- 
sion was performed after a 4-hr recirculating perfusion of 
the same liver. The data for the size distribution of the 
d 1.006-1.2 g/ml lipoproteins for both perfusions are 

TABLE 2 .  Cholesterol distribution among perfusate lipoproteins 

n VLDL I I1 111 IVA IVB 

% 
Recirculated 16 29.7 i 3.8 11.1 + 1.9 14.4 k 1.9 28.4 k 3.8 8.4 f 1.1 8 .0  f 1.2 
Nonrecirculated 5 37.2 f 7.5 26.9 f 5.1 11.5 c 2.5 14.9 i 1.6 4.8 k 0.3 4.7 f 0.6 

Cholesterol mass was measured in perfusate VLDL and d 1.006-1.2 g/ml lipoproteins fractionated by 4% agarose 
column chromatography. Four-hour recirculating perfusates contained an average of 11.4 i 0.34 mg of lipoprotein 
cholesterol. An average of 3.71 i 1.47 mg of lipoprotein cholesterol was isolated from the 90-120-min nonrecir- 
culating perfusates. Roman numerals indicate column fractions as shown in Fig. 1. 
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TABLE 3. ApoB distribution among perfusate lipoproteins 
~ ~~ 

Animal Perfusion VLDL d > 1006 I I1 I11 IV 

% 
T-241 Recirculated 54.0 46.0 1 . 2  5.9 35.8 3.1 
354 Recirculated 50.7 49.3 
365 Recirculated 25.9 74.1 

Mean * SEM 43.5 k 8.9 56.5 k 8.9 

20 1 Nonrecirculated 53.8 46.2 7 . 7  20.2 16.6 1.8 
306 Nonrecirculated 51.7 48.3 1.3 15.7 29.3 2.0 
233 Nonrecirculated 33.9 66.1 17.5 17.6 25.7 5.4 

Mean * SEM 46.5 + 6.3 53.5 f 6.3 8.8 f 4.7 17.8 + 1.3 23.9 + 3.8 3.1 f 1 . 2  

ApoB mass was measured by ELISA in perfusate VLDL, d > 1.006 g/ml perfusate, and d 1.006-1.2 g/ml perfu- 
sate lipoproteins separated by 4 '76 agarose column chromatography in recirculating and nonrecirculating perfusions. 
Total perfusate apoB mass was 3.87 0.81 mg for 4-hr recirculating perfusates and 1.08 k 0.50 mg for 90-120-min 
nonrecirculating perfusates. In two of the recirculating perfusions, apoB mass was measured in the d < 1.006 g/ml 
and d > 1,006 g/ml fractions only. Roman numerals indicate column fractions of the d > 1.006 material as shown 
in Fig. 1 and the percent distributions among these fractions are indicated. 

shown in Fig. 7. The distribution of material absorbing 
at 280 nm was similar for both periods, although more re- 
gion I absorbance was present in the nonrecirculating 
perfusate. The distribution of ['4C]leucine radioactivity, 
that had been added to the nonrecirculating perfusion 
medium, was also similar to the absorbance pattern ex- 
cept for the relatively reduced proportion of labeled 
material in regions I and 11. Fig. 8 shows the apoprotein 
patterns by SDS-PAGE for the lipoprotein fractions 
isolated from the nonrecirculating perfusate and the 
fluorogram for this same gel. It is clear that the major 
radiolabeled apoprotein of VLDL was apoB-100, and that 
the apoB-100 of region I1 and I11 was labeled as well. Lit- 
tle of the protein present in region I was labeled, suggest- 
ing that this material was not liver-derived. ApoE, when 
present, was also labeled as was apoA-I. The distribution 
of mass and label of these apoproteins among nonrecir- 
culating perfusate lipoprotein fractions appeared similar 
to that for recirculating perfusate lipoprotein fractions 
(Fig. 2). In the limited number of nonrecirculating perfu- 
sions performed, no diet-related effects were observed in 
either the relative apoB specific activities or distribution 
of label among the various perfusate particles. 

