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Apolipoprotein C-Illl inhibits triglyceride hydrolysis by

GPIHBP1-bound LPL®
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Abstract apoC-IIlis often assumed to retard the intravascu-
lar processing of triglyceride-rich lipoproteins (TRLs) by in-
hibiting LPL, but that view is based largely on studies of free
LPL. We now recognize that intravascular LPL is neither free
nor loosely bound, but instead is tightly bound to glyco-
sylphosphatidylinositol-anchored HDL-binding protein 1
(GPIHBP1) on endothelial cells. Here, we revisited the ef-
fects of apoC-III on LPL, focusing on apoC-III’s capacity to
affect the activity of GPIHBP1-bound LPL. We found that
TRLs from APOC3 transgenic mice bound normally to GPI-
HBP1-bound LPL on cultured cells in vitro and to heart cap-
illariesinvivo. However, the triglyceridesin apoC-III-enriched
TRLs were hydrolyzed more slowly by free LPL, and the in-
hibitory effect of apoC-III on triglyceride lipolysis was exag-
gerated when LPL was bound to GPIHBP1 on the surface of
agarose beads. Also, recombinant apoC-III reduced triglyc-
eride hydrolysis by free LPL only modestly, but the inhibi-
tory effect was greater when the LPL was bound to GPTHBP1.
A mutant apoC-III associated with low plasma triglyceride
levels (p.A23T) displayed a reduced capacity to inhibit free
and GPIHBP1-bound LPL.El Our results show that apoC-III
potently inhibits triglyceride hydrolysis when LPL is bound
to GPIHBP1.—Larsson, M., C. M. Allan, R. S. Jung, P. J. Heizer,
A. P. Beigneux, S. G. Young, and L. G. Fong. Apolipoprotein
C-II inhibits triglyceride hydrolysis by GPIHBP1-bound
LPL. J. Lipid Res. 2017. 58: 1893-1902.
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Genome-wide association studies uncovered an associa-
tion between plasma triglyceride levels and coronary disease
risk with the apoAb/A4/C3/Al gene cluster (1). A specific
role for apoC-II in regulating triglyceride levels was estab-
lished with the discovery of loss-offunction mutations in
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APOCS3. Pollin et al. (2) showed that 5% of an Amish popula-
tion are heterozygous for an APOC3 nonsense mutation
(R19X) and have half-normal levels of apoC-III, reduced
plasma triglyceride levels, and reduced amounts of coronary
atherosclerosis. Several years later, three additional APOC3
loss-of-function mutations were identified [two splice site
mutations (IVS2+1G>A and IVS3+1G>T) and a missense
mutation (p.A23T)]; all were associated with lower plasma
triglyceride levels and reduced coronary disease risk (3, 4).

The mechanisms by which apoC-II influences plasma tri-
glyceride levels are not clearly defined. Early in vitro studies,
some dating to the 1970s, proposed that apoC-III directly
inhibits the activity of LPL (5-7). Other studies with human
APOC3 transgenic mice suggested that increased apoC-III
expression inhibits the clearance of both VLDL and rem-
nant lipoproteins (8, 9). Subsequent studies revealed that
apoCHII overexpression markedly increased plasma triglyc-
eride levels in the setting of apoE deficiency (where rem-
nant clearance is markedly defective) (10); those findings
implied that apoC-III overexpression impairs the process-
ing of large, triglyceride-rich lipoproteins (TRLs).

Several groups have characterized the effects of apoC-111
on LPL’s catalytic activity. In studies with artificial sub-
strates (e.g., triglyceride emulsion particles), physiological
levels of apoC-III [estimated to be ~2 uM on TRLs (11)]
inhibited LPL activity when apoC-II was absent (12, 13).
However, when apoC-II was present, higher concentrations
of apoC-III were required to inhibit LPL activity (12-15).
In studies with more physiologic substrates (e.g., VLDL),
apoC-III has been reported to have no effect on LPL activ-
ity (8); to have only minor effects on LPL activity (9); or to
inhibit LPL activity (13, 15). In all of these studies, the ef-
fects of apoC-III were examined when LPL was free in solu-
tion. While it is most straightforward to examine lipolysis
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with “free LPL,” the physiologic relevance of these studies is
open to question. LPL in capillaries is not loosely bound to
the endothelial cell glycocalyx, as was once assumed (16),
but instead is tightly bound to glycosylphosphatidylinositol-
anchored HDL-binding protein 1 (GPIHBP1) on the sur-
face of capillary endothelial cells (17). The GPIHBP1-LPL
complex also mediates the margination of TRLs along cap-
illary endothelial cells (18).

Very recent studies have demonstrated that GPIHBPI is
more than simply a binding site for LPL; GPIHBP1 also af-
fects LPL activity. Mysling and coworkers (19, 20) showed
that the binding of LPL to GPIHBP1 preserves LPL’s cata-
lytic activity by preventing the unfolding of LPL’s hydrolase
domain. The studies by Mysling and coworkers (19, 20)
underscored the importance of considering the effects of
GPIHBP1 when trying to understand mechanisms for the
lipolytic processing of TRLs.

