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Abstract The LDL receptor and the LDL receptor-related
protein (LRP) mediate the removal of chylomicron rem-
nants. The LRP pathway involves sequestration of particles
in the space of Disse. It has been proposed that either alone
or in combination with other factors, such as apolipopro-
tein E and proteoglycans, hepatic lipase (HL) may contrib-
ute to the sequestration of chylomicron remnants. To test
this hypothesis, we generated two lines of transgenic mice
producing rat HL as a native or as a membrane-anchored
form. These animals express HL at levels similar to normal
rat. Chylomicron remnants were perfused in a single nonre-
circulating pass into the livers of the rat HL transgenic, HL

 

-

 

deficient, and wild-type (WT) mice for 20 min, and the rate
of chylomicron remnant removal was measured. Chylomi-
cron remnants were removed at a rate of 

 

�

 

50% per pass in
WT mice. It was slightly increased in both transgenic mice
and reduced in HL

 

-

 

deficient mice compared with the WT
mice. Confocal microscopy of liver sections showed that a
modest amount of HL colocalized with chylomicron rem-
nant clusters in the transgenic mice, suggesting that HL is a
component of the LRP-proteoglycan clusters.  These data
suggest that HL helps to direct cholesterol to the tissues in
which it is localized by a nonenzymatic mechanism.
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Hepatic lipase (HL) is synthesized only in hepatic pa-
renchymal cells and functions primarily as an endothelium-
bound enzyme within the liver sinusoids (1–3). It hydro-

 

lyzes triglycerides and phospholipids in HDL, thus convert-
ing HDL

 

2

 

 to HDL

 

3

 

, and also functions in the conversion of
intermediate density lipoproteins to LDL. It has also been
proposed that by nonenzymatic actions the HL protein
has a role in lipoprotein uptake. This has been established
using both in vivo and in vitro systems. Injection of anti-
bodies into mice and rats reduced the hepatic uptake of
chylomicron remnants (4, 5). Transgenic rabbits express-
ing HL showed a marked reduction of HDL and interme-
diate density lipoprotein (6). In transgenic mice express-
ing HL, plasma lipoproteins including LDL, chylomicron
remnants, and HDL were reduced compared with those in
wild-type (WT) mice (7). The enhanced uptake of apolipo-
protein B (apoB)-containing lipoproteins was mediated by
a specific interaction of the enzyme with apoB (8) and was
independent of the catalytic activity (9). In mice lacking
HL, clearance of remnants was reduced but that of chylo-
microns was unimpaired (10). Evidence for a direct role
of HL in the hepatic uptake, however, is still not clearly
defined because it is difficult to isolate the effect of HL in
the liver from other components of the removal mecha-
nism with in vivo models, whereas cultured cells lack the
complexity of the intact liver. In this study, we used an iso-
lated liver perfusion technique (11) to study the role of rat
HL in the uptake of lipoproteins by the liver.

Unlike human HL and rat HL, mouse HL binds poorly
to the endothelial cell surface and circulates in the blood
after being synthesized by the hepatocytes as a result of
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the low binding affinity of the mouse enzyme to glycosami-
noglycans (12). Thus, we generated transgenic mice that
express the rat enzyme, which readily binds to endothelial
cells. In addition, we prepared mice that express rat HL as
a membrane-bound form using a glycophosphatidylinositol
(GPI) as an anchor. Our laboratory previously prepared cell
lines that express the native or GPI-anchored rat HL (13).

MATERIALS AND METHODS

 

Preparation of lipoproteins

 

Rat chylomicron remnants were obtained in vivo by injecting
chylomicrons intravenously into functionally hepatectomized rats
as described previously (14, 15). The remnants were then radio-
labeled with carrier-free Na

 

125

 

I (Amersham Life Sciences, Arlington
Heights, IL) by the iodine monochloride method of McFarlene
(16) as previously described (17). Plasma LDL and HDL fractions
were isolated by density gradient ultracentrifugation (18).

