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Abstract These studies examined the proposition that the small 
particle size of HDL, in the plasma of hypertriglyceridemic sub- 
jects is the consequence of the sequential actions of lipid transfer 
protein and hepatic lipase on HDL. Incubation of unmodified 
total HDL or HDL, in the presence of hepatic lipase resulted 
in a depletion of phospholipid, but little change in the size of 
the particles. On the other hand, HDL, that had first been de- 
pleted of cholesteryl ester and enriched with triglyceride and 
phospholipid, during prior incubation with Intralipid and a 
source of lipid transfer protein, were much more susceptible to 
the action of hepatic lipase. When these modified HDLS were 
incubated with hepatic lipase there was a depletion of the tri- 
glyceride and phospholipid content and a conversion into much 
smaller particles the same size as those predominant in hyper- 
triglyceridemic subjects. These very small particles were derived 
from a population of modified particles that were larger than 
the original HDL, and were within the size range of HDL2.1 
It is proposed, therefore, that in the plasma of hypertriglyceri- 
demic subjects there exists a dynamic balance between the for- 
mation of enlarged triglyceride-rich HDL and a secondary con- 
version of these particles by hepatic lipase to form populations 
of very small HDL.-Hopkins, G. J., and P. J. Barter. Role of 
triglyceride-rich lipoproteins and hepatic lipase in determining 
the particle size and composition of high density lipoproteins. 
J. Lipid Res. 1986. 27: 1265-1277. 
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The observation that the concentration of high density 
lipoproteins (HDL) in human plasma correlates negatively 
with the risk of developing premature coronary heart dis- 
ease (1) has highlighted the importance of understanding 
the regulation of HDL metabolism. The HDL fraction, 
however, is not homogeneous and variations in HDL con- 
centration may reflect differences in any of the constitutive 
subpopulations. Thus, it is necessary to understand not 
only the overall regulation of HDL concentration but also 
factors that determine the distribution of these subpop- 
ulations. 

There are two major subfractions of HDL in human 
plasma; one comprised of larger and less dense particles, 

designated HDL2, and the other of smaller and more 
dense particles, designated HDLs (2). The relative pro- 
portions of these subfractions vary widely in different 
subjects (3). Recently it has become apparent that each 
of the major subfractions is itself further separable, on 
the basis of particle size, into a number of subpopulations 
(4). There is also evidence that the relative proportions 
of these subpopulations vary between subjects (4). Thus, 
in a recent study confirming a deficiency of HDLZ in sub- 
jects with hypertriglyceridemia, it was also found that the 
mean particle size of HDLS decreased progressively as 
the concentration of plasma triglyceride increased (5).  

The explanation for this inverse relationship between 
HDL3 particle size and plasma triglyceride concentration 
is not known. It has been reported that when HDL3 are 
incubated in vitro with either triglyceride-rich lipoproteins 
or an artificial triglyceride emulsion (Intralipid), in the 
presence of a source of lipid transfer protein, a proportion 
of the HDL3 is converted into a population of very small 
particles comparable to those present in the plasma of 
subjects with hypertriglyceridemia (6). Such incubations 
also result, however, in the formation of a population of 
triglyceride-rich HDL that are larger than the original 
HDLS (6). These particles, which are in the size range of 
human HDL2, are not normally present in the plasma of 
hypertriglyceridemic subjects (5).  It is possible that these 
enlarged, triglyceride-rich HDL are prevented from ac- 
cumulating in vivo by the action of hepatic lipase. This 
enzyme may deplete such particles of a proportion of their 
triglyceride and phospholipid (7), resulting in a reduction 
in particle size to the range normally observed in subjects 
with hypertriglyceridemia. 

Abbreviations: HDL, high density lipoproteins; HDLP, HDL 
subfraction-2; HDLS, HDL subfraction-3; VLDL, very low density li- 
poproteins; apoA-I, apolipoprotein A-I; apoA-11, apolipoprotein A-11; 
LCAT, 1ecithin:cholesterol acyltransferase (EC 2.3.1.45). 
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Prahran, Melbourne, Vic. 3 18 1, Australia. 
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To address this issue further, incubations have been 
performed in vitro to determine the effect of hepatic lipase 
on the particle size distribution of human HDLS. Studies 
have been performed with both unmodified HDLS and 
HDLS that had first been modified by incubation with 
Intralipid and a source of lipid transfer protein. It has 
been demonstrated that lipid transfer protein and hepatic 
lipase act sequentially to convert HDLS into populations 
of very small particles similar to those that predominate 
in the HDL fraction of hypertriglyceridemic subjects. 

MATERIALS AND METHODS 

Isolation of lipoprotein fractions 

Blood from healthy subjects was collected into tubes 
containing Kz-EDTA (1 mg/ml) and placed immediately 
on ice. The  plasma was then separated by centrifugation 
at 4°C. Lipoprotein fractions were subsequently isolated 
at 4°C by sequential ultracentrifugation of plasma that 
had been adjusted to appropriate densities with solid KBr 
(8); all ultracentrifugal separations were performed at 
165,OOOg. Total HDL were isolated either as the plasma 
fraction of d > 1.07 g/ml or as the fraction of d 1.07- 
1.2 1 g/ml. Similarly, HDL3 were isolated as the plasma 
fraction of d > 1.13 g/ml or d 1.13-1.2 1 g/ml. Ultra- 
centrifugation was performed for 24 hr at densities of 
1.07 g/ml and 1.13 g/ml, and for 40 hr at a density of 
1.2 1 g/ml. After ultracentrifugation at each density, re- 
covered fractions were dialyzed against a solution of KBr 
with the same density as that used during ultracentrifu- 
gation. Fractions were then washed by a further period 
of ultracentrifugation at the same density. All isolated 
lipoprotein fractions were either dialyzed against 0.02 M 
phosphate buffer (pH 7.4) containing 0.15 M NaCI, 0.0 1 % 
Naz-EDTA, and 0.02% NaN3, or concentrated by vacuum 
dialysis against this buffer using a Micro-ProDiCon ap- 
paratus (Bio-Molecular Dynamics, Beaverton, OR). 

