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Abstract Lipoprotein lipase hydrolyzes the triglyceride-rich
core of chylomicrons and very low density lipoproteins. It is
also a ligand, in vitro, for binding of lipoproteins to the low
density lipoprotein receptor-related protein and may play a
central role in the receptor-mediated removal of triglyceride-
rich lipoproteins. The aim of the present study was to deter-
mine to which lipoprotein subclass the enzyme is bound in
preheparin plasma and when released into plasma by heparin
injection. Tetrahydrolipstatin, a potent inhibitor of serine li-
pases, was used to block lipolytic activity, thereby preventing
changes in plasma lipoproteins due to ex vivo lipolysis. To ana-
lyze the distribution pattern of lipoprotein lipase dimers
among lipoprotein classes, a specific ELISA was used and gel
filtration was performed in pre- and postheparin plasma from
five subjects with triglyceride ranging from 69 to 522 mg/dl.
When lipolytic activity was not inhibited, lipoprotein lipase di-
mers eluted in association with low and high density lipopro-
teins, reproducing results previously obtained by several
groups of investigators. However, in pre- and postheparin
samples treated with tetrahydrolipstatin, most of the dimeric
enzyme was found associated with very low density lipoprotein
particles. B8 In conclusion in pre- and postheparin samples
most of the lipoprotein lipase dimers are associated with very
low density lipoproteins when ex vivo lipolytic activity is inhib-
ited, which supports the hypothesis that, in vivo, lipoprotein
lipase may affect the receptor-mediated removal of these parti-
cles. Moreover, it suggests that the association between lipo-
protein lipase and cholesterol-rich lipoproteins might be an
ex vivo phenomenon due to lack of inhibition of lipolytic ac-
tivity.—Zambon, A., I. Schmidt, U. Beisiegel, and J. D. Brun-
zell. Dimeric lipoprotein lipase is bound to triglyceride-rich
plasma lipoproteins. J. Lipid Res. 1996. 37: 2394-2404.
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Lipoprotein lipase (LPL) is a multifunctional protein
and a key enzyme in lipoprotein metabolism (1-4).
After synthesis in parenchymal cells, primarily adipose
tissue and skeletal muscle, LPL is transported to the inti-
mal surface of the vascular endothelium where it is non-
covalently anchored to the heparan sulfate side chains
of membrane proteoglycans (1, 5). At this site, LPL is
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responsible for the hydrolysis of the triacylglycer-
ol(TG)-rich core of circulating chylomicrons (CM) and
very low density lipoproteins (VLDL), generating free
fatty acids (FFA) that can be either used immediately
or stored away by peripheral tissues. The enzyme is ac-
tive only in a dimeric configuration (6, 7). For its func-
tion, LPL binds the interface of TG-rich lipoproteins (8,
9). After reduction in TG content and size, CM and
VLDL remnants detach from the endothelium into the
circulation by mechanism(s) yet to be completely un-
derstood (10, 11).

There is growing evidence that LPL not only affects
lipolysis but also acts as a ligand for binding of lipopro-
tein particles to cell surfaces and receptors. A number
of studies indicate that LPL is associated with lipopro-
teins in human pre- and postheparin plasma, both in
its inactive and active form (12-14). Felts, Itakura, and
Crane (15) in 1975 suggested that LPL bound to lipo-
protein remnants may be a marker for remnant uptake
by the liver. The binding of LPL to lipoproteins is, how-
ever, very weak and is disrupted by high salt concentra-
tions or by centrifugal forces as in the density gradient
ultracentrifugation (12). Recent studies showed that
LPL bound to apolipoprotein E-rich lipoproteins en-
hances their binding to the low density lipoprotein re-
ceptorrelated protein (LRP), the putative receptor for
chylomicron remnants (16), as well as to the VLDL re-
ceptor (17). Moreover, Nykjaer et al. (18) suggested
that only the LPL dimer, and not the monomer, might
be able to mediate the binding. Goldberg et al. (12)
reported that lipolytic activity in pre- and postheparin
plasma (PHP) is associated with cholesterol-rich parti-
cles slightly larger than LDL. Recent reports confirmed

Abbreviations: CM, chylomicrons; FFA, free fatty acids; LDL, low
density lipoprotein; LPL, lipoprotein lipase; Mab, monoclonal anti-
body; PHP, post-heparin plasma; TG, triglycerides; THL, tetrahydroli-
patatin (Orlistat™); VLDL, very low density lipoprotein.
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this observation by showing that LPL mass after gel fil-
tration is associated with LDL both in preheparin and
PHP (13, 14). In these studies, however, no steps were
taken to inhibit lipolytic activity ex vivo. Recently, Zam-
bon, Hashimoto, and Brunzell (19) demonstrated that
a significant amount of the TG-rich core of CM and
VLDL can be hydrolyzed in PHP stored ex vivo at 4°C
if LPL activity is not effectively inhibited. It is, therefore,
possible that, when heparin is administered, LPL is ini-
tially released associated with VLDL particles that un-
dergo further hydrolysis by LPL ex vivo, resulting in li-
poprotein in the LDL size range. In the present study,
ex vivo lipolytic activity was blocked by tetrahydrolip-
statin (THL), a potent inhibitor of serine lipases (20,
21), therefore preventing further changes in PHP lipo-
proteins due to lipolysis. To our knowledge the present
study is the first to use this approach in the analysis of
LPL binding to lipoproteins in PHP.

