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Abstract

Previous studies of human adipose tissue lipoprotein lipase
(LPL) have focused on enzyme catalytic activity, and have not
measured the LPL protein directly. To study the regulation of
the LPL protein, an antibody against purified bovine LPL was
used. To demonstrate the specificity of the antiserum, adipose
homogenates were Western blotted, and adipocytes were ra-
diolabeled and the cell homogenates immunoprecipitated,
yielding a single specific band at 53 kD. Breakdown products
of LPL were demonstrated at 35 and 20 kD by Western blot-
ting.

An ELISA for human adipose LPL was established, in
which LPL was sandwiched between affinity-purified antibody
and biotinylated affinity-purified antibody. The standard
curves for bovine LPL and human adipose LPL were parallel,
and LPL activity correlated strongly with LPL immunoreac-
tive mass. Thus, the bovine LPL standard curve was used to
estimate LPL immunoreactive mass from human adipose
tissue.

The regulation of LPL activity and immunoreactive mass
were compared in cultured adipocytes in the presence an ab-
sence of insulinlike growth factor-I/somatomedin C (IGF-I),
insulin, and fetal bovine serum. IGF-I and a high insulin con-
centration (70 nM) stimulated only the heparin-releasable
(HR) component of LPL activity and immunoreactive mass,
and neither IGF-I nor insulin affected LPL specific activity. In
contrast, 10% fetal bovine serum stimulated HRactivity, HR
mass, and cellular extractable (EXT) immunoreactive mass,
with no effect on EXT activity. This resulted in a decrease in
EXT specific activity in response to serum. The effects of the
locally produced nucleosides adenosine and inosine were stud-
ied in a similar manner. As with serum, adenosine stimulated
HR activity, HR mass, and EXT immunoreactive mass, re-
sulting in a decrease in EXT specific activity. Inosine stimu-
lated an increase in HR activity and HR mass, but had no
effect on EXT, and thus did not change LPL specific activity.

Thus, a sensitive ELISA for adipose tissue LPL has been
developed using a specific, well-characterized antibody. Regu-
lation of human LPL immunoreactive mass was demonstrated
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in vitro by IGF-I, serum, high concentrations of insulin, aden-
osine, and inosine. This method will permit further investiga-
tions into the regulation of the LPL protein.

Introduction

Adipose tissue lipoprotein lipase (LPL)' plays a central role in
lipoprotein metabolism, and much effort has been devoted to
the study of LPL regulation (1). Previous studies on the regula-
tion of LPL in humans, however, have measured only LPL
catalytic activity, and have never directly quantitated the LPL
protein. Although LPL has been purified from various sources
and antisera to the enzyme have been raised (reviewed in refer-
ences 1-3), it has generally been difficult to develop a quanti-
tative LPL immunoassay. There are two previous reports of
immunoassays that were applicable to human LPL. Olive-
crona et al. (4) reported an immunoassay for bovine LPL with
an antiserum that cross-reacted with human LPL. Goldberg et
al. (5) have recently reported an ELISA for human postheparin
plasma LPL using a monoclonal antibody directed aganist
human milk LPL. No previous study has reported an immu-
noassay for human adipose tissue LPL.

Although it has been difficult to measure the LPL protein,
the regulation of LPL activity has been the subject of much
study. LPL activity in adipose tissue usually correlates with the
prevailing plasma insulin level of the subject (6-8). In vitro
studies, however, have uncovered important differences be-
tween rat and human LPL. Although LPL in rat adipocytes
and adipose tissue were responsive to insulin (9, 10), human
adipocyte and adipose tissue LPL activity was not stimulated
by physiologic concentrations of insulin (1 1, 12). Other regula-
tors of LPL activity in human adipocytes are insulinlike
growth factor-I/somatomedin C (IGF-I), fetal bovine serum,
and glucose (1 1, 13). The nucleoside adenosine, and its metab-
olite inosine, have well-recognized effects on metabolism in
many tissues (14, 15). In adipose tissues, adenosine is an im-
portant local regulator of lipolysis, and potentiates other insu-
lin-mediated functions (16). Because LPL activity and hor-
mone-sensitive lipase-mediated lipolysis are often inversly reg-
ulated (17), adenosine may also be an important regulator of
LPL. Whether any of these substances affect the LPL protein,
or whether they activate an inactive LPL, has not been directly
tested due to the unavailability of an LPL immunoassay.