 

Preparation of receptor-associated protein

 

A plasmid containing the cDNA for human receptor-associ-
ated protein (RAP) fused with glutathione 

 

S

 

-transferase was a gift
from Dr. Dudley Strickland (Department of Biochemistry, Ameri-
can Red Cross, Rockville, MD). The protein was purified in our
laboratory as previously described (19).

 

Transgenic mice

 

Animals were kept at 21–25

 

�

 

C and had free access to water
and standard chow. All experiments were performed under pro-
tocols approved by the Committee on Animal Experimentation
of the Palo Alto Medical Research Foundation. WT C57BL/6J
mice and mice deficient in hepatic lipase (

 

HL

 

�

 

/

 

�

 

) were pur-
chased from Jackson Laboratories (Bar Harbor, ME). We gener-
ated two lines of transgenic mice expressing rat HL as a native
form (

 

mHL

 

�

 

/

 

�

 

/rHL

 

�

 

/

 

�

 

) or a membrane-bound form using a GPI
anchor (

 

mHL

 

�

 

/

 

�

 

/gpi-rHL

 

�

 

/

 

�

 

) using FVB mice (Taconic, German-
town, NY). The rat HL constructs contained a vector designed
for the liver-specific expression of the enzyme (7) and rat HL
cDNA. The vector contained sequences from the human apoE
gene and the hepatic control region of the apoE/C-I gene locus
(20) and was a generous gift from Dr. J. Taylor (Gladstone Insti-
tute of Cardiovascular Disease, San Francisco, CA). Dichek et al.
(7) and Fan et al. (6) previously used this vector to express HL in
mouse and rabbit and reported that the animals overexpressed
HL only in the liver. To generate the transgenic mice producing
GPI-anchored rat HL, HL cDNA was modified as described previ-
ously (13). Briefly, the signal sequence for the addition of a GPI
anchor was inserted into the rat HL cDNA followed by the addi-
tion of cloning sites by site-directed mutagenesis. The GPI anchor
signal was obtained from human decay-accelerating factor, which
has been characterized previously (21). We screened the pups
by PCR using primers 5

 

�

 

-CTATGCTATTGCCGTGCGCA-3

 

�

 

 and
5

 

�

 

-CCTGTGTTCTGCAGGTTGCT-3

 

�

 

. Transgenic founders were
mated with WT FVB mice, and the hemizygous littermates were
mated for approximately seven to eight generations to obtain ho-
mozygous animals in the FVB background. The animals used in
the experiments were all homozygotes. Lipolytic activity of the
plasma samples was assayed as described previously in the pres-
ence of 1 M NaCl to suppress lipoprotein lipase activity (22).

 

Plasma lipid analysis

 

Blood was drawn from the mice after overnight fasting, and
plasma cholesterol and triglycerides were measured using an en-

zymatic method (Sigma Chemical, St. Louis, MO). HDL choles-
terol levels were measured in the supernatant after precipitat-
ing apoB-containing lipoproteins with HDL cholesterol reagent
(Sigma). Phospholipid concentrations were measured using a kit
from Wako (Richmond, VA). ApoA-I and apoB concentrations
were determined by SDS-PAGE of VLDL and HDL fractions.
Briefly, lipoproteins were isolated from the fasting plasma sam-
ples by density-gradient ultracentrifugation. The samples were
then applied to either 4% or 7.5% SDS-PAGE. After staining with
Coomassie Brilliant Blue, gels were then scanned and the density
of apoB and apoA-I bands was determined using NIH Image J
1.3v software.

 

Liver perfusion

 

The livers of 15 week old mice were perfused using the single-
pass nonrecirculating procedure previously described by our lab-
oratory (11). The perfusate solution contained rat erythrocytes
(20% hematocrit) in DMEM and was gassed with O

 

2

 

. The liver
was thermostatically maintained at 37

 

�

 

C. After a 5 min perfusion
to remove blood, the perfusate solution containing chylomicron
remnants labeled with 

 

125

 

I or the fluorescent carbocyanine dye
1,1

 

�

 

-dioctadecyl-3,3,3

 

�

 

,3

 

�

 

-tetramethylindodicarbocyanine percho-
late (DiD) (Molecular Probes, Inc., Eugene, OR) (23) was per-
fused into the liver via the portal vein for 20 min at 0.5 ml/min.
For kinetic experiments, the samples were collected at 1 min in-
tervals for the measurement of radioactivity. The radioactivity
was counted using a 

 

�

 

 counter.

