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Abstract Lipoprotein lipase (LPL), the major enzyme re- 
sponsible for the hydrolysis of triglycerides, is primarily syn- 
thesized by adipocytes and myocytes. In addition to synthesis, 
degradation of cell surface-associated LPL is thought to be 
important in regulating production of the enzyme. We stud- 
ied LPL metabolism in the LPL synthesizing adipocyte cell 
line BFGlP and assessed the contributions of cell surface he- 
paran sulfate proteoglycans (HSPG), low density lipoprotein 
receptor related protein (LRP) , and glycosylphosphatidylinos- 
itol (GP1)-linked proteins to LPL uptake and degradation by 
these cells. Adipocytes degraded IO-12% of total cell surface 
'251-labeled LPL in 2 h and 23-28% in 4 h. In 1 h, 30-54% 
of the degradation was inhibited by the 39 kDa receptor assc- 
ciated protein (RAP), an inhibitor of ligand binding to LRP. 
At 4 h, only 19-23% of the LPL degradation was RAP inhibit- 
able. This suggested that two pathways with different kinetics 
were important for LPL degradation. Heparinase/ hepariti- 
nase treatment of cells showed that most LPL degradation 
required the presence of HSPG. Treatment with phospha- 
tidylinositol-specific phospholipase C (PIPLC) inhibited 
labeled LPL degradation by 13%. However, neither RAP nor 
PIPLC treatment of adipocytes significantly increased the 
amount of endogenously produced LPL activity in the media. 
To determine whether direct uptake of LPL bound to HSPG 
could account for the non-RAP sensitive LPL uptake and deg- 
radation, proteoglycan metabolism was assessed by labeling 
cells with %04. Of the total pericellular proteoglycans, 14% 
were PIPLC releasable; surprisingly, 30% were dissociated 
from the cells with heparin. The amount of labeled pericellu- 
lar proteoglycans decreased 26% in 2 h and 50% in 8 h, rapid 
enough to account for at least half of the degradation of cell 
surface LPL.W We conclude that adipocytes degrade a frac- 
tion of the cell surface LPL, and that this process is mediated 
by both proteoglycans and RAP-sensitive receptors.-Obun- 
&e, J. C., P. Sivaram, L. Paka, M. G. Low, and I. J. Goldberg. 
Lipoprotein lipase degradation by adipocytes: receptor-associ- 
ated protein (RAP)-sensitive and proteoglycan-mediated path- 
ways. J. Lipid Res. 1996. 37: 2439-2449. 
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Several studies of tissues obtained from humans and 
animals (1-5) have shown that much of the regulation 

of adipose tissue lipoprotein lipase (LPL) activity occurs 
at the post-translational level. Some of this regulation 
is due to loss of LPL enzymatic activity without a de- 
crease of LPL protein (6). Loss of LPL catabolic func- 
tion occurs when the purified enzyme is incubated for a 
short period at 37°C in buffers containing physiological 
amounts of salt and albumin (7). Thus, unless the en- 
zyme is stabilized by a chaperone protein or by its at- 
tachment to cell surfaces (8), it rapidly loses its ability 
to hydrolyze lipoprotein triglyceride and is unable to 
assist with the uptake of lipid by adipose tissue. 

A second level of LPL regulation may be the degrada- 
tion of the protein by the adipocyte. The majority of 
newly synthesized active LPL is found on the cell sur- 
face. Support for this conclusion derives from studies 
of cultured adipocytes (9, 10); most LPL activity pro- 
duced by these cells is not in the medium but is released 
from the cell surface by treatment with heparin (9). 
Some of the LPL remaining on the adipocyte cell sur- 
face is internalized and much of this internalized LPL 
is degraded ( 1  1). However, the relative importance of 
each of several identified LPL degradative pathways is 
incompletely understood. 

Similar processes may occur in vivo. For LPL to inter- 
act with circulating lipoproteins, it must be released 
from the adipocyte surface, a step that allows it to trans- 
fer to its site of action on the endothelial luminal sur- 
face. This transfer will also prevent LPL degradation by 
cells. This is because adipocytes are much more effec- 
tive than endothelial cells in LPL degradation (12-14). 

Abbreviations: LPL, lipoprotein lipase; HSPG, heparan sulfate pro- 
teoglycans; LRP, LDL receptor related protein; GPI, glycosyl-phospha- 
tidylinositol; RAP, receptor-associated protein; PIPLC, phosphatidyl- 
inositol-specific phospholipase C; BFC, brown fat cell; &M, alpha 2 
macroglobulin; LDL, low density lipoprotein. 
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LPL degradation may involve several pathways. LPL is 
a ligand for the low density lipoprotein receptor related 
protein (LRP) (15-17). LRP-mediated uptake of LPL 
alone or LPL associated with lipoproteins (16-23) leads 
to intracellular degradation. LRP is found on adipo- 
cytes and is regulated by insulin treatment (24). Alter- 
native pathways not involving LRP have been found in 
LPLmediated degradative processes in macrophages 
(18). Moreover, a recent report claimed that all LPL 
degradation by CHO cells was via a non-LRP, heparan 
sulfate proteoglycans (HSPG)-mediated process (25). 
To assess these pathways in adipocytes, we studied the 
involvement of LRP in the uptake and degradation of 
LPL by BFC-1 P-adipocytes. In addition, we determined 
the importance of HSPG, alone or in combination with 
receptors, in the degradation of LPL. 

