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Abstract The study was undertaken to investigate the met- 
abolic fate of post-lipolysis mesenteric lymph small chylomi- 
crons produced in vitro. Small chylomicrons doubly labeled 
with [gH]cholesterol (more than 70% in cholesteryl esters) and 
['4C]palmitate-labeled triglycerides were collected from rat 
mesenteric lymph during periods of fasting. Lipolysis was per- 
formed in vitro with lipoprotein lipase purified from bovine 
milk. More than 98% of the chylomicron-triglycerides could 
be hydrolyzed to fatty acids. Post-lipolysis chylomicrons were 
separated by zonal ultracentrifugation, characterized, and 
tested for biological behavior in intact rats. Following lipolysis 
the lipoproteins lost nearly all their triglycerides, apoA-I, and 
apoC, and were relatively enriched with cholesteryl esters, 
unesterified cholesterol, phospholipids, and apoB. Three prep- 
arations were tested for biological behavior: pooled (total) 
post-lipolysis chylomicrons (diameter -250 A); particles at the 
ascending part of the zonal effluent (diameter -300 A), and 
at the descending part (diameter -200 A). After intravenous 
injection to intact rats, ['H]cholesteryl ester decay was very 
rapid with pooled lipoproteins and the 300-A preparation 
(tlIP = 5-10 min). The 200-A preparation in contrast stayed 
in circulation much longer (t1/2 = 60-90 min).l  The study 
thus demonstrated metabolic heterogeneity of post-lipolysis 
small chylomicrons and indicated that some may form an LDL- 
like subpopulation with a plasma lifetime slower than "rem- 
nants" but faster than LDL.-Chajek-Shaul, T., S. Eiaenberg, 
Y. Oschry, and T. Olivecrona. Metabolic heterogeneity of 
post-lipolysis rat mesenteric lymph small chylomicrons pro- 
duced in vitro. J. Lipid Res. 1983. 24: 831-840. 
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VLDL and chylomicrons are the main triglyceride- 
carrying lipoproteins in mammalian plasma. VLDL is 
formed in the liver and carries triglycerides of endog- 
enous origin; chylomicrons (small and big) carry tri- 
glycerides absorbed from the intestine of either dietary 
or endogenous origin. Both lipoproteins transport 6%- 
glyceride fatty acids to  tissue cells after interactions with 
the lipoprotein lipase enzyme system. The  metabolic 
fate of nontriglyceride constituents of these two lipo- 

proteins has been the subject of extensive investigations 
during the last 10- 15 years. Hydrolysis of triglycerides 
leaves behind a triglyceride-depleted particle (core-par- 
ticle) that contains residual cholesteryl esters, all of the 
apoB of the parent lipoprotein, and proportionate 
amounts of the surface lipids, phospholipids, and unes- 
terified cholesterol (1 -7). Surplus surface constituents 
(lipids and soluble proteins) are transferred to the HDL 
density range (3, 8-13), and are possibly the major 
source of the HDL lipids and apoproteins (1 4, 15). 

In the rat, post-lipolysis core particles of either VLDL 
or chylomicron origin are rapidly removed from the 
circulation by the liver (16-19), via a high-affinity re- 
ceptor-mediated process (20-22). These particles have 
been designated remnants. A small fraction (5-15%) of 
the post-lipolysis VLDL, however, forms LDL (1 7, 19). 
In humans, in contrast, most or even all of the VLDL 
eventually is converted to  LDL (3, 23). The fate of post- 
lipolysis chylomicrons is not clear. 

The  present investigation was undertaken to  critically 
determine whether some chylomicrons may form LDL 
in the rat. Our premise was that, in analogy to VLDL 
(6), after complete or nearly complete hydrolysis of chy- 
lomicron-triglycerides, the resulting core particles may 
exhibit LDL-like properties. To this end, we have char- 
acterized post-lipolysis chylomicrons formed in the test 
tube, and have tested their biological behavior in the 
intact rat. The  study indeed demonstrated that a sub- 
population of post-lipolysis chylomicrons exhibits LDL- 
like properties. 

