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Lipoprotein lipase enhances removal of
chylomicrons and chylomicron remnants by the

perfused rat liver

Nina Skottova,! Roger Savonen, Aivar Lookene, Magnus Hultin, and Gunilla Olivecrona?

Department of Medical Biochemistry and Biophysics, Umea University, S-901 87 Umea, Sweden

Abstract Lipoprotein lipase has been found to efficiently
mediate binding of lipoproteins to cell surfaces and to the low
density lipoprotein (LDL) receptor-related protein (LRP) under
cell culture conditions (Beisiegel et al. 1991. Proc. Natl. Acad. Sci.
USA. 88: 8242-8346). This supports the previously proposed
idea that the lipase could have a role in receptor-mediated up-
take of chylomicron remnants in the liver. We have investigated
the effects of lipoprotein lipase on the clearance of chylomicrons
during perfusions of rat livers. The chylomicrons were doubly
labeled in vivo with [**C]retinol (in retinyl esters) and with
[®H]oleic acid (in triacylglycerols) and were collected from
lymph. In the absence of any lipase the clearance of chylomicron
label from the perfusion medium was slow. Addition of lipopro-
tein lipase caused lipolysis of chylomicron triacylglycerols as evi-
denced by increased levels of 1#C-labeled fatty acids in the perfu-
sate. Simultaneously, the level of [Clretinyl esters in the
perfusate decreased dramatically, indicating core-particle
removal. Similar effects were seen with an unrelated lipase from
Pseudomonas fluorescens. To discriminate between the effects of
lipolysis and a true liganding effect of the lipoprotein lipase pro-
tein, the active site inhibitors tetrahydrolipstatin® and hexa-
decylsulfonylfluoride were used to reduce or totally inhibit
the catalytical activity. With lipase covalently inhibited by
the latter inhibitor, lipolysis during perfusions was low or
absent. Nonetheless, the inhibited enzyme had a clear effect
on the removal of chylomicrons by the liver. With 1.2 ug
of inhibited lipase/ml perfusate, about 70% of the core
label had been removed after 15 min as compared to about
20% in perfusions without lipase. With identical amounts
of active lipoprotein lipase protein, more than 90% of the
label was removed. Bl We conclude that any lipase causing
lipolysis of chylomicrons can stimulate their clearance by
the liver, but that lipoprotein lipase has an additional effect
on the removal, which is not dependent on its catalytic
activity.— Skottova, N., R. Savonen, A. Lookene, M. Hultin,
and G. Olivecrona. Lipoprotein lipase enhances removal

of chylomicrons and chylomicron remnants by the perfused
rat liver. J. Lipid Res. 1995. 36: 1334-1344.
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Lipolysis of chylomicrons by the enzyme lipoprotein
lipase (LPL) is the initial step in their catabolism and
results in formation of chylomicron remnants (1). Chylo-
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micron remnants are known to be rapidly taken up in the
liver by receptor-mediated processes (2-3). In contrast,
intact chylomicrons are cleared slowly from the circula-
tion (6, 7).

A candidate chylomicron remnant receptor was pro-
posed by Hertz et al. (8). Due to its close structural re-
semblance to the LDL receptor it was named the LDL
receptor-related protein (LRP). LRP binds apolipopro-
tein E (apoE) and apoE-containing lipoproteins such as
B-VLDL (9-11). In addition to lipoproteins, LRP binds a
number of other ligands in vitro and is now also known
as the catabolic receptor for protease-activated a2-macro-
globulin and several other protease-inhibitor complexes
(12, 13).

Chylomicrons with the truncated form of apolipopro-
tein B (apoB-48), lacking the LDL receptor-binding
domain, bind to the LDL receptor via apoE. The relative
contribution of the LDL receptor and of LRP for chylo-
micron remnant removal is a matter of debate. Remnant
clearance appears to be normal in familial hypercholes-
terolemia (14), suggesting that, in the absence of func-
tional LDL-receptors, remnants can be efficiently re-
moved by LRP and/or by other mechanisms. Kita et al.
(15) found no abnormalities of remnant clearance in
WHHL rabbits, whereas Mamo et al. (16) found a
marked retardation of the clearance of an injected
“chylomicron-like” emulsion and also of chylomicron rem-
nants in WHHL rabbits (17). Their results were, however,
questioned by Demacker, van Heijst, and Stalenhoef (18).