By inhibiting lipolytic activity ex vivo, this study aims
to examine: I) which lipoprotein class LPL is associated
with, in vivo, after heparin administration and in the
presence of an enzyme inhibitor, and 2) whether the
association between LPL and cholesterol-rich lipopro-
tein previously observed in PHP reflects a physiologic
condition or is an ex vivo phenomenon due to lack of
inhibition of lipolytic activity.

MATERIALS AND METHODS

Subjects

Five healthy males aged 25 to 55 years and with differ-
ent TG levels were selected for studies of the LPL distri-
bution across the lipoprotein size range in PHP. None
of the subjects were on drugs known to affect lipopro-
tein metabolism. They were all free of medical condi-
tions that could alter their body weight or plasma lipids.
The present study was approved by the Human Subjects
Review of the University of Washington. Informed con-
sent was obtained from all subjects.

Plasma handling

Pre- and postheparin plasma samples were obtained
after a 12-h fast. Postheparin plasma was collected 5 min
after i.v. administration of 60 U /kg body weight of hep-
arin (Elkins-Sinn Inc., Cherry Hill, NJ), to allow heparin
to be homogeneously distributed in the circulation on
one hand, and to minimize in vivo lipolysis of lipopro-
teins and remnant clearance on the other. All blood
samples were collected into prechilled heparin /lithium
tubes (Beckton Dickinson, Rutherford, NJ).

Inhibition of ex vivo lipolytic activity
To inhibit lipolytic activity, one aliquot of PHP was
mixed immediately with tetrahydrolipstatin (THL),

(Hoffman-La Roche, Basel, Switzerland) from a stock
solution of 1 mg/ml THL in ethanol. According to pre-
viously published data (20, 21), THL is an active-site in-
hibitor of mammalian lipases, including pancreatic li-
pase, LPL, and hepatic lipase (HL); the inhibition is
due to covalent binding of THL to a Ser residue that is
part of the catalytic triad of the pancreatic lipase, LPL,
and HL molecular structure. THL concentration was se-
lected to reach a THL/LPL molar ratio of approxi-
mately 6.0 (21) based upon the mean LPL protein con-
centration of a normal PHP (LPL mass = 345 * 14 ng/
ml, mean * SEM, n = 70 normolipidemic subjects,
measured by 5F9 ELISA as detailed in the following sec-
tions; J. D. Brunzell, unpublished results).

A second aliquot of PHP was transferred immediately
into a tube containing 0.275 mg/ ml Paraoxon, a known
neurotoxic inhibitor of lipase activity (19, 22). This sec-
ond aliquot was collected to compare the efficacy of
Paraoxon and THL as LPL activity inhibitors, and to
determine whether Paraoxon could be substituted by
THL which is safer and easier to use on a gel filtration
column. All blood samples were stored on ice and
plasma was separated immediately from cells in a centri-
fuge at 4°C/ 3000 rpm per 15 min. Plasma samples were
then stored at 4°C and gel filtration analyses were com-
pleted within 12 h from blood collection. Samples were
centrifuged again to eliminate fibrinogen and were fil-
tered through a 0.22-um filter shortly before gel filtra-
tion.

Gel filtration chromatography

Gel filtration chromatography of pre- and posthepa-
rin samples was performed at 4°C by fast protein liquid
chromatography (FPLC) using a Superose 6 HR 10/30
column (Pharmacia LKB, Sweden) to separate lipopro-
teins in phosphate-buffered saline (PBS) containing 10
U/ml heparin (Sigma H-7005). One ml of 0.22-um-
filtered plasma was applied to the column. Chromatog-
raphy was carried out with a flow rate of 0.2 ml/min.
Sixty fractions of 500 pl were collected into 200 pl of
50% glycerol (10 mm NaH,PO,, pH 7.4) and mixed.
Samples for the LPL-ELISA were mixed with fetal bo-
vine serum (FBS, HyClone, Utah) to a final concentra-
tion of 10% FBS immediately after elution from the col-
umn and applied to ELISA plates within 8 h. Heparin,
glycerol, and fetal bovine serum were added to stabilize
LPL during analysis. All samples were collected and
stored on ice. Cholesterol and TG levels were measured
by enzymatic methods in each of the 60 fractions eluted
from the column. Mean cholesterol recovery in the
chromatographic procedure was 96.5% (n = 12, range
90.3-103.1%).

A control experiment was carried out to assess the
lipoprotein class elution profiles from the FPLC column
(see Fig. 2). Briefly, a blood sample was collected, after
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an overnight fast, from subject #2 (see Table 1). Lipo-
protein classes were first isolated using standard sequen-
tial ultracentrifugation (23). Isolated VLDL, LDL, and
HDL particles were then separately applied to the Su-
perose 6 HR 10/30 column and analyzed as described
in the previous paragraph. The experiment was per-
formed in duplicate.

