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The hypothesis that hepatic lipase mediates the differential hepatic uptake of chylomicron
remnants of different fatty acid composition, demonstrated in previous work from our
laboratory, was tested by investigating the effect of antibodies to the enzyme on the uptake
of remnants enriched with saturated or n-3 polyunsaturated fatty acids by the perfused rat liver.
After perfusion of rat livers with polyclonal antibodies to rat hepatic lipase raised in rabbits or
with rabbit non-immune serum for 15 min, [3H]oleate-labelled chylomicron remnants, derived
from chylomicrons of rats given a bolus of either palm (rich in saturated fatty acids) oil or fish
(rich in n-3 polyunsaturated fatty acids) oil, were added. The disappearance of radioactivity
from the perfusate during 120 min and its recovery in the liver at the end of the experiments
were then measured. Although the rabbit anti-rat hepatic lipase antiserum was shown to inhibit
hepatic lipase activity by up to 90 %, and to bind extensively to hepatic sinusoidal surfaces
when added to the perfusate, radioactivity from remnants of chylomicrons from rats given a
bolus of fish oil as compared with palm oil disappeared from the perfusate and appeared in the
liver more rapidly in the presence both the antiserum and the non-immune serum, and the
differences between the uptake of the two types of remnants were similar. We conclude,
therefore, that differential interaction with hepatic lipase is not responsible for the differences in
the rate of removal of chylomicron remnants of different fatty acid composition from the blood.
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Current evidence suggests that chylomicron remnants,
which carry fat and cholesterol of dietary origin from the
intestine to the liver, contribute to the development of
atherosclerosis and related cardiovascular diseases in man
(Patsch et al. 1992; Mamo, 1995). Triacylglycerol-rich
remnant lipoproteins are taken up by human monocyte±
macrophages in vitro (van Lenten et al. 1985), and are able
to convert them to foam cells (Goldstein et al. 1980;
Mahley et al. 1980). More recently, work in our laboratory
and others have shown that chylomicron remnants are taken
up by the arterial wall (Grieve et al. 1998a,b; Proctor &
Mamo, 1998), and this has been associated with endothelial
dysfunction (Grieve et al. 1998a,b, 2000). Since the liver is
mainly responsible for the removal of chylomicron
remnants from the blood (Redgrave, 1983), the factors
regulating their hepatic uptake determine the length of time
the cardiovascular system is exposed to the particles, and
thus play an important part in the development of
atherosclerosis.

The type of fat in the diet is known to influence plasma
lipid levels and consequently, the risk of atherosclerosis

development. Early studies showed that saturated fatty
acids increase plasma cholesterol concentrations in com-
parison with n-6 polyunsaturated fatty acids, and later work
has established that monounsaturated and n-3 polyunsatu-
rated fatty acids are also hypolipidaemic (Mattson &
Grundy, 1985; Truswell, 1985; Harris, 1989). Previous
work in our laboratory has shown that the fatty acid
composition of chylomicron remnants is determined by the
fat consumed in the diet (Lambert et al. 1996), and we have
further demonstrated that the hepatic uptake and processing
of the lipoproteins is influenced by the type of dietary fat
from which they were derived (Bravo et al. 1995; Lambert
et al. 1995). Cholesterol carried in chylomicron remnants
was taken up from the blood by the liver more rapidly when
the particles were enriched with n-3 polyunsaturated as
compared with saturated fatty acids, and this pattern was
consistent both in studies in the rat in vivo (Bravo et al.
1995), and with the isolated perfused rat liver (Lambert
et al. 1995). These findings clearly indicate that changes in
the fatty acid composition of chylomicron remnants alter
their uptake by the liver.
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The mechanism(s) mediating the differential hepatic
uptake of chylomicron remnants derived from different
dietary fats are not known. One possible explanation is
that the different types of chylomicron remnants interact
differentially with hepatic lipase, an enzyme located on
the surface of liver cells (Breedveld et al. 1997). There is
good evidence to suggest that hepatic lipase promotes an
essential step in the hepatic uptake of chylomicron
remnants. Triacylglycerol-rich remnants accumulate in
the blood in heritable hepatic lipase deficiency (Connelly
et al. 1990); the rate of uptake of the lipoproteins is
inhibited both by administration of antibodies to the
enzyme and by its removal by heparin release (Daggy &
Bensadoun, 1986; Sultan et al. 1990; Shafi et al. 1994),
and stimulated by prior treatment of the particles with
hepatic lipase in vitro (Boresztajn et al. 1988; Crawford
& Borensztajn, 1999). Furthermore, studies in our
laboratory have demonstrated that hepatic lipase hydro-
lyses chylomicron remnants derived from olive oil
(enriched in monounsaturated fatty acids) less rapidly
than those derived from corn oil (enriched in n-6
polyunsaturated fatty acids) in vitro (Botham et al.
1995), and this is consistent with the slower clearance of
olive oil as compared with soyabean oil (rich in n-6
polyunsaturated fatty acids) emulsions in human subjects
in vivo, a difference which has been shown to correlate
to hepatic lipase activity (Brouwer et al. 1993).
Brasaemle et al. (1993) have found that metabolism of
chylomicron remnants by the enzyme increases the
exposure of apolipoprotein E on the surface of the
particles, suggesting that the catalytic activity of hepatic
lipase is involved in the mechanism by which it
promotes remnant uptake. Other studies, however, have
indicated that the enzyme protein may also act as a
ligand for binding of the particles to the surface of the
liver cells (Diard et al. 1994; Amar et al. 1998). It has
been proposed, therefore, that hepatic lipase together
with apolipoprotein E, participates in the initial interac-
tion between chylomicron remnants and liver cells,
facilitating their subsequent endocytosis via the LDL
receptor or the LDL receptor-related protein (Cooper,
1997; Rohlmann et al. 1998).