Abbreviations: apoB, apolipoprotein B; apoE, apolipoprotein E; BSA,
bovine serum albumin; FFA, free fatty acids; HDS, hexadecylsulfonyl-
fluoride; HEPES, 4-(2-hydroxyethyl)-1-piperazine-ethanesulfonic acid;
HL, hepatic lipase; LDL receptor, low density lipoprotein receptor;
LPL, lipoprotein lipase; LRP, low density lipoprotein receptor-related
protein; RE, retinyl esters; TCA, trichloroacetic acid; THL, tetrahydro-
lipstatin, Orlistat®; TG, triacylglycerols; Tris, 2-amino-2(hydroxymethyl)-
1,3-propandiol.

Present address: Department of Medical Chemistry, Palacky Univer-
sity, Hnevotinska 3, 775 15 Olomouc, Czech Republic.
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Recent studies in mice support the view that both the
LDL receptor and LRP are engaged in remnant removal
(5, 19, 20).

LPL is bound to the vascular side of the vessel walls via
interaction with cell surface proteoglycans (21, 22). There
is also some LPL in the circulating blood (23, 24), but its
concentration is kept low due to efficient uptake in the
liver (25, 26). Most of the circulating LPL is bound to
lipoproteins (24, 27). It had been proposed by Felts,
Itakura, and Crane (28) that LPL attached to chylo-
micron remnants might be the signal for recognition of
these particles by the liver. Following this assumption,
Beisiegel, Weber, and Bengtsson-Olivecrona (29) demon-
strated that LPL markedly increased binding of apoE-
containing lipoproteins to cell surfaces. This effect was in-
dependent of catalytic activity as it was also obtained with
LPL inhibited by the active site inhibitor tetrahydrolip-
statin. Furthermore, by chemical cross-linking they
showed that LPL was bound to LRP and that binding of
apoE to LRP was greatly stimulated by the presence of
LPL. These initial observations were later confirmed and
extended (30-32). In purified systems LPL was shown to
mediate binding of 8-VLDL to LRP (33) and the site in
LPL for binding to LRP was localized to the C-terminal
folding domain of the enzyme (33-35).

A direct effect of LPL on remnant uptake by the liver
has not yet been demonstrated under conditions approx-
imating the in vivo situation. The aim of the present
study was to investigate, using the perfused rat liver,
whether LPL, in addition to its lipolytic effect, can medi-
ate binding of remnants to the intact liver. To enable dis-
tinction between lipolysis-induced remnant removal and
LPL-mediated remnant removal, we have studied the
effects of active site-inhibited variants of LPL as well as
of a non-related bacterial lipase with activity against
lipoproteins.

MATERIALS AND METHODS

Reagents

Hypnorm was from Janssen, Bersee, Belgium; Stesolid
was from Kabi-Pharmacia Parenterals, Sweden; Dormicum
was from Roche, Switzerland; Garamycin (10 mg/ml) was
from Essex Likemedel AB, Sweden, and Intralipid (20%)
was from Kabi Pharmacia, Sweden. [*C]oleic acid
([1-**Cloleic acid, 50-60 mCi/mmol) and [*H]retinol
([11,12(n)-*H]vitamin A, 40-60 Ci/mmol) were purchased
from Amersham, UK. Eagle’s medium (minimal essential
medium Eagle modified with Earle’s salts and 2.0 g Na-
bicarbonate/l, without methionine and glutamine) was
obtained from Flow Laboratories, Scotland. Bovine serum
albumin (BSA fraction V), insulin (from bovine pancreas),
L-glutamine and Na-deoxycholate were from Sigma Chem-
icals, St. Louis, MO. HEPES (4-(2-hydroxyethyl)-1-

piperazine-ethanesulfonic acid), bis-Tris and Tris (2-
amino-2(hydroxymethyl)-1,3-propandiol) were purchased
from Boehringer Mannheim, Germany. Linoleic acid was
from B.D.H. Laboratory Chemicals Division, England.
D-glucose was from Kebo Lab AB, Sweden; sodium
dodecylsulfate (SDS) was from BDH Biochemicals,
England. EDTA dinatrium salt (Triplex III) and tri-
chloroacetic acid (TCA) were from Merck, Germany.
Tetrahydrolipstatin (THL, Orlistat®) was a generous gift
from Professor A. Fischli (F. Hoffman La Roche LTD,
Basel, Switzerland) and bacterial lipase (from Pseudomonas
Auorescens) was a kind gift from Amano Pharmaceuticals,
Nagoya, Japan. HDS (hexadecylsulfonylfluoride) was a
kind gift from Drs. A. Slootbom and H. Verheij, Utrecht,
Holland. Oxygen with 5% CO, was from AGA, Sweden.