METHODS 

Preparation of lipoproteins 
Small chylomicrons were collected from male rats 

through a canula inserted into the mesenteric lymph 

Abbreviations: SDS-PAGE, SDS polyacrylamide gel electrophoresis. 
' T. Olivecrona. 
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duct (24). During the period of lymph collection, the 
rats were infused intraduodenally with 0.9% NaCl so- 
lution at a rate of 2-3 ml/hr. T o  obtain biosynthetically 
labeled chylomicrons, the intraduodenal infusion solu- 
tion contained 10-15 pCi (0.15-0.2 pmol) of 
['4C]palmitate ([ l-'4C]plamitic acid, sp act 59 mCi/ 
mmol, Radiochemical Centre, Amersham, England) 
complexed to serum bovine albumin and 50-200 pCi 
of [3H]cholesterol dissolved in 0.2 ml of ethanol ([1,2- 
3H(N)]cholesterol, 53 Ci/mmol, New England Nuclear, 
Boston, MA). With these radioactive precursors, doubly 
labeled ([ '4C]palmitate-triglycerides and [3H]cholesterol) 
small chylomicrons were obtained. The following pro- 
cedure was used. Fed rats were cannulated during 
morning hours, and lymph was allowed to flow for 4- 
6 hr while the rats were given 0.9% NaCl only. That 
lymph sample was discarded. Lymph collection for ex- 
perimental use was started after the 4-6 hr initial pe- 
riod, with intraduodenal infusion of radioactive pre- 
cursors. Lymph was collected over a period of 12-24 
hr into glass tubes immersed in ice-cold water; the tri- 
glyceride concentration was 20-30 mg/lO ml of lymph. 
Usually, 40-60 ml of lymph (containing 100-200 mg 
of triglycerides) was obtained for each preparation. A 
typical fatty acid composition of small chylomicron lipids 
(in mol %) was 30.1, 1.9, 9.5, 14.2, 31.9, and 11.9 for 
palmitic, palmitoleic, stearic, oleic, linolenic, and ara- 
chidonic acids, respectively; the percentages for triglyc- 
erides were 29.8, 4.1, 8.3, 16.3, 31.6, and 8.8 for the 
same fatty acids. Chylomicrons were isolated by pre- 
parative ultracentrifugation in an L5-50 Beckman ul- 
tracentrifuge using 40.3 rotors at 35,000 rpm for 16- 
18 hr. The d < 1.006 g/ml fraction containing the small 
chylomicrons was separated by the tube-slicing tech- 
nique (25). The chemical composition, electron mi- 
croscopy, and SDS-PAGE of apoproteins of small chy- 
lomicrons are shown in Table 1 and Figs. 5 and 6. The 
distribution of radioactive [ I4C]palmitic acid among chy- 
lomicron lipids was 3.0 f 1.0% in phospholipids, 81.0 
k 1.2% in triglycerides, 3.4 f 1.6% in fatty acids, and 
7.7 f 1.8% in cholesteryl esters; of the [3H]cholesterol, 
23.8 f 3.3% of the radioactivity was in unesterified cho- 
lesterol and 73.8% * 2.9% was in cholesteryl esters 
(mean f SD of four chylomicron preparations). 

Human plasma HDL3 (d 1.125- 1.2 1 g/ml) was pre- 
pared from fasting human plasma by preparative and 
zonal ultracentrifugation as described elsewhere (1 1). 

Analytical methods 
Lipoprotein-protein was determined by the method 

of Lowry et al. (26) using bovine serum albumin as a 
reference. Phospholipids were determined by the Bart- 
lett procedure (27) and triglycerides in the Auto- 
Analyzer I1 following the Lipid Research Clinics' pro- 
tocol. Unesterified cholesterol and total lipoprotein cho- 

lesterol were determined by the cholesterol oxidase- 
cholesterol esterase method, using a commercial kit 
(Boehringer-Mannheim, Germany). Cholesteryl ester 
was calculated by difference. SDS-polyacrylamide gel 
electrophoresis (SDS-PAGE) of lipoprotein apoproteins 
in 15% acrylamide was performed according to estab- 
lished procedures (28), after delipidation with ethanol- 
diethyl ether and diethyl ether extraction of lipids. SDS- 
PAGE in 4% gels was performed according to Kane, 
Hardman, and Paulus (29). Triglycerides, di- and mono- 
glycerides and fatty acids, and free and esterified cho- 
lesterol were separated by thin-layer chromatography 
of chloroform-extracted lipids using precoated silica gel 
cellulose nitrate plates (Schleicher and Schiill, Dassel, 
Germany) and a solvent system of petroleum ether-di- 
ethyl ether-acetic acid 80:20: 1 (v/v/v) (10). Lipids 
were identified with the aid of purified reference com- 
pounds, and the corresponding plate regions were sliced 
and assessed for radioactivity content using a Packard 
model 2660 liquid scintillation spectrometer. Nega- 
tively staining electron microscopy of lipoproteins was 
performed as previously described (30) in a Phillips 300 
electron microscope at an original instrument magni- 
fication of 90,000. For sizing of lipoprotein particles, 
the original negatives were enlarged by 2.5, and the size 
distribution of lipoproteins was measured with a final 
magnification of 225,000. 

Separation of lipoproteins by centrifugation 
in a zonal system 

Intact and post-lipolysis chylomicrons were separated 
by ultracentrifugation in a zonal system (31). The in- 
cubation mixture was applied in NaBr solution of d 1.30 
g/ml at the periphery of a Ti-14 zonal rotor containing 
a 665-ml NaBr gradient of density range 1.0-1.30 g/ 
ml with the rotor spinning at 3,000 rpm. This was fol- 
lowed by a 20-ml cushion of d 1.3 g/ml NaBr solution. 
The rotor was then accelerated to 42,000 rpm, lipo- 
proteins were separated after 140 min centrifugation 
and collected in 25-ml fractions. With these conditions, 
human and rat LDL eluted at effluent volumes of 200- 
250 ml, while chylomicrons and VLDL eluted at the 
initial 50-75 ml. Radioactivity content was determined 
along the rotor effluent volume, and defined fractions 
were then identified, collected, and used for metabolic 
experiments. 