The aim of the present investigation was to determine
whether hepatic lipase activity mediates the differential
hepatic uptake and removal of chylomicron remnants
originating from different dietary fats. Using the
perfused rat liver as an experimental model, the hepatic
uptake and removal of chylomicron remnants enriched
in n-3 polyunsaturated or saturated fatty acids (derived
from chylomicrons from rats given a bolus of fish or
palm oil respectively), which were the types of remnants
taken up the most and the least rapidly by the liver in
our previous work (Bravo et al. 1995; Lambert et al.
1995), was compared in livers in which the hepatic
lipase activity was inhibited by rabbit anti-rat hepatic
lipase antiserum. If hepatic lipase mediates the differ-
ential uptake of remnants of different fatty acid
composition, the rabbit anti-rat hepatic lipase antiserum
would be expected to abolish the difference between the
uptake of the two types of remnants by the perfused
liver.

Materials and methods

Animals and materials

Male Wistar rats (350±400 g) and male New Zealand white
rabbits (1´5±3´5 kg) were fed on a pelleted diet from
Special Diet Services (Witham, Essex, UK) and housed at
constant daylength (12 h) and temperature (258C). Sodium
pentobarbital, Lowry protein reagent, Freund's complete
and incomplete adjuvant, heparin (from porcine intestinal
mucosa), fluorescein isothiocyanate-conjugated goat anti-
rabbit immunoglobulin G and menhaden fish oil were
obtained from Sigma Chemical Company (Poole, Dorset,
UK). Palm oil was purchased from domestic suppliers.
[3H]Oleate and glycerol tri[9,10(n)-3H]oleate were supplied
by Amersham International (Amersham, Bucks., UK). All
other chemicals were obtained from Merck (Dagenham,
Essex, UK) or Fisher (Loughborough, Leics., UK).

Preparation of [3H]oleate-labelled chylomicron remnants

Rats were fed a bolus of fish or palm oil (1 ml, containing
a-tocopherol (4 mg/ml) as antioxidant) by stomach tube,
and 1 h later, their thoracic ducts were cannulated using
sodium pentobarbital (60 mg/kg) anaesthesia as described
previously (Lambert et al. 1996). When the chyle was
flowing satisfactorily, [3H]oleate (18´5 MBq) neutralised
with 0´1 M-KOH and emulsified with 10 mg sodium
taurocholate was injected into the pyloric region of the
stomach, and the abdominal incision was sutured. Chyle
was collected for 15±18 h in the presence of ampicillin
(0´1 mg/ml), layered under NaCl (9 g NaCl/l; 1´006 g/ml)
in polyallomer tubes (6´5 ml) and ultracentrifuged for
6�105 g´min in a fixed angle rotor at 128C, and large
chylomicrons (diameter .100 nm) were removed from the
upper fraction (1´0±1´5 ml) after tube slicing. The large
chylomicrons (containing 30±40 mmol triacylglycerol and
50 mg added glucose) were injected intravenously into
anaesthetised post-absorptive rats previously hepatecto-
mised by ligation of all the major vessels supplying the
liver, and allowed to circulate for 45 min. Following this
period, the animals were terminally exsanguinated and the
serum was separated by centrifugation (3000 rpm, 15 min,
128C). The serum was ultracentrifuged for 6�107 g´min,
the upper fraction (1´0±1´5 ml) was layered under NaCl
(1´006 g/ml) and further purified by ultracentrifugation for
3´2�107 g´min at 128C. Chylomicron remnants, relatively
free of VLDL and intermediate-density lipoproteins, were
isolated from the upper fraction (1´0±1´5 ml) using a
Beckman tube slicer (Beckman Instruments (UK) Ltd.,
High Wycombe, Bucks., UK). Our earlier work has shown
that chylomicron remnants prepared in this way are
enriched in the fatty acids predominating in the oils used,
and their fatty acid composition shows little variation from
preparation to preparation (Lambert et al. 1996). Approxi-
mately 90 % of the radioactivity in the particles was
associated with triacylglycerol, with the remainder divided
between mono- and diacylglycerols, phospholipids and
non-esterified fatty acids, and there were no significant
differences in this distribution or in the content of
cholesterol and triacylglycerol between the two different
types of remnants used.
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Purification of hepatic lipase