Animals

Male Sprague-Dawley rats were supplied by Moellegard
Breeding Center, Denmark. The animals were fed a stan-
dard pellet diet with free access to water. All animal
procedures were approved by the local ethics committee.

For liver perfusions, rats weighing 180-240 g were
fasted overnight. For chylomicron preparations, non-
fasted rats weighing 200-230 g were used. The rats were
anesthetized with Hypnorm (50 x1/100 g body weight) and
Stesolid or Dormicum (50 ul/100 g body weight).

Lipases

Lipoprotein lipase was purified from bovine milk (36).
The THL-inhibited LPL was prepared by incubation of
LPL (0.3-0.5 mg/ml) in 4 mM deoxycholate/10 mM Tris-
HCI], pH 8.5, with a 10-fold molar excess of THL, for
30 min at room temperature (37). THL-inhibited LPL
was purified by adsorption to heparin-Sepharose and
eluted with 1.5 M NaCl in 10 mM bis-Iris buffer, pH 6.5.
HDS-LPL was prepared as follows: LPL (0.4-0.6 mg/ml)
was dialyzed in 5 mM deoxycholate/10 mM Tris/0.1 mM
linoleic acid, pH 8.5, at 4°C. HDS from a 20 mM stock
solution in dimetylsulfoxate was added in 10-fold molar
excess over LPL monomers and incubated for at least 6 h
at 25°C. Remaining catalytic activity in HDL-LPL was
determined using tributurin emulsified by gum arabic as
substrate (37). This activity never exceeded 1.4% of that
of native LPL. HDS-LPL was purified from unreacted
HDS by adsorption to heparin-Sepharose and was then
eluted either with a salt gradient or directly with 1.6 M
NaCl in 10 mM bisTris, pH 6.5. Preparations of HDS-
LPL were stored at 4°C and used within 24 h. 125]-labeled
LPL was prepared by the lactoperoxidase method and
repurified as previously described (26). 125]-labeled THL-
LPL and HDS-LPL were prepared by inhibition of 1251-
labeled LPL mixed with unlabeled LPL, as described
above for the unlabeled preparations. Bacterial lipase was
dissolved in 20 mM Tris-Cl, 5 mM deoxycholate, 0.1 mm
SDS, pH 8.5, to a final concentration of 1.0 mg/ml.
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Lipoproteins

To obtain doubly labeled chylomicrons, the thoracic
duct of a rat was cannulated (38, 39). After intragastric
infusion of 1.0 ml 20% Intralipid containing 100-150 uCi
of [1*Cloleic acid and 100-150 uCi of [*H]retinol, 10 ml
of lymph was collected during 4-6 h into 50 pul of
Garamycin and 100 ul EDTA (10% w/v). Chylomicrons
were isolated by centrifugation of lymph through 0.15 M
NaCl at 15°C in a SW 60 rotor (L.8-M Ultracentrifuge,
Beckman) for 60 min at 27,000 rpm. The doubly labeled
chylomicrons had a specific radioactivity of 3H about
400 dpm/nmol TG and of #C about 500 dpm/nmol TG.
The molar ratio of TG/cholesterol was 26.20 + 1.60.

Liver perfusions

Livers were perfused by the method of Vilaré et al.
(40), modified as follows. Briefly, the portal vein was can-
nulated and perfusion was started at a rate of 1.5-2.0 ml/
min per g liver with medium A (136 mM NaCl, 5.4 mM
KCl, 0.81 mM MgSO,, 0.98 mM MgCl, 0.44 mM
KH,PO,, 1.33 mM Na,HPO,, 1.3 mM CaCl,, 5.5 mM
glucose, 10 mM HEPES, and 1% albumin, pH 7.4,

