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Abstract The interaction of lipoprotein lipase (LPL) with
triglyceride-rich lipoproteins is governed by a number of
factors, such as apolipoprotein (apo) C-11. The role of apoE
in lipolysis is controversial. We made the unexpected obser-
vation that apoE-deficient mice were resistant to heparin-
induced lipolysis; this study aims at examining the underly-
ing mechanism for this observation. Compared to wild-type
mice, apoE-deficient mice had significantly higher very low
density lipoprotein (VLDL) and chylomicron remnant (VLDL/
CMR) concentrations and moderately lower lipase activity
(15.5 £ 1.3 mU/ml vs. 22.9 £ 2.5 mU/ml). Unlike in wild-
type mice where the injection of heparin reduced total
plasma triglycerides by 50% and VLDL/CMR triglycerides
by over 95%, the injection of heparin into apoE-deficient
mice did not significantly affect plasma lipids. Similarly, in
vitro, purified human LPL (hLPL) almost completely hydro-
lyzed VLDL/CMR isolated from wild-type mice, but had no
effect on VLDL/CMR from apoE-deficient mice. However,
when the amount of apoE-deficient VLDL/CMR was re-
duced to an equivalent level as in wild-type mice, LPL hy-
drolyzed 94% of VLDL/CMR triglycerides. In order to in-
crease the ratio of LPL to VLDL/CMR in vivo, we injected
an adenovirus containing the human LPL cDNA into apoE-
deficient mice, which produced marked liver-specific over-
expression of LPL and significant reduction of VLDL/CMR
(93%) and total plasma triglyceride concentrations (87%).88
Thus, apoE is not required for LPL activity in vivo or in
vitro. Under certain pathological conditions, such as severe
hyperlipidemia, the LPL pathway may be saturated and effi-
cient lipolysis can proceed only if the ratio of substrate par-
ticles to LPL is adjusted to a more normal range.—Zsig-
mond, E., Y. Fuke, L. Li, K. Kobayashi, and L. Chan.
Resistance of chylomicron and VLDL remnants to post-hep-
arin lipolysis in apoE-deficient mice: the role of apoE in lip-
oprotein lipase-mediated lipolysis in vivo and in vitro. J.
Lipid Res. 1998. 39: 1852-1861.
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The clearance of plasma lipoprotein particles requires
specific interactions with enzymes, receptors and ligands.
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Lipoprotein lipase (LPL), a lipolytic enzyme anchored to
the endothelial surface of blood vessels by heparan sulfate
proteoglycans, is the rate-limiting factor in the clearance
of the triglyceride-rich lipoproteins, very low density lipo-
proteins (VLDL) and chylomicrons. There is renewed in-
terest in studying lipolysis because postprandial lipemia is
emerging as a potentially important risk factor for the de-
velopment of atherosclerosis (1).

The mechanism of lipolysis is not fully understood; geo-
metric, as well as compositional, factors affect LPL’s inter-
actions with its lipoprotein substrates and hence efficiency
of lipoprotein catabolism. Lipolysis rates depend on the
amounts of LPL, proper attachment of the enzyme to the
endothelial surface of blood vessels, rate of blood flow,
particle size, and apolipoprotein composition of the lipo-
protein substrates (2). Under normal physiological condi-
tions the limiting factor in the clearance of lipoproteins is
probably not the amount of LPL, but rather the ability of
lipoproteins to come into contact with the enzyme (3).
The observation that heparin-induced release of LPL into
the circulation increases the rate of enzyme—substrate in-
teraction, resulting in rapid clearance of triglyceride-rich
lipoproteins from the circulation, supports this view. The
importance of lipoprotein size in influencing lipolysis
rates is demonstrated by the fact that large postprandial
chylomicrons have a greater probability to come into con-
tact with LPL, and therefore have significantly faster clear-
ance rates (T, ~ 10 min) than smaller endogenous
VLDL particles (T, ~ 4 h) (2).

Efficiency of lipase action also depends on the apolipo-
protein composition. Apolipoprotein (apo)C-l1 is an acti-
vator of LPL (4) and a deficiency of this apolipoprotein
markedly impairs LPL action and is associated with severe

Abbreviations: LPL, lipoprotein lipase; VLDL, very low density lipo-
protein; IDL, intermediate density lipoprotein; LDL, low density lipo-
protein; HDL, high density lipoprotein; CMR, chylomicron remnant;
Ad.hLPL, adenovirus construct containing the human LPL gene;
Ad.Luc, adenovirus construct containing the luciferase gene.
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hypertriglyceridemia (5). ApoC-Il1 has the opposite effect
by acting as an LPL inhibitor (6, 7). The role of apoE in
the lipolysis reaction is controversial, but it has been sug-
gested that apoE facilitates LPL action by anchoring lipo-
proteins to the endothelial surface adjacent to the enzyme
(reviewed in ref. 2). ApoE, a glycoprotein with strong
heparin-binding properties, may facilitate the interaction
of lipoproteins with membrane-bound heparan sulfate pro-
teoglycans (8, 9). Mutations in apoE that alter their ability
to bind to heparan sulfate proteoglycans have been associ-
ated with dyslipoproteinemia (10), but other studies showed
that apoE-deficient patients do not always have elevated
triglycerides (11, 12). Numerous in vitro studies using arti-
ficial subtrates have examined the role of apoE in lipolysis,
but the results are inconclusive, as there are reports that
showed activation (13, 14), inhibition (15), and no effect
(16) of apoE on lipolysis. It has been suggested that apoE
stimulates lipolysis when it is associated with triglyceride-
rich lipoproteins, but it is inhibitory to lipolysis when it is
associated with triglyceride-poor lipoproteins, or when it
is not associated with lipoprotein particles (13).

