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Human hepatic lipase (HL) is an interfacial enzyme
that must be liberated from cell surface proteoglycans
to hydrolyze lipoprotein triglyceride. Both high-den-
sity lipoprotein (HDL) and apolipoprotein (apo)A-I
can displace HL from cell surface proteoglycans,
much like heparin. HL displacement is inhibited by
HDL-apoE content. Postprandial HDL is approxi-
mately twofold better at displacing HL than is fasting
HDL, but only has approximately one-half the apoE
content. Enriching native HDL with triglyceride de-
creases HDL-apoE content and increases HL displace-
ment. Incubation of HDL with the anti-apoE antibody,
6C5, also increases HL displacement. In contrast, en-
richment of synthetic HDL with apoE significantly
inhibits HL displacement. HDL from fasted female
normolipidemic subjects displaces HL approximately
twofold better than HDL from male subjects. HDL
from female subjects also has significantly less apoE
than HDL from males. Normolipidemic females have
increased circulating HDL-bound HL. Hyperlipidemia
has little effect on the HL displacement ability of HDL
from men, whereas HDL from hypercholesterolemic
females exhibits impaired HL displacement. HL dis-
placement from liver heparan sulfate proteoglycans
therefore appears to be linked to interlipoprotein
apoE exchange. Decreased HL displacement is associ-
ated with higher HDL-apoE levels and may therefore
affect vascular triglyceride hydrolysis. (Am J Pathol
2009, 175:448–457; DOI: 10.2353/ajpath.2009.080989)

Hepatic lipase (HL) is an interfacial enzyme that is bound
to the surface of hepatocytes by heparan sulfate proteo-
glycans (HSPG).1 HL hydrolyzes both triglycerides (TG)
and phospholipids in plasma lipoproteins. HL activity is
undetectable in fasted plasma and can only be mea-
sured after HL is released from the liver with an injection
of heparin. Elevated postheparin HL activities are con-

sidered to be a risk factor of heart disease and corre-
spond to a pro-atherogenic lipid profile. Patients with
familial hyperlipidemia2 and type 2 diabetes patients,3

who are at a higher risk for heart disease, also have
elevated postheparin HL activity. Other heart disease risk
factors have also been linked to a higher postheparin HL
activity including smoking,4 visceral obesity,5 and sed-
entary lifestyle.6 An increase in androgenous hormones,
such as testosterone, leads to an increase in postheparin
HL activity7,8 and an increase in estrogen can lower
postheparin HL activity.9,10 Women consequently tend to
have a lower postheparin activity than men.11

HL must be liberated from cell surface HSPG to hydro-
lyze lipoprotein TG.12 A higher postheparin activity there-
fore appears to be a marker for a larger liver depot of
inactive HSPG-bound HL. High-density lipoprotein (HDL)
has been shown to displace HL from the cell surface
much like heparin12–14; however, the composition of the
HDL can affect its ability to displace HL. While apoli-
poprotein A-I (apoA-I), apolipoprotein A-II (apoA-II) and
apolipoprotein C-I (apoC-I) appear to stimulate HL dis-
placement, other apoproteins had the opposite effect
and blocked HDL from displacing cell surface HL.12–14

Apolipoprotein E (apoE) is an exchangeable apolipopro-
tein present on both HDL- and TG-rich lipoproteins.
Plasma apoE levels appear to correlate to postheparin
HL activity.15,16 It has been shown that women have
lower plasma apoE levels than men15,16 and that hyper-
lipidemic patients have higher amounts of plasma apoE
than normolipidemic subjects.17–19 Subjects with very
high levels of plasma apoE have also been shown to be
hypertriglyceridemic17 and high levels of apoE can in-
crease cardiovascular disease mortality, specifically in
the older population.20

In this study, we show that increasing apoE content of
synthetic HDL directly inhibits HL displacement. Con-
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versely, HDL isolated at the peak of a postprandial re-
sponse contains less apoE and is more effective at dis-
placing HL, than HDL isolated from fasted plasma. HDL
isolated from females contains lower levels of apoE and
displaces more HL from cell-surface HSPG, than HDL
isolated from males. Women were also shown to have
significantly more HDL-bound HL circulating in their
bloodstream. Interlipoprotein apoE movement therefore
plays central role in regulating the displacement and
hydrolytic activity of HL.

Materials and Methods

Chemicals

The mouse monoclonal HL antibody was a kind gift from
Dr. Bensadoun, Cornell University. The mouse monoclo-
nal apoA-I and apoE antibodies were obtained from Dr.
Marcel, University of Ottawa Heart Institute. The biotinyl-
ated apoE polyclonal antibody was purchased from
Biodesign (Saco, ME). The colorimetric triglyceride and
cholesterol assays were obtained from Wako Chemicals
USA (Richmond, VA). The recombinant apoE3 protein
was obtained from Abcam Inc. (Cambridge, MA). Unless
otherwise stated, compounds were of analytical grade.

