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Abstract T o  ascertain whether chylomicron constituents 
would be transferred to low density lipoprotein (LDL, d 
1.019-1.063 g/ml) and high density lipoprotein (HDL, d 
1.063-1.21 g/ml) density fractions during lipolysis in the ab- 
sence of other lipoproteins, the in vitro effect of bovine milk 
lipoprotein lipase on human thoracic duct lymph chylomicrons 
in the presence of albumin was examined. In incubations with- 
out lipase, over 90% of chylomicron constituents remained in 
the 1.006 g/ml supernate, and large particles ranging in di- 
ameter mainly from 750-6000 A were observed by electron 
microscopy. After the addition of lipase, lipolysis ranged from 
69.0-94.6% and numerous collapsed particles with redundant 
surface were seen, as well as smaller particles within the LDL 
and HDL density region. With lipolysis, the majority of chy- 
lomicron cholesterol and phospholipid mass was transferred 
to LDL and HDL, while chylomicron apolipoprotein (apo) A- 
I, A-11, and C-I1 mass was transferred mainly to HDL. Utiliz- 
ing either radioiodinated apoA-I and apoA-I1 reassociated 
with chylomicrons or radiolabeled chylomicrons, a similar re- 
distribution of apoA-I and apoA-I1 radioactivity was noted 
with lipolysis. In contrast, chylomicron apoB (mainly B-48) 
radioactivity was transferred predominantly to LDL with li- 
po1ysis.M These data are consistent with the concept that dur- 
ing lymph chylomicron triglyceride hydrolysis, chylomicron 
apolipoproteins, cholesterol, and phospholipid can be trans- 
ferred to the LDL and HDL density regions in the absence 
of acceptor particles.-Schaefer, E. J., M. G. Wetzel, G. 
Bengtseon, R. 0. Scow, H. B. Brewer, Jr., and T. Olivecrona. 
Transfer of human lymph chylomicron constituents to other 
lipoprotein density fractions during in vitro lipolysis. J. Lipid 
Res. 1982. 23: 1259-1273. 
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ticles by intestinal cells (2). These particles are largely 
chylomicrons (density <1 .O g/ml) (3). Rat intestinal e p  
ithelial cells synthesize apolipoproteins apoA-I, B, and 
A-IV, and incorporate these proteins into lymph chy- 
lomicrons as well as into other lymph lipoprotein density 
fractions (4-7). Lymph chylomicrons pick up significant 
amounts of apoC-I, apoC-11, and apoC-111 presumably 
by transfer from lipoproteins filtered from plasma into 
lymph (8-1 0). ApoC-I1 activates the enzyme lipoprotein 
lipase (LPL), which is responsible for triglyceride hy- 
drolysis (1 1, 12). Human thoracic duct lymph chylo- 
microns contain apolipoproteins A-I, A-11, A-IV, B, C- 
I, C-11, C-111, and H (3, 9, 10, 13-15). ApoH (B2 gly- 
coprotein I) causes a significant activation of apoC-I1 
stimulated lipoprotein lipase (LPL) activity (1 6). 

After thoracic duct lymph enters blood via the left 
subclavian vein, lymph chylomicron triglyceride is hy- 
drolyzed by LPL, attached to luminal capillary endo- 
thelial cells, resulting in the formation of chylomicron 
remnants (1 7). Free fatty acids released from chylomi- 
crons during in vivo lipolysis are transferred to paren- 
chymal cells or are bound to albumin (18). The rem- 
nants have been reported to be rapidly cleared from 
plasma via uptake by the liver (19-21). However, not 
all chylomicron constituents are rapidly removed from 
plasma when chylomicron triglyceride is hydrolyzed. In 
man, radiolabeled chylomicron apolipoproteins A-I, A- 
11, C-11, and C-I11 are transferred to high density li- 
poproteins (HDL), and a small fraction of apoB radio- 

Abbreviations: VLDL, very low density lipoproteins; IDL, inter- 
mediate density lipoproteins; LDL, low density lipoproteins; HDL, 
high density lipoproteins; apo, apolipoproteins; SDS, sodium dodecyl 
sulfate; TMU, tetramethylurea; PAGE, polyacrylamide gel electro- 
phoresis. 

the ingestion Of fat and the action Of in- 
testinal enzymes, fat absorption takes piace in the small 
intestine (1). Subsequently, triglyceride is combined 
with phospholipid, cholesterol, and various proteins, 
and released into mesenteric lymph as lipoprotein par- 

' M .  G.  Wetzel and R.  0. Scow. 
G. Bengtsson and T. Olivecrona. 
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activity is transferred to low density lipoproteins (LDL) 
following injection of radioiodinated lymph chylomi- 
crons into plasma (10). In the rat, chylomicron apoA-I 
and phospholipid have been reported to be transferred 
to HDL following chylomicron infusion (22, 23). The 
hypothesis tested in the present investigation was that 
chylomicron apolipoprotein and lipid constituents are 
transferred to LDL and HDL density fractions during 
lipolysis in the absence of acceptor lipoproteins. The 
data presented support this hypothesis. 

MATERALS AND METHODS 

Lipoprotein lipase 
Lipoprotein lipase was purified as previously de- 

scribed from bovine milk by heparin-Sepharose column 
chromatography (24). The enzyme was prepared in 
Umea, Sweden, and transported in the frozen state, 
packed in dry ice, to Bethesda, MD. The activity of the 
enzyme was 236 units/mg protein (1 unit = 1 pmol of 
fatty acid released/min), as measured with Intralipid 
emulsion at pH 8.5 at 25°C. No significant change in 
the enzyme activity was noted during the course of these 
experiments. The protein content of the enzyme prep- 
aration was 0.3 mg/ml. 

Preparation of lymph chylomicrons 
Lymph was obtained by cannulation of the thoracic 

duct of subjects undergoing lymph drainage for pur- 
poses of immunosuppression following kidney trans- 
plantation at either the University of Colorado Medical 
Center, Denver, CO, or at the Walter Reed Army Med- 
ical Center, Washington, DC. All lymph was collected 
under sterile conditions following fat-rich meals in 0.1 % 
EDTA, pH 7.4, and shipped or transported on ice (ex- 
cept for lymph utilized in incubations 8 and 9) within 
a 24-hr time period to Bethesda, MD. In the last two 
incubations (numbers 8 and 9) the mean polyunsatu- 
ratedsaturated fat ratio (based on dietary recall and 
standard food tables (25)) of the meals prior to lymph 
collection was 0.44, and lymph was collected and main- 
tained at 37°C prior to use. Lymph chylomicrons were 
isolated utilizing a Beckman SW27 rotor (Beckman In- 
struments Fullerton, CA). Lymph was overlayered with 
0.85% NaCl, 0.01 % EDTA solution, and spun at 25,000 
rpm for 30 min at 10°C. Chylomicrons utilized for in- 
cubations 8 and 9 were isolated at 31°C. The chylo- 
micron supernate was removed, resuspended in normal 
saline, and reisolated as described above, and this pro- 
cedure was subsequently carried out a third time. 
Lymph chylomicrons were radioiodinated with '251 
(New England Nuclear, Boston, MA) in 1 M glycine 

buffer at pH 10 as previously described (10). The 
amount of lipid labeling was assessed by lipid extraction 
and trichloroacetic acid precipitation as previously de- 
scribed (1 0). Free iodine was removed by dialysis against 
sterile 0.85% NaCl, 0.01 M Tris, pH 7.4. The mean 
(fSD) efficiency of iodination for chylomicron prepa- 
rations was 12.9 f 5.1%, and the mean lipid labeling 
was 18.3 f 2.9%. Assuming a molecular weight of 
250,000 for chylomicron protein, no more than 1 mol 
of iodine per mol of protein was incorporated into ra- 
diolabeled preparations, and less than 1 % of the iodine 
was in the free form. 

