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Summary. We have investigated whether and how the elevated 
glucose concentrations characteristic of  diabetes may alter the 
interaction of  endothelial  cells with low-density l ipoproteins 
(LDL). Protracted exposure of  cultured human endothelial 
cells to 20 mmol/1 glucose failed to affect either the relation- 
ship between the degree of  confluency of  the monolayer  and 
the extent of LDL degradation or the dose-responses for LDL 
uptake and degradation. In contrast, non-enzymatic glycosy- 
lation of  LDL by pre-incubation of  LDL with glucose mark- 
edly inhibited their uptake and degradation by endothelial  
cells. Thus, at protein concentration of  5 txg/ml, the amount  of  
glycosylated 125I-LDL associated with cells was decreased 
fourfold compared with native 125I-LDL (47 + 3 versus 194_+ 

10ng.  mg cell protein -1-24 h -1, m e a n +  SEM), and degrada- 
tion was decreased twenty-fold (135+4 versus 2873+ 
115 ng- mg cell protein -~. 24 h-l). The degree of inhibition was 
proport ional  to the extent of  glycosylation. At all concentra- 
tions studied, methylated LDL behaved similarly to glycosy- 
lated LDL. The decreased recognition of  glycosylated LDL by 
the endothelial lining of  small and large blood vessels may 
have an impact on tissue physiology and on the overall fate of  
the glycosylated molecules. 
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Since no unique pathogenic element has yet been impli- 
cated as the link between diabetes and the accelerated 
atherosclerosis affecting diabetic patients of all age 
groups [1, 2], it seems reasonable to investigate whether 
and how diabetes may alter the interactions between 
participants in the atherogenic process: low density 
lipoproteins (LDL), the source of most of the cholester- 
ol present in vascular lesions [31 and cellular elements of 
the vessel wall. Previous investigations addressing this 
question have focussed on the interactions of LDL with 
fibroblasts or macrophages [4-9]. Yet it is the endothe- 
lium that is in contact with the blood and first partici- 
pates in LDL metabolism. Endothelial cells take up and 
degrade LDL through both receptor-dependent and in- 
dependent mechanisms [10-12]. We sought to deter- 
mine whether protracted elevation of ambient glucose 
may alter these interactions. We have thus studied LDL 
receptor function in human endothelial cells cultured in 
elevated glucose concentrations and, conversely, the 
consequences of increased glycosylation of LDL, 
known to occur in diabetic patients [7, 13], on its recog- 
nition and handling by endothelial cells. 

Materials and methods 

Cell cultures 

Primary endothelial cell cultures from human umbilical veins were es- 
tablished according to the method of Jaffe et al. [14] with slight modi- 
fications. Briefly, umbilical cords were obtained from normal or Cae- 
sarean-section full-term deliveries and stored at 4~ in sterile 
phosphate-buffered saline (PBS, 0.15 mol/1, pH 7.4), with penicillin 
(500 units/ml) and streptomycin (500 I.tg/ml) until use 1-3 h later. Un- 
der sterile conditions, the cord ends were cleanly cut and the vein lu- 
men cannulated at each end. After 50-100ml of PBS had been 
flushed through to remove any blood, 15-20 ml of 0.2% collagenase 
(Sigma Type I, approximately 200 U collagenase/ml dry weight; Sig- 
ma Chemicals, St. Louis, Missouri, USA) solution was instilled, dis- 
tending the vein lumen, and the ends were clamped. The cord was 
then placed in a sterile 37 ~ water bath for 15-20rain. After incuba- 
tion, two 50-ml syringes and an additional 30 ml of PBS were used to 
flush the luminal content back and forth five to six times which was 
then collected in a centrifuge tube containing 10 ml of culture medium 
(Medium 199, Gibco Laboratories, Grand Island, New York, USA), 
supplemented with glutamine (2mmol/1), Hepes buffer (17.5 
mmol/1), and 20% fetal calf serum, the latter added in order to inacti- 
vate the collagenase. The cellular suspension was then centrifuged at 
5 ~ the supernatant discarded and the cell pellet gently resuspended 
in 2 ml of medium per cord. We generally processed two to three 
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Fig. 1. Inverse relationship between degree of confluence of the en- 
dothelial cell monolayer (reflected in the cell protein per surface area 
of the culture dish) and degradation of 12SI-LDL (5 ug/ml). The rela- 
tion was unaffected by exposure of endothelial cells for 5-10 days to 
20 mmol/l glucose. Each point represents the mean _ SEM of three or 
four determinations. �9 = 5 mmol/1 glucose; �9 = 20 mmol/l glucose 