Experimental conditions 
Post-lipolysis chylomicrons were prepared in vitro, 

after incubation of doubly labeled ([ ''C]palmitate-la- 
beled lipids and [SH]cholesterol) chylomicrons with li- 
poprotein lipase purified from bovine milk. The enzyme 
was prepared in Umea, Sweden (32) and was sent in dry 
ice to Jerusalem, Israel. A typical enzyme preparation 
contained 0.3 mg of enzyme protein/ml with activity 
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of 380 units/mg  protein. T h e  incubation  mixture in- 
cluded chylomicrons (20-40 mg  of triglycerides),  hu- 
man plasma HDLJ, bovine  serum  albumin (essentially 
fatty  acid-free  fraction  V  powder,  Sigma  Laboratories), 
and lipoprotein lipase. T h e  amounts  of  HDLJ  and  of 
albumin  added  were  adjusted to that  of  chylomicron 
triglycerides, 1 mg  HDLs  protein/lO  mg  triglyceride, 
and 10 pmol albumin/ 10 mg triglyceride,  respectively. 
Triglyceride hydrolysis was initiated with 25 pl of li- 
poprotein lipase and incubation at  37°C in a thermo- 
stated  water  bath was continued  for 1-2 hr.  when a 
complete  clearing  of  the  incubation system occurred. 
An  aliquot  of the incubation  mixture was taken  before 
the  addition  of  lipoprotein lipase and  at  the  end  of  the 
incubation to determine  the distributions of labeled lip 
ids and  degrees  of  triglyceride hydrolysis. Post-lipolysis 
chylomicrons were  separated by either  preparative ul- 
tracentrifugation at  density less than 1.04 g/ml. or by 
zonal ultracentrifugation.  With  this last method,  the 
whole  incubation system was applied to the zonal rotor 
immediately at  the  end  of  the incubation.  After zonal 
centrifugation, the [JH]cholesterol  peak was collected, 
pooled,  dialyzed  against 0.9% NaCl, 0.01% EDTA so- 
lution, and  concentrated by vacuum  ultrafiltration. 
(Concentration by an ultrafiltration  technique using 
Amicon Diaflo membranes yielded preparations  that 
were  not  stable metabolically). In  some  experiments, 
post-lipolysis lipoproteins in individual zonal fractions 
were  investigated.  In these  experiments, dialyzed  un- 
concentrated  preparations  were  used,  and  the  experi- 
ments  were  carried  out within 24 hr  of  the initiation  of 
the incubation. 

T h e  biological life times of  intact  and post-lipolysis 
chylomicrons were  determined  after  intravenous injec- 
tion of  the respective  lipoproteins to male  rats  (about 
250 g body weight). T h e  following post-lipolysis chy- 
lomicron preparations  were used: d -c 1.04 g/ml iso- 
lated by preparative  ultracentrifugation; pooled (frac- 
tions 3-9) zonal ultracentrifugation post-lipolysis lipo- 
proteins; and lipoproteins a t  peak  tubes  of  the zonal 
[sH]cholesterol  elution profile (tubes 4 or 5) and  at  the 
far t a i l  of  the  [3H]cholesterol  (tubes 8 or 9). Rats  were 
exsanguinated at  time intervals after  the injection, and 
plasma and ultracentrifugally  separated  lipoprotein ra- 
dioactivity was determined. Radioactivity in liver was 
determined  after  perfusion  of  the liver through  the por- 
t a l  vein with 30-50 ml of 0.9% NaCl solution  when the 
liver appeared  free  of visible blood. 

small chylomicron  apoproteins in 4% gels  revealed the 
presence  of B-48 only (Fig. 1). Hydrolysis  of 
[I4C]triglycerides in native  chylomicrons and in chylo- 
microns  activated by incubation with rat plasma after 
removal of  VLDL (d > 1.006 g/ml plasma fraction) was 
followed in vitro. Incubation of  the chylomicrons with 
a d > 1.006 g/ml  fraction is known to increase  the 
apoC-I1 content  of chylomicrons (33). Preincubation  of 
the chylomicrons with a d > 1.006 g/ml plasma fraction 
increased the  rate  of triglyceride hydrolysis (Fig. 2). 
Similar  results were  obtained when  native  chylomicrons 
were incubated with lipoprotein lipase in the presence 
of  either  human plasma HDL or soluble apoprotein 
fractions of  VLDL  origin  (data  not shown). In subse- 
quent  experiments,  native chylomicrons  (without prior 
incubation in plasma) were used and  the lipolysis system 
was supplemented with human  HDLJ. 

