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Abstract Chylomicrons labeled with [

 

3

 

H]cholesterol and
[

 

14

 

C]triglyceride fatty acids were lipolyzed by hepatic lipase
(HL) in vitro and then injected intravenously into normal
mice fed low- or high-fat diets, and into apolipoprotein
(apo) E-deficient mice. In normal mice fed the high-fat diet
and injected with non-lipolyzed chylomicrons, the plasma
clearance and hepatic uptake of the resulting [

 

3

 

H]choles-
terol-labeled remnants was markedly inhibited. In contrast,
chylomicrons lipolyzed by HL were taken up equally rapidly
by the livers of mice fed the low- and high-fat diets. The re-
moval of non-lipolyzed chylomicrons lacking apoE from the
plasma of apoE-deficient mice was inhibited, but not the re-
moval of chylomicrons lipolyzed by HL. Pre-injection of
lactoferrin into normal mice inhibited the plasma clearance
of both non-lipolyzed chylomicrons and chylomicrons lipo-
lyzed by HL. The removal of HL from the surface of the li-
polyzed particles by proteolytic digestion did not affect
their rapid uptake, indicating that the hepatic recognition
of the lipoproteins was not mediated by HL.  These obser-
vations support previous findings that phospholipolysis of
chylomicrons by hepatic lipase generates remnant particles
that are rapidly cleared from circulation by the liver. They
also support the concept that chylomicron remnants can be
taken up by the liver by an apolipoprotein E-independent
mechanism. We hypothesize that this mechanism is modu-
lated by the remnant phospholipids and that it may involve
their interaction with a phospholipid-binding receptor on
the surface of hepatocytes such as the class B scavenger re-
ceptor BI.—
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Chylomicrons are triglyceride-rich plasma lipoproteins
responsible for the transport through the blood plasma of
most of the cholesterol absorbed in the intestine to hepa-

 

tocytes. The chylomicrons themselves do not deliver their
cholesterol load to the liver cells. In order to do so, they
must first undergo changes in composition transforming
them into remnant particles capable of being recognized
and endocytosed by hepatocytes (1).

The transformation of chylomicrons into remnants is a
complex process that begins in the vascular bed of extra-
hepatic tissues through the action of lipoprotein lipase
(LPL). This enzyme hydrolyzes triglycerides in the core of
the chylomicrons and, through its phospholipase A

 

1

 

 activ-
ity, surface phospholipids. As a result of LPL action the
chylomicrons become smaller and the composition of
their surface phospholipids, as well as their surface apo-
proteins, may become significantly altered. The lipolyzed
(remnant) particles are then carried through the blood
stream to the liver where they penetrate the fenestrated
endothelium and bind to the surface of hepatocytes.
Available evidence indicates that while bound to the sur-
face of the hepatocytes the remnants undergo further re-
modeling of their surface, a process that facilitates their
subsequent endocytosis. This remodeling has been postu-

 

lated to involve: 

 

a

 

) the acquisition of apoE, allowing the
remnants to be recognized by one or more apoE-binding
receptors on the surface of the hepatocytes, and 

 

b

 

) lipoly-
sis by hepatic lipase (HL), a 66-kDa lipolytic enzyme that
preferentially hydrolyzes lipoprotein phospholipids (1).

The involvement of HL in facilitating the liver uptake
of remnants is well documented. Sultan et al. (2) reported
that inhibition of HL by specific antibodies inhibited the
plasma clearance and hepatic uptake of chylomicron rem-
nants in the rat. Daggy and Bensadoun (3) found that in-

 

Abbreviations: HL, hepatic lipase; LPL, lipoprotein lipase; apo E,
apolipoprotein E; 

 

b

 

-VLDL, 

 

b

 

-very low density lipoprotein; LDL, low
density lipoprotein; HDL, high density lipoprotein; LRP, low density
lipoprotein receptor-related protein; PC, phosphatidylcholine; LPC,
lysophosphatidylcholine; HSPG, heparan sulfate proteoglycans; SR-B1,
scavenger receptor B1.
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hibition of HL in vivo by specific antibodies in rats fed
corn oil resulted in the plasma accumulation of partially
degraded phospholipid-rich lipoproteins, presumably of
intestinal origin. Shafi et al. (4) showed that antibody in-
hibition of HL reduced the uptake of chylomicron rem-
nants by the isolated perfused rat liver. In cynomolgous
monkeys, antibody-mediated inhibition of HL also re-
sulted in the plasma accumulation of remnant particles
(5). Accumulation of lipoprotein remnants also occurs in
some human subjects with HL deficiency (6). In mice, HL
deficiency does not result in an apparent defect in chylo-
micron remnant clearance from the plasma (7). The de-
fect becomes apparent, however, when the mice are fed a
very high fat load (7). The involvement of HL in remnant
metabolism was also demonstrated in studies with homo-
zygous apoE-deficient mice. The characteristic hypercho-
lesterolemia that results from the large accumulation of
remnants in the plasma of these animals is almost doubled
if they have a combined HL deficiency (8). In aggregate,
these studies suggest that catalytically active HL has an im-
portant function in the transformation of LPL-generated
remnants into particles that can be recognized by hepato-
cytes. Other studies have suggested, however, that HL
need not be catalytically active in order to affect remnant
uptake by the liver. In isolated cultured cells (9–11) and
transgenic mice overexpressing HL (12) this enzyme has
been shown to act as a ligand that mediates the cellular
binding and uptake of remnants. This ligand function is
apparent, however, only when HL is attached in excessive
amounts either to the remnant particle (9, 11) or to the
surface of hepatocytes (12).