*H-RE

100

80

60

% of added radioactivity

20

gassed with a mixture of 95% O, and 5% COy) for 10 min
to wash out residual blood. During the first 3-4 min of
this time the liver was excised from the rat and placed in
the perfusion chamber (37°C). Care was taken not to
damage any part of the liver or to cause infarctions during
extirpation. Only visibly undamaged and well-perfused
livers were allowed to proceed to experiments. After this
washing in a single pass mode, the perfusion medium was
changed to 14.0 m] gassed medium B (Eagle’s medium,
supplemented with 5% albumin, 5 mM glutamine, and
0.1 uM insulin) which was allowed to circulate for 5 min
before start of the experiment. All solutions were warmed
to 37°C before use. At the start of the experiment 1.0 ml
of test medium, which had been previously incubated for
5 min at 37°C, was added to the circulating medium B.
Test medium contained, unless otherwise stated, 300 ul
rat serum (inactivated for 30 min at 56°C) as source of
apolipoprotein C-II, chylomicrons corresponding to 5 mg
triacylglycerols, bovine LPL, bacterial LPL, THL-LPL
or HDS-LDL (or just 1.6 M NaCl in 10 mM bis-Tris in
controls) and finally 0.15 M NaCl to a total volume
1.0 ml. Samples of 200 ul were taken from the perfusion
media at the times indicated in the figures. 3H- or “C-

Yc1G “c-FFA
O Control
A0.5ugLPL
) v50ugLPL
© 50 pg LPL

0 10 20 30 0 10 20 30 O 10 20 30
Time (min)

Fig. 1. Effect of bovine lipoprotein lipase on the levels of chylomicron [*H]RE, [*C]JTG, and [#C]FFA in medium
during liver perfusions. Doubly laheled chylomicrons (corresponding to 5 mg TG) were preincubated for 5 min with
the indicated amounts of catalytically active bovine LPL in the presence of heat-inactivated rat serum (300 al) in
a total volume of 1 ml at 37°C. Each mixture was added to 14 ml of medium B and was then perfused through
an excised rat liver in a recirculating system. More details are given in the Methods section. Samples of 200 ul were
withdrawn at the indicated times. The data points represent a mean of data from two parallel perfusions for each
curve. Data for perfusions in the absence of LPL (control) are means + SE for six perfusions.
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radioactivity in samples of chylomicron preparations or of
perfusion media was determined by liquid scintillation
counting in a LKB Wallac beta-counter, after extraction
according to the method of Borgstrdm (41) as modified by
Vilaré et al. (40) for 3H- and *C-radioactivity present in
TG and FFA fractions. RE were recovered in the organic
phase together with the TG. Samples of 100 ul were taken
from perfusions with 12%I-labeled lipases. These samples
were measured for !2%I-radioactivity in a Wallac 1480
WIZARD gamma counter (Turku, Finland) and were
then precipitated with 400 gl ice-cold 10% (w/v) TCA.
After 30 min at 4°C the samples were centrifuged for
10 min at 3000 rpm in a Hereaus Minifug T and 250 ul
of each supernatant was transferred to new tubes for
counting of acid-soluble radioactivity. Reported radio-
activities are those calculated for the precipitates. The
level of free radiolabeled iodine in !?5I-labeled LPL
preparations was less than 5% in the starting materials as
judged from precipitation with TCA. At the end of the
perfusion experiments the medium was changed to
medium A in a single pass mode for 5 min. Then, the
whole liver, or pieces of it, was directly taken for determi-
nation of 12%I-radioactivity or for determination of 3H-
and !*C-radioactivity after homogenization and lipid ex-
traction (40).

34-RE

100

% of added radioactivity

Biochemical analyses

TG and cholesterol were assayed by enzymatic methods
using kits from Boehringer Mannheim, Germany.

RESULTS

Effects of different amounts of LPL and of bacterial
lipase on the levels of chylomicron [*H]retinyl esters,
[**C]triacylglycerols, and ['*C]oleic acid in the
perfusion media

Rat chylomicrons radiolabeled in vivo with [3H]retinol
(in retinyl esters (RE)) and with [*C]oleic acid (in triacyl-
glycerols (TG)) were passed through rat livers in a recir-
culating perfusion system. In the absence of any added
lipase the disappearance of chylomicron constituents was
slow (Fig. 1). About 80% of both [*H]RE and of {4C]TG
remained in the media after perfusion for 30 min. Sig-
nificant levels of 14#C-labeled free fatty acids (FFA) were
detected only at the longest perfusion times and amounted
to less than 3% of the radioactivity in glycerides. Addition
of 0.5 ug LPL to the chylomicrons before perfusion
caused a small rise in the level of *C-labeled FFA and also
an increase in the removal of both [*C]TG and of
[*H]JRE. These effects were more pronounced with higher