To determine the elution profile of LPL in a lipopro-
tein-free medium, 10 pl of a solution of purified bovine
milk LPL was used, because extensive homology be-
tween human and bovine milk LPL (24, 25) has been
previously reported. Bovine milk LPL was stored at
—20°C, in 50% glycerol (10 mM NaH,PO,, pH 7.4), and
diluted with 15% glycerol-PBS-0.15% Tween-1 mg/
ml heparin prior to application to the column.

Postheparin plasma lipase activity

Total lipolytic activity was measured in PHP as de-
scribed previously (26). The substrate containing tri
f1-4Cloleoyl glycerol (Amersham, Arlington Heights,
IL) and lecithin was incubated with aliquots of PHP for
60 min at 37°C, and the liberated free fatty acid (FFA)
radioactivity was extracted and counted. Lipase activity
is expressed as nanomoles of fatty acids released per
minute per milliliter of plasma (nmol FFA/min/ml).
Selective measurements of LPL. and hepatic lipase activ-
ity were achieved by inhibition of LPL activity by 5D2
monoclonal (Mab) antibodies (27). For each assay, a
bovine milk LPL standard and a human postheparin
plasma standard were included to adjust for interassay
variation.

5F9 ELISA

To detect LPL dimers in PHP and gel-filtration frac-
tions, a sandwich ELISA using two Mab raised against
two different epitopes on LPL was used (7). The 5F9
Mab was used to coat the microtiter plate wells and
therefore capture the antigen, and the 5D2 Mab, conju-
gated to horseradish peroxidase, was used for detection
of the antigen. Specifically, to coat microtiter plates
{Maxisorp, Nunc Inc.), 200 pl of the appropriate Mab
(5 pg/ml) in PBS was added to each well and the plate
was sealed and incubated at 37°C for 4 h. The plates
were then washed four times with PBS/Tween 0.1%,
sealed, and stored at 4°C. Coated plates were used
within 1 week. Aliquots from a human PHP standard,
stored at —70°C, were used as positive control in all ex-
periments. A volume of 200 pl of diluted sample was
added to each well and the plates were sealed. After 16
h incubation at 4°C, the wells were washed four times.
5D2 Mab conjugated to horseradish peroxidase in
PBS/Tween (0.1% v/v) was added and the plate was
incubated at room temperature for 4 h. After 5 washes
with PBS/Tween and then o-phenylenediamine, sub-
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strate containing H,O, was added. Plates were devel-
oped for 7 min. Samples, standards, and controls were
always run in quadruplicate.

The sensitivity of the 5F9 ELISA allows for the detec-
tion of as little as 10 ng/ml of LPL (7). The coefficient
of varjation between assays was 10% and within assays
less than 2%. Recovery of the dimeric LPL in the chro-
matographic procedure was between 55.3 and 63.7% in
samples assayed without THL (n = 5) and between 52.5
and 64.1% in samples with THL (n = 5). Elevated levels
of plasma TG did not interfere with the 5F9 ELISA assay
(J. D. Brunzell, unpublished data).

The 5F9 Mab recognizes LPL when the epitope is ex-
posed by partial denaturation. Therefore the epitopes
of the intact, dimeric, active LPL dimers become detect-
able by the 5F9 ELISA only after protein denaturation
with 1 M guanidine hydrochloride (+GuHCl). The
background immunoreactivity originally present in the
sample (—GuHCI) has not been carefully characterized
and could be due to LPL monomers, fragments, or
other unknown material (7). The difference between
immunoreactivity +GuHCI (dimeric LPL + back-
ground) and immunoreactivity —GuHCI (background)
represents the measurement of the active LPL dimers
in the sample and is aiso called Delta 5F9 mass. In the
present study, the measurements of dimeric LPL (Delta
5F9 mass) will be utilized.

Immunoprecipitation and Western blot

Two 0.5-ml fractions, from a normolipidemic subject
(#3), eluted from the FPLC column in the VLDL size
range were pooled, normalized for their lipid content,
and delipidated with ethanol-acetone 1:1. The precipi-
tated protein was dissolved in 200 pl of a Laemmli sam-
ple buffer and 50 pl was applied to a 10% sodium dode-
cyl (SDS) gel. Fifty ng of purified bovine LPL and
prestained molecular weight markers (Gibco/BRL Life
Technology Inc., Gaithersburg, MD) were used as stan-
dards. Proteins were electrophoretically transferred to
a nitrocellulose membrane (Schleicher & Schuell Inc.,
Keene, NH). The membrane was incubated with 5D2
anti LPL Mab (5 ug/ml) (27). 5D2 Mabs bound to LPL
on the membrane were then detected with a mouse an-
tibody detection kit (Amersham International, Amers-
ham U.K.) using an antimouse-streptavidin conjugate.