cords at the same time and pooled the harvested cells. Cells were 
seeded at a density of I x 105 in 17 mm wells (Falcon, Oxnard, Cali- 
fornia, USA) and 2 x 105 in 35 mm dishes and placed in the incubator 
(Forma Scientific, model 3157, Marietta, Ohio, USA). The following 
day, the medium was removed, the cells were washed once with PBS 
and fresh medium containing 14% heat-inactivated pooled human se- 
rum was added. In our experience, the sequence of fetal calf serum at 
plating followed by human serum after 24 h has resulted in the best 
growth performance for human umbilical vein endothelium. 

Volumes of incubation were 2 ml for 35 mm dishes, and t ml for 
17 mm wells. All cultures were incubated at 37~ in a humidified 5% 
CO2:95 % air atmosphere and, in order to preserve sterility, all media 
were filtered and supplemented with penicillin (50 units/ml) strep- 
tomycin (50 .ag/ml) and fungizone (0.25 ]xg/ml) purchased from Ir- 
vine Scientific, Irvine, California, USA. Media were changed twice 
weekly. When monolayers were 60%-70% confluent, the medium in 
experimental dishes was supplemented with D-glucose (Sigma) in or- 
der to achieve glucose concentrations of 20 mmol/1 (versus 5 retool/1 
in control dishes). This concentration was chosen to match glucose 
levels in uncontrolled but non-ketotic diabetic patients. The accuracy 
of addition and stability of the glucose concentration in incubation 
media was verified by frequent determinations (Beckman glucose an- 
alyzer, Beckman Instruments, Fullerton, California, USA). Exposure 
to high glucose levels was continued for 8-10 days. Insulin levels in 
the pooled human sera were 8-12 mU/1 (Autopak-12 insulin radio- 
immunoassay by Micromedic Systems, Horsham, Pennsylvania, 
USA). Owing to serum dilution in the culture medium, cells were ex- 
posed to subphysiological levels of insulin. The experimental culture 
conditions thus matched the glucose:insulin ratio characteristic of in- 
sulin-deficient diabetes. The presence of factorVIII-related antigen 
on endothelial cells was tested with an immunoperoxidase method 
(Histoset Kit, Immunolok, Carpinteria, California, USA). 

LDL uptake and degradation experiments 

Human LDL was prepared and radioiodinated as described previous- 
ly [7, 15] using carrier-free Na12SI (Amersham/Searle, Arlington 
Heights, Illinois, USA). Glycosylation was achieved by incubating the 
iodinated LDL for 7 days in 80 mmol/1 glucose; in these experiments, 
15-18% of the lysines were glycosylated, as judged by the trinitroben- 
zenesulphonic acid assay [16]. To achieve higher degrees of glycosyla- 
tion some LDL preparations were incubated in glucose (80 retool/l) 
in the presence of fresh cyanoborohydride (J.T.Baker Chemicals, 
Phillipsburg, New Jersy, USA) dissolved in PBS to a final concentra- 

tion of 12.5 mg/ml. Under these conditions, 40%-60% of the lysine 
residues were glycosylated. 

Initially, control LDL was subjected to all the steps employed in 
glycosylation except that glucose was omitted from the incubation 
mixture. However, upon observing that its behaviour was indistin- 
guishable from that of freshly prepared LDL, we used the latter in 
subsequent studies. Reductive methylation of LDL was performed by 
the method of Weisgraber et al. [17]. With this procedure > 80% of 
LDL lysine residues are blocked by methyl groups as measured in the 
trinitrobenzenesulphonic acid assay. 