MATERIALS AND METHODS 

Brown fat cell cultures 

Brown fat cells (BFC-ID) were a kind gift from Dr. C. 
Forest (Vanderbilt University, Nashville, TN) . The cells 
were plated at lo5 cells/35-mm well into collagen (type 
111, Sigma) coated &well tissue culture plates (Falcon, 
Becton Dickinson, Lincoln Park, Nj) and were incu- 
bated at 37°C in a humidified atmosphere containing 
5% C02. The cells were cultured in Dulbecco's modi- 
fied Eagle's medium (DMEM) containing 15 mM 
HEPES buffer, 100 units/ml penicillin G, 100 pg/ml 
streptomycin, 17 PM pantothenate, 33 PM biotin, 1% 
glutamine, and 10% (v/v) fetal bovine serum (Gemini 
Bioproducts Inc., Calabasas, C A ) .  Two days after seed- 
ing, the confluent cells were converted to adipocytes by 
incubation in differentiation medium (the same me- 
dium supplemented with 10 nM insulin and 2 nM tri- 
iodothyronine). The medium was changed every 1-2 
days and the cells were used for experiments at 14-20 
days after confluence. To confirm that the cells were 
producing LPL, LPL activity was measured before each 
experiment using a glycerol triolein emulsion (26) as 
previously described (9). As LPL is a marker for adipo- 
cyte differentiation, we routinely checked LPL activity 
to confirm preadipocyte to adipocyte differentiation. 

Lipoprotein lipase 
LPL was purified from fresh bovine milk as described 

by Saxena, Witte, and Goldberg (27), following the 
method of Socorro, Green, and Jackson (28), and 
stored at -70°C. Active LPL was iodinated using lacto- 
peroxidase and glucose oxidase enzymes as previously 
described (27). l2'1-labeled LPL was stored in the pres- 
ence of 1 mg/ml bovine serum albumin (BSA) at 70°C. 

The specific radioactivity of lZ5I-labeled LPL ranged be- 
tween 1000 and 1500 counts/min per ng. 

Assay of LPL activity 

For cell studies, LPL activity was measured by the 
method described by Hietanen and Greenwood (29). 
One hundred PI of the substrate emulsion containing 
1.5 pmol of triolein (Nu-Chek Prep, Elysian, MN), 1.6 
pCi of glycerol tri-9,10-3H oleate (Amersham Corp.), 9 
pg of egg yolk phosphatidylcholine (Sigma), 67 pl of 
buffer (0.3 M TrisHC1, 3% BSA, pH 8.6) and 33 p1 of 
human serum that had been heated to 37°C was mixed 
with 100 11 of medium or cell surface samples. The enzy- 
matic reaction was allowed to proceed for 1 h at 37°C. 
Released fatty acids were extracted as described by Bel- 
frage and Vaughan (30). The radioactivity was deter- 
mined as described earlier (9). 

Receptor associated protein 

RAP, an endogenous cellular ligand that inhibits 
binding of ligands to LRP, was produced as a fusion 
protein with glutathione-Stransferase in an expression 
system utilizing human placental RAP cDNA (31) and 
was provided by Dr. D. Strickland, American Red Cross, 
Rockville, MD. 

Alpha 2-macroglobulin ( a , M )  

Activated a,M was kindly provided by Dr. F. R. Max- 
field (Department of Cell Biology, Columbia Univer- 
sity). a,M* was iodinated by chloramine T method as 
described (32). 

Enzymes 
Phosphatidylinositol-specific phospholipase C (PIPLC) 

was purified from culture supernatant of Bacillus subtilis 
transfected with the PIPLC gene from B. thuringzensi5 
(33). Heparinase, heparitinase, and chondroitinase 
ABC were obtained from Sekagaki America Inc., 
Bethesda. MD. 

Cell surface binding, internalization, and degradation 
of 1z51-labeled LPL 

Cell surface, intracellular, and degraded LPL were 
studied using BFC-1P. Two different protocols were 
used that assessed either cellular catabolism of medium 
LPL or the LPL that was on the cell surface. This latter 
protocol was also used to assess the importance of cell 
surface LPL binding molecules (e.g., proteoglycans) 
that were enzymatically removed but could then reap- 
pear on the cell surface during a 37°C incubation. 