Work from this laboratory has provided evidence that is
consistent with a role of catalytically active HL in the gen-
eration of chylomicron remnants. We have shown that li-
polysis of chylomicrons by HL in vitro transforms these
lipoproteins into remnant-like particles that, when in-
jected intravenously into rats (13, 14) or rabbits (15), are
rapidly cleared from circulation by the liver. The preferen-
tial uptake of chylomicrons lipolyzed by HL was also dem-
onstrated in murine hepatocytes in culture (16). In addi-
tion, we demonstrated that chylomicron-like emulsions
prepared with phospholipids obtained from chylomicrons
lipolyzed by HL were taken up by the rat liver in prefer-
ence to emulsions prepared with phospholipids obtained
from intact chylomicrons (14). Based on these and other
observations (17) we postulated that phospholipolysis, cat-
alyzed first by LPL and then by HL, is a necessary require-
ment for the generation of remnant particles that can be
recognized and taken up by the liver. To explain how
phospholipolysis transforms chylomicrons into remnant-
like particles we also postulated that, unlike the chylomi-
cron phospholipids, the remnant phospholipids could act
as determinants of hepatocyte remnant recognition and
that this process could occur independently of apoE (14,
18).

In this study we used mice to investigate the mechanism
by which chylomicrons lipolyzed by HL are recognized and
taken up by the liver. Specifically we examined whether
chylomicrons lipolyzed by HL are taken up by the livers by

 

a mechanism similar to that of endogenously generated
remnants. For this purpose we used normal mice main-
tained either on a normal diet or a high-fat/high-choles-
terol atherogenic diet known to cause a major defect in
the plasma clearance and hepatic uptake of remnants (19,
20). In addition, we used mice and chylomicrons deficient
in apoE to examine the role played by this apoprotein in
mediating the plasma clearance and liver uptake of HL-
treated chylomicrons.

MATERIALS AND METHODS

 

Animals

 

Mice (5–6 months old) homozygous for the inactivated apoE
gene were progeny of those initially generated by Piedrahita et
al. (21). Normal male C57BL/6J mice (5–6 months old) were
purchased from Harlan Sprague-Dawley Inc. (Indianapolis, IN).
The animals were fed a normal rodent chow diet that contained
4% (w:w) fat and 0.4% (w:w) cholesterol, purchased from Harlan
Teklad, Madison, WI. Some of the normal mice were also fed, for
10 days, an atherogenic diet that contained 1.25% (w:w) choles-
terol, 7.5% cocoa butter, and 0.5% sodium cholate (Teklad diet
TD 78399 ).

 

Collection of small chylomicrons

 

The main mesenteric duct of anesthetized normal and ho-
mozygous apoE-deficient mice was cannulated and the animals
were then fed by stomach tube with a bolus of 0.1 ml corn oil
containing 100 

 

m

 

Ci [1,2-

 

3

 

H]cholesterol alone or with added 30

 

m

 

Ci [1-

 

14

 

C]palmitic acid, purchased from Amersham. Lymph was
collected overnight, at room temperature, in tubes containing
penicillin and streptomycin. During lymph collection the ani-
mals had free access to regular chow and water. The collected
lymph was centrifuged at 80,000 

 

g

 

 for 30 min at 15

 

8

 

C. The float-
ing layer of large chylomicrons was removed and the infranatant
was centrifuged further at 80,000 

 

g

 

 for 16 h at 15

 

8

 

C. The floating
pellet, containing small chylomicrons, was dispersed in saline,
stored at 4

 

8

 

C, and used within 24 h of collection.

 

Hepatic lipase

 

Normal mice were anesthetized with Metofane and their livers
were isolated and perfused through the portal vein with 0.15 

 

m

 

NaCl at 37

 

8

 

C for 1 min in order to remove blood from the organ.
This was followed by a 0.5-min perfusion with the same solution
containing 10 U heparin/ml, at a flow rate of 4 ml/min. The ef-
fluent containing heparin-releasable HL was collected from the
superior vena cava and used within 30 min of collection. Because
heparin may also release apoE from its binding sites in the liver,
experiments requiring the complete absence of this apoprotein
were carried out using HL obtained from livers of apoE-deficient
mice, as described above.