Preparation and radioiodination of apolipoproteins 

Apolipoproteins A-I, A-11, and C-1112 were isolated 
from human plasma high density lipoproteins and very 
low density lipoproteins by column chromatography as 
previously described (26, 27). All apolipoprotein prep- 
arations did not react with antisera for other apolipo- 
proteins, and they formed discrete bands on sodium 
dodecyl sulfate (SDS) and tetramethylurea (TMU) poly- 
acrylamide gel electrophoresis (PAGE) (28, 29). Apo- 
lipoproteins were radioiodinated with 1251 or "'I at pH 
8.5 in 1 M glycine buffer by the iodine monochloride 
method (30). The efficiency of iodination was assessed 
by precipitation of the protein by 20% trichloroacetic 
acid, and free iodine was removed by extensive dialysis 
against sterile 0.85% NaCl, pH 7.4, 0.1 M Tris (10). 
Assuming molecular weights of 28,000, 18,000, and 
10,000, respectively, for apoA-I, apoA-11, and apoC- 
1112, no more than 1 mol of iodine per mol of protein 
was incorporated into radiolabeled preparations. The 
mean efficiency of iodination was 58.2 k 6.4% for apoA- 
I, 52.1 f 5.2% for apoA-11, and 51.5 f 9.7% for apoC- 
HI2. Free iodine accounted for less than 1% of the ra- 
dioactivity in all preparations. Radiolabeled apolipopro- 
teins were incubated with isolated lymph chylomicrons 
at 37°C for 30 min, and the chylomicron fraction was 
then reisolated as previously described. 

Analytic procedures 

Lipids were extracted by the method of Folch, Lees, 
and Sloane Stanley (31). In order to measure lipid con- 
stituents in lipoprotein fractions in these incubation ex- 
periments, a 10- to 100-fold concentration of fractions 
was generally required, which was carried out in the 
extraction and resolubilization steps. Phospholipids in 
lipoprotein fractions were measured by the method of 
Chalvardjian and Rudnicki (32), and cholesterol and 
triglyceride were measured by the AutoAnalyzer tech- 
nique (33) as well as enzymatically (incubations 6-9) (34, 
35). Free and esterified cholesterol concentrations in 
lipoprotein fractions were measured enzymatically as 
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previously described (36). Free fatty acids were mea- Fatty acid analysis 
as PreviouslY described (37). 'DS and TMU Poly- Fatty acid analysis of human lymph chylomicron tri- 

glyceride was performed by gas-liquid chromatography acrY1amide gels were scanned a 
15 densitometer (Gelman Instrument Co., Ann Arbor, 

which computes the area under peaks* Identical 
chromogenicity of apolipoproteins was assumed. Radio- 
activity was measured in a Packard Model 3375 gamma 

by Dr. William E. Connor, Department of Medicine, 
University of Oregon Health Sciences Center, Portland, 
OR, as previously described (39). 

- 
counter (Packard Instrument Co., Inc., Downers 
Grove, IL). 

Electron microscopy 
Chylomicron preparations were diluted to a concen- 

tration of 425-850 mg/dl triglyceride, and other li- 
poprotein fractions were diluted to an appropriate con- 
centration (usually 100-250 pg of protein/ml). All li- 
poprotein fractions were dialyzed against 0.0 1 M 
ammonium bicarbonate, pH 8.5, 0.01% EDTA, 0.002 
M sodium azide solution. 

Samples were negatively stained as follows. Five-PI 
aliquots of sample were mixed with a equal volume of 
2% sodium phosphotungstate (PTA), adjusted to pH 
7.2 with NaOH, and immediately placed m a formvar- 
coated copper grid. The grid was dried after 1 min by 
touching the edge of the grid with filter paper. In some 
cases, a drop of distilled water was subsequently placed 
on the grid and removed immediately with filter paper 
as previously described. Grids were examined with a 
Philips EM 300 electron microscope at magnifications 
between X4,OOO and X107,OOO. 

Apolipoprotein A-I, A-11, and GI1 assays 
Following delipidation of lipoprotein fractions by the 

method of Folch et al. (31), the lyophilized protein was 
reconstituted with 0.05 M veronal buffer. Electroim- 
munoassay plates were prepared with 1.5% agarose 
(Bio-Rad Laboratories, Richmond, CA), 5% Dextran 
T 10 (Pharmacia Fine Chemicals, Uppsala, Sweden) in 
0.05 M veronal buffer, pH 8.4, 0.05% NaNs (Fisher 
Scientific) (38). Plate size was 100 X 200 mm with 1.5- 
mm-thick agarose matrix. Following electrophoresis, 
plates were dialyzed in saline, air dried, and stained with 
Coomassie Blue; quantitation was determined by peak 
height measurement. Each plate contained 6 standards, 
2 controls, and 15 samples in 2-mm wells. Utilizing this 
technique for normal human plasma samples (n = 50) 
gave values of 117.2 f 17.0 mg/dl for apoA-I concen- 
tration, 27.1 f 4.2 for apoA-I1 concentration, and 3.1 
f 1.1 for apoC-I1 concentration. To determine apoli- 
poprotein levels in lipoprotein fractions required a 10- 
to 100-fold concentration which was carried out in the 
delipidation and resolubilization steps. The lower limits 
of detection of apolipoproteins in these assays follow- 
ing a 10-fold concentration (run undiluted) was 
0.01 mg/ml. 

Experimental procedures 

All incubations were carried out for 60 min at 37°C 
in 0.1 M Tris, pH 8.5. A mean of 1 0 . 6 f  1.2 Pg of 
lipoprotein lipase was added to each ml of incubation 
mixture. Experimental conditions for all incubations are 
given in Table 1. The albumin utilized in incubations 
1-7 was lot B 241 1 albumin powder, fraction V from 
bovine plasma (Armour Pharmaceutical Co., Kankakee, 
IL). Trace amounts of phospholipid were noted in the 
albumin preparation (in a 16% albumin solution the 
mean (fSD) phospholipid concentration was 1.2 f 0.4 
mg/dl); cholesterol or triglyceride were not detected. 
In addition, 16% albumin was incubated with egg yolk 
phosphatidylcholine (Lipid Products) at 37°C in a shak- 
ing water bath for 30 min. Thereafter the incubation 
mixture was subjected to ultracentrifugation at 1.21 g/ 
ml. No apolipoproteins were detected by SDS PAGE in 
the 1.21 g/ml supernate. For incubations 8 and 9, Lot 
15M human fatty acid-free fraction of albumin (Miles 
Laboratories, Elkhart, IN) was used. The latter albumin 
preparation was found to contain no detectable lipid or 
apolipoproteins. The conditions for all incubations are 
given in Table 1. In all experiments, control samples 
were incubated without lipoprotein lipase and subse- 
quent lipoprotein fractions were isolated and analyzed 
in identical fashion as in incubations with lipase. Lymph 
chylomicrons were freshly isolated from human thoracic 
duct lymph as previously described. All preparations 
were used within 1 week of isolation from freshly har- 
vested human lymph. The amount of lipolysis in incu- 
bation experiments was assessed by the decrease in tri- 
glyceride as well as by the increase in free fatty acids. 