Lipid measurements

Very low density lipoproteins were isolated using stan-
dard preparative ultracentrifugation (23) and HDL
were separated from LDL using dextran sulfate (28).

Triglyceride concentration in plasma, lipoprotein
subclasses, and FPLC fractions was determined by enzy-
matic methods (Sigma Diagnostics Co., St. Louis, MO).
Cholesterol concentration in plasma, lipoprotein sub-
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classes, and FPLC samples was measured by enzymatic
kits (Boehringer Mannheim, Mannheim, Germany).

RESULTS

Subjects

Lipid values in fasting, preheparin plasma of the five
subjects selected for the study are presented in Table 1.
The wide range of plasma TG (69-522 mg/dl}, VLDL-
cholesterol (14-104 mg/dl), LDL- (89-147 mg/dl)
and HDIL-cholesterol (35-54 mg/dl) was specifically
chosen to assess LPL binding to lipoproteins under dif-
ferent substrate concentrations.

Inhibition of lipolytic activity

To compare the efficacy of THL as plasma lipolytic
activity inhibitor, aliquots of pre- and postheparin
plasma samples from normo- and hypertriglyceridemic
subjects (n = 5) were collected: I) with THL, or 2) with
Paraoxon, or 3) left untreated. The aliquots were then
stored at 4°C for 24 h. Plasma TG was measured in each
aliquot at baseline (before heparin administration), at
sample collection (5 min after heparin administration),
and after 24 h of incubation at 4°C (Fig. 1). Five min-
utes after heparin administration, about 11% of the
baseline TG was hydrolyzed reflecting the in vivo lipo-
Iytic activity and remnant clearance. After 24 h of incu-
bation an additional 1.7% and 3% of the baseline TG
were hydrolyzed in samples with Paraoxon and THL,
respectively, while a remarkable 36% increase was ob-
served in the untreated samples. These values reflect
the ex vivo lipolytic activity and confirm the ability of
THL to inhibit both LPL and hepatic lipase (HL) activ-
ity as effectively as Paraoxon (19).

Plasma postheparin lipolytic activity was directly eval-
uated in aliquots of PHP from a normotriglyceridemic
subject #3 (Table 1): aliquots collected with Paraoxon
and THL showed, respectively, a 99.2% and 98.8% de-
crease in lipolytic activity as compared to the untreated
aliquots. These results prompted us to choose THL,
which is easier to handle and less toxic than Paraoxon,

TABLE 1. Plasma lipids in the study subjects

NormoTG HyperTG

Subject # 1 2 3 1 2
Triglycerides (mg/dl) 85.0 920 690 5220 239.0
Cholesterol (mg/dl) Total 155.0 220.0 176.0 255.0 200.0
VLDL 17.0 18.0 140 104.0 49.0
LDL 89.0 1470 110.0 1180 119.0
HDL 49.0 54.0 52.0  35.0 37.0

as the ex vivo inhibitor of both LPL and HL activity in
all gel filtration experiments.

Lipoprotein elution profiles by gel
filtration chromatography

A preheparin, fasting plasma sample from subject #2
in the hyperTG group was also studied to test the FPLC
elution profiles of lipoprotein classes pre-isolated by
standard sequential ultracentrifugation (23). Each lipo-
protein class was separately loaded onto the FPLC col-
umn. Cholesterol (Fig. 2A) and TG (Fig. 2B) elution
profiles were determined for each lipoprotein subclass.
VLDL particles eluted in fractions #16 to #21, LDL in
fractions #22 to #29, and HDL in fractions #30 to #45.
The VLDL lipid peak was in fraction #18, LDL peak in
fraction #25, and the major HDL peak in fraction #33.
Based on these results, dotted lines highlighting the k-
poprotein elution ranges will be presented in the fol-
lowing figures.

Bovine milk LPL elution profile by gel
filtration chromatography

Ten pg of purified bovine milk LPL was applied to
the FPLC column. Sixty fractions were collected, and
LPL mass was assayed by the 5F9 ELISA as previously
described. Bovine LPL eluted in fractions #38 to #43
with a peak in fraction #40 corresponding to a molecu-
lar weight of approximately 110 kDa as determined by
elution profiles of known molecular weight markers
(low and high molecular weight gel filtration calibra-
tion kits, Pharmacia Biotech.). This finding is consistent
with the expected molecular weight of the LPL dimer.
Recovery of bovine milk LPL mass in the chromato-
graphic procedure was 61.5%. THL was added to bo-
vine milk LPL and the sample was subjected to the same
procedure. Again LPL was detected in fractions #38 to
#43 with the peak in fraction #40. Recovery of bovine
milk LPL mass + THL in the chromatographic proce-
dure was 59.8%.

Gel filtration of PHP

Effect of ex vivo lipolysis. To demonstrate the effect of
the ex vivo lipolysis on the LPL binding to lipoproteins,
PHP sample was obtained from subject #3 (Table 1) and
analyzed by gel filtration. One aliquot of PHP was col-
lected with THL and immediately applied to the FPLC
column. A second aliquot was collected without THL
and incubated at 4°C for 2 h; then THL was added to
inhibit lipolytic activity and the sample was applied to
the FPLC column. The experiment was performed in
duplicate and the mean results are shown in Fig. 3.