Lipoprotein-free plasma, used as a source of lipid 
transfer protein (9), was isolated as the infranatant after 
ultracentrifugation (165,000 g for 40 hr) of plasma ad- 
justed to a density of 1.25 g/ml. The  recovered fraction 
was then washed by a second period of ultracentrifugation 
at the same density. The  d 1.25 g/ml infranatant from 
the second spin was dialyzed against the phosphate-buff- 
ered saline described above and heated at 58°C for 30 
min to inactivate 1ecithin:cholesterol acyltransferase 
(LCAT) (10). Following centrifugation at 3500 g for 20 
min to sediment any precipitate, the fraction was concen- 
trated by vacuum dialysis as described above. This pro- 
cedure thus provided a lipoprotein-free preparation con- 
taining lipid transfer protein activity in the absence of 
LCAT activity. 

Preparation of hepatic lipase 

Hepatic lipase was purified from rat postheparin plasma 
essentially as described by Boberg et al. (1 1). Briefly, each 
batch of hepatic lipase was purified from approximately 
50 ml of postheparin rat plasma by affinity chromatog- 
raphy on Sepharose 4B (Pharmacia Biotechnology, Upp- 
sala, Sweden) containing covalently bound heparin (Af- 
finity Chromatography, Principles 8c Methods, Pharmacia 
Fine Chemicals, 1979). Fractions containing hepatic lipase 
activity were pooled and vacuum-dialyzed against the 
phosphate-buffered saline described above. Heparin (20 
U/ml) was added to the dialyzate to stabilize enzyme ac- 
tivity (12) and bovine serum albumin was added to the 
pooled fractions to give a concentration of 2% (w/v) in 
the concentrated sample. The  purified enzyme was pres- 
ent on SDS polyacrylamide gels as a single band, although 
other faint bands could be detected when excessive pro- 
tein was applied to gels. Purified hepatic lipase had an 
apparent molecular weight of about 68,000 which was 
within the range reported for highly purified preparations 
isolated from postheparin plasma (1 3- 15). 

Assay of hepatic lipase activity 

Enzyme preparations (1 0 pl aliquots) were incubated 
at 28°C for 30 min with 100 pl of the labeled triolein- 
gum arabic assay mixture described by Boberg et al. (1 1). 
Glycerol tri[ 1 -'4C]oleate was purchased from Amersham 
International, Amersham, UK. The  assay mixture was 
made up in 0.2 M Tris buffer (pH 8.8) containing 0.75 M 
NaCl and sonicated for 5 min at setting 6 using the mi- 
crotip of a B-12 sonifier (Branson Sonic Power Go., Dan- 
bury, CT). The incubation was terminated by the addition 
of 1.6 ml of a mixture of methanol-chloroform-heptane 
5.6:5.0:4.0 (v/v/v) (16) followed by 0.5 ml of 0.5 M 
NaOH (1 1). The partitioning of ['4C]oleic acid standard 
between the upper and lower phases was used to correct 
for losses of labeled oleic acid during the extraction of 
samples. After mixing and centrifugation, 0.6 ml of the 
supernatant was transferred to scintillation vials and 10 
ml of scintillant (ACS 11, Amersham Corp., Arlington 
Heights, IL) was added. Photon emission was eliminated 
by acidifying samples with 0.25 ml of glacial acetic acid. 
Enzyme activities have been expressed as units (1U = 1 
pmol of free fatty acid released/ml per hr). 

Incubations 
Isolated total HDL or HDLS (present as the plasma 

fractions of d 1.07-1.21 g/ml and 1.13-1.21 g/ml, re- 
spectively) were each incubated at 37°C for 6 hr in the 
presence or absence of hepatic lipase. All incubations 
contained heparin (70 U/ml of incubation mixture) to 
stabilize enzyme activity (1 2) and physiological concen- 

1266 Journal of Lipid Research Volume 27, 1986 

 by guest, on June 19, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


trations of lipoprotein-free plasma, previously heated to 
inactivate LCAT as described above. 

Other experiments consisted of two consecutive incu- 
bations. In the first incubation, total HDL and HDL3 
(present as the plasma fractions of d > 1.07 g/ml and d 
> 1.13 g/ml, respectively) were each modified by incu- 
bation in the presence of the artificial triglyceride emul- 
sion, Intralipid (20% emulsion, Vitrum AB, Stockholm, 
Sweden). These incubations also contained activity of the 
lipid transfer protein (9). Cholesterol esterification was 
inhibited by the addition of p-chloromercuripheny1 sul- 
fonate (final concentration, 0.002 M), an inhibitor of 
LCAT (1 7). After incubation, the Intralipid was removed 
by ultracentrifugation for 12 hr at d 1.006 g/ml and the 
modified HDL were reisolated as the supernatant after 
ultracentrifugation for 40 hr at d 1.25 g/ml. 

In the second incubation, the reisolated HDL were in- 
cubated at 37°C for 6 hr in the presence or absence of 
hepatic lipase as described above, except that some in- 
cubations contained 5% w/v bovine serum albumin in- 
stead of heat-inactivated lipoprotein-free plasma. 

Density gradient ultracentrifugation 
In some experiments density gradient ultracentrifu- 

gation was used to isolate specific populations of HDL 
from lipoprotein mixtures previously incubated with In- 
tralipid as described above. This method was performed 
essentially as described by Groot et al. (1 8); precise details 
of this technique have previously been reported (1 9). Fol- 
lowing ultracentrifugation, the contents of each tube were 
collected as 0.5-ml fractions and appropriate fractions 
were pooled and concentrated by vacuum dialysis. 

Gel filtration chromatography 
HDL were separated by gel filtration chromatography 

on Superose 6B (Pharmacia Biotechnology, Uppsala, 
Sweden) as previously described (6), except that the pro- 
cedure was performed at room temperature. The HDL 
had been previously depleted of plasma proteins by a sin- 
gle 40-hr period of ultracentrifugation at d 1.25 g/ml. 
Following sample application, 32 ml of eluting solution 
was pumped into the column before the fraction collector 
was activated and 2-ml fractions were collected. 

Chemical analysis 
All assays were performed using a Cobas-Bio centrifugal 

analyzer (Roch Diagnostics, Basel, Switzerland). Concen- 
trations of total and free cholesterol were measured using 
enzymatic assays as previously described (1 9). Concentra- 
tions of esterified cholesterol were determined as the dif- 
ference between the concentrations of total and free cho- 
lesterol. Triglyceride and phospholipid concentrations 
were also measured using enzymatic assays (Peridochrom 

Triglyceride GPO-PAP, Cat. No. 701 904, and Phospho- 
lipids Test Combination, Cat. No. 69 1 844, Boehringer 
Mannheim GmbH, F.R.G.). Protein concentrations were 
measured using the method of Lowry et al. (20) adapted 
for use on the Cobas-Bio. 