Wereport herein an ELISA for human adipose tissue LPL
using an affinity-purified polyclonal antiserum raised in
chickens against purified bovine LPL. This antibody cross-
reacts with human LPL and is specific for LPL in adipose

1. Abbreviations used in this paper: EXT, extractable LPL; HR, hepa-
rin-releasable LPL; IGF-I, insulinlike growth factor-I/somatomedin C;
LPL, lipoprotein lipase; PBSAT, phosphate-buffered saline with 0.1%
bovine serum albumin and 0.1% Triton X-l00; PIA, N6-phenyl-iso-
propyladenosine.
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tissue homogenates. Furthermore, LPL immunoreactive mass
was measured in primary cultures of isolated human adipo-
cytes and regulation by IGF-I, insulin, fetal bovine serum, and
adenosine was demonstrated.

Methods

Adipose tissue and adipocytes. Omental adipose tissue was removed
from 31 healthy subjects during elective abdominal surgery. These
subjects gave informed consent to the procedure and were between the
ages of 24 and 50 yr (mean±SEM: 35±1.5). Mean body mass index was
21.9±0.54 kg/M2 (range: 18.2-29.3), and no patient was taking any
medication known to affect lipid metabolism. Isolated adipocytes were
prepared from fresh adipose tissue as described previously (11). In
brief, 2-3-g pieces of fat were minced and digested in flasks containing
10 ml of collagenase II (2 mg/ml, Cooper Biochemical, Malvern, PA).
The adipocytes that were obtained from the digestion were washed
twice in Medium 199 (Gibco, Grand Island, NY) containing 10% fetal
bovine serum (Hyclone, Logan, UT) and twice in serum-free Medium
199. All adipocyte incubations were carried out under sterile condi-
tions at 37°C in a 5%CO2 tissue culture incubator.

LPL catalytic activity. LPL activity was measured against an
emulsified [14C]triolein substrate, containing human serum as a source
of apo CII, as described previously (1 1). Two fractions from adipose
tissue and adipocytes were prepared. The heparin-releasable (HR)
fraction was prepared by incubating cells or tissue in PBS containing
13 Mg/ml heparin (Fisher Scientific Co., Los Angeles, CA) for 45 min at
37°C. The extractable (EXT) fraction was prepared subsequent to the
preparation of HRby disrupting cells or tissue in 0.5% deoxycholate,
0.02% NP-40, 0.73% sucrose, 0.1% albumin, 125 ,g/ml heparin, and
25 mMTris, pH 8.3 (18). After separating the lipid cake by centrifuga-
tion, the aqueous layer was recovered. An aliquot of each sample was
incubated with substrate for 45 min at 37°C and the reaction was then
stopped by the addition of Belfrage-Vaughn extraction mixture (19).
The liberation of '4C-free fatty acids was quantitated and LPL activity
was expressed as nanomoles of free fatty acids released per minute per
106 cells.

Western blotting. EXT samples of human adipocytes or adipose
tissue were prepared as described above for LPL activity except for the
absence of albumin in the EXT buffer, and the addition of protease
inhibitors to both buffers. The protease inhibitors used were 1 mM
PMSF, 1 mMbenzamidine, 1 mMEDTA, an 0.05 mMaprotinin.
Samples were mixed with an equal volume of cracking buffer (5%
,B-mercaptoethanol, 2% SDS, 10% glycerol, and 0.5 MTris, pH 6.8)
and boiled for 10 min. The samples were then applied to a 5-20%
linear gradient polyacrylamide gel with a 3% stack, along with pre-
stained molecular weight markers (Bethesda Research Laboratories,
Gaithersburg, MD). The separated proteins were then transferred elec-
trophoretically to nitrocellulose (Bio-Rad Laboratories, Richmond,
CA) and blotted. Nonspecific binding was blocked by incubating the
nitrocellulose in blocking solution (PBS with 5% bovine serum albu-
min, 10 ,ug/ml sheep IgG, 0.1% Triton X-100) for 2-16 h. The blots
were then incubated with primary antibody (chicken antibovine LPL
antiserum) for 1 h at a dilution of 1:6,000 in PBSwith 0.1% albumin
and 0.1% Triton X-100 (PBSAT). Two controls were used to demon-
strate specificity of the antiserum for LPL: nonimmune chicken
serum, and the "flow-through" fraction from the affinity purification
of anti-LPL antiserum. This flow-through represents antiserum that
has been passed through a bovine LPL-Sepharose column (20), and
hence has been depleted of the specific anti-LPL antibodies. After
exposure to primary antiserum or control sera, the blots were washed
in PBSATand exposed to a 1:20,000 dilution (in PBSAT) of rabbit
anti-chicken antiserum (Sigma Chemical Co., St. Louis, MO) for 1 h.
The blots were then washed with PBSATand incubated for 1 h with
'25I-protein A (200,000 cpm/ml in PBSAT, Amersham Corp., Arling-
ton Heights, IL). After washing in PBSAT, the blots were air-dried and
exposed to x-ray film.

