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Glucose Inhibits Replication of Cultured Human Endothelial Cells 
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Summary. Diabetes is an important risk factor for athero- 
sclerosis but the mechanism of the risk is unknown. As 
endothelial injury is considered to be an early event in the de- 
velopment of atherosclerosis, the effect of glucose on endo- 
thelial cell replication was studied. Concentrations of glucose 
of 11.2, 16.8 and 22.4 retool/1 inhibited DNA synthesis in cul- 
tured human umbilical venous endothelial cells by 8.1 ___ 10.8, 
24.3 _+ 8.8 and 30.9 ___ 7.4%, respectively. Glucose also inhibited 
the proliferative response of endothelial cells to experimental 
wounds in the cell layer. Sorbitol (22.4 mmol/1) inhibited en- 

dothelial cell DNA synthesis by 50+13.6%, but mannitol 
(22.4 mmol/1) inhibited DNA synthesis by only 3 + 24.3%. It is 
suggested that in diabetic subjects, high blood glucose levels 
may cause endothelial injury, or inhibit its repair, and hence 
allow the exposure of the arterial media to plasma and its con- 
stituents. 

Key words: Glucose, endothelial cells, DNA, cell culture, dia- 
betes mellitus, atherosclerosis. 

Al though atherosclerosis is more  c o m m o n  in diabetic 
patients than in normal  subjects, the exact relat ionship 
between the metabol ic  abnormali t ies  o f  diabetes and 
the pathogenesis  o f  the vascular  disease remains un- 
clear [1]. Risk factors for atherosclerosis in the general 
populat ion,  including hyper tension and abnormal  
serum lipids, are related to atherosclerosis in diabetic 
patients in the same way as in normal  subjects, but  do 
not  appea r  to explain entirely the excess risk o f  
atherosclerosis in diabetes. The deve lopment  of  large 
vessel disease in diabetic patients does not  appea r  to be  
prevented  by  available methods  of  treating diabetes [1]. 
Epidemiological  studies suggest that  there is a factor  or 
factors unique to diabetes which is responsible for the 
increased incidence of  large vessel disease [2]. 

Two cells o f  the arterial wall are closely associated 
with the deve lopment  of  atherosclerosis [3]. Endothel ial  
cells fo rm the lining of  the inner par t  o f  the artery and 
are considered to act as a barrier, prevent ing the entry 
o f  p l a sma  constituents into the inner par t  o f  the arterial 
wall. Smooth  muscle cells comprise  the media  of  the ar- 
tery, and are also found  in small numbers  in the normal  
intima. A current theory suggests that  the initial change 
in atherosclerosis is the deve lopment  of  an injury or al- 
terat ion to the endothelial  barr ier  [4]. This allows plas- 
m a  to enter the inner int ima and media  where smooth  
muscle  cells are exposed  to substances including a fac- 

tor f rom platelets [5] and  insulin [6, 7] which stimulate 
their proliferation. I f  exposure is p ro longed  an athero- 
sclerotic lesion with lipid, connective tissue and throm- 
bosis develops. 

Much  attention has been  paid  to factors which stim- 
ulate arterial smooth  muscle cell proliferat ion [5-8]. Of  
equal  impor tance  are factors which inhibit endothelial  
cell proliferat ion and  hence retard the healing of  injury 
to the endothel ium. The major  metabol ic  abnormal i ty  
in diabetes is a high p lasma  glucose, and therefore the 
effect of  glucose on h u m a n  endothelial  cell replication 
was studied. 