Study Population

The study was approved by the Human Research Ethics
Board of the University of Ottawa Heart Institute. The
normolipidemic cohort consisted of healthy men (n � 9)
and women (n � 10) with fasted cholesterol levels be-
tween 3.5 mmol/L and 5.2 mmol/L and TG levels below
2.0 mmol/L. The combined hyperlipidemic cohort (n � 8)
consisted of patients with fasted cholesterol levels above
5.2 mmol/L and TG levels above 2.0 mmol/L. The hyper-
cholesterolemic cohort (n � 14) consisted of patients with
fasted cholesterol levels above 5.2 mmol/L and TG levels
below 2.0 mmol/L. No patients were on any medication
that would alter their lipid profiles at the time of the study.

Lipoprotein Isolation Using Sequential
Ultracentrifugation

The blood samples were obtained from patients after 12
hours of fasting. The postprandial blood samples were
obtained 4 hours after the subjects had consumed an
1800 calorie meal. The blood samples were obtained in
Vacuette EDTA-coated tubes, for lipoprotein isolation.
Blood samples obtained for the isolation of serum were
collected in Vacuette SST tubes. Very low density lipopro-
tein (VLDL)/low density lipoprotein (LDL), and HDL were
isolated by sequential ultracentrifugation according to
the procedure described by Havel et al from fasting and
postprandial human plasma samples using density
ranges � � 1.006 to 1.065 g/ml and � � 1.065 to 1.25
g/ml respectively.21 Briefly, the plasma was isolated by
centrifuging the EDTA coated tubes for 15 minutes at
3000 rpm. The plasma was removed and its density was

adjusted to 1.065 g/ml using dry KBr. The plasma solu-
tion was sealed in Quick-Seal centrifuge tubes (25 mm �
89 mm) (Beckman, Palo Alto, CA). The tubes were spun
using the L8-70 M Beckman ultracentrifuge for 20 hours
at 40,000 rpm in a 70Ti rotor. The VLDL and LDL were in
the top fraction of the solution and the bottom fraction
was collected to spin for HDL. The density of the bottom
fraction was increased to 1.25 g/ml using dry KBr and
was spun for 40 hours at 40,000 rpm. Again the top
fraction, containing the HDL, was isolated. All of the
lipoprotein samples were dialyzed extensively against
PBS(50 mmol/L sodium phosphate, 150 mmol/L NaCl, pH
7.2). The heterogeneity of the lipoprotein samples was
determined using agarose gel electrophoresis on Lipo-
gels (Beckman-Coulter, Mississauga, ON) using neutral
lipid staining. The protein concentrations were deter-
mined using the Lowry method as modified by Markwell
et al.22 Cholesterol and triglyceride concentrations were
determined using commercial diagnostic assays from
Wako Chemicals USA (Richmond, VA).

Triglyceride Enrichment of HDL Samples

The blood samples were obtained from patients after 12
hours of fasting. The blood samples were collected in
Vacuette EDTA-coated tubes, for lipoprotein isolation.
VLDL/LDL were isolated by sequential ultracentrifugation
according to the procedure described by Havel et al from
fasting plasma samples using the density range � �
1.006 to 1.065 g/ml.21 Once the VLDL and LDL had been
removed, half the remaining fraction with � � 1.065 g/ml
was incubated with Intralipid, a 20% TG emulsion (Sigma-
Aldrich, St. Louis, MO) for 3 hours at 37°C. The non-
absorbed Intralipid was then removed using sequential
ultracentrifugation using a density of � � 1.065 g/ml. HDL
from both the fasted and TG enriched samples was then
isolated at � � 1.065 to 1.25 g/ml.

Purification of apoA-I

ApoA-I was isolated from human HDL that had been
delipidated in chloroform:methanol as previously de-
scribed.23 ApoA-I was isolated using size exclusion chro-
matography on a Sephacryl S-200 HR column.24 Purified
protein samples were lyophilized and stored at �80°C
until needed. For use, apoA-I was re-solubilized in 6 mol/L
guanidine hydrochloride (GdnHCl), 10 mmol/L Tris (pH 7.2),
and dialyzed extensively against PBS.

Cell Culture

Chinese hamster ovary cells overexpressing human HL
(CHO-hHL) were obtained from Drs. Robert Brown (Uni-
versity of Ottawa) and Zemin Yao (University of Ottawa).
CHO-hHL cells were maintained in Ham’s F12 medium
containing 10% fetal bovine serum and 500 �g/ml gene-
ticin selective antibiotic (G418 sulfate) in a 37°C incuba-
tor with 5% CO2. Cells were seeded in 6-well plates and
allowed to reach �85% confluency before treatment. The
cells were pre-incubated in serum-free medium for 3
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hours before use in an experiment. The cell surface HL
displacement ability of HDL was determined by incubat-
ing the CHO-hHL cells with 150 �g/ml HDL or apoA-I in
FBS-free medium for 45 minutes at 37°C. After the incu-
bation the medium was collected and the amount of HL
released was measured using immunochemical analysis.

