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Summary. The relation between blood glucose control and 

erythrocyte adhesion to cultured human vascular endothelial 
cells was studied in 12Typel  (insulin-dependent) diabetic 
patients. Erythrocyte adhesion was measured before, 8 days 
and 6 weeks after continuous subcutaneous insulin infusion 
(CSII). Compared to controls, erythrocyte adhesion expressed 
as an adhesion ratio was increased in 10 diabetic patients at 
the first examination (adhesion ratio > 1.52). After 8 days, 
adhesion ratio was normalized in 5 patients. After 6 weeks, 
adhesion ratio was normal in 7 patients and significantly low- 

er in the group of 12patients (p < 0.01). The adhesion ratio 
was significantly correlated with glycosylated haemoglobin 
values (p < 0.001). Insulin did not directly affect erythrocyte 
adhesion. Adequate insulin treatment modifies erythrocyte 
adhesion through a metabolic effect which needs longer than 
1 week to be effective. 

Key words: Erythrocyte adhesion, cultured endothelium, gly- 
caemic control, continuous subcutaneous insulin infusion, 
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The effect of strict blood glucose control on the evolu- 
tion of microvascular complications of diabetes melli- 
tus is still controversial [1]. New treatment regimens 
have been devised which permit long term control of 
blood glucose levels in Type 1 (insulin-dependent) dia- 
betic patients [2]. Recently Raskin et al. [3] have report- 
ed that maintenance of nearly normal glycaemia in 
Type 1 diabetic patients with continuous subcutaneous 
insulin infusion (CSII) resulted in a normalization of 
microvascular lesions of skeletal muscle, although reti- 
nopathy and nephropathy were unchanged. The mech- 
anisms responsible for diabetic microangiopathy are 
probably multiple. We have previously shown that 
adhesion to cultured vascular endothelial cells was in- 
creased in erythrocytes from patients with diabetes mel- 
litus and that the extent of adhesion was significantly 
correlated with the extent and severity of vascular dis- 
ease [4]. The purpose of this study was to assess the ef- 
fect of insulin treatment on erythroc~e adhesion to en- 
dothelial cells after I week and after 6 weeks of CSII. 

Subjects and methods 

Subjects 

Twelve Type 1 (insulin-dependent) diabetic patients were studied 
(mean age: 52.7 + 9.2 years (mean + SEM), mean duration of diabe- 
tes: 15.5+8.3years). They all gave informed consent prior to the 

study. Patients with poor metabolic control, as judged by HbA1 values 
over 8.5%, were selected. The patients were on conventional therapy 
consisting of twice-daily injections of intermediate-acting insulin 
preparations. The main clinical data are given in Table 1. Two of the 
diabetic patients smoked 10 to 15 cigarettes per day; the others were 
nonsmokers or those who had stopped smoking for at least 10 years. 
One patient received digitalin besides insulin. C-peptide measured by 
radio immunoassay was lower than 0.3 ng/ml. At the time of this 
study the patients had already been hospitalized for a few days. CSII 
was started after initial investigations. Using a portable battery-pow- 
ered pump (Microjet MC 20, Miles Laboratories, Inc, Elkhart, IN, 
USA), Actrapid insulin (Novo Industrie Pharmaceutique, Paris, 
France) was infused subcutaneously at basal rates with premeal sup- 
plements designed to achieve target glucose levels of 4 to 7 mmol/1 
before meals and less than 9 mmol/190 min after meals. A 24-h blood 
glucose profile was repeated after the first week of CSII. The patients 
were then discharged and asked to measure their blood glucose levels 
at least 4times per day with a glucometer (Miles Laboratories, Inc), 
adjusting insulin dosage as necessary to maintain blood glucose target 
values. Patients were seen every 2 weeks as outpatients. The diet of the 
12 patients was unchanged during the study and contained 1600 to 
2200 cal per day, including 200 to 250 cal of carbohydrates. After 
6 weeks of CSII, the patients were readmitted to measure adhesion 
and to check glycaemic control. Details of insulin treatment, blood 
glucose and HbA~ concentrations are shown in Table 2. 

