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The binding of Apolipoprotein E supplemented t r ig lycer ide emulsions to 
sulfated glycosaminoglycans demonstrated spec i f i c i t y  for the carbohydarate 
polymers. Glucosamine containing glycosaminoglycans with re la t ive ly  less 
sulfate had l i t t l e  a f f i n i t y  for the Apo E emulsion whereas those with more 
sulfate ( i .e .  heparin and sulfated heparans) ef fect ive ly  bound the emulsion. 
Galactosamine containing glycosaminoglycans (chondroitin 4 sulfate and 
dermatan sulfate) demonstrated no binding. The Apo E induced uptake of 
t r ig lycer ide emulsions by hepatocytes was inhibi ted by highly sulfated 
polysaccharides ( i .e .  heparin, dextran sulfate) but other glycosaminoglycans 
which did not bind the emulsion were inef fect ive in this inh ib i t ion .  The same 
sulfated compounds which inhibi ted the hepatocyte Apo E emulsion interaczion 
ef fect ive ly  released hepatic l ipase from isolated hepatic perfusions. 
Glycosaminoglycan sulfates which did not bind the Apo E supplemented emulsions 
and did not i nh ib i t  hepatocyte association were inef fect ive in releasing 
lipase. A heparan mixture isolated from human l i ve r  was much less effect ive 
in inh ib i t ing Apo E induced association of emulsions with hepatocytes, than 
heparin. A highly sulfated octasaccharide fract ion isolated from bovine l i ve r  
heparin inhibi ted more ef fect ive ly  than the human heparans but less than the 
heparin. Inhib i t ion of Apo E mediated hepatoeyte emulsion association was 
produced by a one hour exposure of the cel ls to ei ther heparinase or 
heparanase. The heparanase was more active than the heparinase and both were 
effect ive in the presence of protease inh ib i tors .  Enzymes hydrolyzing 
chondroitin sulfates and hyaluronic acid were inneffective in inh ib i t ing  the 
Apo E induced association. The specif ic binding of human low density 
l ipoprotein to the hepatocyte was much less effected by the heparanase 
exposure than the Apo E mediated binding. ~ ~986A=ad~cP ..... z~. 

The sinusoidal surface of hepatocytes contain an appreciable amount of 

heparan sulfate (1,2). Some of this surface heparan sulfate may play a role 

in the binding of hepatic l ipase and have other functions in the hepatic 

metabolism of l ipoproteins. 

Apolipoprotein E binds to heparin and confers heparin binding on emulsions or 

] ipoproteins with which i t  associates {3). The ~ddition of apolipoprotein E 
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to a t r ig lycer ide  emulsion produces rapid hepatic uptake and metabolism of the 

t r ig lycer ide  by perfused (4) and cultured (5) rat l i ve r  suggesting a function 

for glycosaminoglycans sulfates in this process, lhe inh ib i t ion of Apo E 

induced heparin binding of emulsions by Apo C proteins (3) and the simi lar 

inh ib i t ion of hepatic Apo E rich l ipoprotein uptake by Apo C protein (4) also 

suggests a role for glycosaminoglycan sulfates. 

MATERIALS AND METHODS 

Human apolipoprotein E was prepared from the delipidated very low density 
l ipoprotein of hypertriglyceridemic humans and rat apo E from delipidated rat 
l ipoproteins by molecular sieve, ion exchange and heparin a f f i n i t y  chromato- 
graphy (6,4). The apolipoprotein was evaluated for  pur i ty  by both Sodium 
dodecyl sulphate polyacrylamide gel electrophoresis (7) and urea 
polyacrylamide gel el ectrophoresis (9). Human low density l ipoprotein was 
isolated by standard ul t racentr i fugat ion (9) and chromatographied on a heparin 
sepharose column. The human low density l ipoprotein was radioiodinated with 
[1251] by a standard method (10). 

The glycosaminoglycans chondroitin-4 sul fate,  dermatan sul fate,  heparin 
and hyaluronic acid were purchased from Sigma (St. Louis MO). Glycerol t r i  
[114C] oleate was obtained from Amersham (Arl ington, l l l i n o i s ) .  Soy bean 
trypsin inh ib i to r  was bought from Cooper Biomedical (Pa). Lung heparans with 
various sulfate contents and hepatic heparans were prepared as previously 
described (11). Alpha-2-macroglobulin was a g i f t  of Dr. S. Pizzo, (Duke 
University Medical Center, Durham, N.C.) Heparinase and heparanase were 
purchased from Seikagahu Kogyo Co., (Japan). The various glycosaminoglycans 
were immobilized on Sepharose 4B by a previously described (4) var iat ion of 
the method of Iverius (12). Glycosaminoglycan a f f i n i t y  interact ion was 
determined as described from this laboratory (3) employing a glycerol [114C] 
t r i o l e i n  egg lec i th in  stabi l ized emulsion having a rat io  of 
tr iolein/phosphoTipid cholesterol of 5/4/1 and prepared as previously 
described (4). The emulsions were supplemented with ei ther human or rat Apo E 
in a rat io of I00 ~g t r ig lycer ide to 7.5 ~g apoprotein. Sulfate composition 
of the glycosaminoglycans were determined by the procedure of Antonoupolous 
(13). 