In the current study, we sought to define the effects of
apoC-II on the processing of TRLs by the GPIHBP1-LPL
complex. We sought to examine: /) whether increased ex-
pression of apoC-II affects GPIHBP1 expression in capil-
laries or the amount of LPL within capillaries; 2) whether
apoC-III would affect the ability of TRLs to bind to the
GPIHBP1-LPL complex on cultured cells or the capacity
of TRLs to marginate along heart capillaries in vivo; and 3)
the effects of apoC-III on triglyceride hydrolysis by free and
GPIHBP1-bound LPL.

MATERIALS AND METHODS

Genetically modified mice

Gpihbpl ~/~ mice have been described previously (21). APOC3
transgenic mice [B6; CBA-Tg(APOC3)3707Bres/]] were pur-
chased from the Jackson Laboratory. All mice were fed rodent
chow and housed in a specific pathogen-free barrier facility with a
12 h light—dark cycle. All studies were approved by University of
California Los Angeles’ Animal Research Committee.

Protein expression

Bovine LPL was a gift from Dr. André Bensadoun (Cornell Uni-
versity). Human LPL harboring a carboxyl-terminal V5-His tag
was expressed in Chinese hamster ovary (CHO) cells (22). Solu-
ble human GPIHBP1 with a carboxyl-terminal epitope tag for
monoclonal antibody 11A12 was expressed in Drosophila S2 cells as
described (23). Wild-type and mutant (p.A23T) human apoC-III
were expressed using the pET23a expression vector in Escherichia
coli BL21 (DE3) cells (24). ApoC-II proteins were purified as de-
scribed (13), and further purified by size-exclusion chromatogra-
phyonaSuperdex 75 10/30 column (GE Healthcare) equilibrated
with 20 mM sodium phosphate buffer and 6 M urea (pH 7.4).

Isolation and labeling of TRLs

TRLs were isolated from the plasma of Gpihbpl ~/~ and APOC3
transgenic mice by ultracentrifugation. In brief, EDTA-plasma was
overlaid with PBS and ultracentrifuged in a Beckman TLA-100.3
rotor at 424,000 gat 10°C for 2 h. The d < 1.006 g/dl lipoproteins
were collected, placed in PBS, and refloated with a second round
of ultracentrifugation. The apolipoproteins of the TRLs were la-
beled with an infrared (IR) dye with the DyLight NHS-ester label-
ing kit (ThermoFisher Scientific). To separate IR-labeled TRLs
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from unincorporated dye, samples were applied to an Econo-Pac
10DG gelfiltration column (Bio-Rad) equilibrated with PBS.
TRLs were also labeled with the fluorescent dye, Alexa Fluor 555,
with a kit from Molecular Probes (ThermoFisher Scientific). La-
beled TRLs were separated from unincorporated dye by gel filtra-
tion as described earlier.

Cell culture studies

CHO pgsA-745 cells [CHO cells with a reduced capacity to pro-
duce sulfated proteoglycans (25)] (4 x 10° cells) were electropor-
ated (with an Amaxa nucleofector from Lonza) with either no
vector, a GFP control plasmid (Lonza), or mouse Gpihbpl (4 pg
DNA per cuvette) (21). Transfected cells were seeded (1 x 10° per
well) in 24-well plates or on fibronectin-treated (10 pg/ml) cover-
slips in 24-well plates. After 24 h, the cells were washed with PBS/
Ca/Mg containing 0.5% BSA (PBS-BSA) and incubated with 300 pl
of cold PBS-BSA with or without 1 g bovine LPL at 4°C for 1 h.
The cells were washed with cold PBS-BSA buffer and incubated
with cold PBS/Ca/Mg containing 6% BSA and 0.5 mg triglyceride
per milliliter of either IRDye800-labeled or Alexab55-labeled
TRLs and incubated at 4°C for 1 h. Unbound lipoproteins were
removed by washing with cold PBS/Ca/Mg and the cells were
processed for either IR scanning or fluorescence microscopy.

For cells incubated with IRDye-labeled TRLs, the amounts of
bound lipoproteins were quantified by IR laser scanning on an
Odyssey scanner (LI-COR). For fluorescence microscopy, the
cells on coverslips were fixed for 15 min with 3% paraformalde-
hyde, blocked for 1 h at room temperature with 10% FBS in PBS/
Ca/Mg, and incubated overnight at 4°C with a mouse monoclo-
nal antibody against bovine LPL (5D2, 20 wg/ml) (26). The cells
were washed to remove unbound antibody, followed by a 30 min
incubation at room temperature with Alexa488-labeled donkey
anti-mouse IgG (ThermoFisher Scientific; 1:200). After remov-
ing unbound secondary antibody, the cells were incubated with
Alexa647-labeled antibody 11A12 (3 pg/ml), an antibody against
mouse GPIHBP1 (27). Nuclei were stained with DAPI and the
samples mounted in ProLong Gold antifade. Images were re-
corded on an Axiovert 200M microscope (Zeiss) with 40x magni-
fication and processed with Zen 2010 software. The exposure
conditions for each coverslip were identical.