When PHP sample with THL was immediately ap-
plied to the column, a major peak of the LPL dimer
was observed in the VLDL elution range, with a minor
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shoulder in the LDL range and a small peak in the HDL
range. After 2 h of incubation at 4°C, a small amount
of LPL dimer was found in the VLDL elution range with
major peaks in the LDL and HDL elution range. Quan-
titatively, 70% versus 9% of the LPL dimer was found
in the VLDL range, 26% versus 60% in the LDL, and
4% versus 31% in the HDL, when THL was added im-
mediately versus 2 h later.

As THL is highly lipophilic, we assessed the possibility
that LPL binding to different lipoprotein subclasses was
affected by the addition of THL to the specimen. One
aliquot of PHP from the same subject (#3) was applied
to the FPLC column after 2 h of incubation at 4°C with
no addition of THL. As compared to the same sample
with THL, tested under the same experimental condi-
tions, no major differences were observed in the LPL
distribution across the lipoprotein size range (Fig. 3).
Specifically, 6% of the LPL dimer was in the VLDL elu-
tion range (9% with THL), 55% in the LDL (60% with
THL), and 39% in the HDL range (31% with THL).
Moreover, no differences in the FPLC albumin elution
profiles were observed in plasma assayed both in pres-
ence and in absence of THL. Results are mean values
from duplicate tests.

Gel filtration of normo- and hypertriglyceridemic PHP. LPL
distribution across the lipoprotein elution range was
studied in presence and absence of THL in PHP from
three normotriglyceridemic and two hypertriglyceri-
demic subjects. Lipids and LPL mass were measured in
the eluted fractions. LPL protein was measured in every
other fraction.
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Fig. 1. Postheparin TG hydrolysis in samples col-
lected with paraoxon or THL. or left untreated. Values
(mecan and SD} are expressed as percentage of pre-
heparin TG hydrolyzed (n = 5). Postheparin speci-
mens were assayed: a) at sample collection, 5 min after
heparin  administration (in vivo hydrolysis), and
b} after 24 h of incubation at 4°C (ex vivo hydrolysis).

Ex vivo hydrolysis
(after 24 h at 4°C)

Mean cholesterol and TG profiles of PHP samples
collected with THL are presented in Fig. 4A. When LPL
activity was not inhibited, LPL dimer in PHP was pri-
marily found associated to LDL particles with an elution
peakin fraction #26 (Fig. 4B). In presence of THL, how-
ever, most of the LPL dimers eluted in the VL.DL range;
both the VLDL TG and the LPL dimer peaks were on
fraction #18. To compare the LPL dimer elution pro-
files in PHP samples with and without THL, a difference
profile was calculated by subtracting the elution profile
without THL from that with THL (Fig. 4C). When lipo-
lytic activity was inhibited, a net increase of LPL dimers
was observed associated with VLDL particles as well as
a comparable decrease of the amount of protein pres-
ent in the LDIL and HDL elution range.

To evaluate whether the same results were reproduc-
ible in presence of increased plasma TG concentra-
tions, LPL dimer elution profiles were measured, in
presence and absence of THL, in PHP samples from
two hypertriglyceridemic subjects. Plasma lipid profiles
(Fig. bA) demonstrate the increase in VLDL-TG and
cholesterol as compared to normotriglyceridemic sub-
jects (Fig. 4A). Again, the LPL dimer elution profiles
with and without THL (Fig. 5B) and the difference pro-
file between the two (Fig. 5C) entirely confirmed that,
when lipolytic activity is adequately inhibited, most of
the LPL dimers elute associated with VLDL particles.
Moreover, the LPL dimer elution profile in PHP sam-
ples with THL suggests that both in normo- (Fig. 4B)
and in hypertriglyceridemic subjects (Fig. 5B), similar
amounts of LPL dimers were detected associated with
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Fig. 2. Gel filtration elution profiles of lipoproteins isolated by ultra-
centrifugation. Cholesterol (panel A), and triglyceride (panel B) pro-
files of VLDL (A-A), LDL (HE), and HDL (®-@®). Vertical dotted
lines mark the elution ranges of the different lipoprotein subclasses.

VLDL particles. In both normo- and hypertriglyceri-
demic subjects, the active LPL dimer accounted for
88% of the total immunoreactivity detected in PHP
whereas the remaining 12% was background immuno-
reactivity. The background immunoreactivity eluted in
association with large LDL particles.

Gel filtration of normotriglyceridemic preheparin plasma.
To assess whether the association of LPL dimers with
VLDL particles in PHP is also detectable under physio-
logical conditions, LPL dimer elution profiles were
measured, in presence and absence of THL, in prehep-
arin samples from subjects #1 and #2 (Fig. 6). In pre-

heparin plasma, when lipolytic activity is effectively in-
hibited, most of the LPL dimers elute associated with
VLDL particles (Fig. 6B), confirming the observations
reported in PHP samples from both normo- and hyper-
triglyceridemic subjects. The background immunoreac-
tivity accounted for 77% of the total immunoreactivity
detected in the preheparin specimen, with the re-
maining 23% being the active LPL dimers.

