
Several lines of evidence suggest that endothelial dys-
function and damage present early steps in the patho-
physiology of vascular complications in diabetes mel-
litus [1±3]. Several studies using cultured endothelial

cells clearly show that incubation of these cells with
high concentrations of glucose leads to severe chan-
ges in the proliferation, the adhesive and synthetic
properties [1]. Consequently, regulation of vascular
relaxation by endothelium becomes disturbed in dia-
betes [2, 3]. In addition to glucose, high concentra-
tions of proinsulin have been shown to promote the
synthesis of the plasminogen activator inhibitor
type-1 (PAI-1) [4]. This observation indicates that en-
dothelial function can be directly influenced not only
by glucose, but also by proinsulin. Thus, high proinsu-
lin levels may contribute to the development of vas-
cular complications in diabetes, if secreted excessive-
ly. In line with this assumption proinsulin is increased
in the late pre-insulin-dependent diabetes mellitus [5]
and especially in non-insulin-dependent diabetic pa-
tients with abnormal prohormone convertase PC2
and PC3 activity [6] or with a point mutation in the
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Summary There is much evidence that diabetes and
hyperglycaemia contribute to the impairment of en-
dothelial function and induce severe changes in the
proliferation, the adhesive and synthetic properties
of endothelial cells. Induction of apoptosis could re-
present one mechanism to prevent the new accumu-
lation of those vascular defects and to allow genera-
tion of vascular endothelium. In this study, we de-
monstrate that high concentrations of glucose or
proinsulin induce apoptosis in human umbilical endo-
thelial cells by three independent methods (DNA
fragmentation, fluorescence activated cell sorting
analysis, and morphology). The number of apoptotic
cells was increased by glucose (30 mmol/l or proinsu-
lin (100 nmol/l) from less than 10 % to about 30 %.
Activation of protein kinase C (PKC) largely preven-
ted the induction of apoptosis, whereas inhibition of
PKC further increased the number of apoptotic cells.

Similar changes as induced by glucose were also ob-
served after incubation of the cells with the non-me-
tabolisable 3-0-methylglucose. These findings indi-
cate that hyperglycaemic conditions stimulate the in-
duction of apoptosis in endothelial cells by a mechan-
ism which is independent from the formation of dia-
cylglycerol and the activation of PKC. The induction
of apoptosis by the non-metabolisable glucose sug-
gests that formation of oxygen derived radicals by au-
toxidative processes is involved and may lead to an
activation of transcription factors such as nuclear
transcription factor-kB (NF-kB) transferring the acti-
vation signal into the nucleus and leading to changes
in gene expression necessary for induction of apopto-
sis. [Diabetologia (1998) 41: 249±256]
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coding region of the insulin gene allele [7]. Thus, an
accumulation of partly damaged and dysfunctional
cells has to be expected in the vasculature in diabetic
conditions, which could rapidly lead to severe vascu-
lar defects in the regulation of vasomotion and
thromboresistance. Slowly proliferating cells such as
endothelial cells may be particularly affected by these
pathophysiological alterations. Induction of apopto-
sis or programmed cell death [8] could represent one
mechanism to eliminate the damaged cells, to prevent
the fixation of vascular defects in these cells and to
delay the development of vascular complications in
diabetes. On the other hand, endothelial cell death
and loss of functional endothelium is associated with
a reduced thromboresistance of the vessel wall and
may be one important factor to enhance the throm-
bogenic risk of diabetic patients. Not surprisingly, in-
duction of apoptosis by glucose has recently been re-
ported [9]; however, data about the influence of
proinsulin are still missing.

The mechanisms by which glucose induces apopto-
sis are not yet well understood. Recent evidence sug-
gests that PKC not only stimulates cell differentiation
and proliferation, but might be also involved in indu-
cing apoptosis [10]. In line with this assumption, it
has been shown that stimulation of PKC by phorbo-
lesters inhibits the induction of apoptosis induced by
ceramide and nitric oxide (NO [11, 12]. On the other
hand, stauroporin, an often used inhibitor of PKC,
has been shown to induce apoptosis [13] similarly to
chelerythrine which increases the apoptotic fragmen-
tation of DNA in a concentration dependent manner
[14]. Similarly, in HL-60 cells DNA fragmentation in-
duced by thapsgargin, and 4-bromo-calcium iono-
phore [15] was clearly inhibited by activation of PKC.