In these experiments, chylomicrons were isolated 
from incubation mixtures as previously described. All 
other density fractions, namely d < 1.006 g/ml, IDL 
(d 1.006-1.019 g/ml), LDL (d 1.019-1.063 g/ml), 
HDLSb (d 1.063-1.10 g/ml), HDLP (d 1.063-1.125 g/ 
ml), HDLPaf3 (d 1.10-1.2 1 g/ml), and HDLB (d 1.125- 
1.2 1 g/ml) were isolated by sequential ultracentrifu- 
gation utilizing either Beckman 40.3 (39,000 rpm) or 
60 Ti (59,000 rpm) rotors in Beckman L265B ultra- 
centrifuges (Beckman Instruments, Fullerton, Ca) (40). 
Solid KBr or KBr solution was utilized for density ad- 
justments. All lipoprotein isolations for each incubation 
are listed in Table 1 and were carried out at 4OC, except 
for incubations 8 and 9 which were carried out at 3 1 OC 
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TABLE 1. Conditions of incubation experiments" 

Incubation Albumin Triglyceride Incubation Percent Lipoproteins 
Number Concentration Concentration Volume Lipolysis Label Utilized Isolated 

7% 

15.5 

19.5 

19.5 

19.5 

16.0 

16.0 

16.0 

16.0 

16.0 

mgldl  

99 1 

417 

194 

285 

350 

367 

383 

421 

405 

mi 

15 

37 

37 

45 

15 

15 

148 

38 

38 

75 

69.0 f 1.5 

92.1 f 0.7 

85.2 f 2.1 

87.5 f 1.9 

94.1 5 0.9 

94.0 f 1.9 

94.6 f 2.3 

79.2 f 1.4 

85.4 f 1.9 

' "I-apoA-I 
'251-apoA-11 

I "-apoA-I 
' 251-apoA-I I 

'"1-apoA-1 

1251-apoC-II12 

1 2 5 ~ - a p o ~ - 1 ~  

1251-chylomicrons 

1251-apo~-~  
I I I-apoA-I I 

I 251-chylomicrons 

12511chylomicrons 

C, V, I + L, Hb 

c ,  v ,  I + L, 

c ,  v ,  I + L, 

c ,  v, 1 + L, 

C, V, L, Hb 

C; V, I, L, Hb 

HDLz, HDLJ' 

HDLz, HDLs' 

HDLz, HDLS' 

All incubations were carried out for 60 min at 37°C in 0.1 M Tris, pH 8.5, in the presence and absence of lipase. 
' Isolated in triplicate utilizing a 40.3 rotor at 39,000 rpm. 
' Isolated utilizing a 60 Ti rotor at 59,000 rpm. 
C, chylomicrons; V, VLDL, d c 1.006 g/ml; I, IDL, d 1.006-1.019 g/ml; L, LDL, d 1.019-01.063 g/ml; H, HDL, d 7t063-1.21 g/ml; 

H D h ,  d 1.063-1.10 g/ml; HDLz, d 1.063-1.125 g/ml; HDL2a+3, d 1.10-1.21 g/ml; and HDL3, d 1.125-1.21 g/ml. 

to minimize possible triglyceride crystallization (4 1). In 
these latter experiments lipoprotein fractions never 
were brought below 3 1 "C until electron microscopy and 
compositional analysis were begun. 

In all experiments (except 8, 9) aliquots of the in- 
cubation mixture were taken at 0, 10, 20, 30, and 60 
min for free fatty acid measurements. Lipoprotein frac- 
tions isolated from all experiments were subjected to 
lipid analysis (cholesterol, phospholipid, and triglycer- 
ide). Aliquots of the incubation mixture were taken in 
experiments #1, 2, 8, and 9, and from lipoprotein frac- 
tions in incubations 1, 3, 4-6, 8, and 9 for electron 
microscopy. Aliquots of lipoprotein fractions were taken 
from all experiments for apolipoprotein determina- 

tions; however, apolipoprotein levels could only be de- 
termined in incubations l ,  8, and 9; in all other exper- 
iments the albumin in isolated lipoprotein fractions re- 
sulted in interference with the assay so that 
apolipoproteins could not be reliably measured. In in- 
cubations 5 ,  7, and 8, lymph chylomicrons, as well as 
lipoprotein fractions including the 1.2 1 g/ml infranate 
were subjected to T M U  PAGE (29) and SDS PAGE 
utilizing a modification of the method of Weber and 
Osborn (28) as previously described (42). In incubations 
7 and 8, SDS slab gel PAGE was also used with 10% 
acrylamide, 1% bis, utilizing the slab gel technique as 
described by Laemmli (43). Molecular weight standards, 
(albumin, 67,000; ovalbumin, 43,000; carbonic anhy- 

Fig. 1. The chylomicron fraction isolated at 31°C prior to the addition of albumin and lipoprotein lipase is shown. Chylomicrons exhibited 
rounded profiles with diameters mainly ranging from 750 to 6,000 A, X35,OOO. Fig. 4. The incubation mixture with lipoprotein lipase for 1 
min is shown. Note irregular finger-like projections extending from several particles and areas of collapsed surface film at arrows. X39,OOO 
(incubation 1, limited albumin). Fig. 3. The incubation mixture with lipoprotein lipase for 10 min is shown. Note particles with a range of 
polymorphic profiles due to indentation of the particle surfaces reflecting the changing ratio of surface components to the volume of the 
triglyceride core. X35,OOO. Fig. 4. The incubation mixture with lipoprotein lipase for 30 min is shown. Note collapsed chylomicron profiles 
composed primarily of large areas of surface film with variable amounts of core lipid still present. X40,OOO. Fig. 5. The fraction of density 
<1.006 g/ml (VLDL and chylomicrons) is shown. Incubation time was 60 min. Large, irregularly-shaped surface fragments containing variable 
amounts of lipid may be seen, in addition to numerous smaller round lipoprotein particles 200-400 A in diameter. X107,OOO. All specimens 
were diluted to an appropriate concentration and negatively stained with 2% sodium phosphotungstate. The bar marker represents 1,000 A for 
all figures, and samples were taken from incubation 9 unless otherwise indicated. 
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Fig. 6a. Fraction of density 1.006-1.019 g/ml (IDL). Low magnification view of specimen to show extensive areas of flattened surfzrce film and 
surrounding areas containing small particles. X 1 1,000. Fig. 6b. Higher magnification of specimen illustrated in Fig. 6a to show details of an 
area containing only particles ranging in diameter from 150 to 400 A. X107,OOO. Fig. 7a. Fraction of density 1.019-1.063 g/ml (LDL). Note 
numerous small particles and large polymorphic remnants similar to those noted in the incubation mixture prior to centrifugation (cf. Fig. 4). 
X39,OOO. Fig. 7b. Hi her magnification of area from specimen illustrated in Fig. 7a. showing many particles 200-400 i\ in diameter and several 
larger ( I  ,000-2.000 f diameter) remnants. X107.000. Fig. 8. Fraction of density 1.063-1 . I O  g/ml (HDL2,,) showing particles ranging from 
100 to 400 in diameter. X107.000. Fig. 9. Fraction of density 1.10-1.21 g/ml (HDLzI+3). showing particles ranging from 100 to 350 A in 
diameter. Many more particles are in the 100-200 i\ size range than noted in the d 1.063-1.10 g/ml fraction. X107.000. All specimens were 
diluted to an appropriate concentration and negatively stained with 2% sodium phosphotungstate. The bar marker represents 1.000 i\ for all 
figures, and samples were taken from incubation 9 unless otherwise indicated. Incubation time for all figures was 60 min. 