Western blot analysis of the immunoreactive material

To confirm that the immunoreactive material eluted
in the VLDL size range was LPL, VLDL TG peak frac-
tions #18 and #19 from samples collected with and with-
out THL, were separately pooled, normalized for their
lipid content, and analyzed by Western blot after pro-
tein separation on SDS gel (Fig. 7). A clear band with
the approximate molecular weight of monomeric hu-
man LPL (55,000) and similar to bovine LPL, was de-
tected in VLDL + THL samples. A similar but remark-
ably weaker band was detected in VLDL samples
collected without THL in agreement with the LPL pro-
tein measurements from the gel filtration analysis.

DISCUSSION

The present work is the first report that investigates
the LPL binding to lipoprotein particles in PHP after
inhibition of ex vivo lipolytic activity. The study shows
that: 7) LPL dimers are mostly associated to TG-rich
lipoproteins in PHP when the ex vivo lipolytic activity
is inhibited, and 2) the binding of LPL to cholesterol-
rich lipoproteins might reflect an in vitro phenomenon
due to lack of inhibition of ex vivo lipolytic activity.

It has long been known that lipolysis initiated intra-
vascularly continues ex vivo (29), particularly in PHP,
when the amount of active LPL increases several hun-
dred fold. These results were recently confirmed by
Zambon et al. (19), emphasizing the need for a com-
plete inhibition of lipolytic activity in studies dealing
with postheparin lipoprotein metabolism in order to
minimize the risk of ex vivo artifacts,

In the present study, THL, an active-site inhibitor of
pancreatic (20), LPL (21), and HL has been used. Tet-
rahydrolipstatin almost completely inhibited lipolytic
activity in PHP (98.8% inhibition) and appeared to be
as effective as Paraoxon (Fig. 1) and much safer to use
in the FPLC system. Moreover, THL did not appear to
affect the LPL elution profile by gel filtration when
added to purified bovine milk LPL in a lipoprotein-free
medium. Finally, THL had a minor effect on the LPL
binding to lipoproteins (LPL dimer with THL vs. with-
out THL: +3%, +5%, and —8% in the VLDL, LDL, and
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Fig. 3. Gelfiltration elution profile of LPL dimer, reported as delta 5F9 mass, in a single PHP sample collected
with THL and immediately applied to the column (A-A); incubated at 4°C for 2 h without THL; then THL
was added and the sample was applied to the column (BHE); incubated at 4°C for 2 h without THL, then applied
to the column (@-@). Vertical dotted lines mark the clution ranges of the different lipoprotein subclasses.

HDL elution ranges, respectively) when tested in PHP
samples after a 2-h incubation at 4°C (Fig. 3). There-
fore, THL had no significant effect on LPL binding to
different lipoprotein subclasses under physiological
lipid concentrations. Lookene, Skottova, and Ol-
ivecrona (21) suggested that LPL inhibition is due to
covalent binding of THL to Ser 132 which is one of the
residues in the catalytic triad of this enzyme. The bind-
ing of THL to LPL does not affect the dimeric structure
of the enzyme as suggested by the detection of LPL pro-
tein by 5F9 ELISA in PHP samples with THL. This
method, by combining measurements prior to and after
protein denaturation with GuHCI, specifically detects
LPL dimers originally present in the sample (7). More-
over, a similar recovery of the LPL mass in the chro-
matographic procedure was observed in the duplicate
samples analyzed with and without THL.

For PHP collection, a time interval of 5 min after i.v.
heparin administration was specifically chosen in order
to minimize the in vivo lipolysis of lipoproteins, allowing,
however, an homogeneous distribution of heparin in
the circulation. In fact, Kern et al. (30) showed that up
to 75% of the postheparin lipolytic activity is already de-
tectable 5 min after heparin administration.
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It is particularly relevant that THL effectively inhib-
ited both LPL and HL activity. The aim of the present
study was, in fact, to reproduce as accurately as possible
the plasma lipoprotein profile after lipase displacement
from the arterial wall by preventing not only TG-rich
lipoprotein hydrolysis by LPL, but also remnant catabo-
lism by HL.. Direct evidence of the effect of selective HL.
inhibition on LPL association with VLDL particles is not
available in the present study. We feel that a major in-
fluence is unlikely based on the evidence that VLDL are
not the preferential substrate of HL. Specific studies,
however, need to be performed to address this point.