Electrophoretic methods 
HDL were separated on the basis of particle size by 

gradient gel electrophoresis on 2.5 to 27% polyacrylamide 
slab gels (Gradient Labs., Sydney, Australia) as previously 
described (19). Prior to electrophoresis, a small amount 
of bovine serum albumin was added to each HDL sample 
as an internal standard. The gels were finally scanned in 
a laser densitometer (2202 UltroScan, LKB, Bromma, 
Sweden) and the lipoprotein peaks were quantitated using 
a Hewlett-Packard 3390A integrator. 

Apolipoprotein composition of HDL was determined 
by polyacrylamide gel electrophoresis on 10% (w/v) slab 
gels (21). Protein bands were stained with Coomassie Blue 
R-250 and scanned as described above. 

Electroimmunoassa y 
Concentrations of apolipoproteins A-I and A-I1 (apoA- 

I and apoA-11) were determined by electroimmunoassay 
(rocket electrophoresis) using the method of Curry, Alau- 
povic, and Suenram (22). Antisera against human apoA- 
I and apoA-I1 were purchased from Boehringer Mann- 
heim Australia Pty Ltd, Sydney, Australia. The results of 
these assays were used to calculate the molar ratios of 
apoA-1:apoA-11, assuming molecular weights for apoA-I 
and apoA-I1 of 28,016 and 17,414, respectively. 

RESULTS 

Modification of HDL by incubation 
with hepatic lipase 

All results in this report are representative of at least 
two experiments. Gradient gel electrophoretic profiles of 
total HDL and HDL3 incubated at 37°C for 6 hr in the 
presence of phosphate-buffered saline are shown in Fig. 
1. The total HDL contained two major populations of 
lipoproteins with mean particle radii of 5.5 nm and 4.4 
nm (panel A); HDL3 comprised mainly a single population 
with a mean particle radius of 4.3 nm (panel B). These 
particle size distributions were identical to those of cor- 
responding fractions kept at 4°C (results not shown). 

Incubation in the presence of hepatic lipase resulted 
in a depletion of the phospholipid and triglyceride content 
of both total HDL and HDLs (Table 1). These changes, 
however, were accompanied by only small reductions in 
the particle size of either fraction (Fig. 1). Incubation with 
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TOTAL HDL 

-Hepatic lipase, 
37% I*1 g 
+Hepatic lipase, 
37T - ' "Jb. 

5 
Fig. 1. Effect of hepatic l i p a s e  on the particle size distribution of total HDL (panel A) and HDL, (panel B). 
The number above each population of lipoproteins represents the particle radius at  the peak of the trace (Alb. 
represents albumin). Each preparation was incubated at 37°C for 6 hr in either the absence or presence  of 
hepatic lipase;  incubations  of total HDL  (d 1.07-1.2 1 g/ml) and HDL,  (d 1.13-1.21 g/ml) contained hepatic 
lipase  activities  of 24 U/ml and 36 U/ml.  respectively. All incubations contained heparin (70 U/ml) and l i p  
protein-free plasma that had  previously  been  heated at 58OC for 30 min to inactivate  LCAT. Following incubation, 
the samples  were  subjected to ultracentrifugation to remove  albumin and analyzed by gradient gel elmrophomis 
as outlined in Materials and Methods. 

hepatic lipase did  not  alter  the  molar  ratio  of apoA-I: 
apoA-I1 in either total HDL or HDL, (Table 1). In all 
experiments, apoA-I and apoA-I1 accounted  for  more 
than 90% of  the  protein  component  of  HDL fractions; 
the  remainder consisted of small amounts of apolipopro- 
tein C and albumin. 

Modification of HDL by incubation  with  Intralipid 
and  a source of lipid transfer  protein 

The chemical composition and particle size distribution 
of total HDL  and HDL,,  whether kept at  4°C in the pres- 
ence  of Intralipid or incubated at  37°C in the absence of 
Intralipid,  were virtually identical to those  of  the  corre- 
sponding fractions kept at  4°C in the absence of Intralipid. 
Incubation at 37°C in the presence  of  Intralipid, however, 

resulted in marked  changes in the chemical composition 
of total HDL  and HDL,;  both  fractions  were  depleted  of 
the cholesteryl ester  and  free cholesterol and  enriched 
with triglyceride and phospholipid (Table 2). These 
changes in composition were associated with major  alter- 
ations to the particle size of the HDL.  In  the case of total 
HDL,  the mean  particle size of the  major population was 
increased  from 4.4 nm to 4.7 nm (Fig. 2, panel A). A new 
population  of  much  smaller  particles with a  mean  radius 
of 3.8 nm was also formed.  In  the case of HDL,, incu- 
bation in the presence  of  Intralipid  resulted in the a p  
pearance  of  two new populations of particles, one com- 
prising  particles that  were  larger  and  the  other particles 
that were  smaller  than  those in the unmodified HDL, 
(radius 4.3 nm) (Fig. 2, panel B). These new populations 

TABLE 1. Modification of HDL by incubation with hepatic l i p a x  

Incubation 

Added 96 Composition by Weighta 
Hepatic Molar Ratio 

Fnaion T ~ P  Lipase Roc PL CE FC TG ApA- l :ApA- I I  

OC 

Total HDL 4 - 46.2 31.3 18.5 2.8 1.3 3.3 
Total HDL 37 - 49.3 29.2 17.3 2.7 1.6 3.6 
Total HDL 37 + 57.7 20.9 18.3 2.8 0.4 3.2 

HDLs 4 - 54.0 26.5 15.9 1.8 1.9 1.6 
HDLs 37 - 54.0 26.0 16.4 1.9 1.9 1.7 
H DL, 37 + 56.2 24.2 17.0 2.0 0.7 1.6 

Values are the mean from duplicate incubations. The data relate to the experiment shown  in  Fig. 1. Incubation conditions are outlined in the 

a Prot.. protein: PL. phospholipid:  CE,  cholesteryl ester; FC. f m  cholesterol: TG. triglyceride. 
legend to Fig. 1. 
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TABLE 2. Modification of  HDL by incubation with Intralipid and a  source of lipid transfer  protein 