The methods for the surgical isolation of the rat liver have
been described previously (Lambert et al. 1995). Hepatic
lipase was released from rat livers (approximately ten
livers) by perfusion for 5±7 min with Krebs bicarbonate
buffer (45 ml; mM: NaCl 118, KCl 4´7, CaCl2 1´32, MgSO4

1´2, Na2HCO3 24, KH2PO4 1´2, glucose 13´9, and plasma
amino acids (670 mg/l) containing heparin (40 U/ml). The
pooled perfusates were passed down a HiTrap Heparin±
Sepharose column (5 ml, Pharmacia, Upsala, Sweden)
pre-equilibrated with veronal buffer (50 mM, pH 7´4)
containing 0´15 M-NaCl. Weakly bound heparin-released
proteins were removed from the column using veronal
buffer NaCl (0´3 M), and hepatic lipase protein was then
eluted with the same buffer containing 0´9 M-NaCl. The
enzyme protein was dialysed against Tris HCl buffer
(50 mM, pH 7´2) containing glycerol (300 ml/l) and
purified by passage through a HiTrap Q-Sepharose column
(pharmacia) pre-equilibrated with the dialysis buffer
described earlier. After removal of the glycerol from the
column using Tris HCl (50 mM, pH 7´2), the purified
hepatic lipase was eluted by the stepwise addition of the
same buffer containing 100 mM-a-D-methyl-mannoside
and increasing concentrations of NaCl (80 mM, 0´2 M,
and 0´5 M). The final preparation showed a purification of
approximately 300-fold compared with the crude perfusate,
and no bands were detected after SDS polyacrylamide
electrophoresis, except in the region corresponding to the
molecular mass of hepatic lipase (62 000 Da).

Preparation of rabbit anti-rat hepatic lipase antiserum and
non-immune serum

Purified hepatic lipase was sonicated (3�5 s) with Freund's
complete adjuvant (1:1) and injected (4�250 ml, approxi-
mately 9´6 mg protein/injection site) subcutaneously into a
New Zealand white rabbit. Injections were repeated once
per week for 3 weeks using the protein and Freund's
incomplete adjuvant, and test blood samples were taken
from the middle ear vein after a further 2 weeks and found
to have anti-hepatic lipase activity. To remove the
lipoproteins, antiserum raised against rat hepatic lipase or
non-immune sera was layered under a KBr solution
(density 1´210 g/ml) in polyallomer tubes (6´5 ml) and
ultracentrifuged (40 000 rpm, 128C) for 20±22 h. The
upper fraction from each tube containing lipoproteins
(density,1´210 g/ml) was removed and the remaining
lipoprotein-deficient serum was dialysed against NaCl (9 g/
l) for 5±6 h.

Assay of lipase activity

Hepatic lipase activity was measured by the release of
[3H]oleate from triolein in the presence of 1 M-NaCl, to
inhibit lipoprotein lipase activity, bovine serum albumin
(25 g/l, fatty acid free) and Tris HCl (0´2 M, pH 8´4).
Lipoprotein lipase activity was measured in the absence of
NaCl using the same conditions. To test the rabbit anti-rat
hepatic lipase antiserum, hepatic lipase or lipoprotein lipase
was pre-incubated with the antiserum (0±25 ml) for 15 min

at 378C, and the assay was started by the addition of an
emulsified glycerol tri[9,10(n)-3H]oleate substrate (1´5 mg
triolein mass/tube). After 2 h, the reaction was stopped by
the addition of 50 ml, 1 M-NaOH and 1´5 ml chloroform±
methanol±toluene (2:2´4:1, by vol.), and the [3H]oleate
released into the aqueous medium was determined by a
liquid scintillation counting. Enzyme activity is expressed
as nmol triolein hydrolysed/h.

Liver perfusions

Rat livers were isolated and perfused with whole rat blood
as previously described (Lambert et al., 1995). The liver
was perfused with 52 ml recirculating defibrinated blood
perfusate (30±35 % packed cell volume) and 6 ml
lipoprotein deficient rabbit anti-rat hepatic lipase antiserum
or non-immune serum was added and allowed to circulate
for 15 min. [3H]Oleate-labelled chylomicron remnants
(37±74 KBq in 5 ml) were then added to the perfusate
and samples (2 ml) were taken after 10, 20, 40, 60, 90 and
120 min. After 120 min the experiment was terminated, the
liver was flushed free of residual blood perfusate with
Krebs bicabonate buffer containing bovine serum albumin
(10 g/l), and the lipids were extracted with chloroform±
methanol (2:1, v/v, twenty volumes).