Measurement of TRL binding to isolated perfused mouse
hearts

Mice were anesthetized with ketamine/xylazine and injected in-
travenously (via the inferior vena cava) with 50 pl of PBS containing
5 mM tetrahydrolipstatin dissolved in 5% DMSO. After 2 min, mice
were perfused with 15 ml of modified Tyrode’s buffer [136 mM
NaCl, 5.4 mM K(l, 0.33 mM NaH,PO,, 1 mM MgCl,, and 10 mM
HEPES (pH 7.4)] followed by removal of the heart and cannulation
of the aorta with a blunt 25 gauge needle. The hearts were sub-
merged in 20 ml of modified Tyrode’s buffer, flushed with 3 ml of
modified Tyrode’s buffer, and perfused with 1 ml of PBS containing
100 g of IRDye800-labeled TRLs and 50 pg of IRDye680-labeled
antibody 11A12. After 5 min, unbound proteins were removed by
perfusion with 5 ml of modified Tyrode’s buffer, followed by 3 ml of
3% paraformaldehyde in PBS. Hearts were embedded in OCT com-
pound and 10 wm cryosections were scanned with an Odyssey IR
scanner (LI-COR). The IR signal intensities were normalized to tis-
sue area, as determined by Image]J software (28).

Heparin-mediated release of LPL from mouse hearts

Anesthetized mice were perfused with 15 ml of modified Ty-
rode’s buffer followed by removal of the heart and cannulation of
the aorta as described earlier. Hearts were perfused with 5 ml of
modified Tyrode’s buffer supplemented with heparin (100 U/ml).
The perfusate was collected dropwise into microcentrifuge tubes



(0.9 ml/tube) containing 100 wl of 2 M Tris, 50 mM deoxycho-
late, and 1% sodium dodecyl sulfate (pH 8.5) (to stabilize LPL).
The first three fractions were pooled and LPL activity was deter-
mined. Samples (50 pl) were added to 150 .l of substrate solution
containing [:H]triolein that had been incorporated into Intra-
lipid (0.5 nCi [SH]triolein/mg triglyceride) and activity was mea-
sured as described (29).

Release of LPL into the plasma with an intravenous
injection of heparin

APOC3 transgenic mice were anesthetized with isoflurane and
injected intravenously with 50 units of heparin (Fresenius Kabi)
or an equivalent volume (50 pl) of normal saline. Blood samples
were collected for triglyceride measurements over the subse-
quent 4 h.

SDS-PAGE and Western blotting

For the analysis of TRL apolipoproteins, samples were delipi-
dated before SDS-PAGE. Delipidation was performed by adding
100 pl of acetone:ethanol (1:1) per milligram of TRL triglycerides
and incubating on ice for 15 min followed by centrifugation at
13,300 gfor 15 min at 4°C. Pelleted apolipoproteins were dissolved
in loading buffer (NuPAGE; Invitrogen) under reducing condi-
tions and heated at 90°C for 10 min. For LPL in heparin perfus-
ates, 500 pl aliquots were precipitated in 10% TCA and incubated
on ice for 15 min followed by centrifugation at 13,300 gfor 15 min
at 4°C. TCA precipitates were dissolved in loading buffer supple-
mented with 0.5 M Tris (pH 8.5) under reducing conditions and
heated at 90°C for 10 min. All samples were size-fractionated on
12% Bis-Tris gels (Novex) in MES buffer (ThermoFisher Scien-
tific). For Western blot analysis, samples were transferred to nitro-
cellulose membranes and then incubated in blocking buffer
(LI-COR) for either 1 h at room temperature or overnight at 4°C,
followed by incubation with primary antibodies in fresh blocking
buffer containing 0.2% Tween 20 for 1 h at room temperature.
Antibody dilutions were as follows: anti-apoC-III (33A-G2b, Acad-
emy Biomed, 1:500); anti-apoB [2G11 (30), 10 wg/ml]; and anti-
LPL [a goat polyclonal antibody against mouse LPL (31), 20 pg/
ml]. Membranes were washed in PBS with 0.1% Tween 20 and in-
cubated with IRDye680- or IRDye800-labeled secondary antibodies
(LI-COR; 1:2,000) in blocking buffer with 0.2% Tween 20 for 30 min
at room temperature. After washing, membranes were scanned
with an Odyssey IR scanner (LI-COR).