Preparation of Reconstituted HDL Particles

Reconstituted HDL (rHDL) complexes were prepared by
sonicating 1-palmitoyl-2-oleyl-phosphatidylcholine with a
mixture of apolipoproteins (apoA-I and apoE) at a molar
ratio of one mole protein to 60 moles lipids as previously
described by Boucher et al.25 Briefly 1-palmitoyl-2-oleyl-
phosphatidylcholine (1 mg) in chloroform was dried un-
der nitrogen in a 12 � 75 mm test tube and 800 �l of PBS,
pH 7.4 was added. The lipid-buffer solution was initially
sonicated for 1 minute at a 100% duty cycle. The sus-
pension was then incubated in a sealed tube for 30
minutes at 37°C and sonicated again for 5 minutes using
a 95% duty cycle. ApoA-I and apoE were added to the
lipid suspension and the protein-lipid mixture was soni-
cated for 4 � 1 minute punctuated by 1-minute cooling
periods. The size and homogeneity of rHDL complexes
were estimated by non-denaturing gel electrophoresis on
a 4% to 20% gel (Invitrogen, Carlsbad, CA).

Quantification of Cell-Surface HL Displacement
by HDL

The media samples were combined in a 1:1 ratio with
Laemmli sample buffer (Biorad, Mississauga, ON) con-
taining 5% �-mercaptoethanol. The samples were elec-
trophoresed on an 8% polyacrylamide gel under dena-
turing conditions. The proteins were immunoblotted onto
PVDF membrane (Biorad) and probed using a 1:5000
dilution of the mouse monoclonal anti-human HL antibody
and a 1:20,000 dilution of the HRP linked goat anti-mouse
IgG secondary antibody (KPL, Gaithersburg, MD) in 1%
bovine serum albumin/Tris buffered saline Tween-20. The
blots were developed using the West Femto Maximum
Sensitivity Substrate (Pierce, Rockford, IL) on the Flu-
orchem AlphaImager instrument. The band intensities
were analyzed with spot-densitometry using the Alpha-
Ease software provided with the AlphaImager. The band
intensities of the blots were normalized to total cell protein
(from bicinchoninic acid assay) and expressed as a per-
cent relative to apoA-I control displacement values, de-
rived from the same experiment.

Non-Denaturing Electrophoresis and HL
Immunoblotting

Isolated HDL samples were diluted with Ham’s F12 me-
dia to a concentration of 150 �g/ml. The samples were
then diluted 1:1 with non-denaturing gradient gel Tris/
glycine sample buffer. The samples were electropho-
resed on a 4% to 20% non-denaturing gradient gel (In-
vitrogen) under non-denaturing conditions for 19 hours at

100V. The gel was incubated in 0.1% SDS solution for 15
minutes to ensure the proteins had enough negative
charge to transfer unidirectionally toward the anode. The
proteins were transferred onto a PVDF membrane (Bio-
rad) at 125 V for 4 hours and immunoblotted using the
monoclonal anti-human HL XHL3-6a antibody (1:5000).
The molecular weight and the densitometry profiles were
generated using AlphaEase software.

Quantification of apoE in HDL Samples Using
Immunochemical Analysis

The HDL samples were diluted in serum free F12 media
to a protein concentration of 150 �g/ml. The diluted HDL
samples were combined in a 1:1 ratio with Laemmli sam-
ple buffer (Biorad) containing 5% �-mercaptoethanol.
The samples were electrophoresed on a 12% polyacryl-
amide gel under denaturing conditions. The proteins
were transferred onto PVDF membrane (Biorad) and
probed using a 1:2000 dilution of both mouse anti apoE
monoclonal primary antibodies 3H1 and 6C5 and a
1:20,000 dilution of the HRP linked goat anti-mouse IgG
secondary antibody (KPL) in 1% bovine serum albumin/
Tris buffered saline Tween-20. The blots were developed
using the West Dura Sensitivity Substrate (Pierce) on the
Fluorchem AlphaImager. The band intensities were ana-
lyzed with spot-densitometry using the AlphaEase
software.

Quantification of apoE in HDL Samples using
Enzyme-Linked Immunosorbent Assay

The apoE protein content from each isolated HDL sample
was analyzed by enzyme-linked immunosorbent assay
on a 96-well plate. Briefly, the Nunc Immuno-maxisorp
96-well plates (Nalge Nunc International, Rochester, NY)
were coated with 10 �g/ml mouse anti-human apoE
monoclonal antibody 6C5 in PBS and incubated over-
night at 4°C. The wells were then blocked for 1 hour with
a 0.5% solution of BSA. Samples and standards were
incubated in the wells for 2 hours at 37°C. A biotinylated
polyclonal anti-apoE was then added and incubated for 1
hour at 37°C. The plate was then incubated for 1 hour
with avidin alkaline phosphatase (Sigma-Aldrich). Alka-
line phosphatase yellow liquid substrate (Sigma-Aldrich)
was added to the plate and the absorbance was re-
corded at 415 nm. All of the apoE immunoblot results
were validated by enzyme-linked immunosorbent assay.