Immunocytochemistry studies

Rat livers were perfused with 35 ml Krebs bicarbonate
buffer and 6 ml rabbit anti-rat hepatic lipase antiserum or
non-immune serum continuously gassed with O2±CO2

(95:5, v/v) for 15 min. At the end of the perfusion, livers
were flushed with the same buffer (50 ml) containing
bovine serum albumin (10 g/l), cut into small cubes and
rapidly frozen. Liver sections (10 mm) were prepared using
a cryostat and incubated with 0´1 M-PBS (pH 7´2)
containing goat serum (100 ml/l) for 40 min, and then
with fluorescein isothiocyanate-conjugated goat anti-rabbit
immunoglobulin G (1:40 dilution) for 40 min. Sections
were washed four times with PBS and examined using a
fluorescence microscope.

Other methods

To obtain plasma containing lipoprotein lipase, male
Wistar rats were functionally hepatectomised by ligation
of all the major vessels supplying the liver (to exclude
hepatic lipase from the preparation), and 100 ml saline (9 g
NaCl/l) containing heparin (100 U/kg body weight) was
injected into the ileolumbar vein. After 5 min, the blood
was withdrawn via the abdominal aorta and allowed to clot
and centrifuged (3000 g, 15 min) to remove the red blood
cells.

Lipid extracts were prepared from liver and serum
samples using chloroform±methanol (2:1, v/v, twenty
volumes), and these were partitioned with 0´4 volumes
0´03 M-HCl. Portions of the chloroform phase were dried in
scintillation vials using a stream of air and the radioactivity
was determined by liquid scintillation counting using a
toluene-based scintillant (18 ml; 3 g 2,5-diphenyloxazole/l,
0´25 g 1,4-bis-(4-methyl-5-phenyloxazol-2-yl) benzene/l.
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The total cholesterol and triacylglycerol content of the
chylomicron remnants were determined using commercially
available kits from Boehringer Mannheim (Mannheim,
Germany). Statistical significance was determined using
ANOVA.

Results

Characterisation of the rabbit anti-rat hepatic lipase
antiserum

The activities of hepatic lipase and lipoprotein lipase in the
presence of rabbit anti-rat hepatic lipase antiserum and non-
immune rabbit serum are shown in Fig. 1. Hepatic lipase
activity in the absence of the antiserum (92 (SEM 8) nmol
triolein hydrolysed/h) was markedly inhibited in its presence.
The addition of 5 ml caused a 65 % reduction in activity, and
maximal inhibition (89´1 (SEM 3´2) %) was reached with 15±
25 ml. In contrast, lipoprotein lipase activity (120´0 (SEM

20´0) nmol triolein/h) was not affected by the antiserum.
Furthermore, hepatic lipase activity was unaffected by
similar volumes of non-immune rabbit serum.

The amount of hepatic lipase activity released from one rat
liver was markedly reduced (75±94 %) by 2±6 ml antiserum
in six experiments (data not reported), and larger volumes did
not increase the inhibition further. Thus, 6 ml rabbit anti-rat
hepatic lipase antiserum inhibited more than 90 % of the
heparin-releasable hepatic lipase activity from one liver, and
this is likely to represent most of the extracellular surface-
located enzyme. This volume, therefore, was used in all
subsequent liver perfusion experiments.

Immunocytochemistry was used to compare interactions
of rabbit anti-rat hepatic lipase antiserum and non-immune
serum with the liver in the conditions used in our
experiments. After perfusion of the liver with the antiserum
or non immune serum for 15 min, sections of the tissue
were incubated with fluorescein isothiocyanate-conjugated
goat anti-rabbit immunoglobulin G to visualise antibody
bound to the surface of the cells. Considerable fluorescence
was observed on sinusoidal surfaces in the liver in all
sections examined following perfusions with rabbit anti-rat
hepatic lipase antiserum (Fig. 2(a)), but no significant
fluorescence was seen with rabbit non-immune serum in
any areas of the liver (Fig. 2(b)). These results show that
perfusion of rat livers with the rabbit anti-rat hepatic lipase
antiserum results in widespread binding of antibodies to the
enzyme on the surface of liver cells.

Effects of rabbit anti-rat hepatic lipase antiserum on the
uptake by the perfused rat liver of [3H]oleate-labelled

chylomicron remnants from chylomicrons from rats given a
bolus of fish or palm oil

The removal of the two types of [3H]oleate-labelled
chylomicron remnants by perfused rat livers treated with
rabbit anti-rat hepatic lipase antiserum or rabbit non-
immune serum is shown in Fig. 3. In the presence of the
non-immune serum (Fig. 3(a)), remnants from chylomi-
crons from rats given a bolus of fish oil as compared with
palm oil were removed from the perfusate more rapidly, as
expected from our previous work (Lambert et al. 1995).
However, in the presence of the rabbit anti-rat hepatic
lipase antiserum the values obtained for the disappearance
of both types of remnants from the perfusate were very
similar to those seen with non-immune serum, and an
almost identical pattern of more rapid removal of the
remnants enriched in the fatty acids found in fish oil was
observed (Fig. 3(b)).