Twenty-four hours before exposure to test LDL, cultures were 
switched to medium containing 5% lipoprotein-deficient human se- 
rum prepared as described previously [15]. Uptake and degradation 
studies were initiated by providing the cell cultures with fresh medium 
also containing 5% lipoprotein-deficient serum and the appropriate 
concentrations of 125I-LDL proteins: 5 or 20.ag/ml in order to test 
high-affinity receptor functions [3] and 400 .ag/ml to test overall endo- 
thelial handling of LDL concentrations to which these cells are phys- 
iologically exposed in vivo [18]. The different glucose concentrations 
were maintained in all experimental media. Plates without cells were 
incubated under the same conditions to control for spontaneous 
breakdown of the labelled LDL. 

After incubation for 14-24h, LDL degradation products were 
measured in the medium by adding serum albumin (1 mg/ml) and 
trichloroacetic acid (10% final concentration). The trichlorocetic acid 
soluble material was treated with silver nitrate (10 mg/ml) in order to 
precipitate free iodine and after centrifugation, the superuatant was 
drawn through a 0.22 .am pore-diameter filter and 125I was  counted in 
a Searle automatic gamma system (model 1197, Des Plaines, Illinois, 
USA). The cell monolayers were washed five times with ice-cold PBS, 
scraped from the dishes, and sonicated. Aliquots were taken for 
counting to yield cell-associated radioactivity and for protein determi- 
nation by the method of Lowry et al. [19]. Degradation products are 
expressed in rig. mg cell protein -1 �9 h -1 or per total period of incuba- 
tion; cell-associated LDL in ng/mg cell protein. In the experiments 
relating LDL degradation to degree of confluency of the monolayer, 
in order to establish comparison between endothelial cells cultured in 
different size plates, the total amount of protein per dish was related 
to the surface area (961 for 35 mm, 226 for 17 ram) and is thus ex- 
pressed in ng/mm e. 

Data are expressed as mean _+ SEM of triplicate-quadruplicate de- 
terminations in two to three identical experiments. Statistical analysis 
was performed using the two-tailed Student's t-test. 

Results 

Effects of elevated glucose on cell viability, 
morphology and total protein 

H u m a n  endo the l i a l  cells cu l tu red  for up  to 12 days in  
2 0 m m o l / 1  glucose a n d  control  cells cons is ten t ly  ex- 
c luded  Trypan  blue.  N o  morpho log ica l  differences 
cou ld  be detected in  endo the l i a l  cell m o n o l a y e r s  cul- 
tu red  in  n o r m a l  or h igh glucose concen t r a t i ons  by  
phase -con t ras t  microscopy.  

The  presence  of  20 m m o l / 1  glucose  in  the cul ture  
m e d i u m  for 4 - 1 2  days did  no t  mod i fy  the total  cell pro-  
te in  con ten t  per  dish. The  a m o u n t  of  total  p ro te in  o f  
cells cu l tu red  in  5 m m o l / l  g lucose was 150 + 10 n g / m m  2 
at c o n f l u e n c y  versus 149 + 14 r i g / r a m 2 for mono laye r s  
cu l tured  in  20 retool/1 glucose.  U n i f o r m  react ivi ty for 
factor  VI I I  an t igen  was observed  in  endo the l i a l  cells 
cu l tu red  in  n o r m a l  or h igh glucose concen t ra t ions .  
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Fig. 2. Dose-response curves for 125I-LDL uptake (expressed as cell- 
associated radioactivity) and degradation by endothelial cells main- 
tained in normal (5 retool/l) or elevated (20 mmol/l)  glucose concen- 
trations for 8-10 days. Each point represents the m e a n +  SEM of six 
to nine determinations obtained in two or three identical experiments. 
�9 = 5 mmol/1 glucose; �9 = 20 mmol/1 glucose 
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Fig.3. Effect of glycosylation of 16% of LDL lysine residues on up- 
take and degradation by endothelial cell high affinity LDL receptors. 
Each bar represents the mean + SEM of eight determinations ob- 
tained in two identical experiments. [-]= control LDL; []  = glycosy- 
lated LDL 