“c.16 “c-FFA
O Control
A 0.5 yg b.lipase

¥ 5.0 pg b.lipase
©O 50 ug b.lipase

P

o 1 ¥ 1 1

0 10 20 3 0

10 20 30 0 10 20 30

Time (min)
Fig. 2. Effect of bacterial lipase on the levels of chylomicron [*H}RE, ["*C]TG, and [**C]FFA in medium during
liver perfusions. Conditions were as in Fig. 1 but the chylomicrons were preincubated with the indicated amounts
of lipase from Pseudomonas fluorescens. Data points represent a mean of the results from two parallel perfusions for
each curve. The data for controls are the same as in Fig. 1. The two experiments were conducted with the same

batch of chylomicrons.
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amounts of LPL (5 and 50 pg/liver). With 50 pg LPL
about 20% of the fatty acids had been released as FFA
into the medium already at the earliest time point and the
chylomicron remnant constituents disappeared quickly
from the perfusion medium. Thus, lipolysis appeared to
be an important determinant for particle removal.

To investigate whether this was specific for LPL, or
whether any triglyceride lipase could accomplsh the same
effects, chylomicrons were incubated with a lipase from
Pseudomonas fluorescens. This enzyme was chosen because it
has similar activity against emulsified triacylglycerol as
LPL (42), it does not hydrolyze phospholipids (A. Lookene
and G. Olivecrona, unpublished results) and it is active
against lipoproteins (29). Figure 2 shows that the bac-
terial lipase caused more lipolysis based on enzyme pro-
tein than did LPL. At 50 pg/liver about 80% of the *C
label appeared in FFA. As with LPL, [*H]RE disap-
peared rapidly from the medium in a dose-dependent
manner, indicating particle removal.

Effects of LPL inhibited by tetrahydrolipstatin on
lipolysis and chylomicron/chylomicron remnant
removal during perfusion

To study whether catalytically inactive LPL. had any
effect on chylomicron removal we used the active-site in-

H-RE

100

40

% of added radioactivity

hibitor tetrahydrolipstatin (THL). This inhibitor had
previously been shown to inhibit LPL in such a way that
the lipase could still mediate binding of lipoproteins to
cells and to LRP (29, 33). With increasing doses of THL-
LPL added to the chylomicrons before perfusion, the
removal rates for labeled chylomicron constituents were
increased (Fig. 3). However, #C-labeled FFA appeared in
the perfusate in a dose-dependent manner, indicating that
some of the inhibited LPL had regained activity. As
THL-LPL was not fully re-activated, 10-fold more THL.-
LPL had to be added to reach about the same lipolysis as
with uninhibited LPL. Under such conditions, the higher
amount of the inhibited lipase protein caused a more
rapid particle removal than what was obtained with the
10-fold lower amount of uninhibited LPL (compare 5 pg
LPL in Fig. 1 with 50 pg THL-LPL in Fig. 3). Further-
more, when the effects of THL-LPL and of bacterial
lipase on the removal of chylomicron constituents were
compared at the same level of lipolysis (compare 5 pg bac-
terial lipase in Fig. 2 with 50 ug THL-LPL in Fig. 3),
THL-LPL caused a more rapid removal of both [*C]TG
and [H]|RE than did bacterial lipase. With 10 ug of
THL-LPL less lipolysis occurred than with 5 pg of the
bacterial lipase, but still the removal rate for chylomicron
constituents was higher.

oG “cFFA

A 2.0 pg THL-LPL
¥ 5.0 ug THL-LPL
@ 10.0 pg THL-LPL
B 20.0 pg THL-LPL
@ 50.0 ug THL-LPL

0 10 20 300

T T 1
10 20 30 0 10 20 30

1338

Time (min)

Fig. 3. Eﬁ_“ect of TH]_t—!_,PL on the Jevels of chylomicron [*H]RE, [#C]TG, and ["*C]FFA levels in medium during
liver perfusions. Conditions as in Fig. 1 but the chylomicrons were preincubated with the indicated amounts of
THL-LPL. The data points for each curve are from single perfusions.
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Effects of LPL inhibited by the irreversible inhibitor
hexadecylsulfonylfluoride on the removal of
chylomicron constituents