The apoE-deficient mouse model is widely used to study
the role of apoE in lipoprotein metabolism, as well as the
long-term metabolic effects of hyperlipidemia (17, 18).
These animals have significantly elevated plasma VLDL
and chylomicron remnant levels and their severe hyper-
cholesterolemia is associated with accelerated atheroscle-
rosis (18, 19). Although LPL is responsible for the hydrol-
ysis of VLDL and chylomicrons, lipolysis has not been
systematically studied in apoE-deficient mice. It was the
aim of our study to examine lipase action in mice devoid
of functional apoE. We were surprised to find that the
hyperlipidemia in apoE-deficient mice was resistant to
heparin-induced lipolysis. We have therefore investigated
the potential role of apoE in LPL-mediated lipolysis in
vitro and in vivo and the underlying mechanism for the
apparent resistance of these mice to heparin.

MATERIALS AND METHODS

Animals

Male, 12-16 weeks old, wild-type (FVB) and apoE-deficient
(1290la X C57BL/6) mice were fed ad libidum a standard mouse
chow diet (Purina Chow 5001, Ralston Purina Co. St. Louis, MO)
with free access to water. Animals were maintained at 12 h light
and dark cycles. All procedures involving animals were per-
formed according to the guidelines of the Animal Review Commit-
tee of Baylor College of Medicine. After a 4-6-h fast, anesthetized
mice were bled from the tail vein into iced, EDTA-treated microcen-
trifuge tubes. For experiments that required post-heparin plasma,
mice were injected intravenously with 100 U/kg body weight of hep-
arin 5 min prior to bleeding. Plasma samples were stored at 4°C for
lipid and lipoprotein analyses, or snap-frozen in liquid nitrogen and
stored at —80°C when used for lipase activity assays.

Measurement of LPL activity

Plasma samples (20 wpl) from untreated or heparin-injected
mice were assayed for lipase activity according to a previously de-
scribed method (20). Because 1 m NaCl inhibits LPL but not he-
patic lipase, LPL activity was calculated by subtracting lipase activ-

ity in the presence of 1 m NaCl from total lipase activity, measured
in the absence of 1 m NaCl. LPL activity was expressed as milli-
units/ml (1 milliunit = 1 nmol of free fatty acid released per min).

In order to determine whether apoE is required for the activa-
tion of LPL in vitro, we performed LPL activity assays with pu-
rified human LPL (hLPL). To produce purified human LPL, we
have cloned the LPL cDNA in the expression vector pEE14 and
transfected the construct into CHO-K1 cells (20). Human LPL
secreted into the medium was purified by heparin-agarose affin-
ity chromatography and analyzed for purity and enzymatic activ-
ity. For the activation of LPL a source of apoCll is required and
this was supplied by heat-inactivated mouse plasma. LPL activity
was measured by incubating 480 ng of purified human LPL with
400 p.l of a triglyceride emulsion containing 5.0 wCi/Zml glycerol
tri[9,10-H]oleate, 0.60 mg/ml phosphatidylcholine, 5.0 mg/ml
nonradioactive triolein, 0.11 m NaCl, 5.5 mg/ml albumin, 0.178
m Tris-HCI buffer (pH 8.2) and 5% (v/v) of heat-inactivated
plasma from either wild-type or apoE-deficient mice at 37°C for 1
h. At the end of the incubation, 200 wl aliquots from each reac-
tion mixture were extracted with 3.25 ml of methanol-chloro-
form-heptane 1.41:1.25:1.0 (v/v/v) and 1.05 ml of 50 mm car-
bonate/borate buffer (pH 10.5) and the aqueous phase was
separated by centrifugation (2500 rpm in a swing-out rotor in an
IEC Centra 7R centrifuge for 20 min). The radioactivity released
into the aqueous phase was measured in a scintillation counter
for 1 min and the specific activity was calculated. For certain ex-
periments purified human apoE (from 0.65 ng to 6.50 ng) was
added to the reaction mixture prior to incubation.