Hepatic Golgi apparatus lipoproteins 

To obtain hepatic lipoproteins in a nascent condition 
for comparison to perfusate lipoproteins, livers from some 
animals were homogenized and the Golgi apparatus- 
enriched fraction was isolated. Fig. 9 illustrates the mor- 
phology of the isolated Golgi apparatus secretory 
vescicles. Several vesicles were seen that contained 
numerous lipoproteins of various sizes, although some 
vesicles. Several vesicles were seen that contained 
numerous lipoproteins of various sizes, although some 
particles with redundant surface material that resembled 
a phospholipid bilayer on the edge of the particle, as 

shown in the insert in Fig. 9. In livers from six monkeys, 
galactosyl transferase activities were measured in homo- 
genates and in Golgi pellets, and the fold-enrichment in 
Golgi pellets was 35.2 + 11.3 (mean & SEM). A comparable 
value in hepatic Golgi pellets in rats using this same pro- 
cedure was a 60.8-fold enrichment. 

After disruption of the Golgi apparatus, VLDL were 
isolated. The VLDL particles appeared as round, 
electron-lucent particles with only an occasional tab being 
apparent (Fig. 10). The Golgi apparatus-derived lipopro- 
teins of d 1.006-1.2 g/ml were then isolated and sep- 
arated using density gradient centrifugation. Fig. 11 
shows the gradient elution profile for these lipoproteins 
with a peak of material at the top of the tube ( d <  1.02 
g/ml), a second peak centered on a density of 1.035 g/ml, 
and a third peak at a density of 1.07 g/ml. The morphol- 
ogy of these particles is shown in Fig. 12. Particles with 
the same characteristics as those seen in the lipoproteins 
of region I1 and I11 of Fig. 6 are present, in both the 
d <  1.02 g/ml and the d 1.035 g/ml material isolated from 
the Golgi apparatus. Numerous particles were observed to 
possess extra surface material as evidenced by their hav- 
ing I )  an attached tab, 2) an elliptical or angular shape, 
or 3) a flat or sheet-like shape. The material isolated from 
the d 1.07 g/ml peak contained large, amorphous sheets 
of material. In addition, smaller particles 75-150 A in di- 
ameter were seen, many of which appeared as single discs 
on edge. 

DISCUSSION 

Evidence presented in this study and in previous stu- 
dies (12, 13) demonstrates that the apoB-containing lipo- 
protein classes isolated from African green monkey liver 
perfusates contain numerous d > 1.006 g/ml surface-rich 

556 Journal of Lipid Research Volume 28, 1987 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


m m m 

+I 
e r. 
0 0 

e 00 0 N m 
N 

+I +I +I +I 

N 
00 

N 
" - 0 ro r. 

+I 

If! r. r. 
d. 

m 
N In % 

N 2 2  
w 
0 

1c9 2; 
r - &  2: N W  

0 -  
c9m 
N N  

' 4 Y  '49 9c9 
- m  - N  N m  

g +I +I +I +I +I +I +I +I +I +I +I +I 
- 0  - -  f? . .  r.0 

- 3  
- -  - - -  22 h 4  

m 0 0 co 0 m W N 2 2 r. d. 
d. 
-i 

+I 

d W 

2 +I +I +I +I +I 

E: 
m d m 

r. 
2 N m d 

0 W m m 

17 b 

NP- 

i o  
g +I +I +I +I +I +I +I +I +I +I U + I  

-r. "9 2: '45 2s 

?9 2 2  2: 2: 2: 
cj, Nr. - -  

q m  
m N  

e m -  N N  co- d . m  
W 
2 
e 

e, +I 2 + I  U U +I +I 

m 2 2 
2 
E L L  
i? 
i g +I +I +I +I +I +I +I +I +I +I +I +I 

.- 
* 

r. - 
.* EL N w 

m 10 d. m m 
m d. N 

r. 
m N 

a 

I 

c 

4 
co W 0 m r- m In 

d. r. r. W r. r. 