drase, 30,000; trypsin inhibitor, 20,100; and lactalbu- 
min, 14,400) as well as purified apolipoprotein A-I, A- 
11, and C-II12, were used to identify gel bands. In in- 

cubation 8. the B apoproteins within lipoproteins were 
also examined utilizing 3.5% acrylamide gels as previ- 
ously described (44). In order to assess apolipoprotein 
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RESULTS TABLE 2. Lymph chylomicron triglyceride 
fatty acid composition" 

Fattv Acid Percent of Total 

14:O 
14:l 
16:O 
16:l 
18:O 
18:l 
18:2 
18:3 
20:3 
22:6 
Other 

1.9 
0.8 

23.4 
3.3 

12.5 
35.3 
13.3 
3.3 
2.2 
0.5 
3.5 

'' Percentage composition. 

radioactivity in lipoprotein fractions, gel bands were cut 
out, and the radioactivity was measured. The mean re- 
covery of radioactivity from gels was 94.1 & 2.2% of 
amount loaded. In addition, chylomicron preparations 
were tested for the presence of apoA-I, apoA-11, apoB, 
apoC-11, and apoC-I11 with monospecific antisera utiliz- 
ing the technique of Ouchterlony (45). 

Electron microscopy 
The initial chylomicron suspension consisted primar- 

ily of particles ranging in size from 750-6000 A in di- 
ameter typical of chylomicrons as reported in the lit- 
erature (46) (Fig. 1). A small number of intermediate 
sized particles 400-750 A in diameter were also rou- 
tinely present in our preparations prior to the addition 
of albumin or lipoprotein lipase. 

Samples of the incubation mixture taken as early as 
1 min following the addition of lipoprotein lipase to 
chylomicrons showed finger-like projections extending 
from the surface of chylomicrons (Fig. 2). Further li- 
polysis increased the number of polymorphic particle 
profiles and collapsed surface films (Figs. 3 and 4). The 
incubation mixture viewed after significant lipolysis, 
showed a wide range of particle sizes, with very few 
typical chylomicrons, and numerous collapsed and con- 
torted profiles, presumably representing the chylomi- 
cron "remnants" after removal of core triglyceride (Fig. 
4). Occasional profiles from negatively stained fractions 

TABLE 3. Lipid concentrations after incubation of lymph chylomicrons with and without lipoprotein lipase" 

Without Lipase With Lipase 

Cholesterol Phospholipid Triglyceride Cholesterol 
Experi- Lipoprotein 

Phospholipid ment Fraction Triglyceride 

Chylomicrons 
VLDL 
IDL + LDL 
HDL 
1.21 Bh 

Chylomicrons 
VLDL 
IDL 
LDL 

HDLs 
1.21 Bb 

Chylomicrons 
VLDL 
IDL 
LDL 

HDLp 

HDLp 
HDLs 
1.21 Bh 

d < 1.006 
g/ml 

IDL 
LDL 
HDL 
1.21 Bh 

920 f 34 (90.7) 
75 f 2 (7.3) 
11 f 2 (1.1) 
5 f 1 (0.5) 
3 k 0 (0.3) 

188 f 8 (89.8) 
16 f 2 (7.6) 
2 f l ( l . 0 )  
2 f l ( l . 0 )  

0 f 0 (0.0) 

1 f 0 (0.5) 
1 f 0 (0.5) 

269 k 12 (91.2) 
20 k 3 (6.8) 

2 f l(0.7) 
2 f 0 (0.7) 
2 f 1 (0.3) 
2 k 0 (0.3) 
0 f 0 (0.0) 

405 f 11 (97.6) 

4 f 2 (1.0) 
3 f 2 (0.7) 
2 f 1 (0.5) 
1 f 1 (0.2) 

25.6 f 1.1 (89.8) 
1.7 f 0.2 (6.0) 
0.8 f 0.1 (2.8) 
0.3 f 0.1 (1.0) 
0.1 f 0.1 (0.4) 

5.4 f 0.7 (88.5) 
0.5 f 0.1 (8.2) 
0.1 f 0.1 (1.6) 
0.1 f 0.0 (1.6) 
0.0 f 0.0 (0.0) 
0.0 f 0.0 (0.0) 
0.0 f 0.0 (0.0) 

9.2 f 0.7 (88.5) 
0.7 f 0.2 (6.7) 
0.2 f 0.1 (1.9) 
0.1 f 0.1 (1.0) 
0.0 f 0.0 (0.0) 
0.2 f 0.1 (1.9) 
0.0 f 0 (0.0) 

11.4 f 1.2 (95.0) 

0.2 f 0.1 (1.7) 
0.2 f 0.1 (1.7) 
0.1 f 0.1 (0.8) 
0.1 f 0.0 (0.8) 

mgldl  

53.9 f 3.1 (87.1) 
4.6 k 0.5 (7.4) 
1.5 f 0.3 (2.4) 
0.6 f 0.2 (0.9) 
1.3 k 0.3 (2.1) 

11.4 f 0.3 (85.7) 
1.1 f0 .2  (8.3) 
0.2 f 0.1 (1.5) 
0.1 f 0.1 (0.7) 
0.1 k 0.0 (0.7) 
0.1 f 0.1 (0.7) 
0.3 k 0.1 (2.1) 

18.3 f 1.4 (87.6) 
1.6 f 0.3 (7.7) 
0.3 f 0.2 (11.4) 
0.1 f 0.1 (0.4) 
0.1 k 0.0 (0.4) 
0.0 f 0.0 (0.0) 
0.5 k 2 (2.3) 

22.9 f 1.7 (94.6) 

0.5 f 0.2 (2.1) 
0.1 f 0.1 (0.4) 
0.2 k 0.1 (0.8) 
0.5 f 0.1 (2.1) 

131 +- 3 (41.9) 
99 * 2 (28.7) 
57 f l(18.2) 
22 * 3 (7.0) 
13 * 2 (4.2) 

4 f l(12.9) 
6 f 2 (19.4) 
6 k 1 (19.4) 
4 f 0 (12.9) 
4 f 1 (12.9) 

4 * l(12.9) 

5 f 1 (13.5) 
8 f 2 (21.6) 
7 f l(18.9) 

3 f 0 (9.7) 

4 k l(lO.8) 
5 * 1 (13.5) 
4 f 0 (10.8) 
4 f 1 (10.8) 

4 f 1 (18.2) 

5 k 2 (2.7) 
8 f 1 (36.4) 
3 f l(13.6) 
2 f l (9 .1)  

11.2 f 1.1 (41.3) 
1.1 f 0.2 (4.1) 
8.7 f 1.2 (32.0) 
6.1 f 0.9 (22.6) 
0.0 k 0.0 (0.0) 

1.2 f 0.2 (19.0) 
0.9 k 0.1 (14.3) 
1.9 k 0.2 (30.2) 
1.1 f 0.1 (17.5) 
0.7 f 0.2 (11.1) 
0.5 f 0.1 (7.9) 
0.0 f 0.0 (0.0) 

2.0 k 0.4 (18.5) 
1 .6k  0.2 (14.8) 
3.1 f 0.1 (28.7) 
1.8 k 0.2 (16.7) 
1.4 f 0.3 (13.0) 
0.9 f 0.1 (8.3) 
0.0 f 0.0 (0.0) 

1.8 f 0.3 (15.5) 

2.0 f 0.2 (17.2) 
4.3 f 0.1 (37.1) 
3.4 f 0.3 (29.3) 
0.1 f 0.1 (10.9) 

20.9 k 1.7 (37.9) 
1.5 f 0.4 (2.7) 

13.6 * 1.8 (21.5) 
11 .8f  0.3 (21.5) 
7.3 f 0.4 (13.2) 