Controls 

Normal values of erythrocyte adhesion were determined from the 
blood of 260 volunteers in good health. The age range was 
35-67 years, with a mean of 42.7 years. At least one normal control 
subject was tested simultaneously with each diabetic patient for eryth- 
rocyte adhesion to endothelial cells obtained from the same umbilical 
cord. 
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Table 1. Clinical data 
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No. Sex Age Duration Retinopathy Proteinuria 
(years) of diabetes (g/24 h) 

(years) 

Neuropathy Peripheral vascular disease and myocardial ischemia 

1 M 51 28 Maculopathy 0.64 + 
2 F 48 18 Proliferative 3.51 + 
3 M 49 15 Maculopathy 0 + 
4 M 52 19 Background 0 + 
5 M 67 14 Maculopathy 0 + 
6 M 46 8 0 0 0 
7 M 48 29 Proliferative 0.60 + 
8 M 65 3 Maculopathy 0 0 
9 M 50 16 Background 0.45 + 

10 M 35 17 Background 0 + 
11 M 63 17 Background 0 0 
12 M 59 4 0 0 0 

Claudication 
0 
0 
Claudication 
Absence of both pulses in one leg 
Amputation 
0 
0 
Absence of both pulses in one leg 
0 
Absence of both pulses in one leg 
0 

Table2. Metabolic control 

No. Insulin (IU/kg/day) HbAI (%) 

Before CSII Before CSII 
CSII (6 weeks) CSII (6 weeks) 

Blood glucose (mmol/i) 

Before CSII CSII 
CSII (1 week) (6 weeks) 

1 0.87 0.43 13.7 7.9 
2 1.12 0.69 10.2 8.7 
3 0.98 1.05 10.8 8.1 
4 0.53 0.48 11.4 8.3 
5 0.59 0.55 9.4 8.4 
6 0.71 0.68 10.1 9.0 
7 0.41 0.35 10.2 7.3 
8 1.52 0.84 9.7 6.8 
9 0.78 1.04 9.6 7.5 

10 0.58 0.46 10.3 8.5 
11 0.77 1.05 8.8 8.1 
12 0.91 0.97 11.7 8.6 

17.9 8.8 4.2 
18.4 7.5 5.8 
12.3 6.1 6.5 
14.7 6.5 
15.6 1.6 1.9 
21.0 4.5 8.5 

2.9 8.4 9.8 
7.4 6.0 7.5 

15.9 2.8 6.6 
14.4 4.1 10.0 

5.5 10.2 5.2 
8.9 8.2 3.7 

M e ~ o ~  

Endothelial cell culture. Endothelial cells were cultured in 35-mm plas- 
tic dishes (Lux Scientific, Newbury, USA) according to the method of 
Jaffe et al. [5]. The cells from each human umbilical vein were harvest- 
ed and seeded in the dishes at a concentration of 40 000 per cm 2. The 
culture medium was M 199 (Gibco, Glasgow, Scotland) containing 20 
percent calf serum (Gibco). The medium was changed on day 2 and 
every 2 days until the cells reached confluence [6]. Cultures that did 
not achieve confluence, or in which detachment of cells was observed, 
were discarded. The endothelial cells were assessed for purity routine- 
ly by phase contrast microscopy and on several occasions by trans- 
mission electron microscopy and immunofluorescence with a specific 
antibody to human factor VIII related antigen (factor VIII R: Ag). 

Erythrocytes. Venous blood was anticoagulated with trisodium citrate 
(0.129 retool/1 final concentration) and the erythrocytes were washed 
3 times in normal saline. The packed washed red cells were incubated 
at 37 ~ for 40 rain (51Cr) sodium chromate (Atom-Energy commis- 
sion, Saclay, France) at a concentration of 50 poCi per millimeter. The 
labeled red cells were washed 4 times in Hank's balanced salt solution 
(HBSS) containing calcium (1.3 retool/l) and magnesium (0.4 mmol/  
1, Institut Pasteur, Paris, France) with human albumin (5 g/l, Centre 
National de Transfusion Sanguine, Paris, France) and resuspended in 
HBSS with albumin to give a haematocrit of 25 percent. In experi- 
ments designed to investigate the influence of insulin on adhesion, red 
cells were incubated with insulin (80 mlu, Actrapid, Novo Industrie 
Pharmaceutique, Paris, France) for 60 min at 37 ~ then labeUed with 
51 Cr sodium chromate. 