Hepatocyte monolayer cultures were prepared from 250 gram Sprague-Dawley 
rats by a collagenase perfusion technique modified from Seglen (14). The 
hepatocytes were maintained in minimal essential media containing I0 mg/ml of 
bovine albumin for a 36 h interval pr ior  to assaying for Apo E mediated l i p i d  
uptake and metabolism. The synthetic t r ig lycer ide emulsions used for the 
assay of hepatocyte uptake and metabolism were the same as those employed in 
the assay of glycosaminoglycan binding. Incubations of 25 ~g of t r ig lycer ide 
containing 7 ~g of Apo E were done with hepatocytes in the albumin minimum 
essential media at 37 ° for 1 hour. After the incubations the media was 
harvested, the cel ls washed twice with 2 ml of 7.5 mM phosphate buffered (pH 
7.4), 150 mM NaCl (PBS), and the cel ls harvested by scraping with a plast ic 
policeman. The cel ls were centrifuged at 3000 rpm for 5 minutes, re-washed 
with PBS twice, and then extracted by the method of Dole (15) assaying both 
organic and aqueous fract ions. Additions of glycosaminoglycans to the 
incubation were made at the same time the emulsion was added. Exposure of the 
hepatocytes to enzymes degrading glycosaminoglycans was done by adding 
the various enzymes at concentrations from 3 mlU to 12 mlU of enzyme per ml. 
These were added to minimum essential medium containing I0 mg/ml of bovine 
albumin alone or in the presence of 50 ~g of ei ther the protease inhib i tors 
m-2- macroglobulin or soybean trypsin inh ib i to r .  After the one hour enzyme 
exposure, the media was removed and the cel ls were washed three times with 
phosphate buffered saline pr ior  to assaying with the Apo E enriched 
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radiolabeled emulsion. Enzyme exposed hepatocytes were assayed for the 
appearance of Lactate dehydrogenase by a standard method (16). 

Isolated l i ve r  perfusions were performed by an established method (17) 
employing apoprotein free bovine serum albumin (30 mg/ml) in Krebs ringer 
bicarbonate buffer as perfusate. The glycosaminoglycan (50 ~g) was added to 
the perfusion and the perfusate (about 50 ml) recovered af ter  10 minutes and 
aliquots assayed for hepatic lipase by the method of Schotz (18). 

RESULTS AND DISCUSSION 

Chromatography of an Apo E supplemented glycerol [ l l4C]  t r i o l e i n  emulsion 

on Sepharose immobilized heparan with re la t ive ly  low (9% by weight) sulfate 

content (elut ing from Dowex at 0.9 M NaCI) revealed no a f f i n i t y  of the 

emulsion for the glycosaminoglycan (Fig. 1, Top Panel). Heparan containing 

re la t ive ly  more (17%) sulfate (elut ing from Dowex at 1.4 M NaCI) exhibited 

binding of the Apo E enriched emulsion comparable to that of a heparin column 

(Fig. 1, Top Panel). The Apo E supplemented t r ig lycer ide emulsion 

demonstrated no a f f i n i t y  for ei ther chondroitin or dermatan sulfate (Fig. I ,  

Bottom Panel). 

The addition of Apo E to a t r i o l e i n  emulsion resulted in a I0 fold 

enhancement in the recovery of the radiolabeled t r i o l e i n  in the hepatocytes 

(Table 1). Adding heparin to the incubations at a concentration of I0 ug/ml 
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Figure i. The binding of Apo E Supplemented Triolein emulsion for Aff inity 
columns containing (Top panel ." a 0.9 Heparan and 0 . . . . . . .  0 
1.4 Heparan). Bottom panel 0 . . . . . . .  0 Dermatan Sulfate ." a 
Chondroitin-4Sulfate). The gradient was 0.05 m NaCI to 1.5 M NaCI 
in 2 mM P04 pH 7.4. 
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TABLE 1. GLYCOSAMINOGLYCAN INHIBITION OF A?O E MEDIATED TRIOLEIN HEPATOCYTE 
INTERACTION (a) 