 

Lipolysis of chylomicrons

 

The conditions used for the lipolysis of the small chylomicrons
by HL were essentially as previously described (13), except that
Tris buffer was omitted. Briefly, chylomicrons (5 mg triglyceride)
were mixed with an albumin solution (60 mg, pH 8.5), 0.15 ml of
liver perfusate obtained as described above, and 0.15 

 

m

 

 NaCl to 1
ml. Control (non-lipolyzed) chylomicrons were incubated under
the same conditions, except that albumin was omitted from the
assay medium. Lipolysis was carried out at 37

 

8

 

C in a shaking wa-
ter bath for 90 min. To determine the extent of lipolysis, chylomi-
crons were separated from the other assay constituents by apply-
ing aliquots of the assay medium to columns (1.5 

 

3

 

 50 cm) of 2%
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agarose (Bio-Gel A-50m, 50–100 mesh, Bio-Rad). The eluant was
0.15 

 

m

 

 NaCl and the chylomicrons eluted with the void volume.

 

Chylomicron clearance

 

All experiments were carried out between 7 

 

am

 

 and 11 

 

am

 

.
Mice fed ad lib were anesthetized with Nembutal intraperito-
neally (0.65 mg/10 g body weight) and injected intravenously,
through a tail vein, with 0.2 ml of non-lipolyzed or lipolyzed chy-
lomicrons (25 

 

m

 

g cholesterol) labeled with [1,2-

 

3

 

H]cholesterol
only, or double labeled with [1,2-

 

3

 

H]cholesterol and [1-

 

14

 

C]
palmitic acid. When indicated, the mice were first injected intra-
venously with bovine lactoferrin (Sigma) (2 mg/mouse, dissolved
in 0.1 ml of saline) and, after 1 min, with the labeled chylomi-
crons as described above. At 3, 10, 15, and 20 min after injection,
50-

 

m

 

l blood samples were collected from the tail into heparinized
capillary tubes. The tubes were centrifuged and known volumes
of plasma were taken for radioactivity measurement. The radio-
activity in the whole animal plasma compartment was calculated
by assuming a blood volume of 5.5% body weight (22), and using
the hematocrit value for each blood sample. At the end of the ex-
periment, after the last sample of blood had been collected, the
livers were perfused for 1 min with 0.15 

 

m

 

 NaCl through the infe-
rior vena cava, in order to remove residual blood from the organ.
The livers were then homogenized in 30 ml chloroform–metha-
nol 2:1 (v:v) for the determination of tissue radioactivity, as previ-
ously described (13).

 

Other procedures

 

Chylomicron triglycerides were measured with the Synchron
CX-7 Analyzer (Beckman). Cholesterol was measured using assay
kits from Sigma. Thin-layer chromatography (Silica gel G) with
chloroform–methanol 97:3 (v:v) was used to separate chylomi-
cron phospholipids from the other lipids, followed by the sepa-
ration of the individual phospholipids with chloroform–metha-
nol–acetic acid–water 25:15:4:2 (by volume). Phospholipids were
measured using the method of Bartlett (23). Proteolytic diges-
tion of HL, as well as other proteins, on the surface of the chylo-
microns was carried out with trypsin (Sigma), as previously de-
scribed (18).

 

RESULTS

In vitro, solubilized HL readily binds to the surface of
chylomicrons but does not hydrolyze the lipoprotein sur-
face phospholipids and core triglycerides unless fatty acid
acceptors (e.g., albumin) are also present in the medium
(24). In this study mouse lymph chylomicrons were incu-
bated with mouse HL in the presence or in the absence of
albumin in the assay medium. In the presence of albumin,
under the conditions used, 52 

 

6

 

 6% of the chylomicron
phospholipids and 18 

 

6

 

 3% of the triglycerides (mean 

 

6

 

SD, n 

 

5

 

 6) were hydrolyzed and removed from the lipo-
proteins. The chylomicrons lipolyzed by HL under the
conditions here used remained in a visually homogeneous
suspension, did not aggregate or coalesce, and their elu-
tion characteristics when applied to a 2% agarose column
were indistinguishable from the control particles. Previ-
ous work has shown (13) that chylomicrons lipolyzed by
HL retained their spherical shape, as determined by elec-
tron microscopy, and their apoprotein composition re-
mained essentially unchanged. The phospholipid distri-
bution in the non-lipolyzed and lipolyzed chylomicrons is

shown in 

 

Table 1

 