Immobilization of LPL on GPIHBP1 on agarose beads or
on a cobalt resin

The GPIHBPI antibody, 11A12, was covalently linked to agarose
beads with the AminoLink Plus system (ThermoFisher Scientific).
The beads (300 pl per microfuge tube) were blocked by incubating
with 500 pl of PBS/Ca/Mg containing 10% FBS at room tempera-
ture for 1 h with constant rotation. The beads were then washed
three times with PBS containing 0.2% nonidet P40 (NP40) (PBS-
NP40). Bovine LPL (1 pg) and 150 pl of concentrated medium
from Drosophila S2 cells expressing human GPIHBP1 harboring the
11A12 epitope were added to the beads (final volume, 500 pl per
tube in ice-cold PBS-NP40). The beads were then incubated for 1 h
at 4°C with constant rotation. Multiple tubes of GPIHBP1-LPL
beads were generated, washed with PBS-NP40, pooled, and then
aliquoted to separate tubes to ensure that equal amounts of LPL—
GPIHBP1 complexes were present in each tube.

In other studies, LPL harboring a carboxyl-terminal V5-His tag
was immobilized on HisPur cobalt resin (Thermo Scientific). The
cobalt resin was washed with a buffer containing 50 mM sodium
phosphate, 300 mM NaCl, and 10 mM imidazole (pH 7.4). Me-
dium from CHO cells expressing LPL with the V5-His tag and an

equivalent volume of equilibration buffer were added to the resin
and incubated at 4°C for 2 h with constant rotation. The resin was
then washed three times with equilibration buffer and distributed
to microfuge tubes to ensure equal amounts of immobilized LPL.
Finally, TRLs (1.0 mg triglyceride/ml) in PBS/Ca/Mg containing
6% BSA (500 pl final volume) were added to the resin and incu-
bated for 1-4 h at room temperature with constant rotation. In
some experiments 10 mM EDTA was added to release LPL from
the cobalt resin.

Measurement of LPL catalytic activity

Bovine LPL (82.5 ng) in ice-cold PBS with 0.01% Triton X-100
(w/v) was incubated with increasing amounts of TRLs in PBS/
Ca/Mg containing 6% BSA (150 pl incubation volume) at room
temperature for 2 h in 96-well microtiter plates (Costar 3915) with
gentle agitation (150 rpm). Alternatively, 100 ng of bovine LPL
was added to 1 mg triglyceride per milliliter of TRLs in microfuge
tubes (500 pl incubation volume) diluted in PBS/Ca/Mg and 6%
BSA and incubated for 1-2 h at room temperature with constant
rotation. In one experiment, 400 nM bovine LPL was preincubated
in PBS containing 2 mg/ml BSA with or without 2 wM soluble
human GPIHBPI1 on ice. After 10 min, aliquots of the preincu-
bated LPL (100 ng) were added to TRLs. The reactions were
stopped by adding 50 mM tetrahydrolipstatin, and free fatty levels
were measured with the NEFA HR(2) kit (Wako Chemicals).
Briefly, reaction solutions (5 pl) were added to microtiter plates
(Fisher 12565501) containing 150 pl NEFA HR(2) reagent A and
incubated for 15 min at room temperature on an orbital shaker
(150 rpm). Next, NEFA HR(2) reagent B (75 pl) was added and
incubated for 30 min. The absorbances at 560 and 670 nm were
measured on a SpectraMax 190 (Molecular Devices) and fatty
acid levels quantified based on a NEFA standard curve.

Blood collection and plasma triglyceride measurements

Blood was collected from anesthetized mice by retro-orbital
puncture with heparinized capillary tubes (Kimble Chase). Plasma
samples were separated from red blood cells by centrifugation
(14,000 gfor 30 s) and stored at —80°C. Plasma triglycerides were
quantified using a commercial kit (Sigma, TR0100).

Statistical analysis

All statistical analyses were performed with GraphPad Prism
software. Differences in levels of TRL margination and LPL activi-
ties were analyzed by unpaired two-tailed Student’s test.

RESULTS

ApoC-1II does not inhibit the binding of TRLs to the
GPIHBP1-LPL complex on cells