Methods 

Human endothelial cells were cultured from umbilical vein by a mod- 
ification of the methods of Jaffe et al. [9] and Gimbrone et al. [10] as 
previously described [t 1]. Briefly, umbilical cord was obtained within 
24 h of delivery. The umbilical vein was identified, cannulated and, 
after being flushed free of blood with phosphate-buffered saline 
(PBS) infused with a solution of collagenase (0.025% in PBS). Ten 
minutes later the collagenase solution was flushed from the vein to- 
gether with the freed endothelial cells. The cells were concentrated by 
centrifugation and were then placed in plastic tissue culture flasks 
(Becton Dickinson, Wembley, Middlesex, UK) in medium 199 (Gib- 
co-Biocult, Paisley, Scotland, UK) supplemented by 20% pooled hu- 
man serum (obtained from the Northern Ireland Blood Transfusion 
Service). Cell growth was seen within 6 h. Endothelial cells could 
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Fig. 1 .  Effect of three concentra- 
tions of glucose on incorporation of 
3H-thymidine into DNA in cultured 
human umbilical venous endothelial 
cells. With glucose (11.2 mmol/1) the 
change in DNA synthesis was: - 8.1 
+ 10.8% (mean _+ SEM;p  > 0.20), 
with 16.8 mmol/l :  -24.3 _+ 8.8% 
(p < 0.025) and with 22.4 retool/l: 
-30.9 _+ 7.4% (p <0.005) 
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SORBITOL (22P, mmol / I )  

Fig. 2. Effect of sorbitol on incorporation of 3H-thymidine into DNA 
in cultured human umbilical venous endothelial cells. The mean 
change in DNA synthesis was - 5 0  + 13.6% (p < 0.025) 

tage change of the mean of the control dishes. For each concentration 
of glucose the experiment was repeated on seven occasions. 

To test the effect of glucose on the proliferation of endothelial 
cells in response to experimental wounds, 30 mm Petri dishes contain- 
ing almost confluent endothelial cells were scraped in two parallel 
lines with a 5 mm wide stainless steel spatula. The scraped cells were 
washed off and the medium changed to standard medium (six dishes) 
and medium containing glucose (22.4 mmol/1) (six dishes). After 24 h, 
48 h or 7 days 1 gCi of 3H-thymidine was added for 2 h and the cells 
processed as before. 

In another series of experiments, sorbitol (22.4 mmol/l) or manni- 
tol (22.4 mmol/l) instead of glucose was added to the medium. 

Statistical analysis was performed as follows. The significance of 
the seven replicate experiments was tested by paired t-test. As the re- 
sults may not have been normally distributed, significance was also 
tested by the two-tailed binomial test and the Wilcoxon signed rank 
test. The significance levels were the same using all three tests and on- 
ly the paired t-test results are reported here. A least-squares linear 
correlation between the change in the DNA synthesis and the incre- 
ment in glucose concentration was calculated. 

identified by their immunological and ultrastructural characteristics 
as described previously [111. 

For the experiments, endothelial cells derived from three different 
umbilical cords were passed into twelve 30 mm Petri dishes (Falcon) 
and grown to sub-confluency. This was the first subcultivation of 
these cells. The medium was then changed, the six control dishes con- 
tinuing in standard medium with 20% pooled human serum and glu- 
cose (5.6 mmol/1) and the other six dishes containing medium, serum 
and glucose concentrations (11.2, 16.8 or 22.4 mmol/1), which are re- 
presentative of those found in diabetic patients under varying degrees 
of control. Each experiment tested one concentration of glucose 
against the control medium. After exposure to the test media for 24 h, 
1 ktCi of 3H-thymidine (Radiochemical Centre, Amersham, UK) was 
added to each dish. Two hours later the medium was removed, the 
cells were freed from the dishes by trypsinization, DNA was isolated 
and radioactivity estimated as described previously [111. The results 
were expressed in terms of cell protein measured by the method of 
Lowry et al. [12]. For each experiment the mean of the six dishes ex- 
posed to the high glucose concentration was expressed as a percen- 

Results 

The results illustrate a progressive depression of DNA 
synthesis in human endothelial cells exposed to in- 
creasing concentrations of glucose (Fig. 1). With glucose 
(1!..2 retool/l) the mean change was - 8 . 1  _+ 10.8% 
(mean _+ SEM; p >0.20); with glucose (16.8 mmol/1) 
-24.3_+8.8% (p <0.025); and with glucose (22.4 
retool/l) -30 .9  _+ 7.4% (p < 0.005). When the mean 
percentage change in DNA synthesis was related to the 
increment concentration, there was a highly significant 
linear correlation (r --= -0 .99;  p < 0.01). In cell layers 
that had been subjected to experimental wounds, glu- 
cose (22.4 mmol/1) had a similar inhibitory effect on 
DNA synthesis. This varied from a change of -29% 
(mean of three experiments) 24 h after wounding to 
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- 54% (mean of two experiments) 7 days after wound- 
ing. 