SUBSTRATE GLYCOSAMINOGLYCAN HEPATOCYTE TRIOLEIN 
RECOVERY 

Triolein without Apo E 

Triolein with Apo E 
Heparin (10 pg) 
Chondreitin Sulfate (200 ~9) 
Dermatan Sulfate (200 ug) 
Hyaluronate (200 pg) 
Heparan Sulfate 0.9 (200 pg) 
Heparan Sulfate 1.4 (200 ug) 

nmol/h/106 Cells 

0.33 (0.023) b 

3.76 (0.52)~ 
0.44 (0.08) ~ 
4.23 (0.58) 
3.50 (0.35) 
3.98 (0.24) 
3.60 (0.42!c 
2.08 (0.30) 

(a) Data represent t r ip l icate determinations for each assay using lecithin 
stabilized t r io le in  (31.8 nmol/ml) in the absence and presence of Apo E (0.2 
nmol/ml). The recoveries were signif icantly different from the Apo E enriched 
emulsion at (b) p < 0.01 and (c) < 0.05 by t test. 

i n h i b i t e d  the s t i m u l a t i o n  (Table 1).  Chond ro i t i n  and dermatan s u l f a t e  as wel l  

as hya lu rona te  a t  h igher  concen t ra t i ons  (200 pg/ml) were i n e f f e c t i v e .  The 

Dowex i s o l a t e d  heparans demonstrated no i n h i b i t i o n  f o r  the heparan w i th  9% 

s u l f a t e  and s i g n i f i c a n t  i n h i b i t i o n  f o r  the heparan w i th  17% s u l f a t e .  

The a b i l i t y  o f  a g lycosaminoglycan or  s u l f a t e d  po lysacchar ide  to i n h i b i t  

Apo E supplemented emulsicn i n t e r a c t i o n  w i th  hepatocytes was c o r r e l a t e d  w i th  

the a b i l i t y  o f  t h i s  compound to re lease  hepa t i c  l i p a s e  from per fus ions  o f  

i s o l a t e d  l i v e r s  (Table 2).  Heparin and s u l f a t e d  dext ran e f f e c t i v e l y  i n h i b i t e d  

the Apo E mediated emuls ion hepatocyte  a s s o c i a t i o n  and both re leased a 

s i g n i f i c a n t  amount o f  hepa t i c  l i p a s e  i n t o  the pe r fusa te .  Chondro i t i n  s u l f a t e  

and dermatan s u l f a t e  both o f  which had l i t t l e  i n h i b i t o r y  p o t e n t i a l  f o r  the Apo 

TABLE 2. RELATION BETWEEN HEPATIC LIPASE RELEASE AND INHIBITION OF APO E MEDIATED 
HEPATOCYTE LIPID ASSOCIATION (a) 

SUBSTRATE POLYMER HEPATOCYTE TRIOLEIN HEPATIC PERFUSATE 
RECOVERY LIPASE ACTIVITY 

nmol/h/lO 6 Cells nmol FFA/ml 

Triolein 0.33 (0.23) 

Triolein Apo E 3.76 (0.52) b 
Heparin 0.44 !0.08)~ 3,696 
Chondroitin Sulfate 4.23 (0.58)~ 347 
Dermatan Sulfate 3.50 (0.35) 761 
Dextran Sulfate 0.54 (0.16) 3,678 

(a) Hepatocyte recovery data are means of t r ip l icate determinations using substrate 
concentrations described in Table i and the lipase recoveries are means of duplicates. Each 
of the sulfated carbohydrates was added to the l iver  perfusate at 0.5 mg/ml and to the 
culture concentrations described in Table 1. 
(b) Significantly different than Apo E free emulsion at p < 0.01. 
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TABLE 3. EFFECT OF HEPATIC GLYCOSAMINOGLYCANS ON APO E INDUCTION OF LIPID RECOVERY IN 
HEPATOCYTE MONOLAYERS 

GLYCOSAMINOGLYCAN (% SULFATE) CONCENTRATION INCREASE PRODUCED BY 
None .~9/ml APO E OVER CONTROL 

6.6(0.5) 
Heparin (39%) i0 0.7 
Human Heparan (15%) 200 6.3(0.4)b 
Human Heparan (7%) 200 5.1(0.3)~ 
Bovine Heparin Octasaccharide (29%) 200 2.4(0.4) ~ 

(a) Values are means of e i ther duplicate or quadruplicate (with standard errors) 
determinations at each glycosaminoglycan concentration. The Apo E increment was determined 
by div iding the hepatocyte recovery in the absence of Apo E into that in i t s  presence. The 
values in ( ) under glycosaminoglycan are the % sulfate by weight. S igni f icant ly  d i f ferent  
from the incubation without glycosaminoglycan at (b) p < 0.05. (c) p < 0.01. 

E mediated increment in hepatocyte l i p id  recovery released l i t t l e  enzyme 

act<vity.  