Earlier studies showed that the GPIHBP1-LPL complex
mediates TRL binding to the surface of cultured cells and
to capillary endothelial cells in vivo (18). In the current
studies, we began by testing whether apoC-IIl-enriched
TRLs from APOC3 transgenic mice (32) (“apoC-III-TRLs”)
are capable of binding to the GPIHBP1-LPL complex on
cultured cells. In these studies, we first added bovine LPL
to GPIHBPI-expressing CHO cells and then incubated
washed cells with Alexabbb-labeled apoC-III-TRLs. We
found that apoC-III-TRLs bound to GPIHBPI-transfected
cells that had been loaded with bovine LPL, but there was no
binding to nontransfected cells or to GPIHBP1-expressing
cells that had not been loaded with LPL (Fig. 1A). To further
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Fig. 1. ApoC-II does not block the binding of TRLs to the GPIHBP1-LPL complex on cultured cells. The
binding of TRLs to the GPIHBP1-LPL complex on CHO pgsA-745 cells was determined by fluorescence mi-
croscopy and quantitative IR imaging. A: Fluorescence microscopy images showing apoC-III-TRLs binding to
the GPIHBP1-LPL complex. Fluorescently-labeled apoC-III-TRLs were incubated with nontransfected
(MOCK) or GPIHBPI-transfected cells (GPIHBP1) in the presence or absence of bovine LPL (see Materials
and Methods). Binding of TRLs was detected by confocal fluorescence microscopy; LPL (green), TRLs (red),
and GPIHBP1 (cyan). Nuclei were stained with DAPI (blue). Scale bar, 30 wm. B: Bar graph depicting binding
of apoC-III-TRLs to cells and SDS-PAGE of TRL-apolipoproteins. IRDye800-labeled apoC-III-TRLs were

Journal of Lipid Research Volume 58, 2017



explore the impact of apoC-III on the binding of TRLs to
the GPIHBP1-LPL complex, we analyzed binding of TRLs
that had been labeled with an IR dye (IRDye800). This ap-
proach allowed us to compare binding of apoC-III-TRLs
and “normal TRLs” (i.e., TRLs with normal amounts of
apoCHII; isolated from the plasma of Gpihbpl ~/" mice) to
the GPTHBP1-LPL complex. Gpihbplik mice have severe
hypertriglyceridemia (21), with plasma triglyceride levels
of 2,000-4,000 mg/dl, similar to the triglyceride levels in
the APOC3 transgenic mice used in this study. We found
that apoC-III overexpression had little effect on the bind-
ing of TRLs to the GPIHBP1-LPL complex on cultured
cells (Fig. 1B, C). This was the case regardless of whether
the binding data were normalized to the area of the tissue
culture well or to levels of GPIHBP1 expression. Also, the
amounts of apoB protein bound to the GPIHBP1-LPL
complex on the surface of cells were similar with apoC-III—
TRLs and normal TRLs (Fig. 1B, C).

ApoC-III does not reduce intravascular GPIHBP1 or LPL
levels in the heart

To determine whether apoC-III overexpression in vivo
alters the expression of GPIHBPI in capillaries, we per-
fused hearts of wild-type and APOC3 transgenic mice with
an IRDye680-labeled GPIHBP1-specific antibody (11A12)
and then quantified antibody binding by IR laser scanning.
To assess amounts of GPIHBP1-bound LPL, hearts were
perfused with heparin, and LPL mass and activity in the
perfusate were measured. The amounts of intravascular
GPIHBP1 (Fig. 2A) and heparin-releasable LPL mass (Fig. 2B)
were similar in wild-type and APOC3 transgenic mice. Re-
cent in vitro studies suggested that apoC-III might render
LPL more susceptible to inactivation (13), but we found
that the catalytic activity of heparin-released LPL was sim-
ilar in hearts of wild-type and APOC3 transgenic mice
(Fig. 2C).

ApoC-III does not affect the margination of TRLs in
isolated perfused hearts

Because the margination of TRLs along heart capillaries
depends on GPIHBP1-bound LPL, and because we found
normal amounts of GPIHBP1 and LPL in hearts of APOC3
transgenic mice, we suspected that TRL margination along
heart capillaries would not be reduced in APOC3 trans-
genic mice. To test this possibility, we perfused hearts of
wild-type and APOC3 transgenic mice with IRDye800-
labeled normal TRLs (from Gpihbpl '~ mice) and then
measured TRL binding by IR scanning. TRL binding to iso-
lated hearts of wild-type and APOC3 transgenic mice was
similar (Fig. 3A). This was the case regardless of whether
TRL binding was normalized to the area of the tissue sec-
tion or to the expression of GPIHBP1 (assessed with an

IRDye680-labeled GPTHBP1-specific monoclonal antibody,
11A12) (Fig. 3A). We also considered the possibility that
apoC-III-enriched TRLs from APOC3 transgenic mice
might lack the capacity to marginate along heart capillaries
of wild-type mice. This was not the case; the margination of
apoC-III-TRLs along heart capillaries was not reduced,
compared with normal TRLs (Fig. 3B).