Metabolism of LPL in the medium. Differentiated adipo- 
cytes were incubated for 1 or 4 h at 37°C in 1 ml of 
DMEM containing 3% BSA (DMEM-BSA) and '251-la- 
beled LPL (1 pg/ml) with or without RAP (5 pg/ml) or 
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heparin (10 units/ml) . Media were collected and LPL 
degradation was assessed as the amount of trichloroace- 
tic acid-soluble, non-iodine radioactivity in the medium 
(34). Parallel incubations in cell-free wells were per- 
formed to control for non-cell-mediated LPL degrada- 
tion. Cell surface LPL was assessed by incubating the 
cells for 30 min at 4°C with DMEM-BSA containing 100 
units/ml heparin. After the final washings, cells were 
then dissolved in 0.1 N NaOH, and the radioactivity in 
the NaOH fraction representing the amount of intracel- 
lular LPL was determined. 

Metabolism of adipocyte cell surjiace LPI. I2'I-labeled LPL 
was allowed to bind to adipocytes at 4°C for 1 h. Un- 
bound LPL was removed by washing two times with 
DMEM-BSA and once with DMEM. In some experi- 
ments, cells were first incubated for 1 h at 37°C in 
DMEM-BSA containing heparinase and heparitinase 
(2.5 units/ml each) or PIPLC (2 units/ml) before 
allowing "'I-labeled LPL to bind to the cell surface. 
Control and enzyme-treated cells were then incubated 
at 37°C in fresh DMEM-BSA with or without RAP or 
heparin and cell surface, intracellular, and degraded 
LPL were determined over time as described above. 

Endogenous LPL release from cells 

LPL activity produced by BFC-1 p was studied. Adipo- 
cytes were washed and incubated with DMEM-BSA 
alone or medium containing RAP (5 pg/ml), PIPLC (2 
units/ml), heparin (10 U/ml) or PIPLC plus heparin 
for 1 or 4 h at 37°C. LPL released into the medium 
was collected and the cell surface LPL was released by 
incubating for 30 min in DMEM-BSA containing 100 
units/ml of heparin. 

Kinetics of proteoglycan turnover 

Adipocyte proteoglycans were labeled by incubating 
the cells for 20 h in medium containing 50 pCi/ml of 
[ ?3]sulfate as described by Edwards and Wagner (35). 
After removal of the radiolabeling media, the cells were 
washed and "Slabeled proteoglycans were then chased 
with fresh medium containing 1 mM Na,SO,. Media, 
pericellular (trypsin releasable), and intracellular pro- 
teoglycans were assessed in triplicate cultures during 
the ensuing 24 h as previously described (36). Total pro- 
teoglycan radioactivity was measured after precipitation 
using 3 times sample volume of absolute ethanol con- 
taining sodium acetate (0.8 g/L). Chondroitin sulfate 
was added as a carrier and the samples were incubated 
overnight in -20°C freezer. Samples were then spun at 
2000 rpm for 1 h, supernatant was removed, and the 
pellet was solubilized in 0.5 N NaOH. The amount of 
HSPG was determined as that resistant to digestion by 
chondroitinase ABC. The radioactivity in 1 ml of the 
aqueous phase was determined using 5 ml of scintilla- 

tion fluid ( Hydrofluor, National Diagnostics, Manville, 
NJ) in a model 1800 liquid scintillation counter (Beck- 
man Instruments, Palo Alto, CA). 

RESULTS 

Time course of LPL uptake and degradation 
To determine the rate of LPL uptake and degrada- 

tion by adipocytes, we performed the experiment 
shown in Fig. 1. '251-labeled LPL was first bound to adi- 
pocytes at 4°C for 1 h, after which the cells were washed 
and then incubated with fresh medium at 37°C. Cell 
surface, intracellular, and degraded LPL were assessed 
for up to 6 h. Cell surface LPL decreased about 80% in 
the first 2 h. At 6 h, <lo% of the LPL remained on the 
cell surface. During the same time period, intracellular 
and degraded LPL increased. At 6 h, 25% of the LPL 
initially on the cell surface had been degraded. As 
shown in the inset, 59% of the cell surface LPL was in 
the medium. Thus, there is a pathway by which cell sur- 
face LPL is internalized and degraded in adipocytes 
(37) and it leads to degradation of approximately 25% 
of the cell surface LPL. 

LPL Catabolism 

Time (hours) 

Fig. 1. Time course of cell surface LPI, uptake and degradation. 
HFC-1P were incubated for 1 h at 4°C in medium containing '"I- 
labeled LPL (1 pg/ml). The LPL-containing medium was removed, 
cells were washed and then incubated with fresh medium at 37°C to 
measure subsequent ""I-labeled LPL degraded (open circles), within 
the cells (open triangles), and on the cell surface (solid dots). At the 
initial point (0 h) ,  > 20 ng of the LPL was associated with the cells. 
Inset: Time course of total ""I-labeled LPL. released into medium 
(open triangles), undegraded (open diamonds), and degraded (filled 
triangles). Values presented are the percent of total connts at each 
time point and are the mean of triplicatc determinations. 
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does riot require HSPG binding f'or degradation (38, 
39). Adipocytes wet-e treated with heparinase and he- 
paritinase at 37°C f'or 1 h and the cells were then cooled 
to 4°C. "Wabeled LPL (1 kg/ml) was allowed to associ- 
ate with control and heparinase-treated adipocytes 101. 
1 11 at 4°C. Heparinase treatment decreased the aniount 
of cell surface LPL by 70 -t- 5%. The subsequent effects 
on LPL, degradation were determined. As shown in Fig. 
3, in this experiment RAP decreased LPL degradation 
to 68% of control at 1 1-1 (3.1 ng in control vs 2.1 ng i i i  