Post-lipolysis small chylomicrons were isolated either 
by ultracentrifugation at  density < 1.04 g/ml, or were 
separated on a rate zonal ultracentrifugation system. 
T h e  elution  profile in the zonal rotor of intact chylo- 
microns  (incubated  without  LPL) and  of chylomicrons 
with three  different  degrees  of  triglyceride hydrolysis 
(7496,  94%. and 99%) is shown in Fig. 3. In  intact  chy- 
lomicrons,  more  than 90% of  the  [SH]cholesterol  eluted 
with the first 50-75 ml. With 74% and 94% triglyceride 
hydrolysis, increasing  amounts  of [3H]cholesterol eluted 
later in the rotor (100-150 ml), but a  distinct  peak of 
post-lipolysis particles was not  observed.  Only with 
nearly  complete hydrolysis of triglycerides (>98%) did 
a  distinct  peak of radioactive  ([3H]cholesterol) post-li- - - 

8-100 yoil 
yI/ B -  48 oll~l 

1 

I 

RESULTS Chylomicron V L D L  
Small chylomicrons  isolated  from rat mesenteric 

lymph* were labeled biosptheticalb with [SH1cholesterol small chylomicrons in 4% acrylamide. Gcls were loaded  with 100 pg 
Fig. 1. SDSPAGE of rat plasma VLDL and rat mesenteric lymph 

and [ 14C]palmitate-labeled  triglycerides.  SDS-PAGE of of protein. 
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Fig. 2. In vitro hydrolysis of mesenteric lymph small chylomicrons 
(SC) by lipoprotein lipase purified from bovine milk. Incubation mix- 
tures contained 1 mg of chylomicron triglycerides, 0.5 rl of lipoprotein 
lipase, 40 mg/ml of bovine serum albumin, and 0.1 M Tris buffer, pH 
8.2. Percent hydrolysis of triglycerides was determined after lipid ex- 
traction and thin-layer chromatography of the extracted lipids. Two 
small chylomicron preparations were used: intact chylomicrons 
(0 - - - 0)  and chylomicrons preincubated for 60 min at room tem- 
perature with rat plasma of d > 1.006 g/ml (0 - 0). Data are 
mean of two experiments. 

polysis lipoprotein subpopulation became apparent (ro- 
tor effluent volume, 50-300 ml). A detailed analysis of 
radioactive lipids along the zonal rotor effluent, in a 
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Fig. 3. Separation in a zonal ultracentrifugation system of intact and 
post-lipolysis mesenteric lymph chylomicrons. Conditions of lipolysis 
and zonal ultracentrifugation techniques are described in Methods. 
The figure contained preparations with zero (intact), 74%, 94%, and 
99% triglyceride hydrolysis. 

sample with 99% triglyceride hydrolysis (incubation car- 
ried out in the presence of human HDL'), is presented 
inb Fig. 4. The first lipoprotein fraction (50-300 ml),? 
contained most of the [3H]cholesteryl ester, about half 
of the 'H-labeled unesterified cholesterol, and only 
trace amounts of [ ''C]palmitate-labeled lipids. 'H-La- 
beled unesterified cholesterol separated with the second 
lipoprotein fraction (450-600 ml), which corresponds 
to the elution profile of HDL. This fraction did not 
contain ['H]cholesteryl esters. ["C]Palmitic acid eluted 
with the albumin peak (550-650 ml). For further ex- 
periments, three different preparations were used: 
pooled post-lipolysis small chylomicrons (elution volume 
75-250 ml, tubes 3-10); lipoproteins in tube four (75- 
100 ml) or tube five (100-125 ml) (peak ['H]cholesteryl 
ester content); and lipoproteins in tube 8 (1 75-200 ml) 
or tube 9 (200-225 ml). Chemical composition, SDS- 
PAGE of apoproteins, negatively stained electron mi- 
crographs, and size distribution of intact chylomicrons 
and pooled post-lipolysis products are shown in Table 
1 and Figs. 5-7. The composition of post-lipolysis chy- 
lomicrons was compatible with nearly complete loss of 
triglycerides and relative enrichment of the lipoproteins 
with all other constituents (Table 1). SDS-PAGE of in- 
tact chylomicrons revealed the presence of apoB, apoA- 
I, and apoC. ApoB remained conspicuous in post-lipol- 

ZONAL EFFLUENT VOLUME (ml) 
Fig. 4. Distribution along the zonal rotor effluent of post-lipolysis 
small chylomicron 'H-labeled cholesteryl esters (CE), 'H-labeled unes- 
terified cholesterol (UC), and ['4C]palmitate-labeled lipids (PA). Tri- 
glyceride hydrolysis in this experiment was 99%. 
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TABLE 1. Chemical  composition  of  intact  and post-lipolysis small  chvlomicrons 

Lipoprotein 

~~ 

Protein TG PI. CE U <: 

mgl100 mg lipoprotrin 

Chylomicrons" 3.9 f 0.7  80.8 f 3.9 12.1 f 2.6 2.4 f 0.4 0.8 f 0.3 
Post-lipolysis chylomicrons" 25.3 f 1.9 b 39.5 2 4.7 27.5 f 3.1 7.8 2 0.5 
Post-lipolysis chylomicrons. 

tubes 4 and 5' 22.0 33.7 33.1 11.2 
Post-lipolysis chylomicrons, 

tuhes 8 and 9'  29.7 

b 

b 41.9 19.3 9. I 

" Data are  mean f SE of  four  preparations.  Chylomicrons  and post-lipolysis chylomicrons  were  double-washed 
in a fixed-angle  rotor  prior to analysis. After two washes,  trace  amounts of albumin  were  frequently  found  in  intact 
chylomicrons.  Albumin  contaminated all post-lipolysis chylomicron  preparations. By SDS-PACE it is estimated  that 
albumin  contributed 30-50% of  total post-lipolysis chylomicron  protein. 