ApoC-III-enriched TRLs are suboptimal substrates for
immobilized LPL

We next tested to determine whether the enrichment of
TRLs with apoC-III affected triglyceride hydrolysis by free
LPL. Bovine LPL was incubated with apoC-III-TRLs and
normal TRLs, and the release of FFAs was measured. With
increasing amounts of TRL-triglyceride, we observed in-
creasing amounts of FFA release from both apoC-III-TRLs
and normal TRLs, but the release of FFAs from apoC-III-
TRLs was lower (Fig. 4A). At 1.0 mg triglyceride per millili-
ter, FFA release from apoC-III-TRLs was 45% lower than
FFA release from normal TRLs. When we assessed triglycer-
ide hydrolysis in the setting of GPIHBP1-bound LPL (with
the GPIHBP1 immobilized on agarose beads), the reduc-
tion in the processing of apoCG-III-TRLs was exaggerated
(i.e., the release of FFAs from apoC-III-TRLs was ~80%
lower than FFA release from normal TRLs) (Fig. 4B). To test
whether the exaggerated inhibition was due to GPIHBP1
binding, we preincubated LPL in the presence or absence
of soluble GPTHBP1 and then added either normal TRLs or
apoC-II-TRLs. When LPL was bound to soluble GPIHBP1,
we observed higher levels of LPL activity, consistent with
the fact that GPIHBP1 stabilizes the structural integrity
and catalytic activity of LPL (19). However, we did not
observe an exaggerated inhibition of LPL by apoC-III
with “free LPL-GPIHBP1 complexes” (i.e., LPL bound
to soluble GPTHBP1 that was free in solution) (Fig. 4C).
Those findings suggested that exaggerated inhibition of
LPL by apoC-III occurs only when the LPL is immobilized.
To explore this idea, we immobilized V5-His-tagged human
LPL on a cobalt resin. When the LPL was immobilized
on the cobalt resin, the amount of triglyceride hydroly-
sis with apoC-III-TRLs was lower than with normal TRLs.
Once again, the effect on triglyceride hydrolysis was less
impressive with free LPL (when the LPL was released from
the resin with EDTA) (Fig. 4D). In control studies, we
demonstrated that EDTA was effective in releasing LPL
from the cobalt resin and that EDTA could not account for
the increased catalytic activity of free LPL (supplemental
Fig. S1).

Because the inhibitory effect of apoC-III was exagger-
ated when LPL was immobilized (either on agarose beads
or on the cobalt resin), we suspected that the release of
LPL from GPIHBP1 in APOC3 transgenic mice would in-
crease triglyceride hydrolysis and lower plasma triglyceride

added to GPTHBP1- or GFP-transfected CHO pgsA-745 cells in the presence or absence of bovine LPL (see
Materials and Methods). TRL binding was measured by IR laser scanning (n = 3 studies). C: Bar graph depict-
ing the binding of normal TRL:s to cells (n = 3 studies) and SDS-PAGE of TRL-apolipoproteins. The binding
of TRLs (normalized to GPIHBP1 expression) was 1.54 + 0.16 (K counts/ mmz) for normal TRLs versus 1.71 +

0.20 (K counts/me) for apoC-III-TRLs.
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Fig. 2. Intravascular GPIHBPI expression as well as intravascular LPL mass and activity are not perturbed in hearts of APOC3 transgenic

mice. Isolated hearts from wild-type and APOC3 transgenic mice were perfused with an IRDye680-labeled anti-GPIHBP1 monoclonal anti-
body (11A12) to assess amounts of GPIHBP1 in capillaries. To assess intravascular LPL mass and activity, hearts were perfused with heparin
(100 U/ml), and the perfusate was collected and analyzed. A: Bar graph comparing GPIHBP1 levels in hearts from wild-type and APOC3
transgenic mice. The results are expressed as the amount of IRDye680-11A12 signal/tissue area. Mean = SEM is shown (eight sections per
heart, n = 7-14 hearts per group). B: Bar graph comparing LPL mass (as measured by Western blotting) in perfusates from hearts of wild-type
and APOC3 transgenic mice. Mean + SEM is shown (n = 6-7 hearts per group). C: Plot comparing LPL activity (as measured by [*H] triolein

hydrolysis) in perfusates from hearts of wild-type and APOC3 transgenic mice (n = 6-7 hearts per group). ns, no significant difference.

levels. Indeed, the plasma triglyceride levels in APOC3
transgenic mice fell by ~65% after an injection of heparin,
consistent with increased TRL processing by LPL (supple-
mental Fig. S2).

ApoC-III directly inhibits the metabolism of TRLs by LPL

The differences in the amounts of FFA released from
apoC-III-TRLs and normal TRLs were consistent, but one
could argue that these differences were secondary to other
compositional differences in these lipoproteins—aside
from the different amounts of apoC-III. To exclude this
possibility, we tested the effects of recombinant apoC-III
on the lipolytic processing of normal TRLs by free and
GPIHBPI1-bound LPL. In the setting of free LPL, supple-
menting normal TRLs with recombinant apoC-III reduced
triglyceride hydrolysis, but the inhibitory effect of apoC-III
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was exaggerated when LPL was bound to GPTHBP1 on aga-
rose beads (Fig. 5A). To determine whether this effect
was due to reduced amounts of apoC-II, we added recom-
binant apoC-III to TRLs and then reisolated the TRLs by
flotation. We did not observe any difference in apoC-II
content on reisolated TRLs—even at apoC-III concentra-
tions that had substantial effects on lipolysis (supplemen-
tal Fig. S3).