. The relative proportion of all phospho-
lipids in the lipolyzed chylomicrons was increased at the
expense of phosphatidylcholine (PC). While apoE has
been reported to enhance the HL hydrolysis of lipid
monolayers (25), the lipolysis of chylomicrons obtained
from normal mice was similar to that of chylomicrons
lacking apoE (results not shown), indicating that this apo-
protein, when present on a physiological substrate, does
not modulate the HL catalytic activity. In the absence of
albumin in the incubation medium, the HL became at-
tached to the chylomicrons but no lipolysis occurred, and
the phospholipid and triglycerides contents of the lipo-
proteins were not significantly different from that of chy-
lomicrons that had not been exposed to the enzyme. At-
tachment of HL to the chylomicrons was confirmed by
isolating the chylomicrons from the albumin-free incuba-
tion media by ultracentrifugation followed by their rein-
cubation in an albumin-containing medium. Under those
conditions, hydrolysis of the chylomicron phospholipids
and triglycerides was readily detected, indicating that HL
was bound to the surface of the chylomicrons.

 

Figure 1

 

 compares the plasma clearance of [

 

3

 

H]choles-
terol-labeled chylomicrons injected into mice fed either a
normal or a high-fat diet. The injected chylomicrons were:

 

a

 

) untreated (control); 

 

b

 

) exposed to HL in the absence of
albumin (non-lipolyzed chylomicrons); and 

 

c

 

) exposed to
HL in the presence of albumin (lipolyzed chylomicrons).
In the mice fed a normal diet, the plasma clearance of the
control and the non-lipolyzed chylomicrons was very simi-
lar at all time points examined. At 3 min after the injection,
60 

 

6

 

 5.3 and 58 

 

6

 

 5%, respectively, of the injected [

 

3

 

H]
cholesterol associated with the control chylomicrons and
the non-lipolyzed chylomicrons remained in the plasma,
and by 20 min, only about 6% of the radioactivity of both
types of chylomicrons was detected in the plasma (panels a
and b). In contrast to these findings, the [

 

3

 

H]cholesterol-
labeled chylomicrons that had been lipolyzed by HL in
vitro were cleared from circulation much more rapidly and
only about 25 

 

6 

 

2% of the radioactivity remained in the
plasma 3 min after the injection (panel c). The differences
in clearance at 3 min between the lipolyzed chylomicrons
and the other two types of chylomicrons were statistically
significant (

 

P

 

 

 

,

 

 0.01). In the mice fed the high-fat diet, the
plasma clearance of the control and non-lipolyzed [

 

3

 

H]
cholesterol-labeled chylomicrons was greatly inhibited
(panels a and b). By 20 min after injection, about 57% of
the injected dose was still present in the circulation. In

 

TABLE 1. Phospholipid composition of non-lipolyzed
and lipolyzed chylomicrons

 

PC Lyso-PC PE PS/PI Sph.

 

Non-lipolyzed 78 1 8 11 2
Lipolyzed 60 6 10 20 4

Results are expressed as % of the total phospholipids, and are the
average of two separate determinations. Abbreviations: PC, phosphati-
dylcholine; lyso-PC; lyso-phosphatidylcholine; PE, phosphatidyletha-
nolamine; PS, phosphatidylserine; PI, phosphatidylinositol; Sph.,
sphingomyelin.
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marked contrast to this clearance inhibition, the plasma
clearance of the lipolyzed chylomicrons was very rapid and
similar to that observed in the animals on the chow diet
(panel c). By 3 min after injection, only 25 

 

6 

 

3% of the ra-
dioactivity was recovered from the circulation. The injected
radioactivity taken up by the livers is shown in 

 

Fig. 2

 

. In the

mice fed a normal diet, between 70 and 80% of the injected
radioactivity was recovered in the livers of all three groups,
indicating that the HL-treated chylomicrons, like the con-
trol and non-lipolyzed chylomicrons, were cleared from the
plasma by the liver. In the mice fed a high-fat diet, consis-

Fig. 1. Plasma clearance of HL-lipolyzed chylomicrons in normal mice. Mice fed a low-fat diet or a high-
fat/high-cholesterol diet for 10 days were injected intravenously with 0.2 ml of [3H]cholesterol-labeled chylo-
microns (25 mg cholesterol) that were untreated, incubated with HL but not lipolyzed, or lipolyzed by HL as
described in Materials and Methods. The results at each point are means 6 SD for 4 animals/group; d, nor-
mal diet; s, high-fat diet.

Fig. 2. Liver uptake of HL-lipolyzed chylomicrons in normal
mice. Twenty minutes after the intravenous injection of the
[3H]cholesterol-labeled chylomicrons (see legend for Fig. 1), the
radioactivity incorporated into the livers of the injected mice was
measured as described in Materials and Methods. The results are
the means 6 SD for 4 livers/group; , control; j, non-lipolyzed; ,
lipolyzed.