Radiolabeling and immunoprecipitation. Isolated adipocytes were
prepared and incubated overnight in Medium 199 containing 10%
fetal bovine serum. Cells were then incubated in methionine-free Me-
dium 199 (Irvine Scientific, Santa Ana, CA) for 2 h and then labeled
with 50 MuCi [35S]methionine (ICN Biomedicals, Inc., Irvine, CA) for 30
min at 37°C. The cells were then immediately placed into lysis buffer
(0.1% SDS, 0.5% deoxycholate, 1%Triton X-100, 0.1 MNaCl, 5 mM
EDTA, 1 mMPMSF, and 10 mMsodium phosphate, pH 7.5) and the
lipid cake removed after centrifugation. Radiolabeled LPL was then
immunoprecipitated from the cell lysate by the addition of 1 jig of
affinity-purified chicken anti-LPL antibody, followed by the addition
of 5 Ml of rabbit anti-chicken antiserum (Sigma Chemical Co.) and
protein A-Sepharose (Pharmacia Fine Chemicals, Piscataway, NJ).
After washing the pellets thrice with lysis buffer and twice with 0.5 M
LiCl, 50 mMTris, pH 8.0, cracking buffer was added and the immuno-
precipitates were analyzed on a 10% polyacrylamide gel. The gel was
fixed, enhanced with sodium salicylate (21), dried, and exposed to
x-ray film.

ELISA. The ELISA was performed essentially as described pre-
viously for rat LPL (20). Each well of a 96-well microtiter plate (Dy-
natech Laboratories, Inc., Alexandria, VA) was coated overnight with
200 Al of affinity-purified chicken anti-LPL antibody (number 2271, 5
Mg/ml) in 0.1 Msodium carbonate buffer, pH 9.3. Samples and bovine
LPL standards (200 ,l) were then added in a buffer containing 1 M
NaCl, 0.1% Triton X-100, 0.1% albumin, protease inhibitors (PMSF,
benzamidine, and aprotinin) and 25 mMTris, pH 7.4. The bovine
LPL concentrations varied between 100 and 0.78 ng/ml in serial 1:2
dilutions. After incubation for 72 h at 4°C, the samples were removed
and the wells were washed with PBSAT. Biotinylated affinity-purified
chicken anti-LPL antibody (number 2272, 0.3 Mg/ml in PBSAT) was
then added and the plate was again incubated at 4°C for 72 h. The wells
were again washed, and streptavidin-horseradish peroxidase (Bethesda
Research Laboratories, 1:2,000 dilution in PBSAT) was added for 24 h.
The wells were then developed for 10-20 min with peroxidase sub-
strate (1 mg/ml o-phenylenediamine, 0.0 12% hydrogen peroxide, in
0.1 Mcitrate, pH 4.5) and read in an ELISA plate reader at 490 nm. By
repeated measurements of the same frozen LPL sample, intra- and
interassay variation were 5%and 16%, respectively.

Statistics. All data were expressed as the mean±SEMand were
analyzed nonparametrically using the Wilcoxon matched-paired
signed-rank test.

Results

The use of this antibody in an ELISA for rat LPL has been
demonstrated previously (20). To determine whether this an-
tibody also cross-reacted with human LPL, the inhibition of
human LPL catalytic activity was demonstrated (Fig. 1). The
HR fraction of isolated human adipocytes was prepared as
described under Methods, and incubated with increasing
amounts of anti-LPL antiserum. Controls included samples
that were incubated in 1 M NaCl, and with nonimmune
chicken serum. As shown in Fig. 1, HRwas essentially com-
pletely inhibited by 1 MNaCl as well as by the antiserum.
Thus, essentially all the lipase activity was LPL and was inhib-
ited by the antiserum.

To demonstrate the specificity of this antibody for LPL,
Western blotting was performed. Isolated human adipocytes
were homogenized in deoxycholate-heparin buffer (see
Methods), and the solublized LPL applied to a polyacrylamide
gel, transferred to nitrocellulose, and blotted with anti-LPL
antiserum. As shown in Fig. 2 (lane 3), the antiserum identi-
fied a band in the adipocyte homogenate that co-migrated with
bovine LPL (lane 1) at 53 kD. To prove that this band repre-
sented LPL, the same samples were applied to a gel, transferred
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Figure 1. Inhibition of LPL activity by anti-LPL antiserum. The HR
fraction from isolated adipocytes was prepared, containing 0.64 neq/
min per ml. After 125 ,ul of sample was preincubated with 25 Al of
the indicated dilution of antiserum for 15 min at room temperature,
the [14C]triolein-containing substrate was added and LPL activity
was measured as described in Methods. Adipocyte samples were also
incubated with nonimmune chicken serum and were made 1 Mwith
NaCl. Data are from one representative experiment out of three.

to nitrocellulose, but blotted with the flow-through from the
affinity purification step. As described previously (20), this
antibody has been affinity purified by passing the antiserum
through a bovine LPL-Sepharose column. Thus, the flow-
through represented antiserum that has been depleted specifi-
cally of the anti-LPL antibodies. When bovine LPL and
human adipocyte extract were blotted with the flow-through,
the bands at 53 kD were not present (Fig. 2, lanes 2 and 4 for
bovine LPL and human adipocytes, respectively). Thus, these
data strongly suggest that the 53-kD protein in human adipo-
cytes represented LPL and was specifically recognized by the
antibody.