1.6 f 0.3 (14.3) 
0.5 k 0.2 (4.5) 
1.2 k 0.1 (10.7) 
3.2 k 0.4 (28.6) 
1.8 f 0.2 (12.5) 
0.8 f 0.1 (7.1) 
2.5 f 0.3 (22.3) 

2.8 f 0.5 (13.9) 
1.0 f 0.3 (5.0) 
2.1 f 0.2 (10.4) 
5.6 f 0.1 (27.7) 
2.5 f 0.2 (12.4) 
1.8 f 0.4 (8.9) 
4.4 f 0.5 (21.8) 

1.1 f 0.2 (15.1) 

2.6 f 0.2 (12.1) 
4.6 k 0.1 (21.5) 
5.5 f 0.3 (25.7) 
7.6 k 0.4 (35.5) 

'' Incubations were carried out with and without lipoprotein lipase for 60 min at 37OC, values are given as mean f SEM of analyses done in 

'1.21 B is the 1.21 g/ml infranate. The  percent lipolysis in experiments 1, 3, 4, and 7 in the presence of LPL was 69.0%, 85.2%, 87.5%, 
tri licate, and numbers in parentheses indicate percentages of individual constituents among lipoproteins. 

and 94.6%. respectively. 
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TABLE 4. Lipid concentrations after incubation of lymph chylomicrons with and without lipoprotein lipase" 

Esterified Lipoprotein Unesterified 
Experiment Fraction Triglyceride Cholesterol Cholesterol Phospholipid 

mgldl  

Without lipase 
8 d < 1.006 g/ml 411 f 5 (98.2) 5.4 f 0.2 (94.8) 8.2 f 0.3 (95.5) 25.9 f 1.0 (94.2) 

9 d < 1.006 g/ml 392 f 10 (97.4) 5.1 f 0.2 (95.2) 8.1 f 0.2 (94.8) 24.4 f 0.8 (94.9) 

8 d < 1.006 g/ml 30 f 1 (34.9) 1.0 f 0.1 (20.4) 1.6 f 0.1 (19.8) 4.5 f 0.5 (17.8) 
IDL 15 f l (17.4)  0.6 f 0.1 (12.2) 1 . 1  f 0.2 (13.6) 2.1 f 0.3 (8.3) 
LDL 14 f 2 (16.3) 1.4 f 0.2 (28.6) 2.3 f 0.2 (28.4) 7.6 f 0.4 (30.0) 
HDLzb 1 1  f 0 (12.8) 0.5 k 0.2 (10.2) 0.7 f 0.1 (8.6) 4.6 f 0.2 (18.2) 
HDLs,+s 14 f l(16.3) 1.3 f 0.3 (26.5) 2.3 f 0.2 (28.4) 5.7 f 0.8 (22.5) 
1.21 B 2 f l (2 .3)  0.1 f 0.1 (2.1) 0.1 f 0.1 (1.2) 0.8 f 0.3 (3.2) 

d < 1.006 g/ml 16 f l(29.1) 0.9 f 0.1 (19.7) 1.4 f 0.1 (17.7) 3.5 f 2.5 (14.9) 

LDL 1 1  f 0 (20.0) 1.5 f 0.1 (31.9) 2.5 f 0.2 (31.6) 7.8 f 0.4 (33.2) 
HDLPc 12 f 2 (21.8) 0.4 f 0.1 (8.5) 0.6 f 0.1 (7.6) 4.7 f 0.6 (20.0) 
H D h + b  6 f l (10.9)  1.3 f 0.2 (27.7) 0.3 f 0.3 (29.1) 5.0 f 0.8 (21.3) 
1.21 B 1 f 0 (1.8) 0.0 f 0.0 (0.0) 0.2 f 0.1 (2.6) 0.6 f 0.1 (2.5) 

With lipase 

IDL 9 f 2 (16.4) 0.6 f 0.2 (12.8) 0.9 f 0.3 (1 1.4) 1.9 f 0.2 (8.1) 
9 

I' Incubations were carried out with and without lipase for 60 min at 37OC; values are given as mean f SEM, and numbers in parentheses 
indicate percentages. 

suggested the fragmentation of lipolyzed chylomicrons 
into smaller particles (Fig. 5). None of these alterations 
were observed in the absence of lipase. 

The VLDL, IDL, LDL, HDL, and density > 1.2 1 g/ 
ml fractions were examined ultrastructurally. Some im- 
portant differences between the enzyme-treated and 
control fractions could be noted, and these seemed to 
correlate well with our biochemical finding that the 
apoproteins and lipids from the LPL-digested chylo- 
microns were present in the d 1.019-1.063, 1.063- 
1.21, and >1.21 g/ml fractions (Tables 3, 4). In par- 
ticular, the chylomicron and VLDL fractions were 
found to lose most of their larger (500-4,000 8) par- 
ticles during enzyme incubation (Fig. 5) ,  large surface 
remnants were noted in the d 1.006-1.019 g/ml (IDL) 
fraction (Fig. 6a), and many small particles appeared in 
the d 1.006-1.019 g/ml (IDL) (Fig. 6b), 1.019-1.063 
g/ml (LDL), (Fig. 7a, b), and 1.063-1.21 g/ml (HDL) 
(Figs. 8 and 9) fractions. The exact distribution and 
appearance of these larger particles varied somewhat, 
depending upon the degree of triglyceride lipolysis in 
a given preparation. 

The LDL fraction from lipolyzed chylomicrons con- 
tained large irregularly shaped particles sometimes 
more than 1,000 A in diameter in addition to smaller 
particles 150-400 A in diameter (Figs. 7a, b). Occa- 
sional profiles in this fraction were suggestive of large 
chylomicron remnants. 

Following lipolysis, particles in the d 1.063-1.2 1 g/ 
ml (HDL) fraction ranged from 100-400 A in diameter. 
When the HDL fraction from lipolyzed chylomicrons 
was subdivided into HDLZb (d 1.063-1.10 g/ml) and 

HDLS (d 1.10-1.2 1 g/ml) fractions, a gradient in par- 
ticle size from larger at the lower density to smaller at 
the higher density was noted, but the overall size of the 
particles in these fractions was seen to be larger than 
would be expected of normally occurring plasma lipo- 
protein particles (70-100 8 in diameter) in these same 
density ranges (44) (Figs. 8, 9). 

The density > 1.2 1 g/ml fractions contained primar- 
ily albumin and, following lipolysis, fatty acids attached 
to albumin. Negatively stained fractions of this density 
from control preparations lacking enzyme and from 
enzyme-treated chylomicrons were morphologically in- 
distinguishable and contained no particulate compo- 
nents when Miles human fatty acid-free albumin (fol- 
lowing filtration through a 0.2-micron filter) was used 
as the fatty acid acceptor. The bovine albumin fraction 
V from Armour was found to contain a particulate com- 
ponent and was therefore unsatisfactory for ultrastruc- 
tural visualization of the fractions. 

Fatty acid analysis 
The fatty acid analysis of human lymph chylomicron 

triglyceride utilized in incubations 8 and 9 is given in 
Table 2, and the mean po1yunsaturated:saturated fat 
ratio was 0.51. The percentage of cholesterol in the 
unesterified form in these chylomicrons was 40.0%. 