Fig. 3. Plasma clearance of chylomicrons devoid of HL by treat-
ment with trypsin. Non-lipolyzed or HL-lipolyzed chylomicrons la-
beled with [3H]cholesterol were treated with trypsin, as described
in Materials and Methods, in order to remove all their surface pro-
teins, including HL. They were then injected intravenously into
mice fed a high-fat/high-cholesterol diet for 10 days. The results at
each point are means 6 SD for 4 animals/group; d, lipolyzed; s, li-
polyzed and trypsin; m, non-lipolyzed; ,, non-lipolyzed and trypsin.
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tent with the clearance results, the hepatic recovery of the
radioactivity associated with the control and non-lipolyzed
chylomicrons was only about 13% of the injected dose. In
the animals injected with lipolyzed chylomicrons, 80% of
the radioactivity was recovered in the liver.

Studies with cultured cells (9, 11) and with mice overex-
pressing HL (12) have documented that this enzyme can
serve as a ligand that mediates the cellular binding and
uptake of triglyceride-rich lipoproteins. In this study, non-
lipolyzed chylomicrons with bound HL were not removed
from circulation as rapidly as the lipolyzed chylomicrons
(Fig. 1), suggesting that the enzyme attached to the sur-
face of the lipoproteins was not involved in their removal
from the plasma. To confirm that under the conditions
used in this study, the HL bound to the chylomicrons had
no role in the removal of chylomicrons from circulation,
chylomicrons that had been lipolyzed by HL were stripped
of their surface proteins by trypsin treatment, as described
in Methods and then injected into the circulation of mice
fed the high-fat diet. 

 

Figure 3

 

 shows that the plasma clear-
ance of the trypsin-treated lipolyzed chylomicrons, which
had no bound HL, was similar to that of HL-lipolyzed chy-
lomicrons that were not treated with trypsin. As antici-
pated, trypsin treatment of control chylomicrons did not
affect their clearance from circulation.

Studies with rats (26, 27) and mice (20) have demon-
strated that when these animals are pre-injected with
lactoferrin and then injected with chylomicrons or chylo-
micron-like lipid emulsions, the clearance of the resulting
remnants generated in the vascular space is greatly inhib-

ited. To examine the effect of lactoferrin on the plasma
clearance of HL-lipolyzed chylomicrons, mice maintained
on the normal diet were injected intravenously with either
saline or lactoferrin and 1 min later with non-lipolyzed or
HL-lipolyzed chylomicrons double-labeled with 

 

14

 

C-labeled
fatty acid and [

 

3

 

H]cholesterol. In agreement with other
reports (20), 

 

Fig. 4

 

 shows that the pre-injection of lacto-
ferrin caused a marked inhibition in the clearance of
[

 

3

 

H]cholesterol of non-lipolyzed chylomicrons (panel b),
compared to animals pre-injected with saline (panel a).
Twenty minutes after administration of the chylomicrons,
about 70% of the injected [

 

3

 

H]cholesterol label was
present in the plasma of the animals pre-injected with
lactoferrin, compared to less than 8% of the [

 

3

 

H]choles-
terol label injected into the animals pre-injected with sa-
line. The clearance of the 

 

14

 

C-radioactivity from the plasma
of the mice pre-injected with lactoferrin (panel a) was not
different from that of animals pre-injected with saline
(panel b), indicating that lactoferrin did not interfere
with the LPL-mediated hydrolysis of the TG core of the
particles. In the animals pre-injected with saline and then
injected with lipolyzed chylomicrons (panel c), both the
[

 

3

 

H]cholesterol and 

 

14

 

C-labeled fatty acids were rapidly
cleared from circulation, indicating that the injected par-
ticles were removed as a whole by the liver. In mice pre-
injected with lactoferrin (panel d), the clearance of [

 

3

 

H]
cholesterol and 

 

14

 

C-labeled fatty acids was similar to that
observed after injection of non-lipolyzed chylomicrons
(panel b). Twenty minutes after injection of the HL-lipolyzed
chylomicrons, about 70% of the [

 

3

 

H]cholesterol was re-

Fig. 4. Effect of lactoferrin on the plasma clearance of chylomicrons in normal mice. Mice maintained on
a normal low-fat diet were injected intravenously with 0.1 ml of saline or lactoferrin (2 mg/mouse) and 1
min later with non-lipolyzed and HL-lipolyzed chylomicrons double-labeled with [ 3H]cholesterol and
[14C]fatty acids. The results at each point are means 6 SD for 5 animals/group; s, [14C]fatty acids; d,
[3H]cholesterol.
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tained in the plasma whereas the 

 

14

 