Statistical Analysis

Values are shown as mean � SD and P � 0.05 was
considered significant. Differences between mean values
were evaluated using a one-way analysis of variance and
the Student-Newman-Keuls Method (SigmaStat; Systat
Software, Inc., SanJose, CA).
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Results

Postprandial Lipemia Increases HL Liberation
by HDL

To determine the effect of a postprandial response on
HL displacement, subjects (n � 3) were given a high-
fat meal (1800 calories) and blood samples were
drawn. Displacement experiments were performed on
fasted blood samples and on samples drawn 4 hours
after the meal. CHO-hHL cells were then treated with
serum or ultracentrifugally isolated HDL (150 �g/ml).
HDL isolates contained small amounts of endogenous
HL and HDL isolated from the postprandial blood sam-
ples contained higher levels of endogenous, HDL-
bound HL (�twofold), than fasted HDL (Figure 1A). The
amount of HL present in the HDL isolates was generally
�10% of the amount in the media after incubation of
HDL with the CHO-hHL cells. In Figure 1A, displace-
ment is presented relative to control apoA-I displace-
ment values. HDL isolated at the peak of a postprandial
response displaces �60% more HL than fasting HDL
samples. Serum samples showed a similar magnitude
of displacement and postprandial stimulation of HL
displacement. The amount of apoE in fasted and post-
prandial HDL samples was quantified immunochemi-
cally and is shown in Figure 1B. Similar to that previ-
ously reported,26,27 HDL-apoE content decreases
during a postprandial response, while a slight increase
in relative apoA-I and apoA-II levels was observed in
the postprandial HDL samples. As expected, an in-
crease in TG content of the postprandial HDL samples
was also seen.

ApoE Inhibits HL Displacement

To determine whether the apoE concentration of HDL
influences HL displacement, experiments were per-
formed with both native and synthetic HDL preparations
containing variable apoE levels. For native HDL studies,
the � � 1.065 to 1.25 g/ml fraction was obtained from
fasted normolipidemic subjects (n � 3) and then dia-
lyzed. HDL was enriched in TG and depleted in apoE by
incubating the � � 1.065 with Intralipid (20% TG emul-
sion, Sigma), at a ratio of 1:2 by volume (� � 1.065:
Intralipid), for 3 hours at 37°C. HDL was then isolated by
ultracentrifugation. HDL-TG content was increased by
fivefold. There was no significant change in the apoA-I or
apoA-II content of the TG-enriched HDL compared with
the native HDL. TG enrichment of synthetic HDL has
been previously shown to inhibit HL displacement.14 In
contrast, TG enrichment of native HDL stimulates HL
displacement (Figure 2A). This stimulation is associated
with a significant reduction in HDL-apoE content in the
TG-enriched HDL (Figure 2B).

rHDL particles were synthesized using 1-palmitoyl-2-
oleyl-phosphatidylcholine and varying amounts of apoA-I
and apoE. These particles were then used to treat CHO-
hHL cells and the amount of HL displaced was mea-
sured. Inclusion of apoE into the rHDL complexes de-

creased HL displacement (Figure 3). Particles with 70:30
and 50:50 apoA-I:apoE (wt:wt) displaced 50% and 60%
less HL than the control rHDL containing only apoA-I
(Figure 3).

Figure 1. Postprandial lipemia affects HL displacement by HDL. CHO-hHL
cells were seeded in 6-well plates and treated with serum and HDL isolated
from normolipidemic subjects for 45 minutes. The blood samples were taken
after fasting, as well as 4 hours postprandial. The amount of HL present in
HDL and media samples was measured using an immunochemical analysis.
A: HL Western blot images are shown for fasted and postprandial HDL
samples and also CHO-hHL media samples, after incubation with HDL
(upper panel). HL displacement from the cell surface by HDL and serum was
analyzed immunochemically and quantified by densitometry (lower panel).
Averaged HL values are shown for serum and HDL samples obtained from
three subjects after fasting and 4 hours postprandial, following an isocaloric
meal. All values were calculated as a percentage of the HL displaced by the
apoA-I control and were normalized to total cell protein. Values are the
mean � SD of triplicate determinations from one assay and represent three
displacement experiments. Significance of difference relative to fasted sam-
ple *P � 0.01. B: The amount of apoE present in fasted and postprandial HDL
samples was measured immunochemically. Western blot images are shown
for the apoE in fasted and postprandial HDL samples (upper panel). HDL-
apoE was quantified by densitometry and is shown (lower panel) relative to
fasted values. Significant difference relative to fasted HDL, *P � 0.01.
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Antibodies to apoE also affected the ability of HDL to
displace HL. HDL was incubated with an anti-apoE anti-
body (450 �g/ml) for 2 hours before its use in a displace-
ment experiment. Three different antibodies were tested,
which were specific for three distinct apoE epitopes; 6C5
(aa 1 to 13), 1D7 (aa 140 to 160), and 3H1 (aa 243 to
272). 1D7 and 3H1 had no significant affect on HL dis-
placement; however, when HDL was incubated with 6C5,
HL displacement increased by �85% (Figure 4).