Distribution of lipid mass 
Lymph chylomicrons utilized in this study had a mean 

(t-SD) composition (weight percent) of 9 1.4 k 1.1 % tri- 
glyceride, 5.0 +_ 0.8% phospholipid, 2.7 f 0.9% choles- 
terol, and 0.9 t- 0.3% protein. The mean phospho- 
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1ipid:protein ratio in chylomicrons was 5.6. When lymph 
chylomicrons were incubated with albumin in the ab- 
sence of LPL, 95% or more of the triglyceride, phos- 
pholipid, and cholesterol mass remained in the chylo- 
micron and VLDL fractions (Table 3). When chylo- 
microns were incubated in the presence of LPL, a 
significant decrease in triglyceride occurred and there 
was a redistribution of the remaining triglyceride as well 
as the cholesterol and phospholipid components to IDL, 
LDL, HDL, and the 1.21 g/ml infranate. As lipolysis 
proceeded to completion, over 80% of the cholesterol 
and phospholipid was no longer found in the chylomi- 
cron or VLDL fraction, but rather in other lipoprotein 
density regions (see Table 3). Similar observations were 
made utilizing chylomicrons that were never brought 
below 30°C prior to incubation. Chylomicron unester- 
ified cholesterol appeared to be distributed to similar 
density fractions as esterified cholesterol (see Table 4). 

Distribution of apolipoprotein mass and 
radioactivity 

ApoA-I, apoA-11, and apoC-I1 mass could be detected 
only in chylomicrons and VLDL in incubations without 
lipase (see Table 5). However when LPL was added to 
the incubation mixture, significant fractions of these 
apolipoproteins were transferred to LDL, HDL, and 
the 1.2 1 g/ml infranate. ApoA-I1 appeared to dissociate 
from chylomicrons during lipolysis more readily than 
apoA-I and apoC-11. In addition, apoA-I was as likely 
to transfer to HDLZb as to HDL2a+3, while a higher 
fraction of apoA-I1 was transferred to HDLPa+S. 

Purified apolipoproteins A-I, A-11, and C-IIIz utilized 
for radioiodinations and incubation studies as run on 
TMU PAGE are shown in Fig. 10. Transfer of apo- 
protein radioactivity was assessed utilizing TMU, 10% 
and 3.5% acrylamide SDS PAGE (Figs. 10-12). When 
radioiodinated apoA-I- and apoA-11-labeled chylomi- 
crons were incubated in the absence of LPL, almost all 
of the apoA-I and apoA-I1 radioactivity remained in the 
d < 1.006 g/ml fraction (Table 6). When lipase was 
added to the incubation mixture, over 80% of apoA-I 
radioactivity and over 85% of apoA-I1 radioactivity 
were transferred to IDL, LDL, HDL, or the 1.2 1 g/ml 
infranate (Table 6). Similar differences between apoA- 
I and apoA-I1 redistribution with lipolysis were ob- 
served with radioactivity as previously observed with 
mass. A greater fraction of apoA-I radioactivity tended 
to remain with chylomicrons or to be transferred to 
HDL2b, than was observed for apoA-11. A significant 
redistribution of apoC-111, radioactivity with lipolysis 
was seen in experiments performed with '251-labeled 
apoC-I 11,-labeled chylomicrons. Without lipase, 94.6 % 
of the apoC-IIIz radioactivity was found in the chylo- 
micron and VLDL fraction; with LPL, 32.7% of the 

+I +I +I +I +I 

+I +I +I +I +I +I +I +I +I +I +I 
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1 2 3  
Fig. IO. Purified  apoA-I ( I ) ,  apoA-II(2),  and  apoGIllp (3) are shown 
as  run  on TMU PAGE. 

radioactivity was found in LDL, 32.3% in HDL,  and 
21.5% in the 1.21 g/ml  infranate (see Table 7). 

When  lymph  chylomicrons  were  radiolabeled with 
‘251, the distribution of apolipoprotein label was as fol- 
lows: apoB 4.5 f 0.3%, apoA-IV  and  apoH 19.2 
f 0.9%, apoE 1.4 f 0.3%, apoA-I 15.2 f 0.8%, apoA- 
I1 8.1 & 0.4%, apoC-I1 7.4 f I.O%, apoC-I11 42.3 
f 1.4%, and  albumin 1.9 & 0.4%. T h e  distribution  of 
apolipoprotein  radioactivity  among  lipoprotein frac- 
tions with and without lipolysis for  radiolabeled chylo- 
microns is shown in Table 8. T h e  presence of apoli- 
poproteins A-I, A-11.  (3-11,  (2-111, B, A-IV, and H was 
documented in isolated  lymph  chylomicrons prior to the 
addition  of  albumin  both on SDS  PAGE as well as in 
Ouchterlony plates (see Figs. 11 and 12). Without li- 
polysis over 94% of  apoA-I, apoA-11, apoB, apoC-11, 
and apoC-I11 radioactivity remained in the chylomicron 
and  VLDL  density fractions. T h e  addition of lipase re- 
sulted in the  transfer  of  about 75% of apoA-I and apoA- 
I1  radioactivity to  HDL  and  the 1.21 g/ml  infranate. 
In contrast,  apoB radioactivity was transferred mainly 
to IDL  and  LDL with lipolysis (see Table 8). It  is of 
interest  that  apoB in lymph  chylomicrons  had  a molec- 
ular  weight slightly lower than most of  the  apoB in 
plasma VLDL,  although plasma VLDL  contained a 

TABLE 6. Radiolabeled apoA-I and apoA-I1 lymph chylomicron radioactivity 
distribution  among  lipoprotein fractions” 

Without Lipoprotein Lipase With Lipoprotein Lipase 
Experi- Lipoprotein 
ment Fraction AwA-I AwA-I1 A p A - 1  A p A - I 1  

I Chylomicrons 79.8 2 2.4 85.3 f 2.1 17.9 2 0.9 
VLDL 
IDL + LDL 
HDL 
1.21 B 

6.0 f 0.4 
15.7 f 1.9  12.7 f 1.2  1.6 f 0.7 0.3 f 0.2 
1.2 f 0.9 0.8 f 0.4  16.7 f 1.2 3.8 f 0.8 
2.7 f 0.4  0.9 2 0.3 62.0 f 2.7 84.8 f 3.6 
0.6 f 0.3 0.3 f 0.2 1.8 f 0.8 5.1 f 1.6 

2.3 f 0.8 
11.8 f 1.1 7.2 f 1.0 7.7 f 0.8  2.1 f 0.6 
0.3 f 0.2 0.3 f 0.3 9.9 f 1.1 4.7 f 0.9 
2.1 f 1.0 1.1 f 0.9 10.6 f 1.4  3.7 f 1.4 
1.2 f 0.5 2.5 f 1.0 25.4 f 1.5  32.2 f 2.1 
2.9 2 1.0  2.4 f 0.3 13.6 f 0.9  41.6 f 1.2 
5.0 f 0.9  2.7 f 0.5  24.1 f 1.7  13.4 f I .3 

6 d < 1.006 g/ml 87.2 f 2.2  92.4 f 1.9  9.7 f 1.7 3.2 f 0.3 
0.4 f 0.2 0.2 f 0.1 4.9 f 0.8 1.1 f 0.7 
2.7 f 0.5 1.7 f 0.4 9.0 f 0.7  2.2 f 0.9 
3.7 f 0.7 2.3 f 0.6 49.8 f 2.1  78.8 f 3.1 
6.0 f 1.1 3.4 f 0.2  26.6 f 1.3 14.7 f 1.2 

3 Chylomicrons 76.7 f 2.3 83.8 f 1.7  8.7 f 1.0 
VLDL 
IDL 
LDL 
H DLp 
H DL3 
1.21 B 

IDL 
LDL 
HDL 
1.21 B 

9 d < 1.006 g/ml 89.5 f 1.8 93.1 2 1.1 14.5 f 2.1  3.1 f 0.2 
IDL 0.2 2 0.0 0.1 f 0.1 1.4 f 0.2 
LDL 