Red cell adhesion. Erythrocyte adhesion to endothelial cells was mea- 
sured as previously described in detail [4]. Briefly, labelled red cells 
were layered on culture plates. After incubation at 37 ~ for 30 rain, 
the non-attached cells were removed by aspiration and the culture 
plates were rinsed 5 times with 1-ml aliquots of Hank's balanced salt 
solution with 5 g of albumin/1 (Hank's albumin). The results were ex- 
pressed as the percentage of the total radioactivity that remained in 
the cultures after each wash according to the following formula: 

Percentage of radioactivity remaining in culture = 
T -  (R1 + R 2 +  Rx).100 

T 

where T denotes the total radioactivity in counts per rain, R the radio- 
activity in the wash in counts per rain, and x the number of the wash. 

In all experiments, the total radioactivity was calculated from the 
sum of the radioactivity of the 5 washes plus a wash with distilled wa- 
ter, which removed the residual radioactivity in the dish. 

To standardize the data on red cell adhesion, we also expressed 
the results as the adhesion ratio (AR). This ratio was defined as the 
percentage of radioactivity of patient red cells remaining on culture 
plates after the fifth wash divided by the percentage of radioactivity of 
control red cells remaining on simultaneously handled plates. The 
variability of erythrocyte adhesion has been previously reported with 
normal controls, with the mean AR (+  SD) being 1 ___ 0.26 [4]. 

Glycaemic control. Glycaemic control was assessed in each diabetic 
patient and control subject by the mean glucose level; this represented 
the mean of 8 daily blood glucose as calculated before, after 1 week 
and after 6 weeks of CSII. 
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Fig. I .  Erythrocyte adhesion to endothelial cells was measured before 
continuous subcutaneous insulin infusion (CSII) and after 8 days of 
treatment. The adhesion ratio was reduced after 8 days, but was not 
statistically significant 
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ature. In normal controls (n = 30) HbA~ was 6.7 + 0.6% (mean + SD, 
range 6-8%). Coefficient of variation for intra- and inter-essay runs 
(n = 15) were 4% and 5% respectively. 

In vitro effect of insulin on erythrocyte adhesion. To investigate a possi- 
ble effect of insulin on the adhesion of red ceils to endothelium, the 
red cells were resuspended after washing either in Hank's buffer or in 
Hank's buffer containing insulin. The concentration of insulin (Ac- 
trapid M C) was varied between 8 and 80 mlu/ml .  The incubation 
time before measuring adhesion was between 2 and 30 min. The red 
cells used for this type of experiment were from control subjects 
(n = 6) or from diabetic patients with an elevated HbA1 (n = 2). In two 
diabetic patients with poor glycaemic control, the adhesion was mea- 
sured in three sets of experiments; the in vitro effect of insulin was al- 
so tested. When glycaemic control was obtained, red cell adhesion 
was then measured and compared to the results previously obtained. 

Fibrinogen concentration. Plasma fibrinogen concentration was mea- 
sured using a commercial kit (Fibriprest, Stago, France) for the plas- 
ma obtained from the sample used to measure erythrocyte adhesion 
from normal subjects or diabetic patients. 

Statistical analysis 

Results were expressed as mean + SEM. Statistical significance was 
determined by the Wilcoxon's rank sum test for paired values. Corre- 
lation coefficient was calculated using a HP86 Hewlett-Packard and 
a statistical program for Biomedical Statistics. 

Results 

Glycaemic control 

The mean blood glucose level was 11.28 _+ 1.47 retool/1 
before CSII, 7.79 _+ 1.00 mmol/1 (not significant) after 
1 week and of CSII 6.55 _+ 0.78 mmol/1 after 6 weeks 
(p < 0.02). The total daily dose of insulin administered 
was reduced in 8 of the 12 diabetic patients. The mean 
daily dose of insulin was 0.83 + 0.32 IU kg -1 with con- 
ventional treatment and 0.73+0.27IU kg -1 after 
6 weeks of CSII (not significant). 