Previous reports (12-14) suggested that in PHP, LPL
is mostly associated with cholesterol-rich lipoproteins.
To substantiate the hypothesis that these observations
may be affected by ex vivo lipolysis, LPL distribution
across the lipoprotein size range was evaluated in a PHP
specimen after inhibition of lipolytic activity, performed
either immediately or after a 2-h incubation at 4°C.
After 2 h incubation at 4°C, LPL dimers were found
associated with cholesterol-rich lipoproteins. These re-
sults (Fig. 3) match the observations first reported by
Goldberg et al. (12) and then by Vilella et al. (14), that
in PHP, LPL is predominantly associated with LDL and
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Fig. 4. Gel filtration elution profiles of PHP from normotriglyceri-
demic subjects (n = 3). Cholesterol (@-@®) and triglyceride (A-A)
distribution in PHP samples collected with THL (panel A). LPL dimer
distribution, reported as delta 5F9 mass, in PHP samples collected
with (A-A) and without (@-@) THL (panel B). Difference in LPL
dimer distribution between samples with THL versus without THI.
(panel C). Vertical dotted lines mark the elution ranges of the differ-
ent lipoprotein subclasses.

HDL. However, after immediate inhibition of ex vivo
lipolytic activity, most of the LPL dimers were found
associated with TG-rich lipoproteins eluting in the
VLDL range (Fig. 3). These results supported the hy-
pothesis of a major role of the ex vivo lipolytic activity
on previously reported studies of LPL-lipoprotein asso-
ciation in PHP. They also suggest that, in PHP, major
changes in the TGrich lipoproteins occurred in a very
short time interval even when specimens were kept re-
frigerated (4°C) and the analysis was performed almost
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Fig. 5. Gel filtration elution profiles of PHP from hypertriglyceri-
demic subjects (n = 2). Cholesterol (@-®) and triglyceride (A-A)
distribution in PHP samples collected with THL (panel A). LPL dimer
distribution, reported as delta 5F9 mass, in PHP samples collected
with (A-A) and without (@-@®) THL (panel B). Difference in LPL
dimer distribution between samples with THL versus without THL
(panel C). Vertical dotted lines mark the elution ranges of the differ-
ent lipoprotein subclasses.

immediately after sample collection, confirming previ-
ous data by Zambon et al. (19).

To further expand and confirm this observation, we
studied LPL-lipoprotein binding in PHP of three
normo- (Fig. 4) and two hypertriglyceridemic subjects
(Fig. 5). Postheparin plasma samples were analyzed by
gel filtration immediately after collection with and with-
out THL. Confirming the results of the previous experi-
ment, when lipolytic activity was inhibited by THL, most
of the LPL dimers eluted associated to TG-rich VLDL
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Fig. 6. Gel filtration elution profiles of preheparin plasma from nor-
motriglyceridemic subjects (n = 2). Cholesterol (@-@) and triglycer-
ide (A-A) distribution in PHP samples collected with THL (panel
A). LPL dimer distribution, reported as delta 5F9 mass, in preheparin
sample collected with (A-A) and without (@-@) THL (panel B). Dif-
ference in LPL dimer distribution between samples with THL versus
without THL (panel C). Vertical dotted lines mark the elution ranges
of the different lipoprotein subclasses.

both in normotriglyceridemic (Fig. 4B) and in hyper-
triglyceridemic (Fig. 5B) individuals. A major redistri-
bution of LPL dimers towards cholesterol-rich lipopro-
teins was observed in the same samples when lipolytic
activity was not inhibited. These results suggest that in
vivo, after heparin administration and LPL displace-
ment from the endothelium, LPL dimers are mostly as-
sociated with VLDL. Recently, Carrero et al. (31)
showed that LPL, when added to lipoproteins in vitro,
has a higher affinity for VLDL than for LDL, supporting
this hypothesis. If lipolysis is allowed to proceed, TG in
the VLDL core are progressively hydrolyzed initiating
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Fig. 7. SDS gel electrophoresis and Western blot on VLDL isolated
by gel filtration of PHP sample from subject #3, collected with (VLDL
+ THL) and without THL (VLDL). Prestained molecular weight
markers (MW marker) and purified bovine LPL. (bovine LPL) were
used as standards. LPL was detected using 5D2 Mab.

the conversion of VLDL to LDL. Therefore, LPL dimers
initially associated to VLDL particles are finally ob-
served bound to lipoproteins in the LDL size range. As-
sociated with the hydrolysis of TG in the VLDL core,
some surface components, namely phospholipids, free
cholesterol, and apolipoproteins, are transferred from
VLDL to HDL (32). The presence of small amounts of
LPL associated with HDL, as also shown by Villella et al.
(14), suggests that during conversion of VLDL to LDL,
some LPL dimers may be transferred to HDL, in associa-
tion with lipoprotein surface components.