In the presence of either rabbit anti-rat antiserum or non-
immune serum, significantly more [3H] radioactivity was
found in livers from rats perfused with remnants from
chylomicrons from the rats given fish oil rather than palm
oil (Fig. 4), and these values are consistent with the
differential removal of the different types of remnants from
the perfusate.

Discussion

Previous studies in our laboratory have shown that the fatty
acid composition of chylomicron remnants influences the
rate of their uptake by the perfused rat liver (Lambert et al.
1995), and that the pattern of the differences mimics that
observed in the rat in vivo (Bravo et al. 1995). We have
also demonstrated that the various types of remnants are
similar in all other respects, including the size of the
particles and their lipid and apolipoprotein content (Botham
et al. 1997; Lambert et al. 1996). Thus, the differential
rates of removal from the blood of remnants derived from
different dietary fats can only be explained by the
differences in their fatty acid composition, and furthermore,
hepatic processes must be involved in the mechanism of the
effects.

Fig. 1. The activity of hepatic lipase or lipoprotein lipase in the
presence of rabbit anti-rat hepatic lipase antiserum or non-immune
rabbit serum in rat liver. Enzyme activities were assayed as
described on p. 577. ÐWÐ, Hepatic lipase + non immune rabbit
serum; ÐXÐ, hepatic lipase + rabbit anti-rat hepatic lipase
antiserum; ÐOÐ, lipoprotein lipase + anti-rat hepatic lipase
antiserum. Values are means from six experiments with standard
errors of the means shown by vertical bars.
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In the liver, chylomicron remnants first interact with
hepatic lipase, which modifies the lipid content of the
particles through its catalytic activity (Brasaemle et al.
1993; Botham et al. 1995; Fan & Watanabe, 1998), and
may also aid in their binding to the surface of hepatocytes
by acting as a ligand (Diard et al. 1994; Amar et al. 1998;
Chappell & Medh, 1998), and they are subsequently
endocytosed by receptor-mediated pathways involving
either the LDL receptor or the LDL receptor-related protein

(Cooper, 1997; Rohlmann et al. 1998). Differential
interaction of chylomicron remnants of different fatty
acid composition with either hepatic lipase, or the receptors
responsible for their internalisation by liver cells, therefore,
are the two major mechanisms by which the differential
rates of uptake of the various types of particles by the liver
may be modulated, and we have investigated the former
possibility in the present work.

Polyclonal antibodies to hepatic lipase have been used in
a number investigations of the role of the enzyme in

Fig. 3. The effect of rabbit anti-rat hepatic lipase antiserum on the
removal of chylomicron remnants derived from chylomicrons from
rats given a bolus of palm oil (ÐOÐ) or fish oil (ÐXÐ) from the
perfusate by the perfused rat liver. Livers were perfused with
chylomicron remnants in the presence of non-immune rabbit serum
(a) or an equal volume of rabbit anti-rat hepatic lipase antiserum (b),
and the radioactivity remaining in the perfusate was determined at
the times indicated. Values are expressed as a percentage of the
amount of radioactivity added to the perfusate. Values are means
from four (antiserum) or five (non-immune serum) experiments with
standard errors of the means shown by vertical bars. Mean values
were significantly different between the two different types of
remnants: *P,0´05.

Fig. 2. Photographs (� 20 magnification) showing typical liver
sections from rat livers perfused with rabbit anti-rat hepatic lipase
antiserum (a) or non-immune serum (b) (6 ml). For details of
procedures, see p. 577. The sections were prepared and incubated
with goat serum (100 ml/l) followed by fluorescein isothiocyanate-
conjugated goat anti-rabbit immunoglobulin G (1:40 dilution) and
viewed using a fluorescence microscope.
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chylomicron remnant uptake by the liver (Daggy &
Bensadoun, 1986; Sultan et al. 1990; Shafi et al. 1994),
but their effects on the uptake of remnants of different fatty
acid composition have not been studied previously. In the
current work, rat hepatic lipase obtained by perfusion of rat
livers with heparin was purified by heparin±Sepharose
chromatography and used to raise polyclonal antibodies in
rabbits. The rabbit anti-rat hepatic lipase antiserum was
shown to strongly inhibit hepatic lipase activity to a
maximum of 90 % (achieved with 15 ml antiserum)
(Fig. 1). Furthermore, there was no detectable cross-
reactivity with lipoprotein lipase, and enzyme which
belongs to the same gene family as hepatic lipase, and
with which it shares extensive amino acid sequence
homology and a similar three-dimensional structure
(Kirchgessner et al. 1989; Derewenda & Cambillau,
1991). In addition, we demonstrated that .90 % heparin-
releasable hepatic lipase activity from one rat liver was
inhibited by the volume of antiserum (6 ml) used in our
experiments (Fig. 2). Immunocytochemical studies also
indicate that after perfusion of the rat liver with the rabbit
anti-rat hepatic lipase antiserum, antibodies to the enzyme
were widely distributed in the tissue, and accessed and
specifically adhered to the sinusoidal cell surfaces (Fig. 2),
which are known to be the sites where hepatic lipase is
located (Breedveld et al. 1997). These results indicate that
the catalytic activity of hepatic lipase in the perfused liver
in our experiments was substantially inhibited by the
antiserum used, and that the antibody protein was bound to
the enzyme at cell surfaces throughout the tissue, thus
blocking its possible function as a ligand for remnant