 

Immunohistochemistry

 

Immunofluorescence colocalization of rat HL in mouse and
rat livers was performed on liver sections (8 

 

�

 

m thick) as de-
scribed previously (11). To stain for HL, liver sections were incu-
bated with polyclonal rabbit anti-rat HL antiserum for 3 h fol-
lowed by incubation with rhodamine-labeled sheep anti-rabbit
IgG for 1 h. To stain for endothelial cells, liver sections were in-
cubated with rabbit anti-human von Willebrand factor IgG for
1.5 h followed by incubation with FITC-labeled goat anti-rabbit
IgG for 45 min. Rhodamine and FITC were excited at 568 and
488 nm, respectively. Emissions were collected at 600 

 

�

 

 20 nm
and 500 

 

�

 

 30 nm for rhodamine and FITC, respectively.
In perfusion experiments, DiD-labeled remnants at 4 

 

�

 

g/ml
were perfused for 20 min and then 0.9% NaCl solution was per-
fused for 5 min after the 20 min perfusion. After the perfusion
with DiD-labeled remnants, the livers were sliced into small
pieces and fixed in PBS with 4% paraformaldehyde for 15 min
and in PBS plus 20% sucrose for 16 h. Tissue blocks were embed-
ded in OCT, and 8 

 

�

 

m sections were cut and placed on glass
slides.

The liver sections were incubated first in PBS plus 0.2% Triton
X-100 for 5 min, next in PBS plus 5% BSA plus 5% rabbit serum
for 30 min, and then with antibodies. After incubation of rabbit
anti-LDL receptor-related protein (LRP) antibodies, the sections
were incubated with Oregon Green (OG)-labeled goat anti-rabbit
IgG (Molecular Probes). Digital images of the stained sections
were obtained using a Molecular Dynamics Multiprobe confocal
laser microscope (Sunnyvale, CA). DiD was excited at 644 nm
and OG was excited at 488 nm. A greater than 660 nm filter and
a 500–560 nm filter were used to collect DiD emission (channel
1: red) and OG emission (channel 2: green), respectively. Deter-
mination of the colocalized pixels, and counting of the number
of clusters, were performed as described previously (24).

 

Western blot analysis and real-time PCR

 

Total membranes were prepared from mouse livers as previ-
ously described (24). Briefly, 1 g of minced mouse liver was
washed by centrifugation with PBS. The pellet was suspended
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with 4 ml of CM buffer (10 mM Tris, 150 mM NaCl, and 11 mM
CaCl

 

2

 

) containing protease inhibitor cocktail (Sigma) and then
homogenized with a Polytron. After centrifugation at 8,000 rpm
for 10 min, the supernatant was saved and centrifuged at 105,000 

 

g

 

for 1 h. The pellet was resuspended in 600 

 

�

 

l of Tris-maleate
buffer (pH 6.0) and then sonicated briefly. This was followed by the
addition of 600 

 

�

 

l of water including 300 mM CHAPS and 50 mM
NaCl and then stirring on ice for 10 min. The solution was spun
at 100,000 

 

g

 

 for 1 h, and the supernatant containing the liver
membrane protein fraction was collected. Twenty micrograms of
protein was applied to 6% SDS-PAGE analysis and transferred to
a nitrocellulose membrane. The membrane was then incubated
with either anti-LDL receptor antibodies (1:2,000) (25) or anti-
rat LRP antibodies (1:2,000; generously provided by Dr. J. Herz,
University of Texas Southwestern Medical Center, Dallas, TX)
(26) followed by incubation with HRP-labeled anti-rabbit IgG
(1:10,000) as a secondary antibody. The LDL receptor or the
LRP present in the samples was then visualized by ECL (Amer-
sham Life Sciences).