C-labeled fatty acids
were readily cleared. These results demonstrate that in
the animals injected with lactoferrin, the HL-treated chy-
lomicrons remained in the plasma and were subjected to
LPL-mediated lipolysis with the resulting [

 

3

 

H]cholesterol
remnants remaining in circulation whereas the 

 

14

 

C-
labeled fatty acids released were then cleared from the
plasma. Consistent with the clearance data, the hepatic re-
covery of the [

 

3

 

H]cholesterol label was reduced from
about 75% in the animals injected with saline, to about
10% in the animals injected with lactoferrin (

 

Fig. 5

 

).
To investigate how the lack of apoE might affect the

plasma clearance and hepatic uptake of chylomicrons lipo-
lyzed by HL, apoE-deficient chylomicrons double-labeled
with [

 

3

 

H]cholesterol and 

 

14

 

C-labeled fatty acids were incu-
bated with HL in the presence or the absence of albumin
and then injected into mice that also lacked apoE. 

 

Figure
6A

 

 shows that in the animals injected with non-lipolyzed
chylomicrons the 

 

14

 

C label was readily removed from the
plasma indicating that the 

 

14

 

C-labeled triglycerides had
been hydrolyzed by LPL in vivo and the resultant unesteri-
fied 

 

14

 

C-labeled fatty acids had been removed from circu-
lation. In contrast, the plasma clearance of the 3H-labeled
cholesterol-containing remnants was markedly inhibited,
in agreement with the results of previous studies (20). In
the animals injected with chylomicrons that had been li-
polyzed by HL, [3H]cholesterol did not accumulate in the
plasma. Twenty minutes after injection, only about 8% of
the injected 3H label and the 14C label remained in the
plasma, indicating that the particles were removed as a
whole from circulation. Consistent with the clearance
data, in the animals injected with the non-lipolyzed chylo-
microns, the hepatic recovery of the [3H]cholesterol label

was only 12 6 4% of the injected dose whereas in the mice
injected with the lipolyzed chylomicrons the radioactivity
recovered from the livers was 78 6 6% of the injected
dose (Fig. 6B).

DISCUSSION

The results of the present investigation carried out us-
ing mice confirm previous observations in the rat (13, 14)
and rabbit (15) that the in vitro lipolysis of chylomicrons
by HL generates lipoprotein remnants that, when injected
intravenously, are rapidly cleared from circulation by the
liver. In vivo, under normal conditions, chylomicrons are
not lipolyzed by HL, presumably because these lipopro-

Fig. 5. Effect of lactoferrin on the liver uptake of chylomicrons in
normal mice. Twenty minutes after the intravenous injection of the
chylomicrons double-labeled with [3H]cholesterol and [14C]fatty
acids (see legend for Fig. 4), the radioactivity incorporated into the
livers of the injected mice was measured as described in Materials
and Methods. The results are the means 6 SD for 5 livers/group;

, saline; j, lactoferrin.

Fig. 6. Plasma clearance and hepatic uptake of apoE-free chylo-
microns in mice lacking apoE. Mice lacking apoE fed on a normal
low-fat diet were injected intravenously with non-lipolyzed or HL-
lipolyzed chylomicrons double-labeled with [3H]cholesterol and
[14C]fatty acids. The radioactivity in the plasma, and in the livers 20
min after the injections was determined as described in Materials
and Methods. The results are means 6 SD for 4 mice/group; A: s,
[14C]fatty acids; d, [3H]cholesterol. B: , non-lipolyzed; j, lipolyzed.
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teins do not gain access to the enzyme on the surface of
hepatocytes. In order to come in contact with HL, chylo-
microns must first be acted upon by LPL in the extrahe-
patic tissues and be transformed into remnant particles
that can penetrate the space of Disse. Although HL has
been reported to be present in the plasma of mice (28), it
is unlikely that it functions in the lipolysis of chylomicrons
in the circulation. Thus HDL, the main lipoprotein in the
mouse plasma, is the preferred substrate for HL and it
readily inhibits HL action on chylomicron triglycerides
(24). Although in this study we used only intact chylomi-
crons, other studies have examined the effects of HL on
remnants (b-VLDL) (15) and chylomicron remnant-like
emulsions (9). The results obtained showed that in vitro
lipolysis by HL also accelerated the uptake of these parti-
cles by, respectively, the liver in vivo and by isolated hepa-
tocytes in culture. Thus, chylomicrons lipolyzed by HL in
vitro can be advantageously used as a model to investigate
the function of this enzyme in modulating the plasma
clearance of remnants by the liver in vivo.