Incubation 
% Composition by Weight' 

Added Molar  Ratio 
Fmnion  Temp  lntralipid P r o 1  PL CE FC TG ApoA-l:ApoA-II 

' C  

Total HDL 4 - 49.7 28.8 18.3 2.6 1.2 3.5 
Total HDL 4 + 46.2 32.1 17.0 2.8 1.9 3.6 
Total HDL 37 + 42.7 37.0 13.2 1.4 5.9 3.3 

HDLs 4 - 54.1 25.2 16.4 2.5  1.8 1.6 
HDLs 4 + 53.9 27.2 15.9 1.2 2.0 1.7 
H DL3 37 + 51.3 34.8 2.7 0.7 10.7 2.1 

Values arc  the mean  from  duplicate incubations. T h e  data  relate  to  the  experiment shown in Fig. 2. Incubation  conditions arc  outlined in the 

a Prot.  protein; PL, phospholipid; CE. cholateryl  ester: FC, free  cholesterol;  TG.  triglyceride. 
legend to Fig. 2. 

contained particles with mean radii of 4.7 nm and 3.8 
nm, respectively. There was also an  apparent increase in 
the molar ratio of apoA-1:apoA-I1  in the HDLs after in- 
cubation in the presence of Intralipid  (Table 2). 

In the  experiments described below, preparations of 
total HDL  and HDLs were first modified by incubation 
with Intralipid  as  described above; the modified particles 
were then reisolated and  either kept at  4°C in the absence 
of hepatic lipase or incubated at  37°C in the presence  or 
absence of hepatic lipase. In all experiments, the particle 
size distribution of each HDL fraction  incubated at 37OC 
in the absence of hepatic lipase was virtually identical to 
that of the corresponding  fraction kept at 4OC. 

Effect of hepatic lipase on total HDL modified by 
prior incubation with Intralipid and a source 
of lipid transfer protein 

A preparation of total HDL was modified by prior in- 
cubation with Intralipid as described above, reisolated and 

subsequently incubated in either  the presence or absence 
of hepatic lipase. Incubation of the Intralipid-modified 
HDL with hepatic lipase resulted in a 27-38% reduction 
in the concentration of phospholipid and a 64-71% re- 
duction in the concentration of triglyceride in the incu- 
bation mixture (results not shown). Consequently, parti- 
cles incubated in the presence of hepatic lipase were de- 
pleted of phospholipid and triglyceride, but contained a 
greater  proportion of protein  than  those  incubated in the 
absence of  hepatic lipase (Table 3). These changes in 
composition were associated with changes in the relative 
proportions of the different subpopulations; the  propor- 
tion of 3.8 nm particles increased from 8.4% to 15.4% of 
the total  lipoprotein (Fig. 3, panel A). 

In subsequent  experiments, the formation  of small 
HDL particles (3.8  nm radius) during incubation with he- 
patic lipase was examined using HDLs  (rather  than  total 
HDL)  that  had  been modified by prior incubation with 
Intralipid. 

TOTAL  HDL 

4.3 B 
4.71  3.8 

+Intralipid, 4°C - 
+Intralipid. 37OC 

F"7 

Fig. 2. Effect of  incubation in the presence of lntralipid  and  a  source  of lipid transfer  protein  on  the  panicle 
size distribution  of  total  HDL  (panel A) and HDL, (panel B). The  number  above each  population  of  lipoproteins 
represents  the  particle  radius  at  the peak of  the  trace (Alb. represents  albumin). Total HDL (d > 1.07 g/ml) 
and HDL, (d > 1.1 3 g/ml) were each mixed with lntralipid (10% v/v, total HDL: 15% v/v. H D b )  and  either 
kept at 4°C or incubated at 37°C for A hr. Following incubation. the samples were subjected to ultracentrifugation 
to remove  albumin  and analyzed by p d i e n t  gel electrophoresis  as  outlined in Materials and Methods. 
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TABLE 3. Effect of hepatic lipase on total HDL  and HDL9 modified by prior incubation with lntralipid 

Incubation 

Added 
Hepatic 

% Composition by Weight. 
Molar Ratio 

Fnction T ~ P  . Lipare Rot PL CE FC TG ApoA-I:ApoA-II 

*C 

Total  HDL 4 - 43.0 36.7 12.2  1.5 6.6 3.9 
Total  HDL 37 - 46.4 35.3 12.1  1.2 5.1  3.2 
Total HDL 37 + 55.1 27.5 13.7  1.4 2.3  2.7 

HDLs 4 - 51.9 34.2 2.6  0.7 10.7  2.3 
HDLs 37 - 50.6 35.4 2.7  0.7 10.6  2.1 
HDLs 37 + 55.9 31.7 3.5 0.8 8.1  2.2 

Values are  the mean  of  duplicate  experiments. These data  relate  to  the  experiment shown in Fig. 3. Incubation  conditions are outlined  in the 

a Prot.  protein;  PL, phospholipid: CE. cholesteryl  ester; FC. free  cholesterol;  TG. triglyceride. 
legend to Fig. 3. 

Effect of  hepatic  lipase  on H D b  modified by prior 
incubation  with  Intralipid  and a source of 
lipid  transfer  protein 

HDLS that  had previously been modified by incubation 
in the presence of Intralipid were reisolated and incubated 
at 37OC in either  the presence or absence of hepatic lipase. 
Incubation with hepatic lipase resulted in a  reduction in 
the phospholipid and triglyceride  content of the HDLS 
(Table 3). This was associated with a  disappearance of the 
population of modified particles of  radius 4.7 nm  (which 
were formed during  the  prior incubation with Intralipid, 

Fig. 2, panel B) and  an increase (from 33% to 64%) in 
the  proportion  of particles of radius 3.8 nm (Fig. 3, 
panel B). 