binding prior to internalisation by hepatocytes. Thus, if the
hypothesis that hepatic lipase mediates the differential
hepatic uptake of chylomicron remnants of different fatty
acid composition is correct, exposure of the perfused liver
to the rabbit anti-rat hepatic lipase antiserum would be
expected to reduce or abolish the difference in the rate of
uptake of particles derived from fish or palm oil observed
in our earlier work (Lambert et al. 1995.)

When non-immune rabbit serum was added to the
perfusate, the removal of [3H]triacylglycerol-labelled
chylomicron remnants was slower when the lipoproteins
were derived from chylomicrons from rats given a bolus of
palm oil as compared with fish oil (Fig. 3(a)), and the
pattern observed was very similar to that found in our
previous experiments (Lambert et al. 1995). Moreover,
perfusions with rabbit anti-hepatic lipase antiserum showed
an almost identical pattern (Fig. 3(b)), and measurement of
the recovery of radioactivity in the liver after 120 min
perfusion also showed no difference between perfusions
with non-immune serum and anti-hepatic lipase antiserum
(Fig. 4). Thus, the antibodies to hepatic lipase had no effect
on the differential uptake of chylomicron remnants
enriched in saturated or n-3 polyunsaturated fatty acids
by the liver, indicating that differential interaction with the
enzyme is not responsible for the variations in the rates of
removal of remnants of different fatty acid composition
from the blood (Bravo et al. 1995; Lambert et al. 1995).

Unlike Shafi et al. (1994), we did not observe inhibition
of the uptake of the same type of chylomicron remnants in
the presence and absence of antibodies to hepatic lipase.
However, the aim of the present work was to investigate the
part played by hepatic lipase in the differential uptake of
chylomicron remnants of different fatty acid composition,
and the experiments were not optimised for the study of the
general role of the enzyme in remnant uptake. The studies
of Shafi et al. (1994) with the perfused rat liver and Sultan
et al. (1990) in the rat in vivo demonstrate that antibodies to
hepatic lipase retard remnant clearance at very early time
points (,15 min). In our study, however, remnant uptake
was followed over 120 min in order to mimic the
conditions of our earlier work (Lambert et al. 1995) more
closely, and only one time point at ,15 min was included.
Our results, therefore, do not necessarily conflict with
earlier work suggesting a role for hepatic lipase in hepatic
remnant uptake, but rather show specifically that the
enzyme does not mediate the differential uptake of
remnants of different fatty acid composition.

The hepatic uptake of chylomicron remnants is believed
to occur in two stages, an initial sequestration of the
particles onto cell surface heparan sulfate proteoglycans
which is facilitated by hepatic lipase and also by
lipoprotein lipase (Ji et al. 1994, 1995; Cooper, 1997;
Chappell & Medh, 1998), followed by receptor-mediated
endocytosis via either the LDL receptor or the LDL
receptor-related protein (Cooper, 1997; Chappell & Medh,
1998). Preliminary experiments in our laboratory with
isolated rat hepatocytes have shown that the initial binding
step is unaffected by the fatty acid composition of
chylomicron remnants, but that the rate of internalisation
of particles enriched with saturated, monounsaturated or n-
3 or n-6 polyunsaturated fatty acids varies (Lambert et al.

Fig. 4. The effect of anti-rat hepatic lipase antiserum on the uptake of
chylomicron remnants derived from chylomicrons of rats given a
bolus of palm oil or fish oil r by the perfused rat liver. Livers were
perfused with chylomicron remnants in the presence of non-immune
rabbit serum or an equal volume of rabbit anti-rat hepatic lipase
antiserum, and the radioactivity found in the liver after 120 min was
determined. Values are expressed as a percentage of the amount of
radioactivity added to the perfusate. Values are means from four
(antiserum) or five (non-immune serum) experiments with standard
errors of the means shown by vertical bars. Mean values were
significantly different between the two different types of remnants:
*P,0´05, **P,0´01.
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1999), showing a pattern which is strikingly similar to that
found in our earlier work on their uptake rates in the rat in
vivo and in the perfused liver (Bravo et al. 1995; Lambert
et al. 1995). Thus, remnants enriched in n-3 polyunsatu-
rated fatty acids are internalised at the fastest rate, and
those enriched in saturated fatty acids at the slowest, with
those enriched in mono- or n-6 polyunsaturated fatty acids
showing intermediate rates. Since the experiments reported
here indicate that the differential rates of removal of
chylomicron remnants of different fatty acid composition
from the blood by the liver cannot be explained by
differential interaction with hepatic lipase, these findings
suggest that the major mechanism involved in this effect is
differential rates of endocytosis by the LDL receptor and/or
the LDL receptor-related protein, and this is currently
under further investigation in our laboratory.