1.9 f 0.4 
0.8 2 0.1 0.2 f 0.1 4.9 f 0.6 3.0 f 0.4 

H D b b  2.3 f 0.4  2.4 2 0.4 31.4 f 1.0 32.4 f 1.1 
HDLp,+s 3.1 f 0.8 2.0 2 0.3  35.0 f 2.1 
1.21 B 

55.1 f 2.0 
4.1 2 0.3 2.2 f 0.4 12.8 f 0.9 4.5 f 0.2 

n All values are given as  means f SEM. Incubations  were carried out with and  without  lipoprotein lipase for 
60 min at 37OC. 1.21 B is the 1.21 g/ml infranate. The  percent lipolysis in experiments I .  3. 6. and 9 in the 
presence  of  LPL was 69.0%. 85.2%. 94.0%. and 85.4%. respectively. 
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TABLE 7. "%Labeled apoC-1112 lymph chylomicron radioactivity 
distribution among lipoprotein fractions" 

lPsII-Labeled ApoC-IIlp Percent 
of Total Radioactivity 

Lipoprotein 
Fraction Without Lipase' With Lipase' 

Chylomicrons 86.5 f 1.7 0.8 f 0.7 
VLDL 8.1 f 0.9 3.4 f 1.2 
IDL 0.0 f 0 1.9 f 1.2 
LDL 0.0 f 0 32.7 f 1.4 
HDLZ 2.6 f 1.0 14.0 f 2.1 
HDLs 0.0 f 0 18.3 f 1.8 
1.21 B 3.4 f 0.3 21.5 f 2.0 

' All values are given as means 2 SEM. The  data were derived from 
incubation 4. The percent lipolysis in the presence of lipase was 87.5%. 
1.21 B is the 1.21 g/ml infranate. 

* Incubated with and without lipoprotein lipase for 60 min at 37°C. 

molecular weight form identical to chylomicron apoB 
(see Fig. 11). Of note was the fact that 86.9 k 3.7% of 
the apoB radioactivity transferred to LDL was in the 
form of apoB-48, as assessed by 3.5% acrylamide SDS 
gels (44) in incubation 8. ApoC-I1 and apoC-I11 radio- 
activity was found mainly in LDL, HDL, and 1.2 1 g/ 
ml infranate in incubations with LPL present as shown 
in Table 8. 

DISCUSSION 

The purpose of the present investigation was to de- 
fine the products of chylomicron lipolysis following in 
vitro exposure to lipoprotein lipase utilizing human 
lymph chylomicrons. Our own electron microscopic 

data are similar to that reported for rat chylomicron 
morphologic changes by Blanchette-Mackie and Scow 
(47, 48). In both studies lipolysis resulted in finger-like 
projections extending from the chylomicron surface 
(Fig. 2) within 5 min after the addition of lipase, and 
the subsequent formation of particles with redundant 
surfaces, collapsed particles, particles with water spaces, 
and particle fragmentation into smaller particles (Figs. 
2-5). None of these alterations were observed in the 
absence of lipase, or in chylomicrons prior to the ad- 
dition of lipase and albumin (Fig. 1). The finger-like 
projections observed may represent fatty acid formation 
on the surface of chylomicrons prior to uptake by al- 
bumin molecules, as such configurations are mainly 
noted when limited amounts of albumin were used, as 
in incubation 1. Depletion of triglyceride core of chy- 
lomicrons after a significant amount of lipolysis has oc- 
curred appears to result in collapsed particles with re- 
dundant surface and water spaces, as well as fragmen- 
tation into smaller particles. The large particles with 
redundant surface were found mainly in VLDL, IDL, 
and LDL density regions, while smaller particles, pro- 
duced by fragmentation or budding during lipolysis, 
were observed mainly in the LDL and HDL density 
regions (Figs. 6a-9). Similar lipoprotein morphologic 
alterations within IDL, LDL, and HDL have been ob- 
served following the injection of chylomicrons into rats 
(22, 23), with in vitro incubation of VLDL and lipo- 
protein lipase (49), and following 1 0-min heparin-in- 
duced lipolysis in human subjects (50). 

Significant amounts of albumin must be added to in- 
cubations of triglyceride-rich lipoproteins with lipopro- 

TABLE 8. lZ5I-Labeled lymph chylomicron radioactivity distribution among lipoprotein fractions" 

Distribution of Radioactivity 

Lipoprotein Fraction A p A - I  ApoA-I1 ApoB ApoC-11 ApoC-I11 

F 

Without lipase 
d c 1.006 g/ml 94.2 f 4.1 95.6 f 2.8 95.8 f 2.5 96.5 f 1.5 97.6 f 4.7 
IDL 0.0 f 0.0 0.4 f 0.2 3.3 f 1.1 0.4 f 0.2 0.3 f 0.2 
LDL 0.1 5 0.1 0.2 f 0.1 0.4 f 0.2 0.3 ? 0.1 0.4 f 0.1 
HDL 0.6 f 0.2 0.6 f 0.3 0.2 f 0.1 1.7 f 0.3 1.1 f 0.4 
1.21 B 5.1 f 1.0 3.2 f 0.7 0.3 k 0.2 1.1 f 0.4 0.6 f 0.1 

With lipase 
d < 1.006 g/ml 15.1 f 2.1 13.3 f 2.1 27.6 f 1.9 6.1 f 2.1 8.9 f 1.3 
IDL 4.7 f 1.4 3.3 5 0.6 17.3 f 2.1 7.4 f 1.7 4.3 f 0.8 
LDL 9.2 f 1.1 6.4 f 1.1 55.0 f 4.1 31.9 f 1.1 31.5 f 2.3 
HDL 41.8 f 4.6 59.1 f 4.1 4.1 f 1.0 28.4 f 2.2 29.4 f 1.6 
1.21 B 29.2 f 2.7 17.6 f 2.6 0.8 k 0.6 26.2 f 1.9 25.9 f 2.1 

* Values are given as mean f SEM. Incubations were carried out with and without lipoprotein lipase for 60 
min at 37OC. 1.21 B is the 1.21 g/ml infranate. The  fraction d > 1.006 g/ml represents both chylomicrons 
and VLDL. ApoA-I and apoB radioactivity were determined on SDS PAGE, and apoA-11, apoC-11, and apoC- 
I11 radioactivity were determined on TMU PAGE. All analyses were performed in triplicate. The  data were 
derived from incubation 7. Similar results were obtained in incubations 5 and 8 (data not shown). The  percent 
lipolysis in the presence of lipase was 94.6%. 
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Fig. 11. Plasma VLDL ( I )  and lymph chylomicrons (2) are shown as 
run on 10% acrylamide. 1% bis SDS PAGE. Gel it2 documents the 
presence of only one form of apoB, as well as albumin, trace amounts 
of apoH. apoA-IV, trace amounts of E, apoA-I. and the C apolipo- 
proteins. 

tein lipase in order for lipolysis to occur. Albumin may 
represent a confusing component in these types of ex- 
periments. Deckelbaum, Olivecrona, and Fainaru (51) 
described the interaction of apoprotein found in several 
commercial preparations of albumin with the products 
of VLDL lipolysis, resulting in significant shifts in the 
proportion of VLDLderived phospholipids and apo- 
proteins found in HDL. T h e  bovine albumin (Armour) 
utilized in incubations 1-7 was found not only to contain 
phospholipid, but to be particulate in solution when 
examined by electron microscopy. In addition, the use 
of this albumin appeared to interfere with our  immu- 
noassays of apolipoproteins in various density fractions. 
When human lipid-free and apolipoprotein-free albu- 
min solution was used following filtration through a 0.2- 
micron filter, no particles were observed and no inter- 
ference with the immunoassays was noted (incubations 
8.9). Use of either albumin preparation did not appear 
to affect lipid redistribution which occurred with lipol- 
ysis. 