I t  was not possible to  determine from these experiments 
which lipoprotein  population was the  precursor of the 
small HDLS (3.8 nm radius) that  appeared  during incu- 
bation of modified HDLS with hepatic l i p a s e  (Fig. 3, panel 
B). It was likely, however, that they were formed  from 
the  enlarged modified particles (4.7 nm  radius)  that a p  
peared  during  the  prior incubation of HDLS with Intra- 
lipid (Fig. 2, panel B). In  the following experiments,  these 
enlarged particles were isolated either by density gradient 

TOTAL  HDL 

INCUBATION 

-Hepatic  lipase, 
37% = 
+Hepatic  lipase. 
37°C - 

4.7  3.8 B 

Fig. 3. Effect of  hepatic l ipase  on  the particle size distribution  of  total  HDL (panel A) and  HDL, (panel B) 
modified by prior  incubation  in  the  presence  of  lntralipid  and  a  source  of lipid transfer  protein. The  number 
above  each  population  of  lipoproteins  represents  the  particle  radius  at  the peak of  the  trace (Alb. represents 
albumin). Total HDL  (d > 1.07 g/ml) and HDL, (d > 1.13 g/ml)  were modified by incubation  in the presence 
oflntralipidasdexribedinFig.2andisolatedasthefractionsd 1.07-1.21 g/mland 1.13-1.21 g/ml,respcctively. 
Fach fraction was subsequently  incubated at 37°C for  a  further 6 hr in the presence  and  absence of hepatic 
lipase; incubations of total HDL  and HDL, contained  hepatic lipase activities of 24 U/ml and 36 U/ml. r e  
spectively. These incubations also contained  heparin (70 U/ml) and lipoprotein-free plasma which had previously 
been  heated  at 58OC for 30 min to inactivate  LCAT. Following incubation,  the samples were subjected to 
ultracentrifugation to  remove  albumin  and analyzed by gradient gel electrophoresis  as  outlined  in  Materials  and 
Methods. 
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TABLE 4. Effect of hepatic lipase on enlarged modified HDLs isolated by ultracentrifugation 

% Composition by Weighte Concentration'' (pg/ml) 
Molar Ratio 

Fraction Lipase Incubation Prot PL CE FC TG ApoA-1:ApoA-I1 Prot PL CE FC T G  

Original HDLs 55.3 20.8 16.9 1.6 5.3 2.9 
Modified HDLs -hepatic lipase 40.8 37.5 7.1 0.6 14.0 1.3 1283 1182 223 20 439 
Modified HDLs +hemtic IiDase 54.1 30.4 10.5 1.0 4.1 1.1 1134 638 220 20 86 

The plasma fraction of d > 1.13 g/ml was incubated in the presence of Intralipid as described in the legend to Fig. 2. The enlarged modified 
HDLs formed during the incubation (see Fig. 2B) were isolated by density gradient ultracentrifugation as a single population with a mean radius 
of 4.8 nm and subsequently incubated at 37OC for 6 hr in the absence or presence of hepatic lipase (73 U/ml). These incubations also contained 
bovine serum albumin (5% w/v) and heparin (70 U/ml). Following incubation, the modified HDLs were reisolated and analyzed as described 
in Materials and Methods. 

Prot, protein; PL, phospholipid; CE, cholesteryl ester; FC, free cholesterol; TG, triglyceride. 

ultracentrifugation or by gel filtration chromatography 
and subsequently incubated at 3'7°C in the presence and 
absence of hepatic lipase. 

Effect of hepatic lipase on an isolated population of 
enlarged HDLS formed during prior incubation 
with Intralipid 

Enlarged modzjied particles isolated by ultracentnyugation. 
HDLs were modified by incubation in the presence of 
Intralipid (1 5% v/v) for 8-10 hr in experiments com- 
parable to those shown in Fig. 2, panel B. Following in- 
cubation, the modified HDLS were subjected to density 
gradient ultracentrifugation which revealed the presence 
of discrete populations of particles of differing density as 
previously described (6). The density gradient ultracen- 
trifugation fractions that contained particles with a density 
lower than the original HDLs were recovered and used 
in subsequent incubations. These less dense particles were 
found by gradient gel electrophoresis to comprise a single 
population with a mean particle radius of 4.8 nm. They 
were also enriched in phospholipid and triglyceride, de- 
pleted of free cholesterol and cholesteryl ester and had a 
lower molar ratio of apoA-1:apoA-I1 when compared with 
the original unmodified HDLs (Table 4). 

Subsequent incubation of these modified particles with 
hepatic lipase for 6 hr resulted in triglyceride and phos- 
pholipid hydrolysis: the concentrations of these compo- 
nents in the incubation mixture were reduced by 80% 
and 46%, respectively (Table 4). Compared to the original 
unmodified HDL!,, the particles that had been incubated 
sequentially with Intralipid and hepatic lipase were de- 
pleted of cholesteryl ester and enriched with phospholipid 
(Table 4). 

The time course of the action of hepatic lipase on the 
modified particles of radius 4.8 nm is shown in Fig. 4. 
During incubation with hepatic lipase these particles were 
converted progressively, in an apparent stepwise fashion, 
into populations of smaller particles. After 24 hr of in- 
cubation, two populations with mean radii of 4.0 nm and 
3.7 nm were present. The presence of an additional pop- 

ulation of particles of radius 4.5 nm in the zero-time sam- 
ple may have reflected a low level of activity of hepatic 
lipase even though this sample had been maintained at 
4°C. There was no reduction in particle size of the mod- 
ified HDLS after incubation at 37°C for 24 hr in the ab- 
sence of hepatic lipase. Nor was the composition of the 
modified particles changed by 24 hr of incubation at 37°C 
in the absence of hepatic lipase (Table 5). Incubation in 
the presence of hepatic lipase, however, resulted in pro- 
gressive reductions in the particle content of triglyceride 
and, to a lesser extent, phospholipid (Table 5). There 
were also apparent increases in the molar ratio of apoA- 
1:apoA-11. 

The preparations of Intralipid-modified HDLS used in 
the experiments shown in Fig. 4 and Tables 4 and 5 were 
isolated by ultracentrifugation. Since prolonged ultra- 
centrifugation may effect the integrity of HDL (23), ad- 
ditional experiments were performed in which the mod- 
ified particles were re-isolated by gel filtration chroma- 
tography. This relatively mild technique was also used to 
verify the changes in particle size apparent from gradient 
gel electrophoresis. 