L 

-?? z; 2: 32 $ 2  2: 
G - - ?  -?'4 ?': 9 1  22 Y 1  

B 

0 -  .- 3 

or.  
* 2 2  2" 2 2  3 
.* wr. .- 

0 w 
E: 2 m 0 - 2 

d. 

m m m N 

r. 
m 

+I 
* 

E 
8 
E 
E 

- 2 +I +I +I +I +I .- - h m 
* m m m 2 m co 0 

r. m W m 2 N 2 3 

" d  

-?? -7 2: 
m g +I +I +I +I +I +I +I +I +I +I + I U  

a 

- m  - m  N-? 
N N  

m -  2: i 
w 
el 

4 
b 

o c j  

-?-? 1% 1 c 9  '4? c 9 c 9  
m m  m m  c o m  o m  m e  

9'4 
m r o  d.d. N N  dd. m m  m N  d . 0  

r. m m 
m N 2 %? 

2 +I +I +I +I +I +I 

3 m 0' d. 

N N r. - 0 co 
W In r. 

d. 
r. 

- 
N 0 W 

d. In m 
m m - - - 

E 
'4 -  - c o  q m  z z  -?-? m ' 4  

'4-? 9 1  ' ? o !  - N  - -  . .  22 

0 -  -4 od. - m  - N  

g +I +I +I +I +I +I +I +I +I +I +I +I 

o m  2 g  2 5  2 5  m~ m N  d . m  

E Nd. - - m  2* - 2 "  zd- = m  

. 
: .- 2 .- : 

2 :  i :  i g  i: :E Y E  
: 2 '8 E .z G .- u o  : E  J '8 5 'G e .- 

S & Z  Z;=" & Z  , & z  ; & z  a d z  
> H H 3 I 

. U  
.- : 

. u  .- : .- : .- 

H 3 I 

Z &  
- E  

nJ 

g j c i  

5 %  
4 b  

5 + 
$ 2  
E L ;  
M .: 
- cdg 
,g 2 

22 

Z E  
a E  am 

Y E  
2,s 

0 

2 .5 
.Q 
0 0  

.5 u 
Y 

1 0 '  

u .o 
E %  
f i >  

I+.- 
S M  

-'J 

a 2  
Id .9 
TI= 

5 2  
3 2  

2.L. 

.4 

2 2  
.- y1 

2; 

.- 2 z  > g  
k $  
E 5 
g $  
B E  
.: g 
E *  
E B 
F 'jj ,: 2 

,g; - 

y10 

O T I  

2TI 
P E  

2 9  
2 u  
2 %  
k 3  at 
? &  
;;j .E: 
? E  
,g  g 
E &  

$ m  
d.; 

O E  

. Z &  

P W  

.- 

u -  

i 

G O  

'B u 

$2 
g , g  
$2 
f j z  

4 5  

- e ,  

EL% 
2 s  
B o  

> 3  

i -  

* 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


I 
1 

i 

1 
B 

4 
ri 

e 

Fig. 6. Negative stain electron micrographs of nonrecirculating perfusate lipoproteins. A liver was perfused without recirculation for 90 min. Per- 
fusate VLDL and d 1.006-1.2 g/ml lipoproteins were isolated and fractionated as described in Fig. 7 except that column regions IV, and IV, were 
taken as a combined fraction. Negative stain electron microscopy was performed with 2% potassium phosphotungstate, pH 6.5. VLDL and column 
fractions of d 1.006-1.2 g/ml perfusate lipoproteins are labeled in each panel. VLDL generally consisted of round, electron-lucent (spherical) particles 
but frequently (in this example) demonstrated evidence of carrying excess surface material in the form of an attached, more electron-dense tab (ar- 
rows). Column region I consisted largely of very large, amorphous structures resembling membrane isolates of cells that probably represent perfusate 
erythrocyte fragments. Column regions I1 and I11 consisted of a large variety of particle structures including I) generally round, electron-lucent par- 
ticles that sometimes showed evidence of carrying excess surface material in the form of an attached tab (arrows) .?) round, more electron-dense par- 
ticles that could be seen to be flat sheets when viewed on edge (double arrows), and 3) elliptical or angular, electron-lucent particles. Column regon 
IV consisted of discoidal particles that tended to form rouleaux upon negative staining (arrows) and also contained very small particles which tend 
to aggregate upon negative st.aining. The actual structure of these was difficult to determine because of their small size. The bar marker in the lower 
right corner indicates 1000 A .  
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TABLE 5.  Specific acitivity of apoB in nonrecirculating 
perfusate lipoproteins 