An apoC-II variant containing a p.A23T substitution is
associated with lower plasma triglyceride levels and reduced
coronary disease risk (3, 4, 24). This effect was proposed to
be independent of LPL (24), but we suspected that the mu-
tant apoC-III might simply have a reduced capacity to in-
hibit LPL-mediated TRL processing. Indeed, apoC-III-A23T
was less effective than wild-type apoC-II in inhibiting tri-
glyceride hydrolysis with free LPL (Fig. 5B). The inhibitory
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Fig. 3. The margination of TRLs in hearts from APOC3 transgenic mice is normal. A: Bar graph comparing the margination of normal
TRL:s in hearts of wild-type and APOC3 transgenic mice. IRDye800-labeled normal TRLs and IRDye680-labeled antibody 11A12 were injected
into isolated, perfused hearts from wild-type (n = 8) and APOC3 transgenic (n = 4) mice. TRL binding was measured by IR scanning (eight
sections per heart). Results (mean + SEM) are expressed relative to GPIHBP1 expression (as judged from the IRDye680 signal). B: Bar graph
depicting the binding of normal TRLs and apoC-III-TRLs to isolated, perfused hearts of wild-type mice. TRL binding and GPIHBP1 levels
were measured as described in (A) (eight sections per heart, n = 3 hearts per group). ns, no significant difference.
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in microfuge tubes in (B-D). LPL activity was determined by measuring the production of FFAs (see Materials and Methods). Mean + SEM

(n = 3 experiments). *P < 0.05; **P< 0.01; ***P < 0.001.

effects of both wild-type apoC-III and apoC-III-A23T were
greater in the setting of GPIHBP1-bound LPL (Fig. 5C).

DISCUSSION

For years, LPL was thought to be loosely bound to the
HSPGs within the glycocalyx lining of blood vessels (16),
but more recent studies have shown that LPL is tightly
bound to GPTHBP1 on capillary endothelial cells (17). The
GPIHBPI1-LPL complex on endothelial cells serves as a
platform for the margination of TRLs in the circulation
(33) and for LPL-mediated hydrolysis of the triglycerides
within TRLs (18). These new insights into intravascular
lipolysis necessitate a fresh look at the biochemical proper-
ties of intravascular LPL and the causes of hypertriglyceri-
demia. In the current studies, we focused on the effects of
apoC-II, with the goal of gaining further insights into the
hypertriglyceridemia elicited by overexpression of apoC-III.
Initially, we suspected that apoC-III overexpression would
interfere with the binding of TRLs to the GPIHBP1-LPL
complex, either indirectly by reducing amounts of GPI-
HBP1 or LPL on capillaries or more directly by altering the
composition of TRLs such that the TRLs lacked the capacity

to bind to the GPIHBP1-LPL complex. We found no evi-
dence for either scenario. Increased apoC-III expression
was not associated with reduced GPIHBP1 expression in
heart capillaries, nor did it reduce amounts of heparin-
releasable intravascular LPL. Also, apoC-III-TRLs read-
ily bound to the GPIHBP1-LPL complex on cultured
cells, and the margination of apoC-III-TRLs along the
GPIHBP1-LPL complex in heart capillaries was not re-
duced. However, when we investigated the next step in in-
travascular lipolysis, namely hydrolysis of TRL triglycerides
by LPL, we found that apoC-III had noteworthy effects.
The triglycerides in apoC-III-TRLs were hydrolyzed by free
LPL at a slower rate than triglycerides in normal TRLs, and
this inhibitory effect was exaggerated when the LPL that
was bound to GPIHBP1 immobilized on agarose beads—or
when LPL was immobilized on a cobalt resin. We observed
similar findings, namely exaggerated inhibition of triglyc-
eride hydrolysis by GPIHBP1-bound LPL compared with free
LPL, when we supplemented normal TRLs with recombi-
nant apoC-III. We observed a ~50% decrease in the activity
of GPIHBP1-bound LPL activity with 2 uM apoC-III and
~25% inhibition at 1 uM apoC-III. apoC-III levels in TRLs
from normolipidemic and familial hypertriglyceridemic
patients are reported to be 2.2 + 0.6 pM and 25.9 + 3.4 puM,
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respectively (11). Thus, increasing amounts of apoC-III re-
tard TRL processing by reducing triglyceride hydrolysis
by the GPIHBP1-LPL complex, rather than by interfering
with TRL binding to the complex. A mutant apoC-III har-
boring an A23T amino acid substitution inhibited LPL-
mediated triglyceride hydrolysis, but to a lesser degree
than wild-type apoC-III. Once again, the effects of wild-type
apoC-III and apoC-III-A23T on triglyceride hydrolysis were
exaggerated when LPL was bound to GPIHBP1 on agarose
beads. An earlier study by Liu et al. (24) found that the
A23T substitution did not alter apoC-III's ability to inhibit
LPL activity. The explanation for the inability of Liu et al.
to detect an effect of the mutant apoC-III on lipolysis is not
clear, but it might relate to the fact that they used a differ-
ent LPL activity assay using Intralipid rather than TRLs as
substrates.