Too low to be determined  accurately (less than 5% of mass). 
' Post-lipolysis chylomicrons  isolated by zonal  ultracentrifugation  in  tubes 4 and 5 and  tubes 8 and 9 of  the  rotor 

effluent. Data are  means  of  two  determinations. 

ysis chylomicrons,  whereas  most of  the  apoA-I  and  the  but with very different  diameters:  mean  diameter  of 
apoC  disappeared (Fig. 5). Albumin  frequently was de- post-lipolysis lipoproteins in tube 5 was 302 A (range 
tected in intact and post-lipolysis chylomicrons  even af- 222-400 A) and in tube 9, 195 A (range 133-267 A) 
ter two washes. Both intact and post-lipolysis chylomi- (Figs. 6 and 7). T h e  smaller  particles  contained  consid- 
crons  exhibited a marked  heterogeneous size distribu-  erably less cholesteryl ester (19.3% of total mass) and 
tion (Fig. 6 and Fig. 7). Mean diameter  of  intact 
chylomicrons was 477 A (range 3 1 1-7 1 1 A) and  of post- -Chylomicrons 
lipolysis chylomicrons, 253 A (range 133-356 A). t.6: 

Characterization of post-lipolysis small chylomicrons 
present in tubes 4 and 5 (peak  [JH]cholesterol  radio- rl 
activity) and  tubes 8 and 9 (tail of radioactivity) is also :$ 
presented in Table 1 and Figs. 5-7. Both  populations 
appeared  quite  homogeneous by electron microscopy, ";&VI-. , !: 

~ 

"6 

A-I  

C'S 

A B C  

B-10 

B- 41 

E 

"U 

C'S 

" 

D E F  
Fig. 5. SDSPAGE of  intact  and post-lipolysis mesenteric  lymph  small 
chvlomicrons.  Gels A-C were run with 1590 acrvlamide. and eels D- 

-Tube . . .  . . " 9, 

, .  

- 
1 oooA 

E. with 4 4 .  A,  purified  rat  plasma  apoA-I; B. inta;t small  chylomicrons Fig. 6. Negatively  stained  electron  micrograph  of  intact  small  chy- 
(triple  washed);  C, post-lipolysis small  chylomicrons  isolated  at  density lomicrons, post-lipolysis (remnants)  chylomicrons  of p o o l  zonal  ef- 
of less than 1.04 g/ml: D. rat  VLDL; E, post-lipolysis chylomicrons fluent (50-250 ml), post-lipolysis chylomicrons prexnt  in tube 4  of 
in  zonal tubes4  and  5;and F. post-lipolysischylonlicronsin zonal  tubes the zonal  effluent  profile (75-100 ml). and in tube 9 (200-225 ml). 
8 and 9. For  each gel. 50 pg lipoprotein-protein was applied. Instrument  magnification X90.000. 
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Fig. 7. Size distribution of intact mesenteric lymph small chylomi- 
crons and post-lipolysis chylomicrons present in tubes 4 and 9 of the 
zonal effluent profile (volumes of 75-100 ml and 200-225 mi, re- 
spectively). The size distribution pattern is based on diameter mea- 
surements of at least 200 particles. 

Fig. 8. Decay of [SH]cholesterol from plasma of rats injected with 
[SH]cholesterol-labeled intact mesenteric lymph small chylomicrons 
and post-hydrolysis (remnants) chylomicrons of pooled zonal effluent 
(50-250 mi), post-lipolysis chylomicrons present in tube 4 of the zonal 
effluent profile (75-100 mi), and in tube 9 (200-225 ml). Data are 
mean of four to seven experiments. 

more surface constituents, particularly protein and 
phospholipids (Table 1). Apoprotein profiles on 10% 
SDS (not shown) or 4% SDS (Fig. 5 )  however, were 
almost identical with apoB-48 as the predominant apo- 
protein species. ApoE was not detected in either pop- 
ulation. 