Animal 

Lipoprotein 306 20 1 233 Mean 

dP&M 
VLDL 1133 (1.00) 806 (1.00) 361 (1.00) 767 (1.00) 

I 840 (0.74) 780 (0.97) 327 (0.91) 649 (0.87) 
I1 1190 (1.05) 423 (0.52) 484 (1.34) 699 (0.97) 
111 1869 (1.65) 782 (0.97) 600 (1.66) 1089 (1.42) 

ApoB mass measured by ELISA in nonrecirculating perfusate VLDL 
and d 1.006- 1.2 g/ml lipoproteins fractionated by 4 %  agarose column 
chromatography. Roman numerals indicate column fractions as shown 
in Fig. 1. Apoproteins were separated in each lipoprotein fraction by SDS- 
PAGE. ApoB radioactivity was measured by counting apoB in solubi- 
lized gel slices. Values in parentheses are normalized in each animal for 
VLDL-apoB specific activity. 

structures that do not resemble the spherical lipoproteins 
of plasma. The surface-rich characteristic may derive 
from the fact that these lipoproteins are relatively nascent 
particles that have not been significantly modified by 
LCAT during recirculation perfusion. Alternatively, the 
particles secreted from the liver may have been modified 
(by hepatic lipase for example) and may represent core 
lipid-poor, surface lipid-rich remnants created during 
perfusion. Since our studies with African green monkeys 
represent the only liver perfusion studies in which signifi- 
cant amounts of d > 1.006 g/ml surface-rich, apoB- 
containing lipoproteins have been reported (contrast 
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Fig. 7. Agarose column chromatography of d 1.006-1.2 g/ml perfusate 
lipoproteins. A single liver was perfused for 4 hr by recirculation and 
was then perfused for 90 min without recirculation with medium con- 
taining [ "C]leucine. Perfusate d 1.006-1.2 g/ml lipoproteins were 
isolated from both perfusates by differential ultracentrifugal flotation 
and were fractionated by 4% agarose column chromatography. The 
transmittance 280 nm column profiles are shown for the recirculating 
(dashed line) and nonrecirculating (solid line) perfusate lipoproteins. 
The radioactivity distribution of the nonrecirculating perfusate lipopro- 
teins is also shown (t..). The material eluting at Vo + Vi (75 ml) in- 
cludes KBr, DTNB, and [ "C]leucine. 

those of Marsh (22) and Hornick et al. (23), for example), 
the origin of these particles is of importance. The goal of 
this study was to determine which of the two possibilities 
for the origin of the surface-rich particle is more likely to 
be the case. 

The evidence generated by the experiments with 
radioactive leucine incorporation into the perfusate lipo- 
protein apoproteins showed that the apoB, apoE, and 
apoA-I of each of the perfusate lipoproteins was radiola- 
beled in both recirculating and nonrecirculating perfu- 
sions, indicating the potential for the liver to have synthe- 
sized each of these lipoprotein fractions. Since the 
specific activity of the apoB of VLDL and of each of the 
region 1-111 lipoproteins from nonrecirculating perfusion 
were similar (Table 5), it appears that little if any of the 
d > 1.006 g/ml lipoproteins was derived from resecretion 

A 

E 

E 
A- 

I I ) '  