RAP-treated cells) and to 82% of control at 4 h (f'roni 
17. I iig t o  13.8 ng). Heparinase/lieparitinase t l ~  
creased LPL degradation t o  57 and 35% of c:ontrol  drir- 
ing the same time periods. M%cn KrW was included i n  
lieparitiase/lieparitit~ase-treated cells, it f 'ui~liei~ dc- 
creased LPL degradation t o  46 antl 23% of' control ; I (  

1 11 and 4 h, respectively (fi-om 3. I iig t o  1.4 tig a i i t l  

froiii 17.1 rig t o  3.9 iig). In a separate expcriineiit t o  

test tliv cfkct of different coiicentratioris of' KAP o i l  

IPI .  uptake and tlegratlation, we fimntl that LPL, dcg1.a- 
dation tlc~i-eased i n  a ttosc-dcpcl1dellt matitier. :\t ;I 

R,W concentration of' 40 pg/ nil ( 1 p i ) ,  LI'L tlcgracla- 
t ion  decreased l y  67% a t  1 h ( l i .o i i i  36.4 2 1 .4 ng to 

12. 1 i- I .X ng). 
These. tla t a p I-ovicle fur the r cvidcnccl 111 21 t t 11 c re it ix> 

two pathways of LPL degradation. I )  A tWP-scnsiti.c,c, 
presuriiably LAP and IDL receptor, pathwa!.. This path- 

1,111, rcccp,ol. (illklibitec~ by RAP alolle) alld ;I kisp(; 
irlterlnediate stel-), i.c., L~PL,  first l,illds to  ~ s p ( ;  allcl 
tliell ,(, I , K ~  (inllibitt,d ijy ~,cpar i r lase  and u p ) ,  2) [I 
 insensitive, llLlt ~ lepar~nasc~seI ls~t~ve,  l~l.esLll,la~,~,. 

H S ~ ( ; ,  I,iltllL,,a,,. 'rllis sccont~ i,21t~lw21, ilCcO,lrlts li)l. ;I 

ql.c:atcl. pc,l.cenr Of' 1 , p ~ ~  <legraciation al  , l ie late,., .f 11, 
;ilile, sLlggesting tlla, i t  is a slOwcl. l,lctil~,olic ,,ro( 
r\s lleparin tlecl.caseti c~rgratpation by (;()-H~c%; (Fig. 31\) 

l - i n ,  Howevel-, tilese data sllggest tllat tile ~ s p ( ;  ,,L,tllway 
(4  l i )  is I.clativcly I,lol.e serlsitivc, t o  ~ l ( ~ F ) ~ i l . i l l  t l l a n  ,tie 
~ ~ ~ ~ - s c n s i t i , . c  p2rtllM,a,. 

Metabolism o f ~ ( ~ M ' ' :  was assessed under the si~inc coil- 

tlitions. Binding, uptake, and c1eg:radation ol' a,M:': 11), 
atlipoc),tcs was inhibited 75-985% b y  RAP aii t l  was  not 
aff'ectcd b!. heparinase treatment (Fig. 3B) .  This sug- 
gestetl that cellular a,M<' metabolisiii, unlike (tiat o i '  
I.PI,. is pi-it~iarily via a KAP-sensitive pathway. 

Degradation of LPL in the medium 
111 the pi-evious experiments, degradation ol' cell SUI'- 

face I Y 1 .  w a s  spccifically assessed by first allowing tlle 
L,PL t o  bind t o  the cells at 4°C antl then f0llowing degra- 
datioii. LPI ,  degradation may hc a 2-step prowss: I )  
LPL hitlditig to the cell surface, and 2) 1,PL r1ptake and 
degrachtioii. Because the HSPG and KAl'-sciisitiw 
rilcchariislns appeared t o  have tlifferctit kinetics. w e  ; I S -  

Fig. 2. Llptake and clegradatioii ol cell siirface I.PL,: rtfrcts ot I W '  
anti ~ ~ ~ ~ , ~ ~ i ~ ~ .  q- la l ,e lec i  L,PL, (1 I -cg /n l I )  was allowecl t0  l,il1d to BF(:- 
I p a t  4°C: for I h. <:ells WCI-c washed three tiincs, iiiciiIxwd wit11 ~ i - c s h  
iiirtlitim iii the presericc or abseilcr ofIL.\P (.5 pgjnil)  01. 1irp;ii-iii ( 10 
i i n i t s / i n l )  t o r ~ i r i o u s  lengths of tirrir, ant1 1.1'1, degraded W;IS assessed. 