Biological behavior of intact chylomicrons, of post- 
lipolysis chylomicrons, and of post-lipolysis lipoproteins 
in tubes 4 and 5 and 8 and 9 (five and four preparations, 
respectively) was investigated after intravenous injec- 
tion to male rats. [3H]Cholesterol decay from whole 
plasma and from plasma lipoproteins of d < 1.04 g/ml 
is shown in Fig. 8 and Fig. 9. Thirty min after the 
injection of either intact or post-lipolysis chylomicrons 
as well as lipoproteins in tubes 4 and 5 ,  less than 10% 
of the injected radioactivity remained. The mean plasma 
half-life time of the [3H]cholesterol in these prepara- 
tions was less than 10 min. Throughout the first 60 min 
of the study, ['H]cholesteryl ester constituted 78.3-91 % 
of total [3H]cholesterol either in plasma or the plasma 
fraction of d < 1.04 g/ml (Table 2). Thus, the disap- 
pearance of total [3H]cholesterol during that period was 
also representative of the disappearance of 'H-labeled 
cholesteryl ester. Disappearance of [3H]cholesterol (and 
therefore 'H-labeled cholesteryl ester) from the plasma 
lipoprotein fraction of d < 1.04 g/ml was more rapid 

[ 3 H  1 -CHOLESTEROL DECAY, 
LIPOPROTEINS OF d<1.01 ylml 

I uu 
Chylomicrons 0- --0 

A-. - . -A Remnants 
*-..-,-.* Fraction I A 0-0 f ract ion 8 

50 
i u 

U- 
0 
0 

a 
W 
c 
i, 
W 
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L 
LL 
0 

I I I I 
0 30 60 90 120 

T I M E  AFTER lWJECTlON b i n )  
Fig. 9. Decay of ['H]cholesterol from plasma lipoproteins of density 
< 1.04 g/ml of rats injected with [SH]cholesterol-labeled intact mes- 
enteric lymph small chylomicrons and post-hydrolysis (remnants) chy- 
lomicrons of pooled zonal effluent (50-250 mi), post-lipolysis chylo- 
microns present in tube 4 of the zonal effluent profile (75-100 ml), 
and in tube 9 (200-225 ml). Data are mean of four to seven experi- 
ments. 
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TABLE 2. Distribution of ['H]cholesterol in density fractions after injection of intact and post-lipolysis chylomicrons to rats 

['HI in UC and CE. R of Total ['HI 
['H]Cholesterol, 5% of Total 

Plasma ['HI Plasma d < 1.04 g/ml 
Time after 

Lipoprotein lnjection d < 1.04 g/ml d > 1.04 g/ml ['HIUC [SH]CE ['HIUC ['HICE 

Chylomicrons 
min o/c I 
2 86.5 f 3.0a 13.5 rf: 2.8 21.7b 78.3 15.0 85.0 
60 46.2 f 12.6 53.8 f 12.6 21.0 79.0 14.3 85.7 

Post-lipolysis chylomicrons 2 82.5 f 10.5 17.5 rf: 10.6 9.0 91.0 11.3 88.7 
60 53.0 f 13.5 47.0 f 13.6 14.1 85.9 13.3 86.7 

Mean f SD of five experiments. 
Mean of two experiments. 

than from total plasma or the lipoproteins of d > 1.04 
g/ml. This is evident from data shown in Table 2 where 
the contribution of radioactivity in the d < 1.04 g/ml 
fraction to total plasma decreased from 86.5% to 46.2% 
for intact chylomicrons and from 82.5% to 53.0% for 
post-lipolysis chylomicrons. A markedly different bio- 
logical behavior was found with lipoproteins in tubes 8 
and 9 (Figs. 8 and 9). The tl,2 of ['H]cholesterol either 
in plasma or in lipoproteins of d < 1.04 g/ml was about 
60 min. 

Radioactive cholesterol content in liver was deter- 
mined at the 2-min and 60-min intervals. In both in- 
stances, and for all four preparations, over 90% of the 
radioactivity that disappeared from the plasma was 
found in the rat liver. 

DISCUSSION 

Numerous studies have been published during the 
past 10 years on the intraplasma metabolism of VLDL 
and the metabolic fate of core and surface degradation 
products (34). Less is known about chylomicrons. The 
present investigation was initiated to study systemati- 
cally the nature of products of interaction of chylomi- 
crons with lipoprotein lipase and their metabolic fate 
in the rat. For that purpose, we have begun with rat 
mesenteric lymph chylomicrons collected during post- 
absorptive periods (small chylomicrons). These small 
chylomicrons are triglyceride- and phospholipid-rich li- 
poproteins that contain apoB-48 and relatively large 
amounts of apoA-I, similar to analogous preparations 
as reported by other investigators (33, 35, 36). To pre- 
pare post-lipolysis lipoproteins, small chylomicrons were 
incubated in vitro with lipoprotein lipase purified from 
bovine milk. More than 99% of the chylomicron's tri- 
glycerides could be hydrolyzed either in the presence 
or absence of plasma activators. Rate zonal ultracentri- 
fugation was used to separate post-lipolysis small chy- 
lomicrons. It is only with this method that we were able 
to conclude that hydrolysis of at least 95% of triglyc- 

erides is necessary before a distinct density profile of 
post-lipolysis particles is obtained. Our observations 
(Fig. 3) demonstrate marked differences of the elution 
profile of post-lipolysis chylomicrons with hydrolysis of 
triglycerides of 94% as compared to 98% or more. 
Hence, only preparations with degrees of triglyceride 
hydrolysis higher than 98% were used. Rate zonal ul- 
tracentrifugation also enabled us to sample individual 
fractions of the total post-lipolysis chylomicrons with 
distinct metabolic behavior (see below). This method 
therefore seems to be especially suitable for the study 
of post-lipolysis lipoproteins. 