Fig. 8. SDS-polyacrylamide gel electrophoretogram of nonrecir- 
culating perfusate lipoproteins. A liver was perfused with [ "Clleucine 
without recirculation of the medium. Perfusate VLDL and d 1.006-1.2 
g/ml lipoproteins were isolated by differential ultracentrifugal flotation 
and the d 1.006-1.2 g/ml lipoproteins were fractionated by gel filtration 
chromatography as in Fig. 6. VLDL and column fractions are indicated 
above each lane. Apoproteins are indicated on the left. Protein was ap- 
plied to an SDS-polyacrylamide gel as follows: VLDL, 28 pg, 2,014 cpm; 
I, 86 pg, 721 cpm; 11, 15 pg, 1,233 cpm; 111, 58 pg, 10,572 cpm; IVA, 
39 pg, 10,556 cpm; IV,, 20 pg. 8,526 cpm. Panel A: Coomassie blue- 
stained gel. Panel B: fluorogram of gel in panel A. 
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Fig. 9. Negative stain electron micrograph of vesicles of the isolated Golgi apparatus. In contrast to other vesicles which contained particles with 
a wide range of diameters, the vesicles in this example contained a relatively homogeneous population of VLDL-like particles. Occasionally 
nonspherical particles were found within the secretory vesicles. Insert (2 x magnification): some vesicles contained VLDL-like particles that appeared 
to carry excess surface material in the form of a lamellar or myelin structure a! the edge of the particle (arrows) that may represent an attached but 
folded phospholipid tab. The bar marker at the lower right represents 1000 A for the main micrograph. 

or washout of unlabeled lipoproteins as has been sug- 
gested by others (24). The possibility that newly secreted 
VLDL were rapidly converted (during a single pass 
through the liver) into particles of LDL density has not 
been eliminated. However, if such were the case, one 
would expect to find significant differences in the distribu- 
tion of apoB-100 among the perfusate lipoproteins for the 
two perfusion systems unless the conversion mechanism 
was extremely efficient, i.e., essentially complete conver- 
sion in one pass. 

To test the potential of the liver to modify newly 
secreted VLDL, endogenously labeled hepatic VLDL 
were recirculated through a second liver, and the relative 
amount and density distribution of the material remain- 
ing in the perfusate after 4 hr of perfusion were measured. 

Only about 20% of the labeled hepatic VLDL was re- 
moved and 75% of the radioactivity remaining in per- 
fusate was still in VLDL after 4 hr of perfusion although 
a slight shift in the density gradient was observed. Since 
the density distribution of radiolabeled VLDL apopro- 
teins after recirculation did not closely approximate that 
in the recirculating perfusions, these results suggest that 
many of the d >  1.006 g/ml lipoproteins were secreted 
rather than being derived from VLDL during perfusion. 

Further evidence that hepatic secretion products in- 
cluded d > 1.006 g/ml lipoproteins was obtained from the 
experiments in which the cholesterol and apoB distribu- 
tion among the perfusate lipoproteins was compared be- 
tween recirculating and nonrecirculating perfusions 
(Tables 2 and 3). The percentage of apoB and cholesterol 
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Fig. 10. Negative stain electron micrograph of VLDL obtained from 
the isolated Golgi. The isolated Golgi apparatus was disrupted with a 
French pressure cell and VLDL were isolated from the mixture by ultra- 
centrifugal flotation and examined by negative stain electron micros- 
copy. Particles were generally electron-lucent, round (spherical) in 
appearance, and had a wide range of diameters (250-800 A), but occa- 
sionally appeared to carry excess surface material as an attached tab (ar- 
rows). b1.2 5 

-1.20,  

-1.15E 

-1.10'5 
8 

I 
I 

m 

< - 

-1.05 

in VLDL was similar for both types of perfusions. This 
outcome would only be expected if the pattern of secretion 
is reflected in these distributions. If there was significant 
conversion of VLDL into more dense lipoproteins during 
recirculating perfusion, the percentage of cholesterol and 
apoB in VLDL would be expected to be higher in the 
nonrecirculating perfusions. Contaminating membrane 
fragments (presumably from broken erythrocytes) were 
seen in region I material and this occurred to a much 
greater extent in nonrecirculating than in recirculating 
perfusates, presumably because the Kupffer cells cleared 
them from the perfusate during recirculation perfusion. 
These membranes undoubtedly increase the percentage 
of region I cholesterol in Table 2, therefore the apoB dis- 
tribution of Table 3 may be the more appropriate com- 
parison of the distribution of newly secreted lipoproteins. 
In any case, the finding that the distribution, morphology, 
and chemical composition of each of the lipoprotein 
classes of nonrecirculating perfusions were similar to 