To demonstrate the specificity of this antibody for newly
synthesized LPL, cells were radiolabeled with [35S]methionine
for 15 min and then immunoprecipitated with anti-LPL anti-
bodies. As shown in Fig. 3, immunoprecipitation yielded a
radiolabeled band at 53 kD. This band was not present when
the immunoprecipitation was carried out with nonimmune
chicken IgG, or when specific antibody was used in the pres-
ence of an excess of unlabeled bovine LPL. Thus, these data
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Figure 2. Western blot of human adi-
pocyte LPL. Adipocyte extracts were
prepared as described in Methods and
applied to a gel (lanes 3 and 4) along
with purified bovine LPL (lanes 1 and
2). After transferring the separated
proteins to nitrocellulose, they were
blotted with either anti-LPL anti-
serum (lanes 1 and 3) or the flow-
through from the affinity purification
step (lanes 2 and 4). All blots were
then exposed to rabbit anti-chicken
antiserum and 125I-protein A, as de-
scribed in Methods.
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Figure 3. Immunoprecipi-
tation of radiolabeled
human adipocyte LPL. Iso-

_ lated adipocytes were pre-
pared and labeled with 50
uMCi [35S]methionine for 15
min at 37°C. The cell ex-
tracts were then immuno-
precipitated with anti-LPL
antibody, followed by rab-
bit anti-chicken antiserum
and protein A-Sepharose
(Specific Ab). In the first
lane, the immunoprecipita-
tion was performed using
nonimmune chicken IgG,

- and in the third lane, 1 ,ug
of unlabeled bovine LPL
was added to the cell ho-
mogenate to compete with
the radiolabeled LPL for
the anti-LPL antibodies.
The last lane contains 14C-
labeled molecular mass
markers in kilodaltons.

further demonstrate that the 53-kD band from the immuno-
precipitation represented LPL.

To demonstrate the presence of LPL breakdown products
in human adipose tissue, a sample of human adipose tissue
was prepared in the presence and absence of protease inhibi-
tors and then Western blotted. As shown in Fig. 4, when adi-
pose tissue was prepared with protease inhibitors, Western
blotting revealed a single band at 53 kD (lane 3) that comi-
grated with bovine LPL (lane 1). When the sample was pre-
pared without protease inhibitors and blotted (lane 4), bands
at 35 and 20 kD were identified in addition to the band at 53
kD. When the same samples were blotted with the flow-
through from the affinity purification step (lanes 2 and 5), as
well as nonimmune chicken serum (lane 6), these bands were
not present. Thus, LPL in human adipose tissue tends to break
down into smaller peptides when prepared in the absence of
protease inhibitors.

An ELISA was developed for human LPL in which LPL
was "sandwiched" between two affinity-purified antibodies,
one of which was biotinylated (see Methods). As described
previously (20), the use of antibodies from two different
chickens increased the sensitivity of the assay. In Fig. 5, a
standard curve for bovine LPL is shown alongside a dilution
curve for human adipose tissue LPL. As can be seen, the stan-
dard curve for bovine LPL was parallel to the dilution curve
for human adipose LPL. Thus, the immunoreactive mass of
bovine LPL was used to quantitate human LPL mass from cell
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Figure 4. Identification of LPL breakdown products. Samples of pu-
rified LPL or adipose tissue extracts were Western blotted as de-
scribed under Methods. In lanes I and 2, bovine LPL was blotted
with specific antiserum and the flow-through, respectively. Lanes 3
and 4 contain adipose tissue extracts that were prepared with (lane 3)
and without (lane 4) protease inhibitors, and then Western blotted
with specific anti-LPL. Lanes 5 and 6 contain the same sample as
lane 4 (adipose extract without protease inhibitors) but blotted with
flow-through (lane 5) and nonimmune chicken serum (lane 6).
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Figure 6. Relationship between LPL activity and LPL immunoreac-
tive mass. LPL was released from a sample of adipose tissue by hepa-
rin and this sample was serially diluted. Each dilution was assayed
for both LPL activity and LPL immunoreactive mass.

and tissue homogenates. To determine whether LPL immuno-
reactive mass, as estimated from this standard curve, corre-
lated with LPL activity, a sample of adipocyte LPL was serially
diluted and assayed for both LPL activity and LPL immunore-
active mass. As shown in Fig. 6, LPL activity correlated
strongly with LPL immunoreactive mass using bovine LPL as
a standard. Thus, the standard curve for bovine LPL was used
to estimate the LPL immunoreactive mass of human adipose
tissue samples.