Plasma lipid and lipoprotein analyses

Blood samples collected from individual mice were analyzed
for total cholesterol and triglycerides using enzymatic assays
(Sigma Diagnostics). Lipoproteins were isolated by fast protein
liquid chromatography (FPLC) using a Beckman System Gold
HPLC/FPLC system with two Superose 6 columns (Pharmacia
Biotechnology Inc.) connected in series (21). Plasma samples
(200 wl) were injected into the FPLC and eluted with 1 mm
EDTA, 154 mm NacCl, and 0.02% NaN; (pH 8.2). Fractions 1 to
40 (0.5 ml each) were collected and assayed for cholesterol and
triglycerides (Sigma Diagnostics). Three major lipoprotein peaks
were identified corresponding to mouse VLDL/chylomicron
remnants (VLDL/CMR), LDL/IDL and HDL. For the determi-
nation of VLDL/CMR apolipoprotein composition, 100-p.l plasma
samples were centrifuged at 100,000 g in an Airfuge (A-100,
Beckman) for 2.5 h (22). Apolipoprotein profiles were analyzed
by SDS-polyacrylamide gel (4-15%) electrophoresis and visual-
ized by Coomassie R250 staining.

In vitro studies of VLDL/CMR hydrolysis

VLDL/CMR was isolated from plasma samples pooled from 6
wild-type (FVB), or 6 apoE-deficient mice by sequential ultracen-
trifugal flotation at 4°C in a Beckman 70.1 Ti rotor for 20 h (23).
VLDL/CMR fractions were assayed for cholesterol, triglycerides
(Sigma Diagnostics), and protein content (Bio-Rad protein as-
say). Isolated VLDL/CMR samples were incubated with 720 ng of
purified human LPL, 5 pl heat-inactivated plasma (source of
apoC-I1) at 37°C for 1 h. VLDL/CMR fractions prior to incuba-
tion and 1 h after incubation were re-isolated by FPLC. In each
case a single peak corresponding to VLDL/CMR was identified.
The re-isolated VLDL/CMR fractions were analyzed for choles-
terol, triglyceride, and protein content.

Injection of mice with replication-defective adenovirus
containing the human LPL cDNA

Human LPL cDNA (1.8 kb) was subcloned into the pAvCvSv
shuttle plasmid vector that contained the human cytomegalovi-
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rus promoter, translation enhancer sequence and SV40 polyade-
nylation signal as previously described by Kobayashi et al. (24).
The pAvCvSv shuttle vector containing the full-length hLPL
cDNA was cotransfected with pJM17 into human embryonic kid-
ney cells (25). After propagation of the recombinant virus
(Ad.hLPL) in 293 cells and screening for LPL sequences by PCR,
the virus was purified by cesium chloride density ultracentrifuga-
tion, titered, and amplified (26). As a control, a recombinant ad-
enoviral construct containing the luciferase gene (Ad.Luc) was
generated using similar methodology.

Prior to Ad.hLPL injection, male wild-type and apoE-deficient
mice were fasted 4-6 h and bled from the tail vein. VLDL/CMR
fractions were isolated by sequential ultracentrifugal flotation at
4°C in a Beckman 70.1 Ti rotor for 20 h (23). Plasma and VLDL/
CMR samples were assayed for total cholesterol and triglycerides
(Sigma Diagnostics). Seven days later the same mice were in-
jected with 2 X 10° plague-forming units (pfu) of the purified re-
combinant virus stock diluted with phosphate-buffered saline.
On day 9 after the injection of Ad.hLPL, mice were fasted for 4-6
h and plasma samples were collected. Plasma samples and iso-
lated VLDL/CMR fractions were assayed for cholesterol and tri-
glycerides (Sigma Diagnostics).

Statistical analysis

Differences in plasma lipids, lipoproteins, and LPL activities
were determined using a t-test for unpaired samples. The method
of least squares was used to calculate correlation coefficients.

RESULTS

Plasma lipid concentrations and LPL activities in wild-type
and apoE-deficient mice

It is well documented that apoE-deficient mice have
markedly elevated plasma cholesterol concentrations but
only moderately increased plasma triglyceride concentra-
tions compared to wild-type mice (17). In the present ex-
periment, the plasma cholesterol level of apoE-deficient
mice (578.8 = 33.0 mg/dl, n = 30) was 5.1-fold higher
than that of wild-type, FVB mice (113.0 = 3.5 mg/dl, n =
30). Plasma triglyceride concentration of apoE-deficient
mice (208.1 = 16.8 mg/dl, n = 30) was only 1.3-fold
higher than that of wild-type mice (166.4 = 7.6 mg/dl, n =
30). FPLC fractionation of plasma lipoproteins showed
that it was the VLDL/CMR fraction that was significantly
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Fig. 1. FPLC profiles and LPL activities of plasma from wild-type
(») and apoE-deficient (m) mice. Plasma samples (200 pl) were
separated by gel filtration chromatography using a Beckman Sys-
tem Gold HPLC/FPLC system with two Superose 6 columns con-
nected in series. FPLC fractions 1-40 were collected and VLDL/
CMR, LDL/IDL, and HDL fractions were identified. Cholesterol
concentrations were measured in each fraction using an enzymatic
assay (Sigma Diagnostics). Graphs show representative FPLC pro-
files of lipoproteins isolated from wild-type and apoE-deficient
mice. Inset: LPL activities in 20 wl of plasma from wild-type and
apoE-deficient mice. Bars represent mean = SD, n = 36.

elevated in apoE-deficient mice (Fig. 1). ApoE-deficient
mice had 42-fold higher VLDL/CMR cholesterol (655.2 +
57.1 mg/dl, n = 36) than wild-type mice (15.7 = 1.2 mg/
dl, n = 36, Table 1). VLDL/CMR triglyceride concentra-
tion was 2-fold higher in apoE-deficient (172.8 = 17.3
mg/dl, n = 36) than in wild-type mice (74.5 = 6.4 mg/dl,
n = 36, Table 1).