Because of a recent report that cooling chylomicrons 
isolated from monkeys fed saturated fat diets results in 
crystalli7ation of triglyceride in the core of the partic- 
ulate at 16-1 9°C (4 l), we carried out incubations 8 and 
9 utilizing chylomicrons collected at  37"C, and isolated 
at 3 1 "C. These particles were never brought down be- 
low 3 l "C prior to use in incubations. T h e  chylomicrons 
were isolated from the thoracic duct lymph of patients 
who were on a regular diet (polyunsaturated fatsaturated 
fat (P/S) ratio of 0.44), and the mean triglyceride P/S 
ratio in the chylomicron triglyceride was 0.5 1. T h e  re- 
sults of incubations with these particles (Tables 4, 5) 
were similar to those obtained with particles isolated at  
4°C (Tables 3, 5). Similar morphologic alterations with 
lipolysis were also noted. Temperature-dependent dif- 

ferences may not have been observed in the present 
study because the chylomicrons utilized were from pa- 
tients on regular diets rather than saturated fat diets. 

In vitro incubation studies with VLDL and lipopro- 
tein lipase have documented the transfer of VLDL 
apolipoprotein (apoB, apoC-11, and apoC-11 I) radioac- 
tivity as well as lipid constituents (cholesterol and phos- 
pholipid) to IDL, LDL, HDL, and d > 1.21 g/ml den- 
sity fractions (49, 52-54). The  data indicated that with 
lipolysis VLDL-apoB radioactivity was transferred mainly 
to IDL and LDL, while C apolipoprotein radioactivity 
was found mainly in HDL and the 1.2 1 g/ml infranate. 
Of interest was the fact that these transfers occurred in 
the absence of LDL or HDL, suggesting that these latter 
particles did not need to be present to serve as "accep- 
tors" for the products of lipolysis (49). In addition, these 
in vitro observations were consistent with human in vivo 
metabolic data (55-59). 

Lymph chylomicrons differ from plasma VLDL in 
that they contain significant amounts of apoA-I and 
apoA-II(l0, 13), and the apoB in chylomicrons appears 
to have a lower molecular weight than the major form 
of apoB found in plasma VLDL or LDL (44). Further- 
more, lymph chylomicrons contain apoA-IV and apoH 
(B2 glycoprotein-I), proteins which are generally not 
seen in significant amounts in normal plasma VLDL (1 3, 
14). Both plasma VLDL and lymph chylomicrons con- 
tain apoC-I, apoC-11, and apoC-111. Previous in vivo 
studies in rats have documented the transfer of chylo- 
micron phospholipid, cholesterol, and apo-A-I to HDL 

B- 

A-m - 

A-I - 

1 2 3 4 5  
Fig. 12. Plasma VLDL ( I ) ,  lymph chylomicrons (2). apoA-I (3). apoA- 
I 1  (4). apoC-lllp (5 ) .  are shown as run on 13% acrylamide, 0.5% dial- 
lvtartardiamide. SDS PAGE. 
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(22, 23). In vivo studies in man have also demonstrated 
that radiolabeled chylomicron apoA-I and apoA-I1 are 
rapidly transferred to HDL in plasma, and these apo- 
proteins then have a similar kinetic behavior to HDL 
apoA-I and apoA-I1 (10). 

In the present studies, human lymph chylomicrons 
were utilized for in vitro incubations with lipoprotein 
lipase. In the absence of lipase, almost all of chylomicron 
triglyceride, cholesterol, phospholipid, and apolipopro- 
teins remained within the d < 1.006 g/ml density re- 
gion. In the presence of LPL, the percent lipolysis of 
chylomicron triglyceride ranged between 69.0-94.6%. 
With almost complete lipolysis (94.6%), over 80% of the 
small amount of triglyceride remaining was found in 
IDL, LDL, HDL, or the 1.21 g/ml infranate, with the 
highest percentage being found in LDL. Similarly, a 
significant amount of chylomicron free and esterified 
cholesterol was transferred to IDL, LDL, and HDL, 
while most of the chylomicron phospholipid was trans- 
ferred to LDL, HDL, and the 1.2 1 g/ml infranate. 

The transfer of chylomicron apolipoproteins to var- 
ious lipoprotein density fractions with lipolysis was as- 
sessed in three different ways in our experiments: I) 
actual measurement of apolipoprotein concentration 
(for apoA-I, apoA-11, and apoC-11); 2) use of purified 
radioiodinated apolipoproteins reassociated with lymph 
chylomicrons by incubation and reisolation (for apoA- 
I, apoA-11, and apoC-II12); and 3) use of radioiodinated 
chylomicrons (for apolipoproteins A-I, A-11, B, C-11, and 
C-111). Similar results were obtained by all three meth- 
ods when apoA-I and apoA-I1 redistributions were 
compared (see Tables 5, 6, and 8). With lipolysis, chy- 
lomicron apoA-I and apoA-I1 mass and radioactivity 
were transferred mainly to HDL and the 1.21 g/ml 
infranate, similar to what has previously been observed 
in vivo in both man and the rat (1  0,22,23).  The present 
studies, however, were carried out in the absence of 
HDL, and are consistent with the concept that acceptor 
particles need not be present for the transfer of chy- 
lomicron lipid and apolipoprotein to HDL. In addition, 
apoA-I was not as readily removed from chylomicrons 
and was more likely to be transferred to the HDLZb 
density region than apoA-I1 was. If a similar phenom- 
enon takes place in vivo, it may account for the higher 
apoA-1:apoA-I1 ratio observed in HDL2 than in 

As previously observed in in vitro studies with VLDL 
and lipoprotein lipase (49, 52), chylomicron C-I1 mass 
and radioactivity, and chylomicron C-111 radioactivity 
were transferred to LDL, HDL, and the 1.2 1 g/ml in- 
franate, while apoB was transferred mainly to IDL and 
LDL. Most of lymph chylomicron apoB is comprised of 
apoB-48, while plasma LDL apoB in normal man is com- 
posed of a higher molecular weight apoB species (apoB- 

HDLS (60). 

100) (44). Recently it has been shown in the rat that 
over 95% of chylomicron apoB-48 radioactivity is re- 
moved from the circulation prior to its conversion to 
LDL (61). These data are consistent with the concept 
that almost all of LDL apoB is derived from non-chy- 
lomicron sources. However, in our in vitro studies, chy- 
lomicron apoB-48 can be transferred to LDL, presum- 
ably because of the absence of liver uptake. It has been 
suggested that chylomicron remnants after in vivo li- 
polysis contain mainly apoB-48 and apoE, and that these 
particles are taken up by the liver via an apoE receptor 
(62-64). Indeed, in patients with type I11 hyperlipo- 
proteinemia due to apoE deficiency, there is accumu- 
lation of apoB-48 and apoA-IV within IDL and 
LDL (65). 

The data presented are consistent with the concept 
that chylomicron protein and lipid constituents follow- 
ing lipolysis in vitro can serve as precursors for these 
constituents within LDL and HDL, and that this trans- 
fer does not require the presence of “acceptor” lipo- 
pr0teins.l 
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