Previous studies have described the regulation of adipocyte
LPL activity by insulin, IGF-I, and fetal bovine serum (1 1). To

E
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determine whether LPL immunoreactive mass is regulated to
the same degree as LPL activity, isolated adipocytes were cul-
tured in medium containing insulin (1.8 nM), and IGF-I (6.5
nM) and LPL activity and mass were measured in the whole-
cell homogenate. As shown in Fig. 7, IGF-I stimulated LPL
immunoreactive mass to the same degree as it stimulated LPL
activity. Insulin at a concentration of 1.8 nMhad no effect on
either LPL activity or mass. Specific activity of the cell homog-
enates remained constant and was not influenced by IGF-I or
insulin.

In addition to studying whole-cell homogenates, the effects
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Figure 5. Standard curves for human and bovine LPL. The dilution curve for human adipose tissue extract is shown superimposed on the bo-
vine LPL standard curve from the same assay. (Inset) The working part of the curves is shown without the log scale abscissa.
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Figure 7. Regulation of LPL activity and immunoreactive mass by
IGF-I, and insulin. Isolated adipocytes were incubated for 24 h in
medium containing 6.5 nM IGF-I and 1.8 nM insulin. Total cell
LPL activity and immunoreactive mass were measured and ex-
pressed as a percentage of control. Control LPL activity, mass, and
specific activity were 2.63±0.63 neq/min per 106 cells, 135±29
ng/ 106 cells, and 35.3±12.5 neq/min per ug, respectively (n = 10).
Each bar represents 7-12 experiments. *P < 0.05 vs. control.

of insulin and IGF-I were studied on the HRand EXT frac-
tions of adipocytes. Previously, we demonstrated that IGF-I
stimulated only HRactivity, and had no effect on EXT (1 1).
In a similar fashion, a high concentration of insulin (400 ng/ml
or 70 nM) stimulated HRbut did not affect EXT. When the
effects of insulin and IGF-I on HRand EXT immunoreactive
mass were examined, only HRmass was affected. The dose-
response curve for insulin on HRmass is shown in Fig. 8. As
can be seen, a high concentration of insulin stimulated HR
immunoreactive mass to the same extent that it stimulated
HRcatalytic activity (1 1). Thus, insulin and IGF-I stimulate
increases in HRimmunoreactive mass that coincide with the
increase in HRactivity.

The effects of 10% fetal bovine serum on HRand EXTare
shown in Fig. 9. As with IGF-I, there were increases in HR
activity and HRimmunoreactive mass, such that there was no
change in HRspecific activity. With EXT, however, there was
a significant increase in EXT immunoreactive mass in the face
of no change in EXT activity, resulting in a decrease in EXT
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Figure 8. Effect of insulin on LPL immunoreactive mass. Adipocytes
were cultured for 24 h in medium containing the indicated concen-
tration of insulin. LPL immunoreactive mass was then determined
on the HRfraction. Control HRmass was 67.9±15 (n = 13) ng/106
cells. Each point represents 5-13 experiments. *P < 0.05 vs. control.
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Figure 9. Effect of serum on LPL cellular activity and mass. The HR
and EXT fractions were prepared from adipocytes that were cultured
in the presence and absence of 10% fetal bovine serum. LPL activity
and immunoreactive mass were measured and specific activity calcu-
lated. Data are expressed as a percentage of control, and represent six
to nine experiments. *P < 0.05.

specific activity (Fig. 9). Thus, the presence of 10% serum
results in an increase in the LPL protein that is not accompa-
nied by an increase in LPL activity.

To determine whether adenosine influences human adipo-
cyte LPL, cells were incubated in medium containing a range
of concentrations of N6-phenyl-isopropyladenosine (PIA, a
nonmetabolizable adenosine analogue). LPL activity and im-
munoreactive mass were measured after 24 h as HRand EXT.
As shown in Fig. 1OA, PIA produced a dose-related increase in
HRactivity, with no effect on EXT activity. Fig. 10 B shows
the effect of PIA on HRand EXT immunoreactive mass. An
increase in HRmass was observed that corresponded to the
increase in HR activity. In addition, there was a statistically
significant increase in EXT immunoreactive mass at PIA con-
centrations of 50 and 100 nM, even though no increase in
EXT activity was observed (Fig. 10 A). This resulted in a
change in LPL specific activity in EXT. As shown in Fig. 11,
there was a statistically significant fall in EXT specific activity,
corresponding to the increase in EXT immunoreactive mass
with no change in EXT activity, at a PIA concentration of 50
nM. In contrast, PIA had no effect on HR specific activity,
since HRactivity and immunoreactive mass increased in par-
allel. Thus, PIA stimulated an increase in the LPL protein
content of both the HRand EXT fractions of human adipo-
cytes. However, as with the effect of serum, this increase in
LPL protein in EXT was unaccompanied by an increase in
LPL activity, resulting in a decreased enzyme specific activity.