(solid clots) ot Iirpai-in (open ti.iaiigIr\). L'alrica reprc~sriit incai i  t 
SI) of tr-iplicatc tlrter;niiii,itions. 

Slrown ~ l l . ~  conlrol ce l~s  (open circles) ; l l l ~ ~  cel l5  ~ n c , r ~ , a t c ~  Tvitll  Rkp 

As L.PL, is a ligdrld 1i)r IARP (1.5-18) we tested M'hether way Inay invol,,e both clirect ,lptakc, of I,PI, 1)). 1,KP oI. 
RAP, an inhibitor of ligand binding to  Lm, prevented 
degradation of LPL (Fig. 2) .  By 1 h, a significant ~-etluc- 
tion in degradation was found in the RAP-treated cells, 
0.5 % 0.05 ng versiis 0.3 -t 0.04 iig, a 4094 decrease. At 
2 h, RAP decreased LPL degradation ii-orri 3.7 2 0.5 
ng t o  2 3  t- 0.6 ng, a 32% decrease. Xlthough a MI'- 
rncdiated decrease in degradation was still apparent at ( i  
11, the percent inhibition had declined t o  21 %. Heparin 

0.5 2 0.05 ng to 0.2 k 0.0 I ng, a 60%, clecrcasc at 1 
h. These data suggest that some I P l .  degradation b!, 
aclipocytcs is via a KAP-sensiti\r pathim)., lio~vc\~er, 
other iiiechaiiisms that are heparin-, h i t  not KAP-, s v ~ i -  
sitive are also operative. 

Effects of heparinase/heparitinase and RAP on the 
degradation of cell surface LPL 

OUI- data suggest that most of' the I,PL degradation 
is heparin-sensitive. This probably includes both RAP- 
sensitive and non-RAP-sensitive pathways. Sonle ligands 
that associate with I,RP require an initial interaction (or 
capture) 11y HSPG prior to binding to tliis receptor. LPL, 
association with LRP also might require HSPG ( 1.5). 
therefore we assessed the effects of heparinasc and 
hcparitinase on LPL degradatioii. I n  parallel expel-i- 
Inciits, "e also studied the effects o f  M P  and hepa- 
rinase on the degi-adation ol'  a2M*:, a L,RP ligand that 

treatment decrcascd the alllolH1t of L,pL, degraded f I - O I l 1  both HSPC; alltl K A ~  pat~lways Irlay bc affectecl by hv,,;,. 
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sessed whether the RAP-sensitive process accounts for 
a different proportion of LPL degradation when LPL is 
in solution. To do this, cells were incubated with me- 
dium containing "'1-labeled LPL at 37"C, and degraded 
LPL was assessed (Fig. 4). Again, heparin decreased 
degradation by >70% at 1 and 4 h. At 1 h, RAP de- 
creased degradation by 64% of control (from 12.4 ng 
to 4.5 ng); at 4 h, however, only 22% of the degradation 
was RAP-sensitive (60.3 ng vs. 43.8 ng). Therefore, at 
the initial time point, more LPL was degraded via the 
RAP-sensitive process. 

Effects of PIPLC on LPL uptake and degradation 

Avian adipocytes (40), 3T3-Ll cells (41), and hepato- 
cytes (42, 43) have cell surface HSPG that are GPI 
linked. We tested whether GPI-linked HSPG are in- 
volved in uptake and degradation of LPL by BFC-1 s adi- 
pocytes. Cells were incubated with medium containing 
PIPLC (2 units/ml) for 1 h at 37"C, then LPL (1 pg/ 

140 - 
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0 n o 60 - 
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i 

=RAP 
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I 
Fig. 3. Effects of heparina$e/heparitinase, and RAP on the degrada- 
tion of cell surface LPL and asM*. A: 9-labeled LPL: BFC-1P were 
incubated for 1 h at 37°C with medium alone or medium containing 
a combination of heparinase and heparitinase ( H / H )  (2.5 units/ml 
of each). Cells were washed, cooled to 4°C before adding 'Yr'I-labeled 
LPL (1 pg/ml) and then incubated for 1 h. Unbound LPI, was re- 
moved and the control and heparinase-treated cells were then incn- 
bated at 37°C in fresh medium alone or medium containing RAP (5 
pg/ml) or heparin (10 units/ml). Degraded ""I-labeled LPL was de- 
termined at l and 4 h. The effects of RAP and heparinase on cell 
surface, intracellular, and degraded a2M* were determined (B).  Val- 
ues rrpresent the mean ? SD of triplicate determinations. B: ""I-la- 
beled a,M*: BFC-1P were incubated for 1 h at 37°C with medium 
alone or medium containing heparinase (5 units/ ml).  (:ells were 
washed, cooled to 4°C and incubated with "'I-labeled a,M* (5 pg/ 
ml) for 1 h. Unbound "'I-labeled a2M* was removed and control cells 
were incubated with medium containing RAP (5 pg/mi) and hepa- 
rinase-treated cells were incubated with medium alone at 37'C for 1 
h. Cell snrface, internalized, and degraded a2M* were determined. 