Enlarged modijied particles isolated by gel-jiltratim chro- 
matography. Gel filtration profiles of HDL3 incubated in 
the presence or absence of Intralipid (1 5% v/v) are shown 
in Fig. 5, panel A. Gradient gel electrophoresis of pooled 
gel filtration fractions showed that HDL3 incubated in 
the absence of Intralipid had a mean particle radius of 
4.4 nm (Fig. 5, panel B). Following incubation of HDLS 
in the presence of Intralipid, individual gel filtration frac- 
tions were subjected to gradient gel electrophoresis; each 
fraction contained discrete populations of HDL. As ex- 
pected, larger HDL particles eluted from the column 
more rapidly than smaller particles. Fractions 22 to 28, 
however, each contained a single population of enlarged 
particles of radius 4.7 nm (Fig. 5, panel B); these fractions 
were pooled and concentrated. Compared to the original 
HDL, (4.4 nm radius), the modified particles of radius 
4.7 nm were enriched in phospholipid and triglyceride 
and depleted of cholesteryl ester (Table 6). 
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VCUBATION 

0 min 

15 min 

30 min 

1 hr 

2 hr 

6 hr 

24 hr 

'4 hr -hepatic lipa 

Fig. 4. Time course of the effect of hepatic lipase on an isolated 
population of enlarged particles formed during prior incubation of 
HDLS with Intralipid. The number above each population of lipopro- 
teins represents the particle radius at the peak of the trace. The plasma 
fraction of d > 1.13 g/ml was incubated in vitro with Intralipid (final 
concentration, 15% v/v) at 37°C for 8 hr. The enlarged modified 
HDLS (4.8 nm radius) formed during the incubation (see Fig. 23) were 
isolated by density gradient ultracentrifugation as a single population 
and subsequently incubated at 37OC for up to 24 hr in the absence 
and presence of hepatic lipase (48 U/ml). These incubations also con- 
tained bovine serum albumin (5% W/V) and heparin (70 U/ml) as 
described in Materials and Methods. Following incubation, the modified 
HDLS were reisolated and analyzed as described in Materials and 
Methods. 

A preparation of these modified particles of radius 4.7 
nm was recovered from the gel filtration column and sub- 
sequently incubated in the presence or absence of hepatic 
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TABLE 5. Time course of changes in composition of enlarged 
modified HDLs isolated by ultracentrifugation and 

incubated with hepatic lipase 

% Composition by Weight" 
Molar Ratio 

Time Prot PL CE FC TG AmA-I:AwA-II 

0 min 35.4 42.2 2.9 1.9 17.5 1.3 
15 min 36.7 41.8 3.1 2.1 16.3 1.2 
30 min 36.1 44.4 2.8 1.5 15.2 1.4 
1 hr 37.8 44.4 3.1 1.9 12.8 1.5 
2 hr 38.1 45.9 3.2 1.8 10.9 1.8 
6 hr 40.5 44.8 3.7 1.7 9.3 2.0 
24 hr 43.8 39.8 5.6 3.0 7.8 2.1 
24 hr, absence of 

hepatic lipase 34.5 41.1 2.1 1.0 21.3 1.4 

These data relate to the experiments show in Fig. 4. Incubation 

a Prot, protein; PL, phospholipid; CE, cholesteryl ester; FC, free 
conditions are outlined in the legend to Fig. 4. 

cholesterol; TG, triglyceride. 

lipase. After incubation, the samples were again subjected 
to gel filtration chromatography. Modified particles that 
had been incubated with hepatic lipase eluted from the 
gel filtration column more slowly than did those incubated 
in the absence of hepatic lipase (Fig. 5, panel C). Gradient 
gel electrophoresis of the pooled gel filtration fractions 
confirmed that incubation in the presence of hepatic lipase 
resulted in the complete conversion of the modified par- 
ticles (radius 4.7 nm) into two populations of particles 
with mean radii of 3.9 nm and 3.8 nm (Fig. 5, panel D). 

The effect of hepatic lipase on the concentration of 
lipoprotein components in the incubation mixtures was 
similar to that observed in the earlier experiment with 
samples isolated by ultracentrifugation (Table 4); the 
concentrations of triglyceride and phospholipid were re- 
duced by 89% and 2596, respectively (Table 6). These 
changes in concentration resulted in particles with a 
higher protein content and a lower triglyceride content 
than those incubated in the absence of hepatic lipase (Ta- 
ble 6). Compared to the original unmodified HDL3 , par- 
ticles that had first been modified by incubation with In- 
tralipid and then incubated with hepatic lipase were en- 
riched in phospholipid and depleted of cholesteryl ester 
(Table 6). Unlike particles subjected to the same incu- 
bation conditions but isolated by ultracentrifugation (Ta- 
ble 4), the modified particles isolated by gel filtration 
chromatography had a ratio of apoA-1:apoA-I1 compa- 
rable to that in the original unmodified HDL3 (Table 6). 

In the experiments described above, a significant effect 
of hepatic lipase on the particle size of HDL was evident 
only after the HDL had first been modified during a sep- 
arate prior incubation with Intralipid and a source of lipid 
transfer protein. To  determine whether changes in par- 
ticle size would also occur when HDL3 were exposed si- 
multaneously to lipid transfers and hepatic lipase activity, 
HDL3 were incubated in a mixture containing Intralipid, 
a source of lipid transfer protein, and hepatic lipase. 
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INCUBATION 1 r 

~ 

INCUBATION 2 

Intralipid-modified 
particles - hepatic lipase 

Intralipid-modified 
particles + hepatic lipase 

GEL-FILTRATION 
CHROMATOGRAPHY 
Absorbance (280 nm) 

A 

Residual 
Intralipid 

GR ADIENT-GEL 
ELECTROPHORESIS 

Absorbance (633 nm 

B 

' I  I 
1 1  I 

1 '  I 

Fig. 5. Use of gel filtration chromatography to assess the effect of hepatic lipase on enlarged particles formed 
during prior incubation with Intralipid. HDLS (d > 1.13 g/ml) were incubated in the absence and presence of 
Intralipid (15% v/v) at 37°C for 8 hr. The enlarged Intralipid-modified panicles formed during the incubation 
were isolated by gel filtration chromatography and subsequently incubated at 37°C for a further 6 hr in the 
absence and presence of hepatic lipase (41 U/ml). These incubations also contained heparin (70 U/ml) and 
bovine serum albumin (5% w/v). Following this second incubation, the HDL were again subjected to gel filtration 
chromatography; appropriate fractions were then pooled, concentrated by vacuum dialysis, and subjected to 
gradient gel electrophoresis. 