Haemoglobin  A1 

Haemoglobin At and erythrocyte adhesion were mea- 
sured on two occasions: before CSII and after 6 weeks 
of treatment with CSII. Before CSII, the mean HbA1 
level was 10.49+0.37; after 6weeks HbA1 was 8.35__+ 
0.19% (p < 0.001). 

I I 
Before CSII After 6 weeks 

Fig.2. Erythrocyte adhesion to endothelial cells was significantly re- 
duced after 6 weeks of continuous subcutaneous insulin infusion 
(CSII) (p < 0.01) 

Haemoglobin AI concentration. Haemoglobin A1 was measured before 
and 6 weeks after CSII venous blood was collected in tubes contain- 
ing fluoride EDTA. Erythrocytes were washed 3 times with 0.9% 
NaCI. Glycosylated haemoglobin was determined using commercial- 
ly available microcolumns (Biorad, Richmond, CA, USA) according 
to the method recommended by the manufacturer at constant temper- 

Erythrocyte adhesion 

At the first examination, two patients had normal eryth- 
rocyte adhesion to endothelial cells with no further sig- 
nificant modification throughout the study. Ten diabetic 
patients had an adhesion ratio which was abnormally 
high (AR> 1.52) before CSII was started. The highest 
adhesion ratio recorded was 3.50, which corresponded 
to the diabetic patient with the most severe vascular 
complications. For this patient, the adhesion ratio after 
6 weeks was improved and was at the upper limit of 
normal. After 8 days of CSII, the adhesion ratio was 
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Fig.3. Erythrocyte adhesion and HbAa concentration. Erythrocyte 
adhesion was lower when the HbA1 level was improved. Adhesion ra- 
tio (AR) and HbA1 concentration (in %) were statistically correlated 
(r = 0.626, p < 0.001). The normal values of AR are lower than 1.52 
(mean + 2 SD) 

normalized in 5 patients, was improved but still abnor- 
mal in two patients and was unchanged in three pat- 
ients. The adhesion ratio measured after at least 6 weeks 
of CSII was normal in 7 diabetic patients, improved but 
higher than the normal range in 2patients, and un- 
changed in I patient. 

As a control experiment, erythrocyte adhesion was 
measured on 20 occasions during a period of 18 months 
using the red cells obtained from the same normal sub- 
ject. The mean adhesion ratio was 1 ___ 0.27 ( + SD). 

The difference of erythrocyte adhesion before CSII 
and after I week was not statistically significant (Fig. 1). 
The difference in erythrocyte adhesion after 6 weeks 
was, however, significant (Wilcoxon's rank sum test, 
p < 0.01) (Fig.2). 

Fibrinogen concentration 

The fibrinogen concentration was measured in the plas- 
ma of the diabetic patients before and during CSII 
treatment. The fibrinogen level was higher in diabetic 
patients (3.42+_0.75g/1) than in control subjects 
(2.20 _ 0.20 g/l). The mean value of the fibrinogen con- 
centration increased after I week or after 6 weeks of 
treatment, but the difference was not statistically signifi- 
cant (1 week = 4.35 + 0.94 g/l, 6 weeks: 4.08 + 0.29 g/l). 

Erythrocyte adhesion and haemoglobin A1 concentration 

The adhesion ratio was significantly lower when the 
HbA1 was under 8.5% (p <0.002). Furthermore, there 
was a significant correlation between the HbA~ concen- 

tration and the extent of erythrocyte adhesion as ex- 
pressed as an adhesion ratio (r=0.626, p<0.001;  
Fig.3). 