The exaggerated inhibition of triglyceride hydrolysis by
GPIHBP1-bound LPL in the setting of increased amounts
of apoC-III was unexpected. GPIHBP1 is known to preserve
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ApoC-lll_A23T

Fig. 5. ApoCII inhibits LPL-mediated processing of TRLs. A:
ApoC-IIl s a potent inhibitor of LPL catalytic activity when LPL is
bound to GPIHBPI. Increasing amounts of apoC-I1I were added
to normal TRLs (1 mg triglyceride per milliliter) with free LPL
(open squares) or with GPIHBP1-bound LPL (closed diamonds).
After 2 h, LPL activity was determined by measuring the produc-
tion of FFAs. Mean + SEM (n = 3 experiments). B: Inhibition of
LPL activity by wild-type apoC-III and apoC-III-A23T. Increasing
amounts of wild-type apoC-I1I (open circles) and apoC-III-A23T
(open triangles) were added to normal TRLs (1 mg triglyceride
per milliliter) and LPL that was free in solution. After 2 h,
amounts of FFAs produced were measured. C: ApoC-III-A23T in-
hibits the activity of GPIHBP1-bound LPL less than wild-type
apoC-IL Increasing amounts of wild-type apoC-III (closed cir-
cles) or apoC-III-A23T (closed triangles) were added to normal
TRLs (1 mg triglyceride per milliliter) along with GPIHBPI1-
bound LPL. After 2 h, the production of FFAs produced was mea-
sured. For (B) and (C), the mean and range for duplicate samples
are shown.

the catalytic activity of LPL (19), and for that reason we
suspected that GPIHBP1 might protect LPL activity from
inhibition by apoC-III. To our surprise, we observed the op-
posite: inhibition of TRL processing by apoC-III was exag-
gerated when LPL was immobilized—either on GPIHBP1
or on a cobalt resin. We suspect that the inhibitory effects by
apoC-II on lipolysis relate to its ability to block the interac-
tion between LPL and TRL triglycerides. Approximately 3%
of the triglycerides in TRLs reside on the surface of TRLs
(34). Itis unclear whether LPL hydrolyzes only the triglycer-
ides on the surface of TRLs, or whether LPL is capable of
reaching the triglycerides within the core of the particle. It
is possible that immobilized LPL has a more limited ability
to access the core triglycerides, and that the relatively
greater inhibition on the activity of immobilized LPL by
apoC-II simply relates to the ability of apoC-III to block the
access of LPL to surface triglycerides.

We suspect that reduced lipolytic processing of apoC-
III-TRLs by LPL that is immobilized on capillaries helps to



explain the hypertriglyceridemia in APOC3 transgenic
mice. In our mouse colony, the plasma triglyceride levels
in chow-fed APOC3 transgenic mice frequently exceed
2,500 mg/dl, similar to the plasma triglyceride levels in
G;bihbplik mice (where LPL-mediated TRL processing
is unequivocally defective) (21). It is conceivable that this
same mechanism is relevant to some cases of human hy-
pertriglyceridemia (where TRLs are often enriched in
apoC-II) (11).

While the impaired processing of apoC-Ill-enriched
TRLs by the GPIHBPI-LPL complex is likely relevant to
the hypertriglyceridemia in APOC3 transgenic mice, we
would caution against extrapolating our results to the tri-
glyceride-lowering effects of reduced apoC-III expression.
Recent studies with genetically modified mice have shown
that reducing apoC-III expression with an antisense oligo-
nucleotide lowers plasma triglycerides by accelerating the
hepatic clearance of remnants by LDLR and LRP1, rather
than by accelerating LPL-mediated TRL processing in pe-
ripheral tissues (35). Also, lowering apoC-III expression in
genetically modified mice with reduced expression of LPL
appeared to lower plasma lipid levels primarily by increas-
ing remnant clearance in the liver (35). Itis therefore likely
that increased remnant clearance underlies the lower plasma
triglyceride levels in humans with APOC3 loss-of-function
mutations (2—4). Homozygous apoC-III deficiency in hu-
mans is associated with low plasma triglyceride levels and a
profound blunting of the usual postprandial increase in
plasma triglycerides after an oral fat load (36). It is very
likely that the absence of apoC-III blunts the postprandial
increase in plasma triglycerides by accelerating remnant
clearance, although it is conceivable that more rapid pro-
cessing of TRLs by the GPIHBP1-LPL complex contributes
to the triglyceride-lowering effect. Bl

The authors thank Dr. André Bensadoun (Cornell University)
for purified bovine LPL.
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