In view of the significant differences in VLDL/CMR
concentrations and the potential role of apoE in the LPL-
mediated hydrolysis of VLDL/CMR, we measured plasma
LPL activities in apoE-deficient and wild-type FVB mice.
Circulating LPL activity was only modestly lower in the
plasma of apoE-deficient (15.5 = 1.3 mU/ml, n = 36)
mice than in the plasma of wild-type mice (229 = 2.5

TABLE 1. Effect of heparin injection on plasma lipoprotein concentrations in wild-type and apoE-deficient mice

VLDL/Chylomicron Remnants LDL/IDL HDL
Cholesterol Triglyceride Cholesterol Triglyceride Cholesterol Triglyceride
mg/dl mg/dl mg/dl
Wild-type
Pre-injection 157 +1.2 745 6.4 36.0 £ 2.0 21223 142.3 £ 8.2 139+ 1.8
+ Heparin 1.4 = 0.4b 0.3 = 0.2 359 3.0 26.3 45 1732 £5.02 241 *3.32
APOE~/~
Pre-injection 655.2 = 57.1 172.8 £ 17.3 209.7 =94 28428 713 £35 6.0 = 0.9
+ Heparin 901.7 = 52.22 160.5 + 19.2  146.4 + 10.3 42.3 £ 4.02 78.7 £5.2 26.8 = 3.0°

Plasma was collected from mice after a 4-6-h fast and VLDL/chylomicron remnants, LDL/IDL, and HDL frac-
tions were isolated by FPLC. Cholesterol and triglyceride concentrations were measured in FPLC fractions 1-40.
Values represent mean = SD, n = 36. The mice used differ from those in Fig. 2.

ap < 0.05.
bp < 0.001.

1854 Journal of Lipid Research Volume 39, 1998

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

muU/ml, n = 36, P < 0.05, Fig. 1, inset). It is unlikely that
this difference is due to mouse strain, as wild-type mice
with the C57BL/6 genetic background had similar plasma
LPL activity as FVB mice (data not shown).

Effect of heparin injection on plasma lipids, lipoproteins,
and LPL activities in wild-type and apoE-deficient mice
Heparin releases LPL into the circulation and hence
promotes the rapid hydrolysis of VLDL/CMR. In wild-type
mice, the injection of heparin resulted in a 50% reduction
in total plasma triglycerides (P < 0.001, n = 30, Fig. 2B)
and 99% reduction in VLDL/CMR triglycerides (P <
0.001, n = 36, Table 1). Total plasma cholesterol concen-
trations (Fig. 2A) were not affected by heparin treatment,
but VLDL/CMR cholesterol was reduced by 91% after hep-
arin injection (P < 0.001, n = 36, Table 1). In contrast,

A

-’!-? 800
o

E

3 600
5]

0

2o

2

5 400 -
(-]

£

@\

S 2004
o

= )
: 9 .

wT

B

= 300
K

=

E

”

o

b/ 200 S
®

)

>

R

] .
£ 100
a

3

Q.

s

o 0-

Fig. 2. Effect of heparin injection on plasma cholesterol and tri-
glyceride concentrations of wild-type and apoE-deficient mice.
Anesthetized wild-type and apoE-deficient mice were bled 5 min af-
ter intravenous injection of saline (no heparin) (%), or 100 U/kg
body weight of heparin (+ heparin) (7). Total plasma cholesterol
(A) and triglyceride concentrations (B) were measured using an
enzymatic assay (Sigma Diagnostics). Bars represent mean * SD, n =
30. The mice used differ from those in Table 1.

apoE-deficient mice showed an apparent resistance to hep-
arin. Both total plasma triglyceride (Fig. 2B) and VLDL/
CMR triglyceride concentrations (Table 1) were unaf-
fected by the injection of heparin. Post-heparin lipase ac-
tivity was ~43% lower in apoE-deficient mice (38.6 = 3.0
mU/ml, n = 37) than in wild-type mice (68.1 = 3.8 mU/
ml, n = 33, P < 0.01). Although this moderately lower li-
pase activity of apoE-deficient mice compared to wild-type
mice may play a minor role in the apparent resistance of
apoE-deficient VLDL/CMR to heparin-induced lipolysis,
it is unlikely that it accounts for the complete absence of
effect of heparin treatment in apoE-deficient mice.

The effect of heparin injection on plasma VLDL/CMR,
LDL/IDL, and HDL concentrations in wild-type and
apoE-deficient mice is summarized in Table 1. In wild-type
mice, concomitant with the virtual elimination of VLDL/
CMR after heparin injection, there was a significant in-
crease in HDL concentrations. Heparin injection increased
LDL/IDL and HDL triglyceride concentrations in apoE-
deficient mice, without significantly reducing VLDL/CMR
concentrations.