Apoptosis can also be induced by reactive oxygen
species [16]. Since it has been shown that high glucose
concentrations accelerates the generation of reactive
oxygen species and that diabetes is associated with in-
creased oxidative stress [17, 18], it is intriguing to as-
sume that reactive oxygen species also constitute the
intercellular signal for induction of apoptosis in dia-
betes.

The aim of our study was therefore firstly to inves-
tigate the influence of high concentrations of glucose
and proinsulin on the induction of apoptosis in hu-
man endothelial cells, and secondly to investigate
the mechanisms which are involved in the induction
of apoptosis by diabetes.

Materials and methods

Reagents: In situ cell death detection kit and endothelial cell
growth factor (ECGF) were purchased from Boehringer
(Mannheim, Germany). Bisindolylmaleimide I (BIM-I), phor-
bol 12-myristate 13-acetate (PMA), collagenase, proinsulin,
fetal bovine serum, M199 medium, Dulbecco's phosphate buf-

fered saline (PBS), superoxide dismutase (SOD from human
erythrocytes), 3-O -methyl-glucose (3-O MG), and all other re-
agents were obtained from Sigma (Munich, Germany).

Cell and culture conditions. Human umbilical vein endothelial
cells (HUVECs) were isolated from human umbilical cords
by collagenase treatment and cultured as previously described
by Jaffe et al. [19]. In brief, veins were washed with 150 ml
PBS to remove blood. Then a solution (10 ml) of 0.1 % collage-
nase was injected into the vein. After incubation for 15 min at
37 °C, the veins were flushed. The cells were washed out and
collected by centrifugation (750 rev/min for 10 min). The sedi-
mented cells were resuspended in M199-medium containing
20 % fetal calf serum, 0.02 % ECGF, 15 mmol/l Hepes,
2 mmol/l glutamine, 100 mg/ml each of streptomycin and peni-
cillin and plated on 25 cm2 flasks after adjusting the number
of cells to 1 ´ 105/ml. After the cell layer became confluent (at
37 °C, 5 % CO2, 95 % air), subcultures were performed using
trypsin-EDTA (0.125±0.2% 1:1, v/v). For all experiments cells
from the 4th passage were used as individual isolates. Medium
199 containing 20 % fetal calf serum was also used for incuba-
tion of cells under experimental conditions (high and low glu-
cose, proinsulin, 3-O MG).

DNA fragmentation assay: DNA was extracted from 2 ´ 106

HUVECs as described by Fabio [20] with small modifications.
In brief, HUVECs were suspended in PBS, and centrifuged at
750 rev/min for 10 min. Then the pellet of cells was transferred
into tubes with PBS, washed twice with cold PBS, and lysed
with 10 mmol/l Tris (pH 7.5), 1 mmol/l EDTA, and 0.2 % Tri-
ton X-100. After incubation on ice for 15 min, proteinase K
(20 U) was added, and the samples were shaken overnight at
42 °C. Low and high molecular weight DNAs were separated
by centrifugation at 13 000 ´ g at 4 °C for 30 min. Low molecu-
lar weight DNA in the supernatant was sequentially extracted
by equal volumes of phenol, phenol : chloroform (25 : 24),
and chloroform. The low molecular weight DNA was precipi-
tated with two volumes of cold ethanol containing NaCl
(1 mol/l, 1/3 volume) at - 80 °C overnight. The DNA pellet was
then obtained by centrifugation (30 min at 4 °C) and washed
with 70 % ethanol. The pellet was dissolved in TE-Buffer
(10 mmol/l Tris-HCl, pH 8.0, 1 mmol/l EDTA pH 8.0), and
analysed by agarose gel-electrophoresis (1.8% gel) with ethi-
dium bromide (5 mg/ml).