Studies with cultured cells (9, 11) and with transgenic
mice overexpressing human HL (12) have provided com-
pelling evidence that HL, independently of its catalytic ac-
tivity, can function as a ligand that mediates the cellular
binding and uptake of lipoproteins. It is not known, how-
ever, whether HL, when expressed in physiological amounts,
functions as a lipoprotein ligand. In the present study we
demonstrated that HL did not act as a ligand. First, al-
though both lipolyzed and non-lipolyzed chylomicrons
contained HL, only the former lipoproteins were rapidly
cleared from circulation by the liver (Figs. 1 and 2). Sec-
ond, the removal of HL from the surface of the lipolyzed
chylomicrons by proteolytic digestion did not inhibit their
clearance from the plasma by the liver (Fig. 3). These re-
sults are consistent with those of a previous study with rats
in which we compared the hepatic uptake of chylomi-
crons lipolyzed by HL and emulsions prepared with lipids
extracted from these lipolyzed lipoproteins (14). Al-
though the protein-free emulsions contained no HL, they
were taken up by the liver as efficiently as the lipolyzed
chylomicrons. Together, these observations demonstrate
that, under the experimental conditions used, the cata-
lytic activity of HL was essential for modulating the rapid
uptake of chylomicrons by the liver. HL has acyl glycerol
hydrolase activity, responsible for the hydrolysis of chylo-
micron triglycerides, as well as phospholipase A1 activity
responsible for remodeling the phospholipids on the sur-
face of the chylomicrons. In previous studies we provided
substantial evidence demonstrating that it is the phospho-
lipolysis action of HL that is responsible for transforming
the chylomicrons into lipoproteins that are readily cleared
from the plasma by the liver (13–16, 17).

The results obtained in this investigation, using normal
mice fed high-fat/high-cholesterol diets and mice lacking
apoE, support the concept that two different mechanisms
participate in the removal of plasma chylomicrons by the
liver: one that is dependent on apoE, and a second that is
apoE-independent and requires the mediation of catalyti-
cally active HL. In both animal models used in this study,

the removal of LPL-generated chylomicron remnants by
the liver was severely impaired. In the mice consuming
the high-fat/high-cholesterol diet, plasma apoE levels are
similar to, or higher than in mice fed a regular diet (29,
30). Therefore, their defect in removing remnants from
the plasma must be at the level of apoE recognition by
binding sites in the liver. Current models for the hepatic
uptake of remnants suggest that these lipoproteins, upon
their entry into the space of Disse, first bind to heparan
sulfate proteoglycans (HSPG) and then to the LDL recep-
tor, the LDL receptor-related protein (LRP), and/or the
lipolysis-stimulated receptor (LSR). The role which each
of these apoE-binding receptors plays in the uptake of
remnants is still a matter of controversy (1). In animals
fed a high-fat/high-cholesterol diet, the hepatic LDL re-
ceptor is down-regulated, which might explain, at least in
part, the impairment of remnant removal by the liver (31,
32). Under the same dietary conditions, the LRP is not
down-regulated but is, apparently, unable to cope with the
increased load of remnants (33). Regardless of the role
that these receptors play in remnant removal, the present
results demonstrating the rapid uptake of chylomicrons li-
polyzed by HL by the livers of mice fed the high-fat/high-
cholesterol diet, indicate that these particles do not de-
pend on remnant apoE receptors for their removal. This
conclusion is clearly substantiated by the demonstration
that chylomicrons lipolyzed by HL are rapidly removed
from the plasma by the liver even in the complete absence
of apoE (Fig. 6).

Although the LPL-generated chylomicron remnants
and HL-lipolyzed chylomicrons are clearly removed from
the plasma by the liver through different mechanisms, the
observation that lactoferrin inhibits the hepatic uptake of
both types of particles (Figs. 4 and 5) indicates that, at
some stage of the removal process, they must also share a
common pathway. Lactoferrin is a 70 kDa glycoprotein
that has been shown to inhibit the recognition and uptake
of chylomicron remnants by liver cells in vivo, by freshly
isolated liver cells, and by hepatocytes maintained in cul-
ture (16, 26, 27, 34). The mechanism whereby lactoferrin
exerts its inhibitory effect is not known. Using HepG2
hepatocytes and Chinese hamster ovary cells in culture, Ji
and Mahley (35) reported that lactoferrin interacts with
HSPG and with the LRP. They suggested that lactoferrin
may inhibit remnant uptake by the liver in vivo by prevent-
ing their apoE-mediated binding to HSPG and their sub-
sequent transfer to the LRP. Ziere et al. (36) have argued
that the LRP is not involved in remnant recognition and
have suggested that lactoferrin competes with remnants
for binding to a still unidentified recognition site. In the
present study chylomicrons lipolyzed by HL were taken up
by the livers in the complete absence of apoE (Fig. 6) indi-
cating that it is unlikely that the lactoferrin inhibitory ef-
fect resulted from its binding to HSPG or the LRP.