ml) was allowed to bind to cells for 1 h at 4°C and me- 
tabolism of LPL in control and enzyme-treated cells 
with and without RAP was assessed (Fig. 5) .  With cells 
treated with PIPLC, LPL degradation was decreased by 
13 5 2% (from 4.9 ng to 4.20 ng). RAP decreased LPL 
degradation to 70 ? 5% of control (4.9 ng vs. 3.43 ng). 
PIPLC and RAP decreased LPL degradation to 67 ? 1 % 
of control (4.9 ng vs. 3.28 ng). This result suggests that 
some of the cell surface HSPG, as in avian adipocytes 
(40), are GPI anchored. The decrease in LPL degrada- 
tion after removing these proteoglycans was commensu- 
rate with their effect on cell surface LPL binding. 

Effect of RAP and PIPLC on endogenous 
LPL activity 

Because newly synthesized LPL is present on the adi- 
pocyte surface, we tested whether treatment of adipo- 
cytes with RAP or  PIPLC would increase media LPL. 
Because immunoprecipitating antibodies to mouse LPL 
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Fig. 4. Degradation of media LPL. Cells were incubated at 37°C for 
1 or 4 h in medium containing 1251-labeled LPL (1 pg/ml) in the 
presence of RAP (5 pg/ml, solid bar) or heparin (10 units/ml, open 
bar). Degraded '*%labeled LPL was measured. Values are the means 
2 SD of triplicate dishes. 

Fig. 6. Effect of RAP and PIPLC on endogenous LPL activity. BFG 
I p  were incubated for 1 h at 37°C in 1 ml of DMEM-BSA (control), 
DMEM-BSA containing RAP (5 pg/ml) or PIPLC (2 units/ml) or 
heparin (10 units/ml) or PIPLC and heparin. LPL activity in the me- 
dia (solid bar) and on the cell surface (open bar) was measured. Sur- 
face LPL was released by incubating cells with 100 units/ml of hepa- 
rin in DMEM-BSA at 4'C for 30 min. Values represent mean 5 SD. 

were not available, to test this, cells were incubated with 
or without RAP (5 pg/ml), PIPLC (2 units/ml), hepa- 
rin (10 units/ml) or PIPLC plus heparin at 37°C for 
1 h and media and cell surface LPL activities were as- 
sessed. As shown in Fig. 6, under control conditions, 
most of the LPL activity was present on the cell surface 
and very little was released into the medium. Addition 
of RAP had no effect on LPL release. Similarly, incuba- 
tion of adipocytes with PIPLC did not release additional 
LPL activity into the medium (42 t 10 for PIPLC com- 
pared to 47 ? l o  for contro1s). Heparin treatment in- 
creased LPL activity in the medium to >&fold of con- 
trol cells and markedly decreased cell surface LPL 
activity* As p1pLc did not re1ease LpL, we tested 
whether this was due to reassociation of PIPLC-released 
LPL with cell surface HSPG. When cells were incubated 
in medium containing both heparin and PIPLC, no fur- 

Fig. 5. Effects of PIPLC on LPL uptake and degradation. BFClP 
were incubated for 1 h at 37°C in medium with no enzyme or PIPLC 
( 2  units/ml). Afterwards, cells were washed, cooled to 4°C before in- 
cubation with lz5I-1abeled LPL (1 pg/ml) for 1 h. Unbound LPL was 
removed and cells were incubated at 37°C for 1 h in a fresh medium 
with or without RAP (5 pg/ml). Degraded 1*51-labeled LPL was deter- 
mined. Values are the means 2 SD of triplicate dishes. 
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ther increase in media LPL activity was found compared 
to heparin alone. These data suggest that LPL activity is 
not preferentially found on GPI anchored proteoglycan 
and do not support the hypothesis that LPL is GPI an- 
chored to the adipocyte cell surface. 

HSPG turnover by BFC-1P adipocytes 

The heparanase-sensitive and RAP-resistant LPL up- 
take and degradation, we postulated, was due, in part, 
to direct internalization of cell surface HSPG with 
bound LPL. Such a pathway would be reasonable only 
if the rate of cell surface HSPG uptake is similar to the 
rate of LPL uptake. The kinetics of HSPG turnover were 
examined in a pulse-chase experiment. Adipocytes were 
labeled with ["S]sulfate and the amounts of total pro- 
teoglycans, CSPG, and HSPG were determined. Adipo- 
cyte proteoglycans are present in three pools, in the me- 
dium, inside the cells, and in a pericellular pool. The 
pericellular proteoglycans are those released with tryp- 
sin and include both integral membrane proteoglycans 
and extracellular proteoglycans that are not in solution. 
Figure 7A shows the total proteoglycan turnover. At 2 
h, pericellular proteoglycans decreased 26%, and at 8 
h approximately 50% of the pericellular proteogly- 
cans remained. It should be noted that the trypsin- 
releasable proteoglycans are both on the cell surface 
and in the extracellular matrix. I t  is conceivable that 
much of this slowly turning-over pericellular pool is ex- 
tracellular and not on the cell surface. Nonetheless, in 
2 h an approximately 26% decrease was observed for 
pericellular proteoglycans and during that same period 
38% of the LPL degradation occurred (Fig. 1). We, 
therefore, conclude that the proteoglycan pathway 
could account for much of the non-RAP-sensitive LPL 
degradation. 