Incubation of HDLS in the presence of Intralipid, a 
source of lipid transfer protein and hepatic lipase 

lipase to this mixture had a marked effect on the particle 
size distribution; the larger particles (radius 4.7 nm) were 
no longer apparent. In their place were populations of 
much smaller particles with mean radii of 4.1 nm, 3.9 nm 
and 3.7 nm (Fig. 6, panel D). These smaller particles were 
depleted of triglyceride and enriched with protein com- 
pared to the HDLg that had been incubated in the pres- 
ence of only Intralipid and lipid transfer protein activity 

As observed in other experiments, incubation for 24 
hr in the presence of Intralipid and a source of lipid trans- 
fer protein (but in the absence of hepatic lipase) resulted 
in the conversion of HDL!, into populations of larger and 
smaller particles (Fig. 6, panel C). The addition of hepatic 

TABLE 6. Effect of hepatic lipase on enlarged modified HDLg (4.7 nm radius) isolated by gel filtration chromatography 

Concentrationa (pg/ml) % Composition by Weight' 
Molar Ratio 

Fraction LipaseIncubation Prot PL CE FC TG ApoA-1:ApoA-I1 Prot PL CE FC TG 

Original HDLg 54.1 22.0 18.8 2.3 2.8 1.6 
Modified HDLg -hepatic lipase 44.8 34.2 5.2 0.2 15.6 1.4 4051 3096 469 21 1412 
Modified HDL3 +hepatic lipase 56.3 33.6 7.5 0.3 2.2 1.3 3908 2334 522 19 156 

~~ ~~~~~ ~~ ~ 

These data relate to the experiment shown in Fig. 5. Incubation conditions are outlined in the legend to Fig. 5. 
a h o t ,  protein; PL, phospholipid; CE, cholesteryl ester; FC, free cholesterol; TG; triglyceride. 
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INCUBATION 

-1ntralipid 

-hepatic lipase, 4OC 

-1ntralipid 

-hepatic lipase, 37OC 

A 
Particle 4 3  39 

Albumin 

-hepatic + Intralipid lipase, 37OC 

+Intralipid 

+hepatic lipase, 37OC 

Fig. 6. Effect of incubation in the presence of a mixture of Intralipid, 
a source of lipid transfer protein and hepatic lipase on the particle size 
distribution of HDL,. HDL, (d 1.13-1.21 g/ml) were either kept at 
4°C (panel A) or incubated at 37°C for 24 hr (panel B) in the absence 
of both Intralipid and hepatic lipase. Aliquots of the same preparation 
of HDL, were also incubated at 37°C for 24 hr in the presence of 
Intralipid (1 5% v/v), but in the absence of hepatic lipase, (panel C) or 
in the presence of both Intralipid (15% v/v) and hepatic lipase (15.6 
U/ml) (panel D). All incubations also contained heparin (70 U/ml) 
and lipoprotein-free plasma that had previously been heated to inac- 
tivate LCAT. Following incubation, the samples were subjected to ul- 
tracentrifugation to remove albumin and analyzed by gradient gel 
electrophoresis as outlined in the Materials and Methods. 

nl,' I 

i 

(Table 7). The ratio of apoA-1:apoA-I1 was also increased 
after incubation for 24 hr in the presence of hepatic lipase 
as was observed in other experiments involving prolonged 
incubations with hepatic lipase. 

DISCUSSION 

The results of these studies support the hypothesis that 
both the deficiency of HDL2 (3) and the small particle 
size of HDLs (5) in subjects with hypertriglyceridemia are 
the consequence of the sequential actions of lipid transfer 
protein and hepatic lipase on HDL. It is known that when 
HDLs are incubated in vitro in the presence of either 
triglyceride-rich lipoproteins or Intralipid, as well as a 
source of lipid transfer protein, two new populations of 
particles are formed: one comprising particles that are 
smaller, and the other comprising particles that are larger 
than the original HDL3. Although the mechanism of for- 
mation of the smaller particles is not known, their presence 
has been reported and discussed previously (6). The for- 
mation of the larger particles, on the other hand, can be 
explained on the basis of lipid transfers between the HDL3 
and triglyceride-rich particles which result in a proportion 
of the cholesteryl ester in HDL being replaced by tri- 
glyceride (24-27). Since triglyceride has a larger molec- 
ular volume than cholesteryl ester (28), this results in the 
formation of enlarged HDL particles within the size range 
of HDL2 (6) rather than the smaller particles observed in 
subjects with hypertriglyceridemia (5). What has been 
found in the present studies is that subsequent incubation 
with a preparation of hepatic lipase depletes these en- 
larged, triglyceride-enriched HDL of a proportion of their 
acquired triglyceride and in the process converts them 
into particles that are smaller than the original HDL. The  
particles formed in this way are the same size as those 
that predominate in the plasma of hypertriglyceridemic 
subjects. The conclusion that these changes in HDL par- 
ticle size were the consequence of hepatic lipase activity, 
rather than some contaminant in the enzyme preparations, 
is supported by the results of other studies (not reported 
here) in which a fortuitous loss of lipolytic activity in 
preparations of hepatic lipase was consistently accompa- 
nied by an absence of change in HDL particle size. 

An action of hepatic lipase on HDL has been previously 

TABLE 7. 

Incubation 

Incubation of HDLs with a mixture of Intralipid, a source of lipid transfer protein and hepatic lipase 

Added % Composition by WeightD 
Added Hepatic Molar Ratio 

Temp Intralipid Lipase Prot PL CE FC TG ApoA-1:ApoA-I1 

O C  

4 - - 47.0 29.9 20.6 2.5 3.0 1.3 
37 - - 46.4 26.2 21.2 2.3 3.9 1.2 
37 + - 29.6 33.6 6.4 1 .o 29.4 1 . 1  
37 + + 49.3 29.7 9.9 0.9 10.2 1.8 

These data relate to the experiment shown in Fig. 6. Incubation conditions are outlined in the legend to Fig. 6 
a Prot, protein; PL, phospholipid; CE, cholesteryl ester; FC, free cholesterol; TG, triglyceride. 
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reported. It has been shown, for example, that hepatic 
lipase hydrolyzes the phospholipid of rat HDL (29), al- 
though in those studies there was no change in the density 
(nor presumably in the size) of the particles. It is possible 
that hydrolysis of phospholipid alone has no effect on HDL 
particle size. Hepatic lipase has been reported to act on 
both the phospholipid and triglyceride components of 
human HDL (7). Indeed, in a report of a patient with a 
marked reduction in hepatic lipase activity, one of the 
findings was a marked enrichment of HDL with triglyc- 
eride (30). Incubation of human HDL with hepatic lipase 
in the present studies resulted in the hydrolysis of both 
phospholipid and triglyceride. In the case of the unmodi- 
fied HDL there were minimal associated changes in par- 
ticle size. It should be noted, however, that the triglyceride 
content of these unmodified particles was very low and 
even its complete hydrolysis could have had little effect 
on the HDL particle size. 