Inosine is a metabolite of adenosine that may have inde-
pendent metabolic effects on adipose tissue (22). To determine
whether inosine affected LPL, cells were cultured for 24 h in
the presence of a wide range of concentrations. As shown in
Fig. 12 A, inosine stimulated HRactivity at approximately the
same concentration as did PIA, and this effect diminished at
very high concentrations. As with PIA, inosine had no effect
on EXT activity. The effect of inosine on LPL immunoreac-
tive mass is shown in Fig. 12 B. An increase in HRmass was
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Figure 10. Effect of adenosine on LPL. Cells were cultured for 24 h
in medium containing the indicated concentrations of PIA, the non-
metabolizable analogue of adenosine. Cellular LPL was measured as
the HRand EXT fractions (see Methods). (A) LPL activity; control
HRwas 0.40±0.11 (n = 8) and control EXTwas 1.03±0.23 (n = 6)
neq/min per 106 cells. (B) LPL immunoreactive mass; control HR
was 74.6±17.1 (n = 12), and control EXTwas 107±44 (n = 6)
ng/106 cells. Each point represents at least six experiments. *P < 0.05
vs. control.

observed that paralleled the increase in LPL activity. No effect
of inosine was observed on EXTmass, and hence there was no
change in LPL specific activity. Hence, the effect of inosine on
adipocyte LPL was quantitatively similar to that of PIA, al-
though with inosine, only HRwas affected.

In previous studies, adenosine potentiated the effects of
insulin on glucose transport and inhibition of lipolysis (16).
Although insulin at physiologic concentrations had no effect
on LPL, we wondered whether the combined effects of insulin
plus PIA or inosine would stimulate LPL to a greater degree
than did each substance individually. Therefore, cells were
cultured in medium containing insulin at a physiologic con-
centration (0.72 nM) in the presence of PIA (50 nM) or inosine
(l0-7 M). Insulin did not potentiate the effects of PIA or ino-
sine (data not shown). Thus, insulin plus adenosine do not
affect LPL in the same manner that they act together to facili-
tate other aspects of adipocyte metabolism.
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Figure 11. Effect of adenosine on LPL specific activity. Cells were
cultured in the indicated concentration of PIA for 24 h as described
for Fig. 9. Control specific activity was 36±13 and 43±15 neq/min
per ,g for HRand EXT, respectively. Data are from six experiments.
*P < 0.05 vs. control.

Discussion

Although the regulation of LPL activity has been the subject of
much investigation, the study of the LPL protein has been
hindered by difficulties in obtaining a good antibody. Al-
though numerous antisera to LPL have been reported, only a
few studies have successfully applied an antibody to the study
of LPL regulation. Cheung et al. (23) developed a radioimmu-
noassay for chicken LPL using a goat anti-LPL antiserum.
With this assay, the binding of avian LPL to endothelial cells
was characterized (24). Several groups of investigators have
used an antibody raised in goats against rat adipose LPL (25)
to study the regulation of rat adipose LPL by insulin (10), as
well as the development (26) and glycosylation (27, 28) of LPL
in preadipocytes.

Several studies have reported anti-LPL antibodies that
react with human LPL (4, 5, 29-32). Using an antibody raised
in rabbits against bovine LPL, Jonasson et al. (29) demon-
strated positive immunofluorescence in human adipose tissue.
Goldberg et al. (5) raised a monoclonal antibody against
human milk LPL and then used this antibody to set up an
ELISA for postheparin plasma LPL. In addition, Scheibel et al.
(33) have reported preliminary data on the use of a mono-
clonal antibody to study plasma LPL. None of these studies
demonstrated quantitation of LPL immunoreactive mass in
human adipose tissue. In addition, most studies have not dem-
onstrated antibody specificity for LPL with such sensitive tech-
niques as Western blotting or immunoprecipitation.