The effects of heparinases support the hypothesis 
that most cell surface LPL binds to HSPG. For this rea- 
son, the kinetics of HSPG and CSPG turnover were s e p  
arately assessed (Fig. 7B). The amount of pericellular 
HSPG decreased fairly rapidly: a >25% decrease in 2 
h, >40% in 4 h, and >60% at 24 h. Although we ob- 
served a similar decrease of pericellular CSPG, this de- 
crease was slightly less rapid than the HSPG. 

Effect of PIPLC on adipocyte proteoglycan 
metabolism 

To directly assess the amount of cell surface proteo- 
glycans that were GPI anchored, cells were labeled with 
[35S]~ulfate for 16 h and then incubated in fresh me- 
dium with or without PIPLC for up to 1 h. Proteoglycans 
in the media were measured at 0, 10, 20, 30,40, and 60 
min (Fig. 8A). At each time point, 35Slabeled proteogly- 
cans in the medium were >3-fold higher in PIPLC- 

A 

ea '2 
X 

80 

70 

60 

60 

40 

SO 

20 

10 

7 A  

0 4 8 12 16 20 24 28 
m m 1  

i B  -D- HSPG 

0 4 8 12 16 20 24 28 

Time(hr) 

Fig. 7. Adipocyte proteoglycan metabolism. A Turnover of total 
proteoglycans: BFC-1P were labeled with 50 pCi/ml [giS]sulfate for 
20 h. The labeling medium was removed, and the cells were incubated 
for indicated times in unlabeled medium containing 1 mM NapSO,. 
Media (open circles), pericellular (trypsin releasable, solid circles), 
and intracellular (open triangles) '%-labeled proteoglycans were de- 
termined. B: Turnover of pericellular HSPG and CSPG: BFClP were 
labeled and chased as described in 7A. Pericellular proteoglycans 
were collected at each time point and the amounts of HSPG (open 
circles) and CSPG (closed circles) were determined. 

treated cells than in control cells. This confirms the 
presence of GPI anchored proteoglycans on these cells. 

The percentage of pericellular proteoglycans in the 
different pools was assessed after a similar labeling ex- 
periment. Trypsin-releasable proteoglycans represent 
the total pericellular proteoglycans (Fig. 8B). Approxi- 
mately 14% of the pericellular proteoglycans were re- 
leased by PIPLC and 30% by heparin. This suggested 
that 14% of the pericellular HSPG are GPI anchored, 
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DISCUSSION 
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Fig. 8. Effect of PIPLC on adipocyte proteoglvcan metabolism. A: 
Time coiirse of proteoglycan release: BFGl  p were labeled with 50 
pCi/nil ["S]sulfate for 16 h. The labeling inedium was removed arid 
cells were incubated in fresh medium alone or medium with PIPIX: 
(2  units/ml) for up to 1 h. Aliqiiots (100 pl) of media were collected 
at each time point and the amount of ""Slabeled proteoglycans ~ ; i h  

ineasured. B: Percentage ofpericellular proteoglycans in the different 
pools: "5S-labelerl adipocytes were incubated with PIPLC (2  units/ mi) 
for 1 h at 37°C: or with heparin (100 units/inl) lor 15 rnin at 97Y: 
and released proteoglycans were determined. Total proteoglycans 
represent those released by trypsin. 

but the GPI-anchored HSPG do not appear to function 
in a metabolically more active manner. Moreover, a sig- 
nificant portion of the extracellular proteoglycans was 
released by heparin (44) and appear to be non-trans- 
membrane proteoglycans. 

The current studies were designed to investigate the 
biochemical mechanisms of LPL, degradation by BFC- 
l p  adipocytes. Our data are consistent with those of C:i- 
sar et al. (1 1). There appear to be two separate pathways 
for the uptake of cell surface LPI, and, in our studies, 
26% of the cell surface LPL and approximately .50% of 
thc internalized LPL were degraded. Our data further 
suggest that adipocyte cell surface LPL is degraded by 
at least two mechanisms. One of these is sensitive to 
RAP, the 39 kDa inhibitor of LKP and VLDL receptor 
(45). The known interactions of LPL with LRP (16) and 
VLDI, receptor and the findings that adipocytes contain 
both LRP and VLDL receptor (24, 46, 47) make it likely 
that RAP prevents LRP and VLDL receptor-mediated 
LPL degradation. RAP, however, is a multifunctional re- 
agent and has also been shown to block the lipolysis- 
stimulated receptor (48), and, at a high concentration, 
the LDL receptor (49, 50) .  Recent studies showed thai 
the LDL receptor can bind LPL (51). I t  is, therefore, 
likely that RAP inhibited internalization and degrada- 
tion of LPL by LRP, VLDI, receptors and LDL, recep- 
tors. 