Acknowledgements

This work was supported by a grant from the Wellcome
Trust (grant no. 048022/Z/96).

References

Amar MJ, Dugi KA, Haudenschild CC, Shamburek RD, Chase M,
Bensadoun A, Hoyt RF, Brewer HB & Santamarina-Fojo S
(1998) Hepatic lipase facilitates the selective uptake of
cholesteryl esters from remnant lipoproteins in apoE-deficient
mice. Journal of Lipid Research 39, 2436±2442.

Borensztajn J, Getz GS & Kotlar TJ (1988) Uptake of
chylomicron remnants by the liver: further evidence for the
modulating role of phospholipids. Journal of Lipid Research
29, 1087±1096.

Botham KM, Mayes PA, Avella M, Cantafora A & Bravo E
(1995) Comparison of the lipolysis of chylomicron remnants
derived from corn oil and olive oil by hepatic lipase.
Biochemical Society Transactions 23, 284S.

Botham KM, Mayes PA, Avella M, Cantafora A & Bravo E
(1997) The lipolysis of chylomicrons derived from different
dietary fats by lipoprotein lipase in vitro. Biochimica et
Biophysica Acta 1349, 257±263.

Brasaemle DL, Cornely-Moss K & Bensadoun A (1993) Hepatic
lipase treatment of chylomicron remnants increases exposure of
apolipoprotein E. Journal of Lipid Research 34, 455±465.

Bravo E, Ortu G, Cantafora A, Lambert MS, Avella M, Mayes PA
& Botham KM (1995) Comparison of the hepatic uptake and
processing of cholesterol from chylomicrons of different fatty
acid composition in the rat in vivo. Biochimica et Biophysica
Acta 1258, 328±336.

Breedveld B, Schoonderwoerd K, Verhoeven AJ, Willemsen R &
Jansen H (1997) Hepatic lipase is localized at the parenchymal
cell microvilli in rat liver. Biochemical Journal 321, 425±430.

Brouwer CB, De Bruin TW, Jansen H & Erkelens DW (1993)
Different clearance of intravenously administered olive oil and
soybean oil emulsions: role of hepatic lipase. American Journal
of Clinical Nutrition 57, 533±539.

Chappell DA & Medh JD (1998) Receptor-mediated mechanisms
of lipoprotein remnant uptake. Progress in Lipid Research 37,
393±422.

Connelly PW, Maguire GF, Lee M & Little JA (1990) Plasma
lipoproteins in familial hepatic lipase deficiency. Arteriosclero-
sis 10, 40±48.

Cooper AD (1997) Hepatic uptake of chylomicron remnants.
Journal of Lipid Research 38, 2173±2192.

Crawford SE & Borensztajn J (1999) Plasma clearance and liver
uptake of chylomicron remnants generated by hepatic lipase
lipolysis: evidence for a lactoferrin-sensitive and apolipoprotein
E-independent pathway. Journal of Lipid Research 40, 797±
805.

Daggy BP & Bensadoun A (1986) Enrichment of apolipoprotein-
B48 in the low density lipoprotein density class following in
vivo inhibition with hepatic lipase. Biochimica et Biophysica
Acta 877, 252±261.

Derewenda ZS & Cambillau C (1991) Effects of gene mutations
in lipoprotein and hepatic lipase as interpreted by a molecular
model of the pancreatic triglyceride lipase. Journal of
Biological Chemistry 266, 23112±23119.

Diard P, Malewiak M-I, Lagrange D & Griglio S (1994) Hepatic
lipase may act as a ligand in the uptake of artificial chylomicron
remnant-like particles by isolated rat hepatocytes. Biochemical
Journal 299, 889±894.

Fan J & Watanabe T (1998) Hepatic lipase. Journal of
Atherosclerosis and Thrombosis 5, 41±45.

Grieve DJ, Avella MA, Botham KM & Elliott J (1998a) Effects of
chylomicrons and chylomicron remnants on endothelium-
dependent relaxation of rat aorta. European Journal of
Pharmacology 348, 181±190.

Grieve DJ, Avella MA, Elliott J & Botham KM (1998b) Influence
of chylomicron remnants on endothelial cell function in the
isolated perfused rat aorta. Atherosclerosis 139, 273±281.

Grieve DJ, Avella MA, Elliott J & Botham KM (2000) The
interaction between oxidised chylomicron remnants and the
aorta of rats fed a normocholesterolaemic or hypercholester-
olaemic diet. Journal of Vascular Research 37, 265±275.