Human hepatic heparans were much less active in inh ib i t ing the hepatocyte 

t r i o l e i n  recovery than heparin (Table 3). Signif icant inh ib i t ion was observed 

for the heparan containing 7% sulfate but the more sulfated heparan was 

without effect.  An octasaccharide fragment of beef hepatic heparin 

s ign i f i cant ly  inhibi ted but was not as effect ive as intact  mucosal heparin 

possibly because of i t s  smaller size or lower sul fat ion.  

TABLE 4. THE EFFECT OF ENZYMES WHICH DEGRADE GLYCOSAMINOGLYCANS ON THE RECOVERY OF APO E 
EMULSIONS IN HEPATOCYTE MONOLAYERS 

ENZYME mlU( b)- RATIO OF APO E INCREMENT WITH AND 
WITHOUT ENZYME 

Chondroitinase ABC 12 1.27(0.31) 
Hyaluronidase 12 1.18(0.24). 
Heparinase 3 .38(0.18) ~ 

6 .37(0.21) 
12 .5210.20)° 

Heparanase 3 .32(0.I i )~ 
6 .25(0.09)~ 

12 .20(0.07) u 

(a) Values are means of quadruplicate determinations at each concentration. The increment 
in hepatocyte l i p i d  recovery produced by Apo E observed in the absence of enzyme was divided 
into the recovery noted in the assay af ter one hour of enzyme exposure. 

nmol cel l  TG Apo E 
Enzyme exposed 

nmol cel l  TG 
Ratio = 

nmol cel l  TG Apo E 
No Enzyme 

nmol cel l  TG 
(b) mlU mi l l i  international unit  corresponds to the l iberat ion of 1 nmol of A 4,5 hex 
uranic acid per minute. 

(c) S ign i f icant ly  d i f ferent  than the value for hyaluronidase at p < 0.05. 

(d) p < 0.02. 
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Incubations of hepatocyte monolayers for  one hour with enzymes degrading 

glycosaminoglycans produced no mqrphologic evidence of cel l  t o x i c i t y  or 

increments in media l ac t i c  dehydrogenase ac t i v i t y .  Chondroitinase and 

hyaluronidase (Table 4) had no e f fec t  on the Apo E mediated hepatocyte l i p i d  

recovery. Heparinase treatment blunted th is  e f fec t  of Apo E but was not dose 

dependent and the e f fec t  was not consistent as re f lected in the large standard 

errors.  Heparanase produced a consistent dose dependent decrease in Apo E 

mediated hepatocyte t r i o l e i n  recovery. The decrease of Apo E induced 

hepatocyte recovery produced by 6 mlU/ml of heparanase to 25% of the untreated 

cel ls  was fur ther  decreased to 19% and 16% in the presence of soybean trypsin 

i nh ib i t o r  and ~-2-macrogobulin respect ively.  Neither of the protease 

inh ib i to rs  produced any inh ib i t i on  in the absence of the heparanase. 

The spec i f ic  binding of LI ~zs] low density l ipoprote in  to the rat hepatocyte 

monolayer was only modestly reduced by the preincubation of the cel ls  with 6 

mlU of heparanase (Figure 2). 

The presence of appreciable amounts of heparan sul fate at the sinusoidal 

surface of the hepatocyte (2) possibly has a funct ional role in hepatic 

l ipoprote in  t ransfer .  However, both apoproteins B and E which could have 
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Figure 2, The effect of Heparanase on Low Density Lipoprotein specific Binding 
to Hepatocytes. Hepatocyte cultures were preincubated without 
Heparanase e e and with Heparanase 0 . . . . . . .  0 as described in 
text. The cultures were subsequently incubated with the indicated 
concentrations of [1251] human Low Density Lipoprotein in the 
presence and absence of 500 ~g of luman Low Density Lipoprotein to 
determine specific binding. 
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potential a f f i n i t y  for the heparan appear (19,20,21) to have specif ic 

receptors on the hepatocyte membrane making the functional relevance of the 

heparan sulfate in the metabolism of these l ipoproteins questionable. 

Nevertheless, the pronounced heparanase reduction of Apo E mediated hepatocyte 

t r i o l e i n  recovery and metabolism with l i t t l e  influence on that of low density 

l ipoprotein suggests some role of the hepatocyte surface heparan sulfate in 

the transport of Apo E rich l ipoproteins.  

I t  is possible that the hepatic heparan sulfate which is in the space of 

Disse (1) and is readily accessible to plasma serves to i n i t i a l l y  interact  

with the plasma Apo E r ich l ipoprotein and subsequently mediate i t s  

interact ion with the hepatocyte receptor. The glycosaminoglycan sulfate in 

effect would act to f a c i l i t a t e  the interact ion of the l ipoprotein with the Apo 

E hepatocyte receptor. 
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