The previous experiments showed that lipolysis is an
important determinant for chylomicron removal by the
liver. They also indicated that LPL might have additional,
specific liganding effects. To study these further, we used
the irreversible active site inhibitor hexadecylsulfonylfluo-
ride (HDS). After incubation of LPL with a 10-fold molar
excess of HDS, and removal of unreacted inhibitor, less
than 1.4% of the original catalytic activity remained.
With this inhibitor no reactivation was seen under any
condition. With HDS-LPL added to chylomicrons in liver
perfusion experiments little lipolysis occurred as judged
from the low level of 14C-labeled oleic acid in the perfusate
(Fig. 4). In comparison with control perfusions without
LPL, the removal of both [*C]TG and [*H]RE were ac-
celerated, strongly indicating that with HDS-LPL essen-
tially nonlipolyzed chylomicron particles were removed by
the liver. After perfusion for 15 min with 20 pug of HDS-
LPL, about 30% of the [3H]RE remained in the €irculat-
ing media. In controls without LPL about 80% remained
and in the presence of 20 pug active LPL less than 10% re-
mained. The increased removal was paralleled by in-
creased levels of 3H-radioactivity in livers perfused with
LPL or with HDS-LPL for 30 min as compared to livers

*H-RE

100

80

% of added radioactivity

Y16

perfused without lipase (Fig. 5). The values shown were
obtained after the livers had been washed in a non-
circulating mode for 5 min.

Time-course for removal of THL-LPL and of
HDS-LPL from the perfusates

It was previously known that LPL is rapidly removed
by the liver both in vivo and during perfusions (25, 26, 40,
43, 44). The effects of LPL on chylomicron removal could
be accomplished either by circulating LPL or by LPL al-
ready bound in the liver, or most likely by both. Perfusion
of livers with !2%[-labeled preparations of THL-LPL and
of HDS-LPL showed that the inhibited LPL variants
were removed somewhat more rapidly than was normal
LPL (Fig. 6). More than 90% of their radioactivity was
found in livers after 30 min of perfusion, while cor-
responding numbers for uninhibited LPL were about
80%. Thus, during the main part of the perfusions with
chylomicrons, most of the LPL or the LPL variants were
already bound in the liver. Additional experiments
(Table 1) demonstrated that loading of the livers with
LPL by perfusion with lipase before perfusion with chylo-
microns led to lipolysis and increased particle removal in
a manner similar to that when the chylomicrons were
preincubated with the lipase before perfusion.

“CFFA

O Control
020 ug LPL
i 20 pg HDS-LPL

0 10 20 30 0 10

-1

20 300 10 20 30

Time (min)

Fig. 4. Effect of catalytically inactive HDS-LPL on the levels of chylomicron [*H]RE, [C]TG, and ["*C]FFA in medium during liver perfusions.
Conditions were the same as in Fig. 1. The chylomicrons were preincubated with the indicated amounts of LPL or of HDS-LPL. Data points are
means + SE of five identical perfusions. The experiment was conducted over 4 days and perfusions of each of the three kinds were run each day.
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Fig. 5. Amounts of [*H]RE in livers after perfusion of doubly labeled
chylomicrons in the presence of catalytically active LPL or of inactive
HDS-LPL. After the perfusions in Fig. 4 the livers were washed for
5 min in a single pass mode with medium A. The whole livers were then
homogenized and the [*H]RE were extracted and counted as described
in the Methods section. In comparable experiments, less than 1% of the
3H radioactivity was found as retinol in the water-soluble phase, even in
the presence of active LPL. The bars represent means + SE of five livers
each.

DISCUSSION

The aim of this study was to evaluate the role of LPL
for chylomicron and chylomicron remnant removal by the
perfused rat liver following the assumption that LPL
might serve as a link between the lipoproteins and hepatic
binding sites (28, 29).