The injection of heparin also affected the VLDL/CMR
apolipoprotein profiles of wild-type mice. As judged by
SDS-polyacrylamide gel electrophoresis, apoB-48 and
apoE were significantly reduced in post-heparin plasma
compared to pre-heparin levels (Fig. 3). The apoB-48
bands in pre- and post-heparin plasma from apoE-deficient
mice were not significantly different (Fig. 3).

Relationship between plasma lipoprotein concentrations
and lipolytic activities in wild-type and
apoE-deficient mice

We examined the relationship between post-heparin
LPL activity and VLDL/CMR, LDL/IDL, and HDL con-
centrations in wild-type and apoE-deficient mice. In wild-
type mice, VLDL/CMR concentration in post-heparin
plasma was close to 0, hence it was not possible to corre-
late it to LPL activity (Fig. 4A). LPL activity of wild-type
mice was positively correlated with LDL cholesterol (r = 0.53,
P < 0.002, n = 32, Fig. 4B) and HDL cholesterol (r = 0.50,
P < 0.003, n = 32, Fig. 4C). In apoE-deficient mice, no re-
lationships were seen between LPL activities and VLDL
cholesterol (r = 0.14, NS, n = 32, Fig. 4D) and HDL cho-
lesterol concentrations (r = 0.00, NS, n = 32, Fig. 4F). We
found a positive correlation between LPL activity and LDL
cholesterol concentrations in apoE-deficient mice (r =
0.46, P < 0.006, n = 32, Fig. 4E). Total plasma cholesterol
levels positively correlated with LPL activity in wild-type
mice (r = 0.58, P < 0.001, n = 32), but not in apoE-defi-
cient mice (r = 0.23, NS, n = 32, data not shown). For
both wild-type and apoE-deficient mice, the relationship
between LPL activities and lipoprotein triglyceride con-
centrations (data not shown) was similar to what we ob-
served for lipoprotein cholesterol (Fig. 4A-F).

Role of apoE in the activation of purified human
LPL in vitro

We assayed the activity of purified human LPL (hLPL)
in vitro, by incubating LPL with a 3H-labeled triglyceride/
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Fig. 3. Effect of heparin injection on plasma apolipoprotein com-
position of wild-type and apoE-deficient mice. Anesthetized wild-
type and apoE-deficient mice were bled 5 min after intravenous in-
jection of saline (no heparin), or 100 U/kg body weight of heparin
(+ heparin). VLDL/CMR fractions were isolated from the plasma
of wild-type and apoE-deficient mice by sequential flotation ultra-
centrifugation using an Airfuge (A-100, Beckman). Apolipopro-
teins were separated on a SDS-polyacrylamide gel (4-15%) and
stained with Coomassie R250.

phospholipid emulsion in the presence or absence of
heat-inactivated plasma from wild-type or apoE-deficient
mice. Plasma provides apoC-Il, an obligatory cofactor for
LPL activity; in the absence of this protein, purified hu-
man LPL had activity close to 0. The dose of plasma re-
quired to fully activate LPL was determined by assaying
LPL activity in the presence of different volumes of plasma.
When LPL activity measured in the presence of 5 wl of
plasma was set at 100%, the addition of 10, 20, 30, and 50
wl of plasma resulted in 85 = 5%, 99 = 5%, 110 *+ 12%,
and 103 = 1% activation, respectively, of LPL. We con-
cluded that 5 wl of plasma was sufficient to fully activate
hLPL. Plasma from wild-type and apoE-deficient mice was
equally effective in activating LPL (415.0 = 82.3 mU/ml
and 433.0 = 35.5 mU/ml, respectively, n = 2, average =
range). Similarly, VLDL/CMR isolated from apoE-deficient
mice efficiently activated purified hLPL.

In vitro hydrolysis of VLDL/CMR isolated from wild-type
and apoE-deficient mice by purified hLPL

VLDL/CMR isolated from the plasma of wild-type or
apoE-deficient mice by sequential flotation ultracentrifu-
gation was re-isolated by FPLC before (pre-incubation)
and after a 1-h incubation with hLPL (post-incubation
with hLPL). Heat-inactivated mouse plasma (5 pl) was in-
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cluded in the incubation reaction to provide a standard
amount of apoC-Il. For VLDL/CMR isolated from wild-
type mice, incubation with purified hLPL resulted in an
85% and 82% decrease in the cholesterol and triglyceride
content, respectively, of the re-isolated VLDL/CMR frac-
tion (Fig. 5A). VLDL/CMR concentrations did not dimin-
ish when VLDL/CMR was incubated for 1 h with heat-
inactivated serum in the absence of hLPL (data not
shown). The decrease in VLDL/CMR after incubation with
hLPL was the same whether heat-inactivated plasma from
wild-type or apoE-deficient mice was used (data not shown).