The antibody used in this study was raised in chickens
against purified bovine LPL and has been successfully applied
to an ELISA for rat LPL (20). In addition to reacting with rat
LPL, the anti-LPL antisera inhibited LPL activity in human
adipocytes. Because of the high degree of homology between
bovine and human LPL (34), it is not surprising that this
antibody cross-reacts with LPL from rats and humans. Be-
cause the antigen (bovine LPL) can be obtained in pure form
and in sufficient quantities, the polyclonal antiserum was af-
finity purified. This process permitted the development of the
"sandwich-type" ELISA described herein.
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Figure 12. Effect of inosine on LPL activity and immunoreactive
mass. Cells were cultured for 24 h in the indicated concentration of
inosine, and then cellular LPL was assessed as HRand EXT. (A)
LPL activity; control HRand EXT were 0.86±0.25 and 1.36±0.34
neq/min per 106 cells, respectively. (B) LPL immunoreactive mass;
control HRand EXT were 70.9±+18.2 and 106±44 ng/106 cells, re-
spectively. Each point represents at least six experiments. *P < 0.05
vs. control.

The specificity of this antibody for LPL has been demon-
strated previously in rat adipocytes (20). For human adipo-
cytes, antibody specificity was demonstrated by Western blot-
ting and immunoprecipitation. The specific anti-LPL anti-
bodies were removed from the antiserum by adsorption on
bovine LPL-Sepharose. When Western blotting was per-
formed with the flow-through from this affinity purification
step, the 53-kD bands for both bovine LPL and human adipo-
cyte homogenate were not present. Thus, the identity of the
53-kD bands as LPL was proved. In a similar fashion, the
competition for radiolabeled LPL by bovine LPL during im-
munoprecipitation demonstrated that the 53-kD band was
LPL. Thus, this antibody is specific for LPL in human adipo-
cytes.

When prepared with protease inhibitors, LPL in adipose
tissue and adipocytes was represented by a single band that
comigrated with bovine LPL at an apparent molecular mass of
53 kD. In the absence of protease inhibitors, breakdown prod-
ucts were observed at molecular mass of 35 and 20 kD. Studies

by other investigators have also described LPL degradation
products of similar size (35, 36). Previous studies have re-
ported a variety of subunit molecular mass for LPL on SDS-
PAGE(reviewed in references 1-3). In recent studies, the
complete amino acid sequence of human LPL (34) from the
human cDNA has suggested an unglycosylated molecular
mass of 50,394 daltons. Therefore, the molecular mass re-
ported herein is appropriate. Minor differences in molecular
mass between our studies and those of others are probably due
to variations in gel conditions or molecular mass standards.

The ELISA for human LPL was performed essentially as
described previously for rat LPL (20). Because purified human
LPL was not available as a standard in the ELISA, bovine LPL
was used. Although it is possible that the antibodies recognize
human LPL in a manner different from bovine LPL, the stan-
dard curves for bovine LPL and human adipose tissue LPL
were parallel. In addition, a serial dilution of human adipose
tissue yielded a parallel decrease in LPL activity and immuno-
reactive mass. Thus, the bovine LPL standard curve permits
an accurate estimation of the human LPL protein.

Previous studies in isolated human adipocytes have charac-
terized the response of LPL activity to IGF-I and insulin (1 1).
When both LPL activity and immunoreactive mass were
measured in cells cultured in IGF-I or insulin (Fig. 7), LPL
immunoreactive mass increased in response to IGF-I, and did
not change in response to a moderately high insulin concen-
tration (1.8 nM). To further examine the effect of insulin on
adipocyte LPL, cells were exposed to insulin over a wide range
of concentrations (Fig. 8). Again, no effect of insulin was seen
on LPL, except at a very high concentration (70 nM). This
effect of high insulin concentrations may be due to cross-reac-
tivity of insulin with IGF-I receptors (37). Thus, under these
conditions, LPL immunoreactive mass increased along with
LPL activity, resulting in no change in enzyme specific
activity.

LPL activity has been shown to be low during states of
insulin deficiency, such as during fasting (38), and in insulin-
deficient patients with diabetes (39). In addition, LPL in-
creased after a meal (40), after treatment of diabetic humans
with insulin (39), and after an insulin-glucose infusion in nor-
mal subjects (41, 42). In vitro studies, however, have failed to
observe an increase in LPL activity in whole adipose tissue
(12) or isolated adipocytes ( 11) in response to physiologic con-
centrations of insulin. Thus, these data suggest that the in-
crease in LPL during a hyperinsulinemic state is not a direct
effect of insulin, but instead is related to secondary effects of
insulin.

The increase in cellular LPL activity with a high insulin
concentration and IGF-I was confined to the HRfraction (1 1).
When LPL immunoreactive mass was examined in response
to these stimuli, an increase in HRmass was observed that
paralleled the increase in HRactivity. However, insulin and
IGF-I had no effect on EXT activity or mass. In contrast,
serum stimulated EXT immunoreactive mass even though
there was no effect on EXT activity, resulting in a decreased
specific activity of the EXT enzyme. Thus, these data suggest
that serum stimulates LPL via a different mechanism than that
of insulin and IGF-I. Alternatively, serum may contain a num-
ber of different substances each of which affects LPL at a
different site of enzyme synthesis.