When cells were exposed to sorbitol (22.4 mmol/1), 
the mean inhibition of DNA synthesis in four experi- 
ments was - 5 0  + 13.6% (p < 0.025; Fig. 2). Sorbitol 
also inhibited DNA synthesis (mean change - 68% at 
24 h after wounding) in endothelial cell layers subjected 
to experimental wounds. However exposure of the cells 
to mannitol (22.4 mmol/1) in five experiments resulted 
in a mean inhibition of DNA synthesis of - 3.0 _+ 24.3% 
(p > 0.45). 

Discussion 

These experiments show that glucose in increasing con- 
centrations causes inhibition of incorporation of la- 
belled thymidine into DNA in cultured human endo- 
thelial cells. This occurred both in subconfluent cell lay- 
ers and in cell layers that had been subjected to experi- 
mental wounds. It has been suggested that the latter 
experimental model is more relevant to endothelial re- 
pair in vivo [13]. Although cell counts were not per- 
formed, other workers have found that the incorpora- 
tion of thymidine into DNA reflects the number of cells 
when proliferation of endothelial cells has been studied 
[13]. These findings contrast with the effect of glucose 
on other cultured cells: glucose has no effect on smooth 
muscle cell proliferation but stimulates fibroblast pro- 
liferation [14]. The mechanism of the inhibition of endo- 
thelial cell proliferation by glucose may be related to its 
metabolic effects, to the osmotic effects of high glucose 
concentrations, or to cyclic AMP, a potent inhibitor of 
endothelial cell proliferation [15]. As reported with fi- 
broblasts and smooth muscle cells [14] sorbitol, a non- 
utilizable corbohydrate, had similar effects to glucose 
but mannitol had no effect. However, endothelial cells 
do not have the capacity to convert glucose to sorbitol 
[16] so it is likely that extracellular effects of both mole- 
cules are involved in the inhibition of cell replication. 
However, the lack of effect of mannitol on endothelial 
cell proliferation argues against h3,perosmolarity being 
the explanation for the effect of  glucose. Detailed stud- 
ies of the osmolarity of the culture medium are needed 
to confirm or deny hyperosmolarity as a mechanism for 
glucose's effect on endothelial cell proliferation. 

These results, if they apply to endothelial cells in 
vivo, suggest that high plasma glucose concentrations 
could inhibit endothelial cell replication. Glucose may, 
therefore, cause endothelial injury, perhaps by inhibit- 
ing the normal turnover of endothelial cells or, if an in- 
jury is caused by other means, the presence of a high 
glucose concentration may inhibit the repair of the en- 
dothelium. A recent study of alloxan-diabetic rabbits 
has shown aortic endothelial damage in hyperglyc- 
aemic animals [17]. A high glucose concentration could 
therefore contribute to the development of athero- 
sclerosis by increasing the exposure of the subintimal 
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tissues to plasma. Plasma constituents, including the 
platelet derived growth factor and insulin would then 
be able to stimulate the proliferation of medial smooth 
muscle cells and lipoproteins could be deposited in 
smooth muscle cells or macrophages. 

This hypothesis would be consistent with epidemio- 
logical evidence on the relationship of large vessel dis- 
ease to diabetes [1]. Although diabetic patients are more 
prone to atherosclerosis than normal subjects, the rela- 
tionship between blood glucose and atherosclerosis is 
not linear but more in the nature of a threshold effect 
[18]. Risk factors for atherosclerosis in the general pop- 
ulation are related to atherosclerosis in diabetes but do 
not account for the excess incidence of this disorder in 
diabetic patients [2]. High plasma insulin levels are pro- 
spectively related to coronary artery disease in the 
general population [19-21]. 

If this hypothesis is correct, prevention of large ves- 
sel disease in diabetic patients would be achieved by a 
reduction of blood glucose levels without the use of 
excess insulin concentrations. In non-insulin dependent 
diabetic patients this could be achieved by weight re- 
duction and exercise. For insulin-requiting diabetic pa- 
tients the development of new methods of insulin deliv- 
ery resulting in insulin concentrations nearer the phy- 
siological should be encouraged. 
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