When we incubated VLDL/CMR isolated from the plasma
of apoE-deficient mice with hLPL and heat-inactivated
plasma, there were no significant differences between pre-
incubation and post-incubation VLDL/CMR cholesterol
(415.0 pg vs. 425.6 pg) and triglyceride concentrations
(95.6 pg vs. 92.8 g, Fig. 5B). The addition of purified
apoE (0.6 pg to 6.5 pg) to the incubation did not have an
effect on LPL-mediated lipolysis of VLDL/CMR (data not
shown). Compared with wild-type VLDL/CMR particles,
VLDL/CMR isolated from apoE-deficient mice have sig-
nificantly higher cholesterol content, but similar amounts
of triglycerides. The protein content of apoE-deficient
VLDL/CMR was ~3- to 4-fold higher than that of VLDL/
CMR from wild-type mice. In order to approximate the ra-
tio of apoE-deficient VLDL/CMR protein to LPL enzyme
to that of wild-type mice, we reduced the amount of apoE-
deficient VLDL/CMR in the reaction mixture by ~4-fold.
When we repeated the incubation of purified hLPL with
the reduced amount of VLDL/CMR from apoE-deficient
mice, VLDL/CMR particles were hydrolyzed (Fig. 5C) to a
similar extent as VLDL/CMR from wild-type mice (Fig.
5A). The cholesterol and triglyceride contents of the re-
isolated VLDL/CMR fractions from apoE-deficient mice
were reduced by 91% and 94%, respectively, after incuba-
tion with purified hLPL (Fig. 5C).

Effect of Ad.hLPL injection on plasma cholesterol
and triglyceride concentrations of wild-type
and apoE-deficient mice

Overexpression of hLPL in apoE-deficient mice was in-
duced by intravenous injection of a replication-defective
adenoviral vector containing a hLPL cDNA driven by a cy-
tomegalovirus promoter. Adenovirus-mediated overex-
pression of hLPL resulted in significant reductions in
plasma cholesterol (from 137.88 = 13.01 mg/dl to 65.03 =
7.34 mg/dl, n = 4) and triglyceride concentrations (from
164.65 = 15.24 mg/dl to 47.49 = 3.83 mg/dl, n = 4) in
wild-type mice (Fig. 6). VLDL cholesterol and triglyceride
concentrations were also significantly lower on day 9 after
transduction with Ad.hLPL (Fig. 6). Injection of the con-
trol vector Ad.Luc did not significantly affect plasma lipid
concentrations (27). Although plasma cholesterol con-
centrations were markedly elevated in apoE-deficient
mice, transduction with Ad.hLPL reduced total plasma
cholesterol (from 936.29 *= 268.41 mg/dl to 263.92 *+
45.78 mg/dl, n = 3) and triglycerides (from 236.54 =+
88.21 mg/dl to 30.21 *= 9.05 mg/dl, n = 3). Similarly,
VLDL cholesterol and triglycerides were reduced by 91%
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Fig. 4. Relationship between lipoprotein cholesterol concentrations and post-heparin lipase activities. VLDL/CMR, LDL/IDL, and HDL
fractions were isolated from 200 wl of plasma from wild-type and apoE-deficient mice. Cholesterol concentrations were measured in each
fraction using an enzymatic assay (Sigma Diagnostics). Lipase activities were assayed in 20 wl of post-heparin plasma obtained 5 min after in-
travenous injection of heparin (100 U/kg body weight) into wild-type and apoE-deficient mice. VLDL/CMR, LDL/IDL, and HDL concen-
trations (mg/dl) were plotted against corresponding lipase activities (mU/ml) for 32 individual mice. Correlation coefficients (r) were cal-
culated by using the method of least squares.

Role of apoE in LPL-mediated lipolysis 1857

2102 ‘vT aunr uo “1sanb Aq Bio 1|l mmm woly papeojumoq


http://www.jlr.org/

ASBMB

JOURNAL OF LIPID RESEARCH

I

A 15
Pre-Incubation Post-Incubation
with hLPL
e
L
° 10
©
L
=
[}
2
°
LY
2
» 51
2
o
£
3}
0 * T - - /\.\ *
4] 5 10 15 ¢ 5 10 15
Fraction Number
(o] 50
Pre-Incubation Post-Incubation
with hLPL
_— 40'
=
2
Ld
o
s
S ®1
-]
2
° 20 4
2
[
s
°©
5 104
o : T » ['.\ »

¥
0 5 10 15 0 5 10 15

Fraction Number

and 93%, respectively, after Ad.hLPL injection (Fig. 6).
Therefore, induced overexpression of LPL activity over-
came the apparent resistance of the apoE-deficient lipo-
proteins to LPL-mediated lipolysis.

DISCUSSION

Although numerous in vitro studies have examined the
effect of apoE on LPL activity (reviewed in ref. 2), the in
vivo role of apoE in the regulation of lipolysis is unknown.
Our approach to studying the mechanism of lipolysis and
specifically the role of apoE in this process was to use the
apoE-deficient mouse model. We present both in vitro
and in vivo evidence that there is no absolute requirement
for apoE in the activation of LPL. Furthermore, we show
that in addition to compositional factors that affect the
susceptibility of lipoprotein particles to LPL-mediated li-
polysis, efficient lipolysis also depends on the relative con-
centrations of enzyme to lipoprotein substrate.