What mechanism is responsible for the rapid plasma re-
moval and liver uptake of chylomicrons lipolyzed by HL?
One possibility is that, as a result of their lipolysis by HL,
the chylomicrons became “damaged” (e.g., formed micro
aggregates) and were removed from circulation by the

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


804 Journal of Lipid Research Volume 40, 1999

liver Kupffer cells. This possibility is unlikely, however, in
light of the results obtained with the animals injected with
lactoferrin (Fig. 5). van Dijk, Ziere, and van Berkel (27)
showed that the rapid uptake of “damaged” remnants by
rat Kupffer cells in vivo could not be inhibited by pre-
treating the animals with lactoferrin. The present results,
in contrast, showed that this compound caused a marked
inhibition in the uptake of the particles. Further, had the
chylomicrons been “damaged” by HL-mediated lipolysis,
it is very likely that they would have also been removed
from circulation by macrophages in other organs, e.g.,
spleen. Such non-specific uptake would not be prevented
by lactoferrin, as demonstrated by Huettinger et al. (26).
However, in the present study, in the animals injected with
lactoferrin the HL-lipolyzed particles remained in the cir-
culation and served as substrate for the endothelium-
bound LPL (Fig. 4). Thus, if the lipolyzed chylomicrons
were taken up by liver cells, it is very likely that hepato-
cytes were responsible for this process. However, the
present results measuring radioactivity incorporated into
the livers do not allow us to determine whether the lipo-
proteins were, in fact, taken up by the cells or simply
sequestered in the extracellular space. Still another possi-
bility to explain our findings is that, as a result of HL
action, the radioactive cholesterol was selectively trans-
ferred from the lipolyzed chylomicrons to the liver. Such a
mechanism is known to occur with HDL, when this lipo-
protein binds to its receptor, the scavenger receptor BI
(SR-BI) (37).

In previous work we reported that the binding of HL-
treated chylomicrons by a murine hepatocyte cell line in
culture occurred in a specific and saturable manner, con-
sistent with the existence of a receptor-mediated mecha-
nism (16). We have also suggested that phospholipids on
the surface of the chylomicrons lipolyzed by HL may me-
diate the recognition of the resulting particles by the liver
(14). It is noteworthy that cell surface receptors capable
of binding phospholipids have been reported by several
investigators (38, 39). Of particular significance to the
present investigation, Rigotti, Acton, and Krieger (40) have
demonstrated that the scavenger receptor BI (SR-BI), ex-
pressed in the liver, and identified as the HDL receptor,
binds anionic phospholipids with great affinity. Further,
Fluiter and van Berkel (41) reported that liposomes of an-
ionic phospholipids can inhibit the SR-BI-mediated bind-
ing of HDL to isolated rat hepatocytes. Although SR-BI
has been proposed to function mainly as an HDL recep-
tor, it can also bind LDL as well as other modified lipopro-
teins (37). It is possible, therefore, that anionic phospho-
lipids on the surface of HL-lipolyzed lipoproteins may also
mediate their binding to this receptor. HL-mediated lipol-
ysis of chylomicrons involves mainly the hydrolysis of
phosphatidylcholine (PC), the most abundant phospho-
lipid on the surface of chylomicrons, generating lysophos-
phatidylcholine (LPC), most of which is removed from
the surface of the particle by transfer to albumin (13). As
a result of the PC hydrolysis, the remnants become rela-
tively enriched in the other phospholipids that remain on
the particle, including anionic phospholipids (e.g., phos-

phatidylserine) (Table 1). Whether SR-BI can also function
as a remnant receptor by binding anionic phospholipids on
the surface of the particles remains to be determined. At
the present time, available evidence indicates that SR-BI
facilitates the selective transfer of cholesteryl ester from
lipoproteins to cells, without mediating the uptake of the
particles (37). Such a role for SR-BI in remnant metabo-
lism would be consistent with observations in mice defi-
cient in HL and apoE (8). In these animals the remnants
that accumulate in the circulation appear to be enriched
in cholesterol, an observation that can be interpreted to
indicate that in the absence of HL-mediated remodeling
of phospholipids the remnants cannot interact with SR-BI
for transfer of their cholesterol moiety to the cells.

In conclusion, the present findings are consistent with
those of other studies suggesting a role for catalytically ac-
tive HL in chylomicron metabolism, and with the concept
that phospholipids on the surface of chylomicron rem-
nants may be determinants of their recognition by the
liver. In mice, the experimental animals used in this study,
liver HL activity is relatively low and the extent of its in-
volvement in chylomicron metabolism may depend on
the metabolic status of the animal. Under normal condi-
tions, the HL-mediated mechanism of remnant clearance
from circulation might only complement the normally ef-
ficient apoE-dependent mechanism of remnant uptake by
the liver. However, under conditions in which apoE is ab-
sent or cannot bind to its receptors, catalytically active HL
may play a more prominent role.
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