In vitro effect of insulin 

In control subjects, the addition of 80 mIu/ml of insulin 
to erythrocytes did not modify the adhesion to endothe- 
lial cells. The percentage of adhering red cells in the ab- 
sence of insulin was 2.45 + 0.33 (n = 6, mean + SEM) 
and 2.50_ 0.22 after the addition of 80 mIu of insulin 
for 30 min. The addition of the same concentration of 
insulin to diabetic erythrocytes did not modify the 
adhesion to endothelial cells. However, the insulin 
treatment in the same patients was followed by a reduc- 
tion in erythrocyte adhesion after 4 weeks. 

These results indicate that the effect of insulin on 
adhesion of erythrocytes to endothelial cells is not a 
consequence of a direct effect of insulin on erythrocyte 
adhesion. 

Discussion 

This study showed that washed erythrocytes from dia- 
betic patients adhered to a greater extent to cultured en- 
dothelial cells than did those from control subjects. At 
variance from our previous data [4], we found that the 
extent of red cell adhesion to endothelial cells was sig- 
nificantly correlated with glycaemic control assessed by 
glycosylated haemoglobin. This difference may be ex- 
plained by the fact that our previous work was a cross- 
sectional study of a group of patients who were in poor 
glycaemic control (mean Hb A1 : 11.7%). In the present 
prospective study with CSII, we obtained a significant 
improvement of glycaemic control in each patient. 

There was no statistically significant relationship be- 
tween the adhesion ratio and the age of the patients or 
the duration of diabetes, factors that are considered, 
with hyperglycaemia, as important determinants of the 
severity of diabetic vascular disease [7]. The effect of an 
optimalized insulin treatment on erythrocyte adhesion 
was statistically significant after 6 weeks of treatment. 
This supports the hypothesis that the abnormal erythro- 
cyte adhesion was not immediately dependent on the 
elevated glucose level, since the elevated glucose level 
was corrected within one week. Correlation between the 
glycosylated haemoglobin level and the extent of the 
erythrocyte adhesion indicated that the modification of 
these two red cell parameters appear to occur during the 
same period of time. 

This modification could be the result of the direct 
action of insulin on erythrocyte adhesion. This possibil- 
ity seems to be eliminated in the study since the mean 
insulin dosage was not significantly different under 
conventionnal treatment or CSII. The absence of an in 
vitro effect of pharmacological doses of insulin on red 
cells from diabetic patients is in favour of an indirect ef- 
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fect of insulin on red cell function or structure. We have 
previously reported the effect of plasma protein on 
adhesion to endothelium of erythrocytes from normal 
subjects and diabetic patients [6]. In the present study, 
the modification in red cell adhesion did not seem to be 
secondary to fibrinogen levels, since the concentration 
of fibrinogen was not significantly different before and 
after CSII. However, we cannot exclude the possibility 
that a modification of the fibrinogen, which is a candi- 
date for glycosylation, could modify its reactivity as a 
cofactor of erythrocyte adhesion; however, its half-life 
appears incompatible with the absence of correction of 
erythrocyte adhesion after 1 week. 

The results of the present study are in favour of an 
intrinsic abnormality of the diabetic erythrocyte. Non- 
enzymatic glycosylation of several proteins, including 
the red cell membrane glycoproteins, has been found in 
patients with diabetes [8, 9]. Such a biochemical modifi- 
cation of the erythrocyte may account for abnormal red 
cell adhesion. 

Red cell deformability and blood viscosity were 
found to be abnormal in patients with diabetes.mellitus 
[10], and could be improved by strict blood glucose con- 
trol [11] as well as abnormal erythrocyte aggregation 
[12]. However, controversy exists concerning the rela- 
tion between blood viscosity, red cell deformability and 
blood glucose level or HbAt concentration [13]. The 
presence of red cells is one of the required factors for 
the adhesion of platelets to subendethelium [14] which 
can only occur after endothelial damage. In diabetic 
patients, erythrocytes might participate in endothelial 
alteration and platelet deposition, both of which are in- 
volved in atherosclerotic processes. 

In patients with established retinal or renal [15] dia- 
betic microangiopathy, recent reports have failed to 
show a significant improvement of vascular lesions du- 
ring 1- and 2-year periods of CSII treatment [15]. How- 
ever, no data are actually available concerning the influ- 
ence of such treatment in the early stages of the disease. 
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