Mice deficient in apoE, the ligand that clears lipopro-
teins via the LDL receptor and LDL-related protein (LRP)
in the liver, have markedly elevated plasma cholesterol
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Fig. 5. Invitro hydrolysis of VLDL/CMR from wild-type and

apoE-deficient mice by purified hLPL. VLDL/CMR plasma frac-
tions were isolated by sequential flotation ultracentrifugation from
plasma samples pooled from 6 wild-type or apoE-deficient mice.
VLDL/CMR fractions were assayed for cholesterol, triglycerides,
and protein content. Based on the lipid and protein measurements,
similar concentrations of VLDL/CMR triglycerides from wild-type
and apoE-deficient mice were incubated with 720 ng of purified
hLPL in the presence of 5 pl of heat-inactivated plasma at 37°C for
1 h. After the incubation, VLDL/CMR fractions were re-isolated by
FPLC. The re-isolated VLDL/CMR fractions were assayed for cho-
lesterol, triglyceride, and protein content and these measurements
were compared to the corresponding pre-incubation measure-
ments. Graphs show the effect of hLPL-mediated lipolysis on VLDL/
CMR cholesterol concentration from wild-type mice (A), apoE-
deficient mice (B), and apoE-deficient mice with a 4-fold lower
VLDL/CMR concentration than shown in the previous panels (C).

concentrations and the mice develop spontaneous athero-
sclerosis (17, 18). Compared to wild-type mice, apoE-
deficient mice have a significant accumulation of VLDL
and chylomicron remnant lipoprotein particles in the
VLDL size range. We found that although mice lacking
apoE have only modestly lower LPL activities than wild-
type mice (Fig. 1), the injection of heparin, which releases
membrane-bound LPL into the circulation, did not result
in any reduction in plasma triglyceride levels (Fig. 2). Un-
like in wild-type mice, VLDL/CMR concentrations (Table
1), as well as apolipoprotein profiles of apoE-deficient
mice (Fig. 3), remained unaffected by the injection of hep-
arin. Similarly, when VLDL/CMR particles isolated from
equal plasma volumes from wild-type and apoE-deficient
mice were treated with the same amount of purified hu-
man LPL in vitro, the VLDL/CMR from wild-type mice
was almost completely hydrolyzed, whereas the apoE-
deficient VLDL/CMR was apparently resistant to hydroly-
sis (Fig. 5A and B). This apparent resistance of apoE-
deficient VLDL/CMR to LPL-mediated lipolysis led us to
examine the relationship of plasma lipoproteins and LPL
activity in wild-type and apoE-deficient mice.
ApoE-deficient mice differ from wild-type mice substan-
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Fig. 6. Plasma cholesterol and triglyceride concentrations of wild-type and apoE -deficient mice injected with Ad.hLPL. A replication-
defective adenoviral vector containing hLPL cDNA driven by a cytomegalovirus promoter (Ad.hLPL) was injected into the jugular vein of
anesthetized wild-type and apoE-deficient mice. Mice were fasted for 4-6 h prior to bleeding them from the tail vein. VLDL/CMR lipopro-
tein fractions were isolated by sequential ultracentrifugal flotation. Graphs show total plasma cholesterol (A), total plasma triglyceride (B),
VLDL/CMR cholesterol (C), and VLDL/CMR triglyceride concentrations (D) measured before (pre-injection) (%), and 9 days after
(Ad.hLPL) (m), the injection of Ad.hLPL. Mean = SD, n = 4 for wild-type and n = 3 for apoE-deficient mice.

tially in the relationship between LPL activity and lipopro-
tein concentrations. In wild-type mice, concomitant with
the disappearance of VLDL/CMR triglycerides from post-
heparin plasma, LPL activity showed a strong positive cor-
relation with plasma LDL and HDL concentrations (Fig.
4). This relationship was reminiscent of previous studies
in humans, where LPL activity was negatively correlated
with plasma triglycerides and showed a strong positive re-
lationship with HDL cholesterol concentrations (28-32).
Unlike in wild-type mice and in humans, VLDL/CMR and
HDL concentrations in apoE-deficient mice did not vary
with LPL activity.

The mechanism of lipolysis is not fully understood and
there may be a number of possible explanations for the
observed differences in LPL-mediated catabolism of
VLDL/CMR particles in apoE-deficient mice. In our stud-
ies apoE-deficient mice had modestly lower LPL activity
than wild-type mice, but it is unlikely that apoE is an im-

portant co-factor or activator of LPL as in vitro lipolysis as-
says show that apoE-deficient plasma is equally effective as
plasma from wild-type mice in activating LPL. Further-
more, the addition of an excess amount of purified apoE
has no stimulatory, or inhibitory, effect on LPL activity.
This observation does not preclude, however, some subtle
role for apoE in lipolysis in vivo. It has been suggested pre-
viously that the presence of apoE is required for successful
interaction of LPL with its lipoprotein substrates (re-
viewed in ref. 2) and in the absence of this apolipopro-
tein, lipoprotein particles may not successfully dock in the
vicinity of LPL and hence the enzyme-substrate interac-
tion may be compromised.