Effects of elevated glucose on uptake and degradation 
of native LDL 

The inverse relationship between degree of confluency 
and rate of LDL degradation described in bovine aortic 
endothelium [11] was also demonstrated in human en- 
dothelial cells (Fig.l): LDL degradation rate was 
603 _+ 95 rig. mg cell protein 1. h-t in dividing cultures 
and fell to 36-68 ng.mg cell protein -1. h -1 in confluent 
cultures (cell protein content 130-211 ng/mm2). Expo- 
sure to 20 mmol/1 glucose for various intervals from the 
time of plating did not alter the relationship between 
state of confluency and rate of LDL degradation by hu- 
man endothelial cells (Fig. 1). 
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Fig.4. Effect of extensive glycosylation or methylation of LDL on 
degradation by endothelial cells. The indicated concentrations of 
LDL were employed to test high-affinity receptor (5 ~tg/ml) and over- 
all handling of physiological concentrations of LDL (400 ~tg/ml). 
Each bar represents the mean + SEM of eight to ten determinations in 
two or three identical experiments. [ ]  = control LDL; [ ]  = glycosylat- 
ed LDL; I 1 =  methylated LDL 

The dose-response curve for cell-association and 
degradation of LDL by endothelial cells was similarly 
unaltered by 8-10 days exposure to an elevated glucose 
concentration (Fig. 2). 

Glycosylated and methylated LDL 

125I-glycosylated LDL was prepared by incubation of 
glucose and LDL and 16% of the lysine residues were 
glycosylated (Fig. 3). When endothelial cells were incu- 
bated with this glycosylated LDL, cell-associated radio- 
activity was 47 + 3 ng/mg cell protein, in contrast with 
194 _+ 10 ng/mg cell protein for native LDL and degra- 
dation was markedly reduced: 135_+4 versus 2873 + 
115 ng .mg cell protein -1. 24 h -1 for native LDL. 

When up to 40% of lysines were glycosylated as re- 
sult of incubation of LDL and glucose in the presence 
of cyanoborohydride, the difference in degradation was 
even more marked: while native LDL (5 ~tg/ml) yielded 
1648_+ 140 ng-mg cell protein -1.24h -1, degradation 
products from glycosylated LDL were 27_  10ng.mg 
cell protein -1. 24 h -1. Values were similarly reduced for 
methylated LDL (15 + 1 ng.mg cell protein -t-24h-l;  
Fig. 4). When expressed in ng/dish, the values for deg- 
radation products of glycosylated and methylated LDL 
were not different from spontaneous degradation of the 
modified LDL in dishes without cells. Exposure of hu- 
man cells to a high concentration of LDL (400 ~tg/ml), 
mimicking levels physiologically bathing vascular en- 
dothelium and super-saturating high-affinity LDL re- 



M. Lorenzi et al.: Endothelial cells and glycosylated lipoproteins 

ceptors, resulted in increased degradation products for 
all types of LDL: 6961 _+ 430 for native, 401 + 36 for gly- 
cosylated and 728 + 22 ng. mg cell protein -1. 24 h -1 for 
methylated LDL. The values for lysine-modified LDL, 
albeit much smaller than for native LDL (p < 0.001), 
are indicative of at least some cell-mediated degrada- 
tion, presumably occurring through non-receptor mech- 
anisms, since the absolute amount of LDL degradation 
products per dish ranged from 12 to 36 ng/24 h, while 
control dishes without cells only yielded values between 
2 and 6 ng/24 h. 