The Effect of Gender on HL Displacement

CHO-hHL cells were treated with increasing concentra-
tions of HDL isolated from male and female normolipi-
demic subjects and the media was collected and probed
for HL. HDL from both groups reached their maximum
displacement at 150 �g protein/ml; however, HDL from
women consistently displaced more HL from the CHO-
hHL cell surface than male HDL (Figure 5A). Not only
does female HDL displace more HL from the surface of
CHO-hHL cells, it also contains more endogenous HL
than male HDL, as measured by NGGE (Figure 5B).

Consistent with our previous report, HL displaced to the
media associated with HDL and showed a similar profile
to that observed for apoA-I.14 HDL from female subjects
had a higher HDL2:HDL3 ratio than HDL from male sub-
jects. ApoE levels in HDL from male and female normo-
lipidemic subjects was quantified immunochemically and
shown to be significantly decreased in the female HDL
(Figure 6). This was confirmed using an apoE enzyme-
linked immunosorbent assay. HDL from normolipidemic
females had approximately 3 mg/dL apoE (/mg HDL
protein), whereas normolipidemic male HDL had 4 mg/dL
apoE. Previous work has reported the amount of apoE in
normolipidemic HDL to be approximately 2.5 mg/dL.28,29

Figure 2. Effect of enriching HDL with TG on HL displacement. CHO-hHL
cells were seeded in 6-well plates and treated with HDL for 45 minutes.
Values are the mean � SD of triplicate determinations from two different
subjects. Significant difference relative to fasted HDL, *P � 0.01. A: HDL
samples were obtained from fasted normolipidemic subjects and then en-
riched in TG as described. HL displacement from the cell surface by the
control and TG-enriched HDL sample was analyzed immunochemically and
is shown relative to apoA-I displacement, normalized to total cell protein.
B: The relative amount of apoE present in control and TG-enriched HDL
samples was measured immunochemically.

Figure 3. ApoE inhibits HL displacement by rHDL. Reconstituted HDL
particles were prepared using 1-palmitoyl-2-oleyl-phosphatidylcholine and
differing amounts of apoA-I and apoE. CHO-hHL cells were cultured in
12-well plates and treated with the rHDL for 45 minutes. The HL displace-
ment from the cell surface caused by each rHDL species was measured using
an immunochemical analysis and is shown relative to apoA-I displacement,
normalized to total cell protein. Values are the mean � SD of triplicate
determinations from one assay and represent three displacement experi-
ments. Significant difference, relative to control apoA-I ,rHDL *P � 0.005.

Figure 4. ApoE antibodies stimulate HL displacement. HDL from three
different subjects was pooled and incubated with an anti-apoE antibody
(6C5, 1D7, or 3H1) for 2 hours in serum-free media. CHO-hHL cells were
cultured in 6-well plates and treated with HDL � anti-apoE antibody for 45
minutes. HL displacement from the cell surface was measured by immuno-
chemical analysis and is shown relative to control HDL displacement, nor-
malized to total cell protein. Values are the mean � SD of triplicate deter-
minations from three displacement experiments. Significant difference
relative to control HDL, *P � 0.01.
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A lower concentration of apoE in females compared with
males is also consistent with previous reports.15,16 While
HDL from women did have a slight, but not significant,
increase in apoA-I content than HDL from men, no differ-
ence was observed between male and female HDL for
apoA-II, apoC-III, TG or cholesterol content.

Hypercholesterolemia Decreases HL
Displacement in Women

HDL was obtained from fasted normolipidemic and dys-
lipidemic patients. The normolipidemic subjects had
fasted cholesterol levels between 3.5 mmol/L and 5.2
mmol/L and TG levels below 2.0 mmol/L. The dyslipide-
mic patients had cholesterol levels above 5.2 mmol/L.
The HDL obtained from fasted normolipidemic and dys-
lipidemic patients was used to displace HL from CHO-
hHL cells. These experiments revealed that hyperlipid-
emia affected the ability of female HDL to displace HL,

whereas hyperlipidemia had little effect on HL displace-
ment by HDL from men (Figure 7). HDL from normolipi-
demic and hyperlipidemic men displaced, on average,
�60% that of control incubations (Figure 7A). HDL from

Figure 6. HDL-apoE levels are elevated in normolipidemic males. The
relative amount of apoE present in HDL from fasted normolipidemic males
(n � 6) and females (n � 9) was measured using an immunochemical
analysis. Values are the mean � SD Significant difference, *P � 0.05.