For real-time PCR analysis, total RNA was prepared from the
mouse liver using a kit from Qiagen, Inc. (Valencia, CA), and re-
verse transcription was performed on 1 

 

�

 

g of total RNA using
random hexamer primers and Taqman reverse transcriptase (Ap-
plied Biosystems, Foster City, CA). The DNA fragments were
purified, and a standard curve was prepared by carrying out real-
time PCR with known amounts of cDNA and the probes. Real-
time PCR was performed using 40 amplification cycles (95

 

�

 

C for
15 s, 55

 

�

 

C for 1 min, and 72

 

�

 

C for 30 s). The primers and probe
for the LDL receptor were designed using Primer Express 1.5
(Applied Biosystems). Primers corresponded to nucleotides 

 

�

 

461
to 

 

�

 

481 and 

 

�

 

572 to 

 

�

 

589 of the mouse LDL receptor gene. DNA
sequences from 

 

�

 

483 to 

 

�

 

504 were used as the specific probe.
The probe was labeled with a reporter dye (FAM) and quencher
dye (TAMRA). This technique measures the absolute amount of
RNA present. In all samples, GAPDH mRNA levels were mea-
sured to provide an internal standard.

 

Northern blot analysis

 

Total RNA was prepared from the livers of WT, native rat HL,
and GPI rat HL transgenic mice using a kit from Qiagen. Twenty
micrograms of total RNA was electrophoresed on a 1% agarose
gel containing formaldehyde and blotted. The blot was probed
with cDNAs for 

 

32

 

P-labeled rat hepatic lipase and for rat GAPDH
as an internal control. The film was scanned using a Phosphor-
Imager (Molecular Dynamics). The intensity of [

 

32

 

P]HL was nor-
malized by [

 

32

 

P]GAPDH.

 

Data analysis

 

The data are expressed as means 

 

�

 

 SEM. Student’s 

 

t

 

-test was
performed for two-group comparisons. Values were considered
statistically significant at 

 

P

 

 

 

	

 

 0.05.

 

RESULTS

 

Characterization of rat HL in transgenic mouse lines

 

We generated lines of transgenic mice that express ei-
ther a native form of rat HL (

 

mHL

 

�

 

/

 

�

 

/rHL

 

�

 

/

 

�

 

) or a form
of HL that is bound to the hepatocyte membrane via a
GPI anchor (

 

mHL

 

�

 

/

 

�

 

/gpi-rHL

 

�

 

/

 

�

 

). The constructs con-
tain part of the human apoE sequence for liver-specific ex-
pression. Northern blot analysis showed that both trans-
genic lines expressed rat HL at a similar level (

 

Fig. 1

 

). As
previously reported by our laboratory (13), Western blot

analysis showed that the molecular weight of the rat HL
produced by the transgenic mouse liver was virtually iden-
tical to that of the enzyme produced by the rat liver (data
not shown). Postheparin plasma samples obtained from
mice that express the native form of rat HL showed that
these animals express rat HL at a level of HL activity simi-
lar to the normal rat; when measured using [

 

3

 

H]triolein
as a substrate, the relative activities of the three groups
were 100 

 

�

 

 2.3%, 212 

 

�

 

 9.5%, and 156 

 

�

 

 3.5% for WT
mice, transgenic mice (

 

mHL

 

�

 

/

 

�

 

/rHL

 

�

 

/

 

�

 

), and WT rats.
The GPI-anchored rat HL may be active, but because of
the limitations of current methods the question of activity
could not be addressed in this study. Thus, these mice will
allow study of the role of rat HL at a physiologic concen-
tration in contrast to mice that overexpress human HL.