Goldstein JL, Ho YK, Brown MS, Innerarity TL & Mahley RW
(1980) Cholesteryl ester accumulation in macrophages resulting
from receptor-mediated uptake and degradation of hypercho-
lesterolemic canine b-very low density lipoproteins. Journal of
Biological Chemistry 255, 1839±1848.

Harris WS (1989) Fish oils and plasma lipids and lipoprotein
metabolism in humans: a critical review. Journal of Lipid
Research 30, 785±807.

Ji Z-S, Lauer SJ, Fazio S, Bensadoun A, Taylor JM & Mahley RW
(1994) Enhanced binding and uptake of remnant lipoproteins by
hepatic lipase-secreting hepatoma cells in culture. Journal of
Biological Chemistry 269, 13429±13436.

Ji Z-S, Sanan DA & Mahley RW (1995) Intravenous heparinase
inhibits remnant lipoprotein clearance from the plasma and
uptake by the liver: in vivo role of heparan sulfate proteogly-
cans. Journal of Lipid Research 36, 583±592.

Kirchgessner TG, Chuat J-C, Heinzmann C, Etienne J, Guilhot S,
Svenson K, Ameis D, Pilon C, D'Auriol L, Andalibi A,
Schotz MC, Galibert F & Lusis AJ (1989) Organisation of the
human lipoprotein lipase gene family and evolution of the
lipase gene family. Proceedings of the National Academy of
Sciences USA 86, 9647±9651.

Lambert MS, Avella MA, Berhane Y, Shervill E & Botham KM
(1999) The fatty acid composition of chylomicron remnants can
alter their interaction with receptors on isolated hepatocytes.
Atherosclerosis 144, (Suppl. 1), 111±112.

Lambert MS, Botham KM & Mayes PA (1995) Variations in
composition of dietary fats affect hepatic uptake and metabo-
lism of chylomicron remnants. Biochemical Journal 310, 845±
852.

Lambert MS, Botham KM & Mayes PA (1996) Modification of
the composition of dietary oils and fats upon incorporation into
chylomicron remnants. British Journal of Nutrition 76, 435±
445.

Mahley RW, Innerarity TL, Brown MS, Ho YK & Goldstein JL
(1980) Cholesteryl ester synthesis in macrophages: stimulation

581Hepatic lipase and chylomicron remnant uptake

https://doi.org/10.1079/BJN
2000328  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2000328


by b-very low density lipoproteins from cholesterol-fed animals
of several species. Journal of Lipid Research 21, 970±980.

Mamo JCL (1995) Atherosclerosis is a post-prandial disease.
Endocrinology and Metabolism 2, 229±244.

Mattson FH & Grundy SM (1985) Comparison of the effects of
saturated, monounsaturated and polyunsaturated fatty acids on
plasma lipids and lipoproteins in man. Journal of Lipid
Research 26, 684±689.

Patsch JR, Miesenbock G, Hopferwieser V, Knapp E, Dunn JK,
Gotto AM & Patsch W (1992) The relationship of triglyceride
metabolism and coronary artery disease. Studies in the
postprandial state. Arteriosclerosis and Thrombosis 12, 1336±
1345.

Proctor SD & Mamo JC (1998) Retention of fluorescent-labelled
chylomicron remnants within the intima of the arterial wall ±
evidence that plaque cholesterol may be derived from post
prandial lipoproteins. European Journal of Clinical Investiga-
tion 28, 379±384.

Redgrave TG (1983) Formation and metabolism of chylomicrons.
International Review of Physiology 28, 103±129.

Rohlmann A, Gotthardt M, Hammer RE & Herz J (1998)
Inducible inactivation of hepatic LRP by Cre-mediated
recombination confirms role of LRP in clearance of chylomi-
cron remnants. Journal of Clinical Invesigation 101, 689±695.

Shafi S, Brady SE, Bensadoun A & Havel JR (1994) Role of
hepatic lipase in the uptake and processing of chylomicron
remnants in rat liver. Journal of Lipid Research 35, 709±720.

Sultan F, Lagrange D, Jansen H & Griglio S (1990) Inhibition of
hepatic lipase impairs chylomicron remnant-removal in rats.
Biochimica et Biophysica Acta 1042, 150±152.

Truswell AS (1985) Reducing the risk of coronary heart disease.
British Medical Journal 291, 34±37.

van Lenten BJ, Fogelman AM, Jackson RL, Shapiro S,
Haberland ME & Edwards PA (1985) Receptor-mediated uptake
of remnant lipoproteins by cholesterol-laden human monocyte-
macrophages. Journal of Biological Chemistry 260, 8783±8788.

582 M. S. Lambert et al.

https://doi.org/10.1079/BJN
2000328  Published online by Cam

bridge U
niversity Press

https://doi.org/10.1079/BJN2000328