Adenosine has been shown previously to be a locally pro-
duced regulator of adipose tissue metabolism (14, 15). In ad-
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dition to being a vasodilator in many tissues, adenosine po-
tentiated insulin action and inhibited lipolysis in adipose tissue
(16). Adenosine, and its nonmetabolizable analogue PIA, react
with the R site, which is an outer plasma membrane receptor
( 14, 43). Inosine is a metabolite of adenosine which reacts with
the P site, which is an inner plasma membrane receptor. Sev-
eral studies have suggested that adenosine may be a regulator
of LPL. When rats were injected with PIA, there was an in-
crease in adipose tissue and postheparin plasma LPL activity
(44). Attempts to reproduce this effect of PIA in vitro, how-
ever, have been contradictory. Two studies have reported ei-
ther an increase (45) or no change (22) in rat fat pad LPL in
response to PIA, whereas inosine stimulated LPL in one of
these studies (22).

To study the effect of adenosine on human adipocyte LPL,
cells were cultured in medium containing a wide range of
concentrations of the adenosine analogue PIA. PIA produced
a dose-related increase in both HRactivity and immunoreac-
tive mass. Because both HRactivity and mass increased, there
was no change in enzyme specific activity. In contrast, EXT
immunoreactive mass increased in response to PIA, even
though EXT activity did not change. Thus, PIA decreased the
specific activity of the EXT enzyme.

There are several possible explanations for this change in
EXT specific activity. PIA may stimulate an increase in LPL
protein synthesis. If, however, other factors are necessary for
optimal posttranslational processing, then much of this newly
synthesized protein may remain unprocessed, and therefore
would probably be inactive. Studies in preadipocytes have
suggested the existence of an inactive, incompletely processed
form of LPL (26). An inactive LPL protein would probably be
detected by the ELISA, thus leading to an overall decrease in
EXT specific activity. Alternatively, PIA may inhibit break-
down of newly synthesized (and inactive) LPL, such that the
mass of LPL protein increased, yet the activity of the EXT
pool remained the same.

When inosine was added to adipocyte cultures, cellular
LPL increased to a similar degree as with PIA. However, ino-
sine only increased HRactivity and mass, and had no effect on
EXT. Thus, inosine affected adipocyte LPL in a manner simi-
lar to that of high insulin concentrations and IGF-I. Because
PIA and inosine function through different receptors, it is in-
deed possible that each nucleoside has a different mechanism
of action, and hence increase different components of cellu-
lar LPL.

The regulation of LPL by adenosine may be of physiologic
significance, and may explain some of the differences between
the regulation of rat and human LPL. Humanadipocyte LPL
is relatively unresponsive to insulin in vitro, yet is responsive
to adenosine, which potentiates the insulin effect in other tis-
sues. On the other hand, rat adipocytes are sensitive to insulin
(9), and only variably responsive to adenosine (22, 45, 46).
Thus, human adipocyte LPL may be more responsive to lo-
cally produced substances, such as adenosine, whereas rat adi-
pose LPL may be more responsive to humoral stimuli, such as
insulin. Further studies need to clarify the regulation of aden-
osine secretion into the microvasculature.

A mechanism for LPL regulation has been proposed that
involves two steps: stimulation of LPL synthesis as a proen-
zyme, followed by activation of this proenzyme (47). The data
described herein are consistent with such a mechanism. Be-
cause the HRenzyme is either secreted or released by heparin,

it probably represents a more mature form of LPL than the
enzyme found in the EXT fraction. Some substances, such as
IGF-I, high insulin concentrations, and inosine, exert their reg-
ulatory influence only on HR. This may be due to a hormone-
induced facilitation of LPL posttranslational processing, and
hence a net movement of LPL protein into a more accessible
or secretable cellular compartment. Other substances, such as
PIA and serum, increase LPL in both HRand EXT. This latter
form of regulation may stem from a predominant influence on
new protein synthesis. The increase in EXT protein may be
due to the synthesis of an inactive, incompletely processed
enzyme, whereas the increase in HRmay be due to a second-
ary effect on LPL processing. More definitive answers to these
questions will require further studies of LPL synthesis.

In summary, we have described herein an ELISA for
human adipose tissue LPL using a highly specific, affinity-pu-
rified, polyclonal antibody. Using this ELISA, human adipose
LPL immunoreactive mass has been measured for the first
time, and regulation of LPL activity and mass has been dem-
onstrated in response to insulin, IGF-I, serum, the adenosine
analogue PIA, and inosine. Further studies with these tech-
niques will permit further characterization of LPL regulation
and cellular processing.
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