A possible explanation for the apparent resistance to
heparin-induced lipolysis of VLDL/CMR from apoE-
deficient mice may be that these lipoprotein particles
have certain compositional properties that make them less
favorable substrates for LPL. Normally, triglyceride-rich
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lipoproteins that are hydrolyzed by LPL have very low cho-
lesterol content. In contrast, VLDL particles from apoE-
deficient mice are high in cholesterol and this unusual
composition of the particles may result in conformational
changes that could affect lipolysis. ApoC-Il, associated
with lipoprotein substrates, is a cofactor for LPL and
changes in the composition of lipoprotein, such as choles-
terol enrichment, may affect the accessibility of apoC-Il to
the enzyme and hence prevent efficient lipolysis. VLDL/
CMR from apoE-deficient mice also have significantly dif-
ferent apolipoprotein profiles compared to lipoprotein
particles from wild-type mice (18, 19). VLDL/CMR parti-
cles isolated from apoE-deficient mice have elevated
apoB-48, apoA-I, and apoA-1V concentrations. The in vivo
role of these apolipoproteins in LPL-mediated lipolysis is
unclear, but in vitro studies have shown that apoA-l has no
effect on LPL, whereas apoA-1V activates LPL (33). The
authors suggest that apoA-IV may be involved in the re-
lease of apoC-Il from VLDL or HDL particles and this in
turn may facilitate apoC-11 interactions with LPL. ApoC-111
concentrations may also modulate lipolysis, as it has been
reported that the activation of LPL by apoC-Il is noncom-
petitively inhibited by apoC-Ill (7). It has also been sug-
gested that apoB may be important for the interaction of
lipoproteins with LPL (34). LPL-mediated lipolysis is a
complex process and the unusual apolipoprotein profiles
of apoE-deficient mice may contribute to the observed dif-
ferences in VLDL/CMR lipolysis. We must also consider
the possibility that VLDL/CMR fractions isolated from the
plasma of apoE-deficient mice are not strictly nascent lipo-
protein particles, but contain partial lipolysis products
that may have an inhibitory effect on LPL activity. Con-
nelly et al. (35) have demonstrated that cholesterol-rich
VLDL and IDL particles are potent inhibitors of LPL and
it is possible that in our studies LPL activity in apoE-
deficient mice is also partially inhibited by lipolysis products.

Alternatively, or additionally, marked elevation in the
VLDL/CMR fraction of apoE-deficient mice may simply
saturate the lipolysis machinery. The importance of VLDL
particle number on LPL-dependent lipolysis has been pre-
viously reported (35). Lipolysis has been referred to as the
common saturable pathway as different triglyceride-rich li-
poproteins compete for a common enzyme (36). A similar
situation may exist in patients with severe hypertriglyceri-
demia where LPL cannot cope with the massive influx of
substrate particles. We decided to test whether the
apparent resistance of LPL-mediated lipolysis of triglycer-
ide-rich lipoproteins from apoE-deficient mice may be
overcome by increasing LPL concentrations relative to
substrate concentrations in vitro and in vivo.

For VLDL/CMR triglyceride concentrations similar to
wild-type mice, VLDL/CMR particles from apoE-deficient
mice have several-fold higher cholesterol and protein con-
centrations. In vitro LPL assays showed that by adjusting
the amount of apoE-deficient VLDL/CMR substrate to
LPL protein to ratios similar to those observed in wild-
type mice, we achieved almost complete hydrolysis of
VLDL/CMR from apoE-deficient mice (Fig. 5C). Our ob-
servation that the apparent resistance of VLDL/CMR
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from apoE-deficient mice may be overcome by altering
the relative concentration of substrate particles to enzyme
was also supported by in vivo studies. Adenovirus-mediated
transfer of genes is an effective method to induce high lev-
els of expression of specific proteins in vivo (37). We have
previously shown that adenovirus-mediated gene transfer
into mice results in very high levels of liver-specific LPL
expression, significant elevation in post-heparin plasma
LPL activity and enhancement of LPL-mediated clearance
of lipoprotein particles (27). Using this technique of LPL
gene delivery to apoE-deficient mice, we were able to
achieve marked reduction in VLDL/CMR cholesterol and
virtual elimination of VLDL/CMR triglycerides (27, Fig.
6). The mechanism by which Ad.hLPL injection results in
a reduction of plasma VLDL/CMR concentrations is un-
clear. It is possible that VLDL/CMR particles are cleared
by LPL-mediated hydrolysis, but as liver-specific overex-
pression of LPL represents a nonphysiological situation,
enhanced hepatic clearance of lipoprotein particles may
also occur. In this regard it has been previously docu-
mented that LPL directly facilitates the interaction be-
tween lipoproteins and various receptors and hence pro-
motes the clearance of the entire lipoprotein particles
(38-44). The ligand and/or receptors involved in the pro-
posed LPL-dependent clearance of apoE-deficient lipo-
protein particles is unknown, but the significant reduction
in the VLDL/CMR apoB-48 and apoB-100 concentrations
suggests apoB-mediated uptake (27). The methodology of
the present study did not allow us to determine the rela-
tive extent of the clearance mediated by these two path-
ways. Thus, the resistance of heparin-induced lipolysis in
the dyslipoproteinemia of apoE deficiency is not absolute
and it may be corrected by adjusting substrate to enzyme
ratio to approximate a more normal situation in vitro or
by overexpressing LPL in vivo.HR
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