When, by contrast, hepatic lipase acted on HDL that 
had been enriched with triglyceride during prior incu- 
bation with Intralipid and a source of lipid transfer pro- 
tein, the much greater loss of triglyceride was associated 
with a marked reduction in particle size. In fact, the re- 
sulting particles, already depleted of cholesteryl ester 
during the first incubation and now depleted of a signif- 
icant proportion of the triglyceride that had replaced it, 
were smaller even than the original unmodified particles. 
These particles were the same size as those normally found 
in the plasma of subjects with hypertriglyceridemia. 

It was not obvious from these experiments which li- 
poproteins were the precursors of the small HDL formed 
during incubation of modified HDLs with hepatic lipase. 
Whereas the original unmodified HDLs comprised essen- 
tially a single population of particles, the modified particles 
contained a number of different populations, any one of 
which may have interacted with hepatic lipase. It was 
probable, however, that the very small particles formed 
during incubation with hepatic lipase were derived from 
a population of enlarged, triglyceride-rich HDL. To ex- 
amine this possibility, HDLs were modified as before by 
incubation in the presence of Intralipid and a source of 
lipid transfer protein. The enlarged modified particles 
were then isolated, either by density gradient ultracen- 
trifugation or gel filtration chromatography, as a single 
population which was subsequently incubated in the pres- 
ence and absence of hepatic lipase. In these experiments, 
activity of hepatic lipase resulted in an almost complete 
conversion of the enlarged modified particles into a pop- 
ulation of much smaller particles with a mean radius of 
3.8 nm. 

This reduction in particle size was accompanied by a 
depletion of both the triglyceride and phospholipid com- 
ponents of the modified particles. Since, in the case of 
unmodified HDLs , phospholipid depletion alone was not 

associated with any change in particle size, it is possible 
that the reduced size of the modified particles was simply 
a reflection of their diminished content of triglyceride. 
The accompanying hydrolysis of phospholipid may have 
served merely to remove superfluous surface components 
liberated as the particles were reduced in size. 

Compared to native HDLs from hypertriglyceridemic 
subjects (3 I) ,  the small HDLs particles formed during 
incubation with hepatic lipase were enriched with phos- 
pholipid and depleted of cholesteryl ester. These differ- 
ences are relatively unimportant, however, since the com- 
position of the small particles formed during incubation 
with hepatic lipase would have been dependent to some 
extent on the composition of the enlarged Intralipid- 
modified particles from which they were derived. The 
composition of these enlarged particles, in turn, would 
have been influenced by the degree of triglyceride and 
phospholipid enrichment and the degree of cholesteryl 
ester depletion during the initial incubation of HDLs with 
Intralipid. Clearly, manipulation of the concentrations of 
Intralipid and lipid transfer protein in these initial incu- 
bations, as well as the duration of the incubation, would 
have altered the composition of the small particles finally 
formed during incubation with hepatic lipase. 

Others have raised the possibility that a combined effect 
of lipid transfers and activity of plasma lipases may be 
important in regulating the distribution of HDL subfrac- 
tions in human plasma. In one study, HDLp were isolated 
from healthy subjects 7 hr after the ingestion of a large 
fatty meal (32). Subsequent incubation of these HDLp 
with hepatic lipase resulted in their conversion into par- 
ticles with a density comparable to HDLs. This increase 
in density occurred only in the case of HDLp that had 
become enriched with triglyceride after the fatty meal; 
the density of triglyceride-poor HDL, was essentially un- 
changed (32). Studies have also been performed in subjects 
with abetalipoproteinemia in whom there is a virtual ab- 
sence of chylomicrons and VLDL and a very low concen- 
tration of plasma triglyceride (33). The HDL of these 
patients were found to contain a predominance of HDLp 
that were rich in cholesteryl ester. When an incubation 
of whole plasma from such a patient was supplemented 
with exogenous VLDL, an exchange of VLDL-triglyc- 
eride for HDL2cholesteryl ester resulted in a modification 
of the HDL2 towards normal HDL (33). The role of he- 
patic lipase was not addressed. It was reported, however, 
that addition of lipoprotein lipase resulted in triglyceride 
hydrolysis and subsequent flotation of the HDL2 at a 
higher density during rate zonal ultracentrifugation. In 
addition, there have been several reports that the con- 
centration of HDL2 correlates negatively with activity of 
hepatic lipase (34, 35). There is also persuasive circum- 
stantial evidence that hepatic lipase may be responsible 
for the conversion of HDL2 to HDLS (7). 
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In conclusion, when taken in conjunction with previous 
reports, the present studies provide convincing support 
for the proposition that the combined effects of lipid 
transfers and activity of hepatic lipase play fundamental 
roles in determining the particle size distribution of HDL 
in hypertriglyceridemic subjects. The sequence of steps 
in the conversion of HDLs into populations of smaller 
particles, such as are found in hypertriglyceridemic sub- 
jects, appears to be as follows. 1) Interaction between 
HDLS and triglyceride-rich particles, such as VLDL or 
chylomicrons, results in the formation of two distinct 
populations of particles; one comprising particles smaller 
than the original HDL3 and the other comprising enlarged 
particles similar in size to HDL:,. 2) Hydrolysis of the 
triglyceride and phospholipid components of the enlarged 
HDL results in a reduction in particle size and the for- 
mation of a population of small particles the same size as 
those predominant in the HDL of hypertriglyceridemic 
subjects. It is envisaged, therefore, that in the plasma of 
hypertriglyceridemic subjects there may exist a dynamic 
balance between the rate of formation of enlarged HDL, 
which is dependent on the transfer of lipids between HDL 
and triglyceride-rich lipoproteins, and a secondary con- 
version of these particles to form populations of very small 
HDL. The observation that populations of very small 
HDL were also formed when HDLs were exposed si- 
multaneously to lipid transfers and hepatic lipase indicate 
that these processes may indeed operate in v i v 0 . l  
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