Post-lipolysis chylomicrons, isolated either by rate 
zonal ultracentrifugation or at density less than 1.04 g/ 
ml, contain only trace amounts of triglycerides and are 
relatively enriched with cholesteryl esters, unesterified 
cholesterol, phospholipids, and apoproteins. The rela- 
tive enrichment of different constituents in post-lipolysis 
chylomicrons was, however, different. The highest rel- 
ative enrichment in post-lipolysis lipoproteins was ob- 
served for cholesteryl ester, 11-12-fold (from 2.4% to 
27.5% of total lipoprotein mass). The relative enrich- 
ment of protein was at most &fold, and the apoprotein 
profile of the post-lipolysis particles was different from 
the intact lipoprotein: there was an almost complete 
disappearance of apoA-I and apoC, and in most prep- 
arations, post-lipolysis chylomicrons contained appre- 
ciable amounts of albumin. The relative enrichment of 
unesterified cholesterol was about 9-fold and of phos- 
pholipids only 3.5-fold. The different degrees of reten- 
tion of constituents in the post-lipolysis particles is most 
probably due to removal of surface constituents from 
the lipolyzed chylomicrons, as demonstrated for VLDL 
(3, 8-1 1). Indeed, during lipolysis we observed transfer 
of 'H-labeled unesterified cholesterol (but not ['H-la- 
beled cholesteryl ester, see Fig. 4) to HDL. As for phos- 
pholipids, substantial amounts of phosphoglycerides are 
hydrolyzed to lyso-compounds during incubation of ei- 
ther VLDL (10, 37) or chylomicrons (38) with bovine 
milk lipoprotein lipase and these lyso-compounds be- 
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come associated with the albumin. Following all these 
lipolysis-induced alterations of the small chylomicrons, 
the final post-lipolysis particles were apoB-rich and cho- 
lesteryl ester-rich lipoproteins with no (or only trace 
amounts) other proteins and a proportionate amount 
of surface lipids, mainly cholesterol and phospholipids. 

The aim of the present investigation was to determine 
whether all post-lipolysis small chylomicron particles are 
remnants or some form of LDL-like lipoproteins. The 
distinction between the two is based on their biological 
behavior, even when other properties (composition, 
apoprotein profile, size, etc.) are similar. A remnant is 
a post-lipolysis particle that is rapidly removed (within 
minutes) from the circulation by the liver (1, 2, 20-22). 
LDL, in contrast, circulates for much longer periods of 
time (hours or days as compared to minutes for rem- 
nants). The behavior of intact chylomicrons was typical 
for a lipoprotein that forms predominantly remnants. 
After the injection, 'H-labeled cholesteryl esters dis- 
appeared from the plasma with a very short half-life 
time, and the radioactivity was found in the liver. Very 
similar results were recently reported by Van't Hooft 
et al. (39) while following the fate of biosynthetically 
labeled small chylomicrons almost identical to those 
used here. Thirty min after the injection, Van't Hooft 
et al. (39) found about 10% of the injected radioactivity 
in plasma; we find 15%. Pooled post-lipolysis chylomi- 
crons (cholesteryl ester- and apoB-rich) disappeared 
even faster, although their composition was similar to 
LDL. Next, we have explored the possibility that only 
a subpopulation of the post-lipolysis chylomicrons might 
exhibit LDL-like behavior. To this end, two zonal frac- 
tions were used, one at the peak (fraction 4 or 5) and 
the other at the far tail (fraction 8 or 9) of the zonal 
profile. Both must have contained predominantly cho- 
lesteryl ester-rich lipoproteins, as less than 1% of the 
original chylomicron triglycerides remained in the total 
lipolysis system. After injection into rats, lipoproteins 
at peak tubes exhibited typical remnant behavior; the 
biological behavior of lipoproteins at tubes 8 and 9 was 
distinctly different, as they were removed from the cir- 
culation with a rate one-tenth that of remnants. Yet, the 
half-life time of rat LDL labeled biosynthetically with 
[SH]cholesterol and prepared similarly is considerably 
longer, 6-9 hra2 

Post-lipolysis chylomicrons separated at tubes 8 and 
9 of the zonal gradient are obviously different from the 
bulk of the preparation and cannot be defined as rem- 
nants. Although only 5-10% of the 'H-labeled choles- 
teryl ester was present in this fraction, it constituted as 
much as 30-5096 of the number of post-lipolysis par- 
ticles. This is inferred from the size differences of li- 
poproteins at peak tubes (300 A) and in tubes 8 and 9 