Immunostaining of the liver sections with anti-HL anti-
bodies showed that HL is present in both hepatocytes and
endothelial cells in transgenic mice expressing rat HL. In
contrast, only small amounts of the enzyme were detected in
hepatocytes of WT animals (

 

Fig. 2

 

). In the livers of 

 

mHL

 

�

 

/

 

�

 

/
gpi-rHL

 

�

 

/

 

�

 

, there was less colocalization with endothelial
cells. Fasting plasma lipid levels were measured in both
types of HL transgenic and HL knockout mice (

 

HL

 

�

 

/

 

�

 

)
(

 

Fig. 3

 

). Triglyceride levels in rat HL transgenic mice were
modestly but not significantly reduced compared with
FVB WT mice. However, consistent with previous reports
(10, 27), levels in 

 

HL

 

�

 

/

 

�

 

 mice were significantly increased
compared with C57BL/6J mice. Both plasma and HDL
cholesterol levels showed a similar trend, with the differ-
ence between rat HL transgenic and control mice more
prominent and significantly different. The lipid profile of
transgenic mice was similar to that previously described
for human HL transgenic mice (9). However, the differ-
ences between our rat HL transgenic and control mice
were modest as a result of mild rat HL overexpression in
our mouse compared with that reported by others (9).

 

Western blot analysis of the LDL receptor

 

The LDL receptor and LRP levels in mouse livers were
analyzed by Western blotting using specific antibodies. Ex-

Fig. 1. Northern blot analysis of hepatic lipase (HL) transgenic
mice. Total RNA was prepared from the livers of wild-type (WT), na-
tive rat HL (rHL) (mHL�/�/rHL�/�), and glycophosphatidylinositol
(GPI) rat HL (mHL�/�/gpi-rHL�/�) transgenic mice. Twenty micro-
grams of total RNA was subjected to electrophoresis on a 1% agarose
gel containing formaldehyde and blotted as described in Materials
and Methods. The blot was probed with 32P-labeled cDNA for rat HL.

 by guest, on June 14, 2012
w

w
w

.jlr.org
D

ow
nloaded from

 

http://www.jlr.org/


 

30 Journal of Lipid Research

 

Volume 46, 2005

pression of the LDL receptor was reduced in animals ex-
pressing rat HL compared with WT mice (Fig. 4A). Con-
versely, HL�/� mice showed slightly higher levels of LDL
receptor compared with WT animals. Similar results were
obtained when the LDL receptor expression levels were
determined by RT-PCR (Fig. 4B). These data suggest that
the presence of rat HL is associated with greater hepatic
cholesterol uptake, although total hepatic cholesterol con-
tent is not affected. In contrast, the LRP levels were not
different in these animals.

Removal of remnants in mice expressing rat HL
To determine the capacity of livers from rat HL trans-

genic (mHL�/�/rHL�/� and mHL�/�/gpi-rHL�/�) and
HL�/� mice to remove chylomicron remnants, radiola-
beled remnants (125I-chylomicron remnants) were per-
fused through the livers using a single noncirculating per-
fusion. The nonspecific uptake measured by radiolabeled
BSA was �10% per pass (28). When chylomicron rem-
nants (4 �g protein/ml perfusate) were perfused into liv-
ers of control, mHL�/�/rHL�/� (Fig. 5A), and mHL�/�/
gpi-rHL�/� (Fig. 5B) mice, the removal of 125I was �55–
60% per pass and the uptake of chylomicron remnants
was slightly greater in rat HL transgenic livers than in con-
trol livers. Total liver uptake was also significantly higher
in transgenic animals than in controls (P 	 0.05) (Fig. 6).
Removal of remnants appeared to be greater in mice ex-
pressing mHL�/�/rHL�/� than in mice expressing mHL�/�/
gpi-rHL�/�, but the difference was not significant (Fig. 5A,
B). Surprisingly, the removal of chylomicron remnants

was only slightly reduced in HL�/� mice (Fig. 5C). The
difference was significant during later time points (18–20
min), but total liver uptake was not significantly different
between HL�/� mice and controls (Fig. 6). This is consis-
tent with the low level of HL normally present in the
mouse line and suggests that HL levels are comparable to
those of normal rats and humans, which facilitate rem-
nant uptake.