Johnron, Swyt, and Rude1 

those of recirculating perfusions supports the idea that the 
various phospholipid-rich, d > 1.006 g/ml lipoproteins 
were secreted instead of being derived from VLDL dur- 
ing recirculation perfusion. 

Given the outcome of the nonrecirculating liver perfu- 
sion experiments, only one case can be foreseen in which 
these results could be explained by conversion of lipopro- 
teins after secretion. This would be the situation in which, 
for example, hepatic lipase was able to bind to and modify 
newly secreted lipoproteins before their exit from the 
liver. To provide evidence for the likelihood of this possibil- 
ity, an antibody directed against the active site of hepatic 
lipase would be needed. Alternatively, the nature of the 
apoB-containing particles within the cells prior to secre- 
tion would have to be determined. In the absence of an 
antibody to the active site of hepatic lipase, we char- 
acterized the lipoproteins within the hepatic Golgi ap- 
paratus. In order to do this, it was necessary to isolate a 
Golgi apparatus-rich fraction that was as free as possible 
of multivesicular bodies described by Hornick et al. (25) 
in rat liver. Accordingly, we have used a Golgi apparatus 
isolation procedure patterned after the one described by 
these workers. Our results indicated that we obtained a 
fraction enriched in intact Golgi apparatus containing 
lipoprotein particles. The lipoproteins harvested from the 
Golgi apparatus consisted of particles morphologically 
similar to perfusate lipoproteins particles. Some surface- 
rich particles within the intact Golgi apparatus were also 
apparent, although the wide variety of particle types ob- 
tained from the disrupted Golgi apparatus was not iden- 
tified easily in the intact organelle. This may be due partly 

I L 1.00 

Fig. 11. Density gradient fractionation of lipoproteins obtained from 
the isolated Golgi apparatus. D 1.006-1.2 glml lipoproteins were ob- 
tained from the disrupted Golgi apparatus by ultracentrifugation and 
fractionated by density gradient ultracentrifugation as described in 
Materials and Methods. The absorbance 280 nm profile of the density 
gradient is shown by the solid line. The density gradient is shown by the 
dashed line. Material obtained at d <  1.02 glml, d 1.02-1.06 glml, and 
d 1.06-1.2 glml from the gradient was pooled separately for examination 
by electron microscopy. 
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Fig. 12. Negative stain electron micrographs of Golgi apparatus lipoproteins obtained by density gradient ultracentrifugation. The d 1.006- 1.2 g/ml 
lipoproteins obtained from the isolated Golgi apparatus were fractionated by density gradient ultracentrifugation as described for Fig. 11 and material 
obtained at d 1.006-1.02 g/ml (panel A), d 1.02-1.06 glml (panel B), and d 1.06-1.2 g/ml (panel C) were pooled separately and examined by negative 
stain electron microscopy. Both the 1.006-1.02 g/ml and the 1.02-1.06 glml fractions consisted of I) generally round, electron-lucent (spherical) par- 
ticles which occasionally exhibited evidence of carrying excess surface material in the form of an attached tab (arrows), 2)  round, electron-dense par- 
ticles (double arrows) which were obserwd as sheets when seen on edge, and 3) elliptical or angular, electron-lucent particles. The HDL fraction 
consisted of I) large, irregularly shaped sheet-like material that probably represents membranous fragments from the disrupted Golgi apparatus and 
2) small discoidal particles (arrows) 85-200 A in diameter. The bar marker at the lower right represents 1000 A.  

to the fact that the particles within the secretory vesicles 
were not separated from one another. Also, it may be that 
some surface-rich particles form spontaneously imme- 
diately upon release from the environment of the secre- 
tory vesicle both in vitro and in vivo. 