Figure 5. Gender affects HL displacement. CHO-hHL cells were cultured to
confluency and treated with increasing concentrations of HDL from female
(n � 3) and male (n � 3) normolipidemic subjects for 45 minutes. A: The
displacement of HL from the cell surface was measured using an immuno-
chemical analysis and is shown relative to apoA-I displacement, normalized
to total cell protein. Values are the mean of triplicate determinations � SD.
B: The amount of HL present in media samples from displacement experi-
ments was compared with the amount of HL present in the isolated HDL
samples using non-denaturing gradient gel electrophoresis and probed for
HL. The HL profiles shown are from one normolipidemic female and one
normolipidemic male and are representative of HL profiles seen for other
subjects (n � 6) and are representative of HL profiles seen for other subjects.

Figure 7. Hyperlipidemia affects HL displacement by HDL. CHO-hHL cells
were cultured in 6-well plates and treated with HDL from fasted female and
male normolipidemic subjects as well as HDL from fasted hyperlipidemic
patients for 45 minutes. The displacement of HL from the cell surface was
measured using an immunochemical analysis. A: HL displacement by HDL
from male normolipidemic (normal), combined hyperlipidemic (combined),
and hypercholesterolemic (hyper C) patients. B: HL displacement by HDL
from female subjects. All values were calculated as a percentage of the HL
displaced by the apoA-I control and were normalized to total cell protein.
The black triangle represents the group mean value.
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normolipidemic females displaced HL by �100% that of
control, while HDL from female combined hyperlipidemic
and hypercholesterolemic patients had an HL displace-
ment that was �70% and 50% that of the control, respec-
tively (Figure 7B). HDL composition analysis showed that
there was no significant difference in HDL-apoA-I, apoA-
II, apoC-III, TG, or cholesterol between the HDL from
normolipidemic females, males, and hyperlipidemic pa-
tients. Normolipidemic females had a slightly lower HDL-
apoE content than their hyperlipidemic counterparts, but
the difference was not significant. In other studies, hyper-
lipidemic patients have been shown to have higher
plasma apoE levels than normolipidemic subjects.17–19

Immunoblots of nondenaturing gradient gels were
used to determine whether HL was associated with iso-
lated HDL samples from normolipidemic and hyperlipid-
emic patients. As shown in Figure 8A, female normolipi-
demic HDL samples contained endogenous HL, which

was associated with an 11 nm, HDL2 class of HDL (Figure
8A). Only two female profiles are illustrated, but similar
profiles were observed for HDL preparations from all
other normolipidemic female subjects. This appears to
agree with our previous reports, which have shown that
HDL2 is more effective at displacing HL from the surface
of liver cells.13,14 HL was shown to associate with HDL2

after it is displaced from CHO-hHL cells by human
HDL.14 Very little HL was detectable in HDL isolated from
male or hyperlipidemic subjects (Figure 8, A and B).
Figure 8B shows representative profiles for three female
hypercholesterolemic patients. Similar profiles were evi-
dent for all other hyperlipidemic patients.

Discussion

HL activity is essentially undetectable in fasted plasma
and can only be measured after an intravenous injection
of heparin. An increased postheparin HL activity is asso-
ciated with a pro-atherogenic lipid profile including low
HDL levels30–32 and small, dense LDL particles.33–35 In
vitro experiments have shown that proteoglycan-bound
HL is inactive and that the displacement of HL from the
cell surface stimulates TG hydrolysis.12 An elevated post-
heparin activity, therefore, may reflect an increased
amount of inactive HL bound to the surface of cells in the
liver. Postheparin HL activity in familial low HDL patients is
higher than in normal subjects.36 Subjects with high post-
heparin HL activity would be expected to exhibit decreased
vascular lipolysis and increased plasma TG levels.2

Both the lipid and apoprotein components of HDL have
been shown to affect its HL displacement ability14 and
HDL has been shown to displace HL similarly in both
HepG2 and CHO-hHL cells.13,14 To determine the effect
of lipid enrichment on HL displacement, Rouhani et al
enriched native and rHDL particles with various lipids
and characterized HL displacement. Enrichment with
free fatty acids and cholesteryl esters had minimal effects
on HL displacement; however, phospholipid and TG en-
richment of reconstituted HDL blocked HL displace-
ment.14 TG enrichment of native HDL, however, did not
show similar results. When native HDL was enriched with
TG, through incubation with Intralipid, an increase in HL
displacement was observed (Figure 2). Since TG itself
has an opposite effect on HL displacement, increased
displacement must have been due to some other factor.
The present work suggests that a decrease in HDL-apoE,
which occurs when the native HDL is enriched with TG,
overcomes the inhibitory effects of TG and stimulates HL
displacement. Previous work has shown that HDL apoli-
poproteins directly affect HL displacement. ApoA-II has
been shown to directly increase the affinity of HL for
HDL25 and increase HL displacement.14 ApoA-II has also
been shown to inhibit HL activity and to alter the confor-
mation of apoA-I, which may increase the affinity of HL for
apoA-I.25 ApoC-I can also increase HL displacement by
HDL.14 Some component in isolated HDL apolipoproteins
was shown to inhibit HL displacement, but the apoli-
poprotein was not identified.14 Evidence from the present
study suggests that this inhibitor is apoE.