* Eisenberg, S. Unpublished observations. 
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(1 95 A); 300-A particles contain 4-6-fold more choles- 
teryl ester molecules than 195-A particles. Also, the 
mean diameter of pooled post-lipolysis chylomicrons 
(253 A) is only slightly more than the average diameter 
of lipoproteins in fractions 4 and 5 and fractions 8 and 
9. Characterization of post-lipolysis chylomicrons in 
these fractions revealed only differences due to size: 
lipoproteins in tubes 8 and 9 contained less core cho- 
lesteryl ester and more surface lipids and proteins than 
those in tubes 4 and 5. We were not able to detect 
apoproteins other than B-48 and C in either population. 
However, we cannot rule out the possibility that larger 
post-lipolysis particles may acquire apoprotein E when 
injected into plasma whereas smaller particles do not. 
ApoE was shown recently to be responsible for rapid 
uptake of remnants (and other lipoproteins) by the rat 
liver (40-44). 

Regardless of mechanism, we demonstrate in the 
present investigation marked biological variation within 
the spectrum of an otherwise seemingly homogeneous 
lipoprotein species, i.e., small chylomicrons. Structural 
and/or metabolic heterogeneity within rat lipoprotein 
families have been described in several studies. Fidge 
and Poulis (45) described in 1978 two subpopulations 
of apoB-rich LDL in rats, possibly of different origin. 
More recently, Elovson et al. (46) and Sparks and Marsh 
(47, 48) have shown metabolic heterogeneity of apoli- 
poprotein B in total triglyceride-rich rat plasma lipo- 
protein fractions (VLDL, d < 1.006 g/ml). In those 
studies, the metabolic heterogeneity of the apoB moiety 
of the triglyceride-rich lipoproteins was ascribed to 
structural heterogeneity of the apoprotein, although 
Sparks and Marsh (47) conclude that other possible dif- 
ferences between the lipoproteins cannot be ruled out. 
Our studies extend the observations on the metabolic 
heterogeneity of rat plasma triglyceride-rich lipopro- 
teins to a more discrete preparation, intestinal lymph 
small chylomicrons. The uniqueness of our observation 
is the ability to clearly demonstrate such heterogeneity 
while carrying out in vitro lipolysis of small chylomi- 
crons (using purified lipoprotein lipase) followed by bio- 
logical testing of the post-lipolysis particles. With this 
system, heterogeneity of the apoB moiety of the chy- 
lomicron is unlikely. Apparently, other chemical and/ 
or physical properties of the chylomicrons seem to play 
major roles in determining their biological fate. More 
studies are obviously needed to elucidate the factors 
responsible for the heterogeneity of core constituents 
of the apoB-containing rat plasma lipoproteins, chylo- 
microns, VLDL, IDL, and LDL. 

Several investigations have indicated that chylomi- 
crons may contribute to LDL. Schaefer (49) have dem- 
onstrated that after the injection of radioiodinated chy- 
lomicrons to a human subject, as much as 27% of the 
apoB is found in LDL. Krishnaiah et al. (50) have more 
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recently demonstrated the presence of small molecular 
weight apoB in rat LDL. This “small B” is the only 
apoB species present in chylomicrons (29, 50) but may 
also be derived from the liver (51). Kane et al. (29), in 
contrast, reported complete absence of LDL in a human 
patient with normal capacity to  form chylomicrons, and 
speculated that in this patient hepatic VLDL is not 
formed and that chylomicrons are not precursors of 
LDL. Our study clearly demonstrates that LDL-like 
particles can be formed by the action of lipoprotein li- 
pase on mesenteric lymph small chylomicrons. Previous 
studies have shown that in vitro-produced post-lipolysis 
VLDL is in fact an LDL-like lipoprotein as judged by 
compositional and structural properties (6). Some of the 
post-lipolysis chylomicrons studied here also exhibit bio- 
logical behavior similar, but not identical, to LDL. The  
plasma decay of ’H-labeled cholesteryl ester associated 
with the LDL-like particles derived from small chylo- 
microns is faster than that reported for total rat LDL, 
studied with labeled apoB (52,  53). This behavior may 
reflect heterogeneity of the LDL system in the rat. Ac- 
cordingly, it is possible that some LDL is indeed derived 
from chylomicrons, but the circulating life time of this 
intestinal-derived LDL may be shorter than that of he- 
patic LDL. However we cannot rule out the possibility 
that the faster decay from the circulation of LDL-like 
particles derived from small chylomicrons reflects the 
in vitro system used for their preparation. For example, 
interactions of LDL-like particles with tissue cells may 
be necessary for a final conversion of LDL-like particles 
to true LDL. Alternatively, some of the experimental 
procedures used for preparation of post-lipolysis small 
chylomicrons might have shortened the biological life 
times of the particles. Although these and other ques- 
tions remain unanswered, the observations reported 
here clearly demonstrate metabolic heterogeneity of 
chylomicrons and indicate their potential contribution 
to the circulating LDL m a s s . l  
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