Role of the LRP in HL enhancement of remnant removal
The effects of blocking the LRP-mediated pathway on

remnant uptake in both lines of rat HL transgenic and
HL�/� mice were examined. RAP (4 �g/ml) was added to
the perfusate containing 125I-remnants (11). This RAP
concentration specifically inhibits the LRP but not the
LDL receptor. The addition of RAP reduced remnant re-
moval in both transgenic lines of rat HL transgenic mice
to the levels of control and HL�/� mice (Fig. 5A, B).
These results suggest that rat HL expression enhances
LRP-mediated remnant uptake. Consistent with this, RAP
did not have a significant effect on chylomicron remnant
removal by HL�/� mice (Fig. 5C) or on hepatic uptake
(Fig. 6).

Confocal microscopy of DiD remnant uptake
Chylomicron remnants cluster with the LRP and hepa-

ran sulfate proteoglycans (HSPGs) in the space of Disse in
mouse livers (24). This is most noticeable when the LDL
receptor is absent. Since previous experiments were done
with normal mice in which the HL level is low, they were

Fig. 2. Immunohistochemical staining of livers. Frozen liver sections (8 �m thick) were prepared from
normal rats, WT mice, transgenic mice expressing a GPI-anchored rat HL (mHL�/�/gpi-rHL�/�), or the na-
tive rat HL (mHL�/�/rHL�/�) and immunostained using an anti-HL antibody for HL and anti-von Wille-
brand factor IgG for endothelial cells (EC). Bars indicate micrometers.
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repeated with rat HL transgenic mice because rat HL par-
ticipates in LRP remnant clusters. The livers of rat HL
transgenic mice were perfused with DiD-labeled remnants
and then stained with either anti-HL or anti-LRP anti-
body. Because these mice express the LDL receptor, the
number of LRP remnant clusters was only 20–30% of
those in the LDL receptor-deficient mice but was greater
than in normal or HL�/� mice (Fig. 7A). This confirmed
that most of the remnants were removed by the LDL re-
ceptor even in the presence of rat HL in mouse livers, as
previously reported (29). When stained with anti-HL anti-
body, the LRP remnant clusters did colocalize with rat HL
(Fig. 7B).

These results provide direct evidence that HL can par-
ticipate in remnant uptake via the LRP pathway, and this
is consistent with the data from the experiments with RAP.

DISCUSSION

The results of the current studies further establish and
help to clarify the role of rat HL in the removal of lipopro-
teins and lipoprotein lipids by the liver. Specifically, they
demonstrate that HL has a significant role in the LRP-
mediated removal of chylomicron remnants in the intact
liver. Mice that expressed the rat HL in both its native

form and in a form that anchors the HL to the surface of
the expressing cell by use of a GPI anchor were generated.
Rat HL was used because, like the human form and unlike
the mouse form, it is anchored to the cell surface of hepa-
tocytes. Mice with a level of expression similar to normal
rats or humans were chosen. Previous studies with mice
expressing higher levels of HL have been reported (7, 9),
but because of the very high level of expression, the re-
sults could not be applied to the role of physiologic levels.

In studies of patients with HL deficiency (5), it was spec-
ulated that some of the observed lipoprotein abnormali-
ties could be attributable to the impaired removal of chy-
lomicron remnants. Infusion of an anti-HL antibody that
inhibited HL activity resulted in a delay in remnant clear-
ance (4). Inhibition of HL reduced the rate of uptake of
chylomicron remnants by the isolated perfused rat liver
and augmented the endocytosis of those remnants that
were taken up by the liver (30). In cell culture experi-
ments, the presence of HL on McA-RH7777 cells acceler-
ated the removal of both remnants and LDL (31, 32),
whereas in studies in our laboratory using CHO cells that
expressed HL, it was found that LDL but not chylomicron
remnant uptake was enhanced (33). This was somewhat
paradoxical in that other studies from this laboratory
clearly documented the ability of HL to bind both apoB-
100 and apoB-48 (8). The present results show that the