Based on the bovine milk LPL elution profile in a
lipoprotein-free medium (elution range: fraction #38 to
#43), no major amounts of free LPL dimers were found
in the PHP elution profiles of the subjects studied either
in presence or absence of THL. We speculate that in
PHP all the LPL dimers are associated to lipoproteins,
mostly VLDL. This hypothesis is supported by the lack
of increase of LPL mass in presence of increased
amounts of VLDL such as in the hypertriglyceridemic
subjects (Fig. 5B), as compared to subjects with normal
triglyceride levels (Fig. 4B). Comparable amounts of
LPL dimers associated with VLDL particles were found
in the two groups of subjects studied. It is plausible to
hypothesize that if there were free LPL dimers in PHP
from subjects with normal triglyceride levels, at least
some of them should have become VLDL-bound in the
presence of increased amounts of VLDL particles as in
the hypertriglyceridemic TG individuals. This is clearly
not the case (Fig. 5B). Although we believe that the
LPL-lipoprotein interaction takes place at the endothe-
lial site, we cannot rule out the possibility that heparin
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releases LPL that then binds to lipoproteins in the
bloodstream.

To further highlight the physiological implications of
the LPL binding to TG-rich lipoproteins, preheparin
samples from normotriglyceridemic subjects were also
tested (Fig. 6). Confirming the results observed in PHP,
when lipolytic activity was inhibited by THL most of the
LPL dimers eluted associated with TG-rich VLDL (Fig.
6B). In samples where plasma lipolytic activity was not
inhibited, LPL dimers eluted in association with LDL
particles.

The 5F9 ELISA allows for the determination of the
active, dimeric LPL protein. In PHP samples the large
majority of LPL mass (88%) was represented by active
dimers whereas only a small percentage (12%) was
background, immunoreactive material. In preheparin
samples, the proportion of active protein/inactive back-
ground material was reversed: the majority of total im-
munoreactivity was represented by background immu-
noreactivity (77%) with only a minor percentage of
active dimers (23%). These findings are in agreement
with previous observations (14, 33). The origin and the
turnover of the background material is not clear. It is
conceivable that it includes LPL. monomers as well as
fragments of LPL protein and possibly unknown com-
ponents. In both pre- and postheparin plasma, in pres-
ence of THL, the background immunoreactivity eluted
in association with large LDL particles.

The binding of LPL dimers to VLDL particles, de-
tected in pre- and PHP, may have important implica-
tions in explaining the physiological role of this enzyme
as a multifunctional protein. Because of its ability to si-
multaneously bind to the LDL receptorrelated protein
(LRP), lipoproteins, and heparin-like substances, LPL
can efficiently mediate binding of lipoproteins to cell
surfaces and to both the endocytotic receptor LRP (16,
34) and the VLDL receptor (17). Nykjaer et al. (18)
found that the ability to mediate binding of lipoproteins
to LRP resided only with the LPL dimer. Moreover, re-
cent reports demonstrated that LPL enhances the bind-
ing of TG-rich lipoproteins and B-VLDL to cell-surface
proteoglycans and to LRP (16, 34). It is therefore possi-
ble that LPL dimers associated with VLDL particles may
play, in vivo, a physiological role in the receptor-medi-
ated VLDL remnant catabolism by affecting the binding
of TG-rich lipoproteins to the LRP and the VLDL recep-
tor. Specific studies need to further address whether
LPL monomers or their fragments might compete with
other ligands (LPL dimers, apoE, hepatic lipase) for
binding to LRP, and thereby affect remnant uptake and
degradation.

It is interesting to note, from the data presented in
Fig. 4B and Fig. 5B, that plasma TG concentrations do
not affect the amount of LPL dimer eluting in the
VLDL range nor its distribution across the lipoprotein

size range. Hypertriglyceridemic subjects often have an
increased amount of VLDL particles as indirectly con-
firmed in the present report by the increased amount
of VLDL TG and cholesterol (almost 2-fold) observed
in the two hyperTG individuals (Fig. 5A) as compared
to the normo TG subjects (Fig. 4A). It appears, there-
fore, that in PHP the amount of LPL dimer associated
with VLDL is not dependent on the VLDL particle num-
ber and has already reached the maximum level at nor-
mal plasma TG concentrations. Although indirectly,
these results support the hypothesis that in PHP all the
LPL dimers are bound to lipoproteins (mainly VLDL),
as previously discussed, but more interestingly they sug-
gest that in PHP only some VLDL particles carry LPL
dimers. Furthermore, studies of the LPL/apoB molar
ratio in the VLDL density range suggest that in PHP
there is 1 LPL dimer for every 100 to 500 VLDL particles
(J. D. Brunzell and A. Zambon, unpublished data).
Whether this finding has any implication on the catabo-
lism of triglyceride-rich lipoproteins remains to be in-
vestigated.

In summary, the present report first indicates that in
PHP samples, after inhibition of ex vivo lipolytic activity,
most of the LPL dimers are associated with VLDL parti-
cles. It also suggests that the association, previously ob-
served, between LPL and cholesterol-rich lipoproteins
in PHP might be an ex vivo phenomenon due to lack
of inhibition of lipolytic activity. In conclusion, data
from the present study and previously published reports
support the hypothesis that during lipolysis a fraction
of endothelial-bound LPL may dissociate attached to
TG-rich lipoproteins, forming circulating LPL-lipopro-
tein complexes that subsequently bind to cell-surface
proteoglycans and undergo receptor-mediated catabo-
lism. Further studies are needed to test this hypothesis
and the in vivo implications of these results. B
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