Discussion 

Among the constituents of the vessel wall, endothelial 
cells might be the first to be affected by the abnormal 
metabolic milieu of diabetes as they face it directly. We 
have investigated whether prolonged exposure of vas- 
cular endothelial cells to high glucose levels alters the 
function of specific membrane recognition sites, partic- 
ularly high-affinity receptors for low-density lipopro- 
teins [10, 11]. In our experiments, human endothelial 
cells cultured in high glucose concentrations main- 
tained an unaltered dose-response for LDL uptake and 
degradation and the same inverse relationship between 
the state of confluency and LDL degradation exhibited 
by control cells. This was observed using glucose con- 
centrations and duration of exposure reported to result 
in appreciable non-enzymatic glycosylation of various 
tissues [20, 21] and proteins [22]. Thus, possible bio- 
chemical changes induced by protracted elevation of 
ambient glucose do not appear to affect the function of 
LDL receptors on endothelial cells nor to modify the 
characteristics of contact inhibition that mediate the de- 
creased internalization of LDL in confluent monolayers 
of endothelial cells [11]. However, when exposure to 
high glucose had modified the LDL ligand, significant 
impairment of interaction with the receptor was ob- 
served, resulting in reduced cellular uptake and degra- 
dation of LDL. The fact that the behaviour of methylat- 
ed LDL was similar to that of glycosylated LDL at all 
LDL concentrations studied indicates that reactive 6- 
amino groups of lysine, crucial for the recognition of 
LDL by fibroblast receptors [17, 18], are as important 
for physiological interaction with endothelial cells re- 
ceptors. As in fibroblasts [17], the LDL recognition sites 
of endothelial cells appear sensitive to modification of a 
small fraction of the lysine groups of the ligand in that a 
substantial reduction in internalization and degradation 
was observed when only 16% of the LDL lysines were 
glycosylated. 

In assessing the possible clinical relevance of these 
observations in vitro, the first point of interest relates to 
the substantial amount of LDL internalized and de- 
graded by the primary cultures of human endothelial 
cells, even in the post-confluent state. This is in contrast 
with the cessation of LDL internalization observed in 
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established lines of bovine endothelial cells upon devel- 
opment of contact inhibition [11] and cannot be attri- 
buted to the lack of fibroblast growth factor in the cul- 
ture medium, since Coetzee et al. have reported similar 
results for human endothelial cells cultured in the pres- 
ence of fibroblast growth factor [12]. Because our cul- 
tures were exposed to lipoprotein-deficient serum prior 
to testing, and may thus have increased their number of 
LDL receptors [3], our results may overestimate the 
magnitude of LDL receptor activity expressed by endo- 
thelial cells in vivo. However, Carew et al. [23] have 
shown recently in rabbits in vivo that endothelial cells 
account for 40% of total aortic degradation of LDL and 
that on the basis of tissue protein content, endothelium 
is about 40 times more active in LDL degradation than 
the rest of the aorta. Moreover, of this LDL degrada- 
tion, 48% was receptor-dependent. 

If then LDL uptake and degradation by the high-af- 
finity receptor is physiologically important for endothe- 
lial cells, interference with its function by modification 
of the ligand may have untoward effects. Albeit to lesser 
degrees than we have tested in our model, increased gly- 
cosylation of LDL has been demonstrated in diabetic 
patients [7, 13] and LDL isolated from poorly controlled 
diabetic subjects have been shown in at least one study 
[8] to be internalized and degraded by fibroblasts less 
than LDL obtained after optimization of metabolic 
control. In addition, glycosylation of LDL in only 
20 mmol/1 glucose, resulting in 3%-5% of lysine resi- 
dues derivatized, a level seen in some diabetic subjects, 
has been found to reduce significantly the plasma clear- 
ance of LDL in the guinea pig [24]. 

A process may be envisaged whereby diminished 
uptake of initially mildly glycosylated LDL by endothe- 
lial cells throughout the vascular system may build a 
pool of increasingly glycosylated molecules whose turn- 
over in the circulation becomes prolonged, thus contri- 
buting to the LDL elevation observed in diabetic pat- 
ients [25] and eventually even constituting an antigenic 
challenge for the immune system [26]. Whether the dis- 
turbed relationship with the modified LDL may also 
impinge on endothelial cell physiology is worthy of fur- 
ther investigation. 
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