, Initial experiments showed that lipolysis was the most
important determinant for chylomicron clearance in ac-
cord with previous investigations (6, 7). We show here
that the necessary lipolysis could be accomplished by pure
bovine LPL in vitro, but a similar effect was also obtained
with a lipase from Pseudomonas fluorescens. This lipase
differs from LPL in that it does not bind to heparin
(G. Olivecrona, unpublished results), does not bind to
LRP (33) and does not hydrolyze phospholipids (A. Lookene
and G. Olivecrona, unpublished results). As expected, the
bacterial lipase did not mediate binding of lipoproteins to
cells or to isolated LRP (29, 33). Borensztajn, Getz, and
Kotlar (45) reported that phospholipid hydrolysis is an
important determinant for chylomicron remnant recogni-

1340 Journal of Lipid Research Volume 36, 1995

tion by the liver. Nevertheless, in our study chylomicron
remnants generated by the bacterial lipase alone were
cleared by the liver almost as efficiently as remnants
generated by LPL. Using HL,, Brasaemle, Cornely, Moss,
and Bensadoun (46) demonstrated that hydrolysis of tri-
acylglycerols and phospholipids in rat chylomicrons led to
increased exposure of determinants in apoE to immuno-
globulins. A likely conclusion from several studies is that
lipolysis and accumulation of lipolysis products, from
triacylglycerols or from phospholipids, changes the physi-
cal structure of the lipoprotein surface so that the particle
is recognized by the liver. This effect can probably be ac-
complished by any triacylglycerol lipase with activity
against chylomicrons.

The focus in the present study was to explore whether
LPL had any effect other than lipolysis on chylomicron
remnant removal. This was postulated based on the abil-
ity of LPL to mediate binding of ipoproteins both to cell
surfaces and directly to purified LRP (29-33, 47-50). In
these systems lipolysis was not a prerequisite for binding
(29, 30, 48, 50). As the overwhelming effect of LPL on
chylomicron clearance was on lipolysis, two additional ap-
proaches were used to distinguish between lipolysis-
induced particle removal and LPL-mediated removal.
One was a comparison of the effects of LPL to those of the
bacterial lipase at the same degree of lipolysis. The other
was to use inhibited variants of LPL. The active-site in-
hibitor THL was previously shown to inhibit LPL at very
low concentrations (37) and the inhibited LPL retained
ability to interact both with lipoproteins (29) and with
LRP (33). A drawback is that the inhibited enzyme can
regain activity by slow hydrolysis of the inhibitor (37) and
that reactivation is more rapid in the presence of other
lipid substrates than in buffer only (37). This was also the
case in the present experiments with chylomicrons, as evi-
denced by the appearance of labeled FFA in the perfusate.
Both the comparison with the effects of the bacterial lipase
and the comparison between active LPL and partially in-
activated THL-LPL indicated that the presence of LPL
protein as such had a promoting effect on chylomicron
remnant removal. Furthermore, in direct comparisons be-
tween THL-LPL and the bacterial lipase at a similar
degree of lipolysis, particle removal was always more
rapid with THL-LPL. These results indicated an addi-
tional role of the LPL protein in clearance of chylomicron
remnants by the liver.

Due to the complexity of the system we had to find an
irreversible active site inhibitor for LPL. In our hands
phenylmethylsulfonylfluoride (PMSF) reacts poorly with
LPL even in millimolar concentrations. In contrast, the
derivative hexadecylsulfonylfluoride (HDS) caused near
complete inhibition of LPL when added in only a 10-fold
molar excess. This inhibitor had previously been success-
fully used with other lipases (51, 52). HDS-LPL was
purified from excess inhibitor by chromatography on
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Fig. 6. Disappearance of 125[-labeled catalytically active LPL, of !*5I-labeled THL-LPL, and of !?I-labeled
HDS-LPL from medium during liver perfusion. a) !?5I-labeled catalytically active LPL (50 ug of protein, sp act
25,000 cpm/pg) and 125I-labeled THL-LPL (50 pg of protein, sp act 20,000 cpm/ug) were each mixed with 300 ul
heat-inactivated rat serum. b) 123I-labeled catalytically active LPL and 125-labeled HDS-LPL (50 ug of protein,
sp act 20,000 cpm/pg) were each mixed with 300 gl inactivated rat serum. After 5 min of preincubation at 37°C
the mixtures were added to 14 ml of medium B and perfused through liver for 30 min in a recirculating system.
Inset: Liver uptake of 125I-labeled catalytically active LPL (unfilled bars) and of a) 1251-labeled THL-LPL (filled
bars) or b) '2*I-labeled HDS-LPL (filled bars) after 30 min perfusion followed by an additional 5 min wash with
medium A. Data are means from three parallel perfusions. Three representative samples were taken from each liver

for determination of radioactivity.