Figure 8. Hyperlipidemic patients have reduced circulating HDL bound HL
levels. HDL was isolated from blood samples obtained from female normo-
lipidemic, male normolipidemic and female hypercholesterolemic subjects.
The HDL samples, isolated using sequential density gradient ultracentrifuga-
tion, were analyzed using non-denaturing gradient gel electrophoresis and
probed for HL. A: HL densitometry profiles of normolipidemic subjects.
Profiles are similar to that observed from experiments with HDL isolated from
other normolipidemic subjects. B: HL densitometry profiles of female hyper-
cholesterolemic patients. The profiles are from three female patients and are
similar to that observed from separate experiments with HDL isolated from
other hyperlipidemic male and female patients.
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ApoE is an exchangeable apolipoprotein that is found
on HDL as well as triglyceride-rich lipoproteins. ApoE
mediates the uptake of lipoproteins through its ability to
bind the LDL receptor37 and the LDL-receptor related
protein (LRP).38,39 HDL acts as a storage depot for apoE
and during a postprandial response, apoE is shuttled to
VLDL and chylomicron remnants to act as a ligand for
LRP and LDL-receptor.26 Once the response is over, the
apoE is returned to the HDL. Following an 1800-calorie
meal, a 40% decrease in HDL-apoE content was ob-
served in normolipidemic subjects (Figure 1B). This de-
crease corresponded to an almost 50% increase in HL
displacement from the surface of CHO-hHL cells (Figure
1A). Increased HL displacement during a postprandial
response therefore may be due to a change in HDL-apoE
composition. Postprandial HDL samples also appeared
to contain more endogenous HDL-associated HL (Figure
1A). TG-enrichment of native HDL samples appears to
have exactly the same effect as a postprandial response.
Native HDL enriched fivefold with TG showed a 3.5-fold
decrease in the amount of HDL-apoE. This compositional
change stimulated HL displacement 1.5-fold (Figure 2).
To directly evaluate the effect of apoE content on HL
displacement, reconstituted particles were created to
contain differing amounts of apoE and apoA-I. Increasing
apoE content in the synthetic HDL particles significantly
decreased HL displacement, by �50% in the complex
that was half apoE and half apoA-I (Figure 3). This data
shows that HDL-apoE content directly inhibits HL
displacement.

Female normolipidemic subjects in this study were
also found to have significantly lower HDL-apoE levels
than normolipidemic males. This is consistent with previ-
ous reports, showing that females over the age of 25 have
lower plasma apoE levels than males.15,16 No other sig-
nificant differences were found in HDL composition be-
tween male and female normolipidemic subjects. Re-
duced HDL-apoE may therefore contribute to the
enhanced HL displacement observed for female HDL
samples. ApoA-II has previously been shown to increase
HL displacement,14 however, no difference was ob-
served in the amount of apoA-II or apolipoprotein C-III
(apoC-III) in the male and female HDL samples (data not
shown). HDL from normolipidemic females displaced ap-
proximately 50% more HL from the cell surface than HDL
from male subjects (Figures 5 and 7). HDL from female
subjects also contained more endogenous HDL-bound
HL than HDL from all other subjects (Figure 8). Western
blots of ultracentrifugally isolated HDL show that HL as-
sociates with HDL in the bloodstream in subjects, even
without heparin administration. HL has been shown to
primarily associate with the larger, 11 nm HDL2 particles
when it is displaced from the surface of CHO-hHL cells
by HDL14 (Figures 5 and 8). It also had previously been
shown that HDL2 has a greater ability to displace cell
surface HL, while HDL3 is poor at liberating HL.13,14 HDL
from normolipidemic females had the highest endoge-
nous HDL-bound HL levels, compared with normolipi-
demic males and hypercholesterolemic patients (Figures
5B and 8) and was the best at displacing HL from CHO-
hHL cells. Increased levels of circulating HDL-bound HL

in women may partly explain why they usually have lower
postheparin HL activity than men.11 Small amounts of HL
were shown to be associated with HDL from all patients;
however, the lack of HL activity in fasted plasma samples
shows that this endogenous HDL-bound HL has no ac-
tivity in the circulation.