There are two models for ligand interaction wi th  
LRP. In one, typified by a,M, the ligand directly inter- 
acts with the receptor (52, 53). In the second model, 
typified by apolipoprotein E-containing lipoproteins 
(54, 55), hepatic lipase (56), and thrombospontlin 
(57), the LRP ligand first binds to cell surface HSPC; 
ant1 is then internalized via the receptor. This is the pr-o- 
cess that appears to mediate much of the LRP-mediated 
uptake of lipoproteins. Most LPL-mediated lipoprotein 
degradation via 1,RP appears to require an initial inter- 
action of LPL with HSPG (16). However, because RAP 
decreased LPL degra&ation in heparinase-treated cells, 
our data suggest that some LPI, degradation was exclu- 
sive of HSPG. Thus, both HSPG and HSPCindepen- 
dent pathways can degrade LPI,. 

There is a RAP-insensitive, but heparin- and hepa- 
rinase-sensitive, pathway for LPL uptake and degrada- 
tion by adipocytes. This pathway is likely to be siinilai, 
to the HSPG internalization pathway in inacrophages 
that degrades lipoproteins attached to the cell surfacc 
via an LPL. anchor (18). The kinetic analyses showed 
that the turnover of cell surface HSPG was sufficiently 
rapid t o  account for much of the non-RAP-sensitive I H ,  
degradation in the cells. Whether a subclass of HSPG 
accounts for most of this process was also assessed. We 
found that at least three pools o f  HSPG were present 
on the adipocyte surface, one of these pools is releas- 
able with PIPL(: and a second with heparin treatment 
of the cells. The majority of the cell surface HSPG are 
resistant to both of these treatments. PIPL(:-seiisitiw 
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HSPG did not appear to be metabolically more active 
than other pericellular proteoglycans. Studies in prog- 
ress will examine whether the relatively large pool of 
heparin-releasable HSPG is involved in LPL degrada- 
tion. 

Controversy exists in the literature as to whether LPL 
is anchored to adipocytes via a GPI anchor. The initial 
report that PIPLC released LPL from adipocytes (41) 
preceded the description by Misra et al. (40) that these 
cells have GPI-anchored HSPG. Recently two reports 
from a single laboratory have claimed to precipitate 
myo-["C] inositol-labeled LPL from adipocytes (58, 59). 
The specificity of the antibody used for these experi- 
ments was not reported and the size of the alleged pre- 
cipitated LPL was identical to that of another GPI-an- 
chored protein, the CAMP-binding ectoprotein. 
Recently, an analysis of LPL cDNA did not find a car- 
boxyl-terminal signal sequence similar to that found in 
GPI anchored proteins (60). Our data are in agreement 
with those of Misra et al. (40) and show that in mouse 
adipocytes approximately 14% of the cell surface HSPG 
are GP1-anchored. Afier treating the cell with heparin, 
we were Unable to measure any additional LPL activity 
released with PIPLC. This could be because the GPI- 
anchored LPL was inactive or because GPI-LPL is only 
found intracellularly. However, the most likely explana- 
tion for our results is that LPL is not a GPI-anchored 
protein. 

LPI, cellular metabolism may be a model for other 
cell surface HSPGbinding proteins. LPL is internalized 
and degraded by the cells by receptor-mediated and 
HSPG-mediated processes. Moreover, HSPG associa- 
tion promotes LPL degradation by receptor-mediated 
processes, while some degradation is mediated by direct 
interactions with the receptors. Degradation also occurs 
by a direct HSPGinediated process. Recently, Berryman 
and Bensadoun (25) observed that most of the LPL deg- 
radation by wild type CHO cells transfected with human 
LPL was HSPGmediated and not RAP-sensitive. In con- 
trast, RAP significantly inhibited LPL degradation in a 
HSPG-deficient CHO cell line (25). Thus, differences 
in cell lines led to differences in LPL metabolism. For 
this reason, we believe that our data using adipocytes, 
which are consistent with observations made using he- 
patocytes ( 16), are more likely to reflect in vivo cellular 
degradative processes. 

What is the importance of these degradative pathways 
to overall LPL metabolism? Several studies show that 
LRP levels can be regulated in vitro. Agents that stimu- 
late LRP expression include phorbal esters, modified 
lipoproteins (611, lipopolysaccharide, interferon 
gamnia (62), CAMP (63), and insulin (24). LRP regula- 
tors may, in part, control the amount of LPL on the 
adipocyte cell surface by affecting LPL degradation by 

adipocytes. In vivo, this would make more LPL available 
for transport to its physiologic site of action on the en- 
dothelium. However, it appears likely that degradation 
is but one of many regulatory steps that control LPL 
activity in vivo.M 
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