Fig. 3. Plasma lipid concentrations in HL�/�, mHL�/�/rHL�/�, and mHL�/�/gpi-rHL�/� mice. Mice were fasted overnight before the
blood draw. A: Triglycerides (TG), cholesterol (TC), and phospholipids (PL) were measured as described in Materials and Methods. B: Apo-
lipoprotein B (apoB) and apoA-I were measured by SDS-PAGE as described in Materials and Methods. WT FVB mice were used as controls
for both native HL (mHL�/�/rHL�/�) and GPI HL transgenic (tg) (mHL�/�/gpi-rHL�/�) mice. C57BL/6J mice were used as controls for
HL knockout (HLKO) (HL�/�) mice. * P 	 0.05; ** P 	 0.01.
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Fig. 4. Expression of the LDL receptors and the LDL receptor-related protein (LRP). A: Western blot analysis of the LDL receptor and the
LRP. Twenty micrograms of total liver membrane prepared from FVB, HL knockout (HLKO) (HL�/�), GPI HL (mHL�/�/gpi-rHL�/�), and
normal rat were separated by electrophoresis using 6% SDS-polyacrylamide gels and transferred to a nitrocellulose membrane followed by
incubation with either polyclonal rabbit anti-LDL receptor (1:2,000 dilution) or anti-LRP antibody (1:2,000). Antibodies bound to the LDL
receptor or the LRP were visualized using the ECL method. B: Level of LDL receptor mRNA in liver of rat HL transgenic (Tg) and deficient
mice. mRNA was extracted as described in Materials and Methods, and then real-time PCR was carried out to quantify the expression of the
LDL receptor gene. GAPDH was used as the internal standard. Data are expressed as means � SEM (n 
 5). The y axis indicates the relative
percentage expression using FVB and C57BL/6J as references.

presence of rat HL at a physiologically relevant level in-
creases the rate of removal of chylomicron remnants by
the liver. Because mouse enzyme does not bind to cell sur-
face proteoglycans, there is no significant difference in
remnant removal between the normal and HL�/� mouse.
In the transgenic mouse, remnant uptake is greater than
in the normal mouse. Furthermore, it is at least margin-
ally greater if the enzyme is present on both the hepato-
cytes and endothelial cell surface compared with the hepato-
cyte surface only, as in the case of the GPI-anchored rat HL.

The effect of HL seems to be, at least in part, if not ex-
clusively, on the LRP-mediated remnant removal. RAP, an
inhibitor of the LRP, eliminated the enhanced removal
seen in the transgenic mice. As in previous experiments
(11, 29), RAP had little effect on remnant removal in the
normal mice, consistent with the postulate that in normal
mouse, remnant removal is mediated by the LDL re-
ceptor. Additionally, Rohlmann et el. (34) previously re-
ported that inactivation of the LRP gene in mice that ex-
pressed functional LDL receptors did not result in the
accumulation of remnant lipoproteins, suggesting that the
LDL receptor can functionally fully compensate for LRP.

The role of rat HL in the LRP-mediated removal was
further confirmed by the confocal microscopy experi-
ments, in which the number of clusters in the space of
Disse in rat HL transgenic mice appeared to be greater
than in the normal mouse liver. HL was clearly part of the
cluster with the LRP and the remnants. Thus, HL, along
with the HSPGs, may play an important role in enhancing
the affinity of the LRP for remnants, allowing clustering
in the space of Disse. It also suggests that in our previous
cell culture experiments with nonhepatic CHO cells there
may have been less potential for the LRP-mediated uptake
of remnants, perhaps because of the other components of
the cell surface. In contrast, in liver-derived McA-RH7777
cells, the LRP may be able to play a more prominent role;

thus, HL enhances remnant removal in the latter cells but
not in CHO cells. Interestingly, in recent studies of apoE
isoforms, we concluded that humans may rely more heavily
on LRP for remnant removal than do mice (S-J. Lee, S. Y.
Choi, and A. D. Cooper, unpublished data), and one might
speculate that the presence of HL in humans may contrib-
ute to this.

The GPI-anchored rat HL does not seem to be enzymat-
ically active when the cell is intact (S. Y. Choi and S. Ka-
dambi, unpublished data), although it is active when mem-
branes are prepared from cells that express this form of
lipase (13). If this is correct, then the enhancement of
remnant removal is a nonenzymatic effect of rat HL. This
agrees with data from several other reports that suggest
that enhanced lipoprotein removal does not require HL
activity (8, 35, 36).