When comparing HL displacement by HDL from male
donors, no difference was observed between normolipi-
demic and hyperlipidemic subjects. HDL obtained from
hypercholesterolemic women, however, showed a 50%
decrease in HL displacement ability, when compared
with normolipidemic women (Figure 7A). Hypercholester-
olemic females also had less circulating HDL-bound HL
in their bloodstream (Figure 8B). This may suggest that
less HL is liberated from the liver by the HDL of hyper-
cholesterolemic patients. Hypercholesterolemia is also
commonly associated with elevated postheparin HL ac-
tivity.2 In contrast to that seen in normolipidemic subjects,
there was no significant difference evident in HDL-apoE
levels in hyperlipidemic patients. There was also no dif-
ference observed in the HDL-apoA-II or apoC-III levels
between the normolipidemic and hyperlipidemic sub-
jects. HDL from female hypercholesterolemic patients
showed a slight but not significant increase in apoE,
compared with the normolipidemic female subjects,
which appears consistent to earlier studies that showed a
significant increase in plasma apoE levels in hyperlipid-
emic patients, as compared with normal subjects.17–19

HDL-apoE concentration appears to regulate HL dis-
placement by HDL. Decreases in HDL-apoE content are
associated with an increased ability of HDL to displace
HL from the cell surface. ApoE may affect HL displace-
ment by regulating the association of HL with HDL, in an
opposite manner to that observed with apoA-II.25 Incu-
bating HDL with the anti-apoE 6C5 antibody resulted in
an 85% increase in HL displacement. The antibody 6C5
recognizes an epitope in the N-terminus of apoE consist-
ing of the first 15 amino acids. This epitope is enriched in
anionic residues, ie, glutamic acid. Blocking this nega-
tively charged region of apoE appears to inhibit the ability
of apoE to block the displacement of HL by HDL. This
may suggest that HDL charge can affect the association
of HL with the lipoprotein and is consistent with earlier
work by Boucher et al, which showed that anionic lipids
can decrease HL association with HDL and activate the
enzyme.40 In contrast, apoE did not appear to affect HL
displacement through its impact on apoE receptor path-
ways. The monoclonal apoE antibody 1D7 interacts with
an epitope specific to amino acids 140 to 160. This amino
acid region is rich in arginine and is known to be respon-
sible for the binding of apoE to LDL-R, LRP, and
HSPG.41,42 Incubation of HDL with 1D7 had no significant
effect on HL displacement.

Both postprandial and female HDL fractions were
shown to have reduced apoE levels and also increased
endogenous HL (Figures 1A and 8). This appears to
confirm that apoE modulates the association of HL with
HDL and thereby its ability to bind and displace HL. ApoE
is thought to bind HDL through hydrophobic interactions
and therefore may block HL binding by occupying space
on the HDL interface. ApoA-II, however, would also be
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expected to occupy interfacial regions and yet this apo-
lipoprotein stimulates HL binding to HDL.25 Both HL and
apoE contain heparin-binding sites and these domains
may play a role in protein-protein interactions on HDL.
ApoE has been shown to directly interact with apoA-
II43,44 and as such may block apoA-II dependent asso-
ciation of HL with HDL.25

Alternately, apoE may reduce HL release by stimulat-
ing an HSPG or receptor-mediated membrane internal-
ization and reducing cell surface HL levels. This may
partly explain the lower plateau observed for the male
HDL displacement (Figure 5A), which may represent a
reduced cellular pool of HL available for displacement,
resulting from incubations with apoE-rich HDL. ApoE and
HL are known to facilitate the binding and uptake of HDL
through HSPG- and LRP-dependent pathways.45 ApoE
may bind to cell surface HSPG and promote the internal-
ization of HL-enriched membrane domains, lowering the
membrane HL available for displacement. This process
does not appear to involve the association/uptake of HDL
with the CHO-hHL cells, as there was no detectable
difference in media HDL levels after incubations with
apoE-rich or apoE-poor HDL particles (data not shown).
ApoE may instead be lost from HDL to membrane HSPG
and/or LRP and act to promote HL internalization and
reduce membrane HL displacement. ApoE isoforms
would be expected to impact these membrane events.46

While subjects were not all genotyped in this study, HDL
from one male subject, with a known apoE 3/2 pheno-
type, showed an elevated HL displacement, comparable
with that seen for females. ApoE2 binds HSPG to a lesser
extent than apoE3 and apoE446 and as such, may have a
lesser effect on the membrane internalization of HL. Pre-
vious studies have shown that a high level of apoE2 in
both rabbits and mice impairs triglyceride lipolysis and
VLDL clearance resulting in hypertriglyceridemia.47,48

The displacement and activation of HL appears to be
regulated by a three step process.13,14 The first step
involves both lipid and apolipoprotein exchanges be-
tween HDL and the apoB containing lipoproteins. ApoE
depletion of HDL promotes the second step of this pro-
cess, where HL is displaced from the liver cell surface.14

High affinity association of HL with HDL has been shown
to inhibit its lipolytic activity25,40 and therefore, once dis-
placed from the surface of the liver, HL remains bound to
the HDL in an inactive form. The final step in HL activation
is dissociation from HDL.40 This step may be due to
altered electrostatic interactions resulting from apoE ex-
change or anionic lipids. An increase in vascular fatty
acid levels result in an increased negative charge in the
interfacial environment around the HDL, which could also
result in the release and the activation of HL.40,49 It has
previously been shown that an increase in the net nega-
tive charge on HDL results in a decreased affinity of HL
for HDL and an increase in TG lipolysis.40
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