heparin-Sepharose and was eluted from the column at
high salt concentration, indicating that its overall struc-
ture was similar to that of catalytically active LPL dimers.
Furthermore, iodine-labeled HDS-LPL and THL-LPL

TABLE 1. Content of radioactivity from [*H]retinyl ester and
[*C]triacylglycerol in livers perloaded with lipoprotein lipase and
then perfused for 60 min with doubly labeled chylomicrons

% of Added Radioactivity

Condition 3H/Liver 14C/Liver
Control 26.40 + 4.88 20.80 + 4.36
With LPL 94.48 1+ 7.27 55.22 + 5.73

Livers were first perfused for 10 min with 5 m] of recirculating medium
B containing 50 ug of LPL or with medium only (control). After a wash
for 15 min in a single pass mode with medium A, the livers were per-
fused with doubly labeled chylomicrons in medium B for 60 min in a recir-
culating mode. After a final wash for 5 min with medium A, the livers
were homogenized and extracted for determination of radioactivities.
Values are means + SE from two perfusions with active LPL and from
six perfusions without LPL.

Skottova et al.

were both cleared from the perfusion media by the liver
in a fashion similar to that previously found for catalyti-
cally active LPL (40). Thus, HDS-LPL could be con-
sidered as a good model for native LPL. Interestingly,
HDS-LPL was able to markedly promote removal of mar-
ginally lipolyzed chylomicrons by the perfused liver and
it increased several fold the amount of [°H]RE taken up
in the liver as compared to control perfusions without any
added lipase. This is the first time that a liganding func-
tion of LPL has been demonstrated under conditions ap-
proximating the in vivo situation.

Hepatic lipase is structurally and functionally related
to LPL (22, 53). It is mainly localized in the liver and
several lines of evidence indicate that LPL and HL have
partly overlapping functions, HL being involved mainly
in remodelling of remnant lipoproteins. A role of HL in
chylomicron remnant uptake by the liver has been sug-
gested based on studies with specific antibodies (54, 53)
and by detachment of HL from its binding sites by hepa-
rin (54). Belcher et al. (56) found that the main fraction
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of HL in the liver is located in endosomes and suggested
that continued lipolysis of the remnants by HL may occur
in the endocytosed vesicles. A striking fact, known for
long (7), is that although the perfused rat livers are fully
loaded with HL, essentially no lipolysis and very slow up-
take of chylomicrons occurs. Thus, HI. cannot accom-
plish the necessary rapid lipolysis and particle uptake on
its own even though HL was recently shown to bind to
LRP (35, 50). Furthermore, a pivotal role of HL in rem-
nant metabolism can be questioned on the basis that
several animal species have low or almost absent levels of
HL in their livers (22).

LPL mediates binding of lipoproteins not only to LRP;
the main interaction on cell surfaces appears to be to
heparan sulfate proteoglycans (22, 31, 48-50). As LPL
binds to the proteoglycans, and as both apoE and apoB
are heparin-binding proteins, an initial contact between
the lipoprotein and LPL can mediate a multipoint co-
operative attachment of the lipoprotein to the cell surface.
It has been proposed that this initial interaction brings the
lipoprotein in close proximity with the cell surface and
may facilitate the subsequent interaction with specific
receptors. An important factor in this interaction appears
to be apoE which is provided with the particle or acquired
from the cell surface (57). Moreover, LPL can mediate
binding of lipoproteins to extracellular matrix (58-60).
Our current data on LPL-mediated binding of chylo-
microns to the perfused liver do not allow us to speculate
on which interactions are increased by LPL. If the effect
is not primarily on binding to endocytic receptors, the in-
creased concentration of chylomicrons on the cell surfaces
could, in a second step, be followed by increased receptor-
mediated uptake (13).

In conclusion, our study has indicated two independent
determinants of chylomicron particle clearance by the
liver: 1) lipolysis, which can probably be accomplished by
any triglyceride lipase with activity against lipoproteins
and which may not involve increased binding either to
proteoglycans or to LRP; and 2) a liganding effect of the
LPL protein that can mediate clearance of both remnants
and essentially unlipolyzed chylomicrons. The present
data do not resolve by which mechanism this occurs. B
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