The sum of the activities of rat HL is to considerably en-
hance the ability of an organ to remove lipoproteins and
lipoprotein lipids from the circulation. This should not be
surprising, because the enzyme is concentrated in the
liver, the adrenal gland, and the ovary, organs that are
highly active in cholesterol metabolism. The net result,
however, may contribute to the “proatherogenic” activity
that has been attributed to HL (37, 38). Indeed, presum-
ably because the livers of mice expressing rat HL were tak-
ing up more lipoprotein and lipoprotein cholesterol, they
had a lower level of LDL receptor expression. This, in turn,
would lead to slower LDL removal and thus to higher
LDL levels, with the attendant increased risk of athero-
sclerosis.

In summary, by studying the hepatic uptake of chylomi-
cron remnants in transgenic mice producing rat HL in its
native form or as a membrane-anchored form, the role of
this molecule in hepatic lipid metabolism has been fur-
ther established. HL is responsible for enhancing the LRP-
mediated uptake of chylomicron remnants.
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Fig. 5. Removal of chylomicron remnants by rat HL
transgenic, knockout, and WT mouse livers. 125I-labeled
chylomicron remnants (4 �g/ml perfusate) were added
to the perfusate of the isolated livers, and aliquots of the
perfusate leaving the liver were collected at 1 min inter-
vals for 20 min. The amount of remnants removed by the
liver from the perfusate per pass is expressed as the per-
centage of 125I-labeled remnants removed per pass, which
is calculated by subtracting the radioactivity in a sample
of perfusate that left the liver from the initial radioactivity
in the perfusate, divided by the initial radioactivity in the
perfusate, and multiplying by 100. A: FVB mice (n 
 4),
native rat HL transgenic (mHL�/�/rHL�/�) mice (n 
 3),
native rat HL transgenic mice in the presence of recep-
tor-associated protein (RAP; n 
 5). B: FVB mice (n 
 4),
GPI-anchored rat HL transgenic (mHL�/�/gpi-rHL�/�)
mice (n 
 3), GPI-anchored rat HL transgenic mice in
the presence of RAP (n 
 4). C: C57BL/6J mice (n 
 4),
HL knockout (HL�/�) mice (n 
 4), HL knockout mice
in the presence of RAP (n 
 4). * P 	 0.05 between the
WT and either HL transgenic or knockout mice in the ab-
sence of RAP. † P 	 0.05 between WT and HL transgenic
or knockout mice in the presence of RAP. Lines are
power trend curves generated by Excel software (Micro-
soft). Each data point represents the mean � SD.
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Fig. 7. Hepatic lipase colocalization in livers perfused
with chylomicron remnants (CR). Livers from control and
transgenic mice were perfused with 1,1�-dioctadecyl-3,3,3�,3�-
tetramethylindodicarbocyanine percholate (DiD)-labeled
remnants (4 �g/ml, 20 min), and cut sections were im-
munostained with either rabbit anti-LRP antibody or rab-
bit anti-HL antibody followed by Oregon Green-labeled
goat anti-rabbit IgG. A: Clustering of DiD remnants (red)
that were colocalized with the LRP (green). B: Colocaliza-
tion of DiD remnant and the HL (red) with HL (green).
Merged images are shown at right.

Fig. 6. Uptake of chylomicron remnants by the total liver. Livers of mice in the experiment described for Fig. 5 were removed after perfu-
sion. Total radioactivity present was counted. The total amount of remnant uptake (�g) per gram of liver was calculated by dividing total ra-
dioactivity (cpm) per gram of dried liver by the specific radioactivity of the remnants. Black bars represent the remnant uptake in WT mouse
livers (FVB or C57BL/6J); gray bars represent remnant uptake in native rat HL (mHL�/�/rHL�/�) (A), GPI rat HL (mHL�/�/gpi-rHL�/�)
(B), and HL knockout (HLKO) (HL�/�) (C). White bars represent the hepatic uptake of remnant in the presence of RAP in those animals.
* P 	 0.05 compared with FVB. Means � SEM are shown. N is as in Fig. 5.
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