The bulk of our evidence SUPPORS the likelihood that 
many of the apoB-containing d > 1.006 g/ml lipoprotein 
particles of the African green monkey liver perfusates 
were secreted directly by the liver. Given our findings that 
hepatic VLDL shifted slightly in density during recir- 
culating perfusion, that apoB breakdown is more ap- 
parent in more dense subfractions, and that the 
d 1.006-1.06 g/ml perfusate particles are morphologically 
heterogeneous, it remains possible that some subpop- 
ulation(s) of the perfusate particles is derived from hepatic 
VLDL during recirculation perfusion. For example, the 
most surface-rich structures may be derived from hepatic 
VLDL and contain only a small proportion of apoB, 
whereas other subpopulations, less enriched in surface 

material and in apoB, may be secreted by the liver. More 
thorough fractionation and characterization of radiolabel- 
ed d > 1.006 g/ml perfusate particles would be required to 
resolve this issue. 

Why surface-rich lipoproteins accumulate in the per- 
fusate may be related to the relative level of LCAT accu- 
mulating in the perfusate. LCAT accumulates in the 
monkey liver perfusate to a level of less than 2% of that 
in plasma (17). This permits excess surface material to re- 
main on the perfusate particles. In vitro incubation of 
perfusate with exogenous purified LCAT causes the extra 
surface phospholipid and cholesterol to be removed and 
perfusate LDL and HDL become more spherical and en- 
riched in cholesteryl ester (26). The reason for secretion 
of more surface material than required for the available 
core lipid is also unknown, but may be related to the 
availability of core lipid. The livers are taken from the 
animals about 16 hr after their last meal and we have not 
added fatty acids to the perfusate in most experiments. It 
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is possible that the secretion of apoB with a complement 
of surface lipid occurs at a relatively constant rate even 
when triglyceride secretion is limited. Since addition of 
fatty acids to the perfusate did not appear to prevent the 
appearance of d 1.006- 1.06 g/ml perfusate lipoproteins, 
we assume that these particles may occur in vivo and are 
not just a result of our in vitro conditions. Many, if not 
all, of the unusual particles described in primate liver per- 
fusates would appear to have a compositional and mor- 
phological counterpart among the lipoprotein fractions 
from the plasma of patients with the familial deficiency of 
LCAT (16). Therefore, our operating hypothesis is that 
many of the plasma lipoproteins from these patients are 
particles of hepatic origin. Support for this hypothesis 
comes from our own results as well as from the work of 
Hamilton et al. (27) who demonstrated that significant 
amounts of discoidal HDL accumulated in rat liver per- 
fusates, but only when perfusate LCAT activity was 
chemically inhibited during the perfusion. 

That the primate liver produces such a heterogeneity of 
particles containing apoB-100 may be significant in that 
each of these particles may have the potential to be con- 
verted into cholesteryl ester-rich, plasma LDL after enter- 
ing the circulation in vivo. The heterogeneity of these 
hepatic particles may also relate to the unexplained 
heterogeneity of the plasma LDL in monkeys (28, 29) and 
in human beings (30). The hepatic secretion of LDL- 
density particles would also help to explain the observa- 
tions of others that the total production rate of plasma 
LDL-apoB in pigs (31), monkeys (32), and in human 
beings (33) cannot be completely accounted for by the 
conversion of VLDL-apoB to LDL-apoB. The potential 
of each of these hepatic lipoproteins to become plasma 
LDL has yet to be fully determined. However, pre- 
liminary studies have indicated that a substantial portion 
of radiolabeled apoB-100 on the hepatic surface-rich, 
LDL-density particles remains in the circulation after 
their reinjection in vivo and becomes indistinguishable 
from the animal's own plasma LDL (Marzetta, C. A,, E 
L. Johnson, and L. L. Rudel, unpublished observations). 
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