Fluorescence activated cell sorter (FACS) analysis. HUVECs
were detached by incubation with 0.1 % trypsin, centrifuged,
washed twice with PBS, and stained by fluorescein as described
by the manufacturer's protocol. Briefly, cells were washed
twice in PBS containing 1 % bovine serum albumin (BSA)
and fixed cells by 4 % paraformaldehyde in PBS for 30 min at
room temperature. After washing the cells with PBS, cells
were permeabilized for 2 min on ice by 0.1 % Triton X-100 in
0.1 % sodium citrate. To determine the number of single strand
beaks of DNA we used the TUNEL method (TdT-mediated
dUTP nick end labelling) to label the 3'-OH groups of DNA
by fluorescein-dUTP (nick-end labelling). After two washes
with PBS, cells were resuspended in 50 ml of TUNEL reaction
mixture containing deoxynucleotidyltransferase and fluores-
cein-dUTP and incubated for 60 min at 37 °C. Thereafter, cells
were washed twice and analysed by flow cytometry (FACS-
Star, Becton & Dickinson, Heidelberg, Germany).

In a parallel setting, cells were analysed by Laser Confocal
Electron Microscopy (Acas Ultima 212; Meridin, Tokyo, Ja-
pan). The DNA labelling was performed similar to flow cytome-
try, with the exception that the cells were grown on glass slides.
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Morphology observation of apoptotic cells. After harvesting
the cells with a cell screwper, morphology of the cells was per-
formed by transmission electron microscopy (JEM2000-EX
Japan, Jeol, Tokyo, Japan). Cells were fixed by being incubated
with 2.5 % glutaraldehyde for 4 h. After several dehydrating
steps samples were embedded and stained by uranylacetate.

Statistical analysis. Data are presented as mean ± SD and were
analysed by Student's t -test (Instat program; Graphpad, San
Francisco, Calif., USA). For morphology and gel electrophor-
esis cells from 3, for flow cytometry from 5 different isolates
were used.

Results

Influence of proinsulin and glucose on apoptosis. In-
cubation of HUVECs with high concentrations of
glucose (30 mmol/l) leads to time dependent altera-
tions in the morphology of normal endothelial cells
which are associated with the formation of apoptotic
cells. First apoptotic cells can be detected after a
48 h incubation in high glucose concentrations. After
72 h most endothelial cells show severe alterations in
the morphology which are typically seen in apoptotic
cells. Even under the light microscope condensation

and alterations in the typical cobblestone pattern of
HUVECS can be seen (Fig.1). After 72 h the endo-
thelial monolayer is no longer tight and confluent.
By losing cells, holes and interruptions in the endo-
thelial monolayer arose (Fig.1e, f). Similar changes
were also observed after cultivation of endothelial
cells with proinsulin (100 nmol/l, data not shown).
As osmotic control we used 25 mmol/l D-mannitol
(+ 5 mmol/l d -glucose). Under these conditions the
number of apoptotic cells was not different from the
low glucose controls.

By electron microscopy, several typical character-
istics of apoptotic cells could be detected in endothe-
lial cells incubated for 72 h with high glucose concen-
trations as compared to controls (Fig.2 a): condensa-
tion of chromatin (b); fragmentation of the nucleus
with the formation of small apoptotic bodies (c); cell
shrinkage and blebbing of the plasma membrane
(d). In contrast to apoptotic cells, in which the nucle-
ar membranes were intact, these membranes were
broken down in necrotic cells (Fig.2e). Similar chan-
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Fig.1 a±f. Influence of glucose and PKC activity on the mor-
phology of cultivated HUVECs. Endothelial cells were isola-
ted and cultivated as described in Methods. After 4th passage
the cells were incubated for 72 h under the given conditions.
Data from cells from an individual isolate are shown. The ex-
periments were totally performed with cells from 3 individual
cell isolates. a control (5 mmol/l glucose); b PMA (0.5 mmol/
l, activation of PKC); c high glucose + PMA (0.5 mmol/l);
d BIM (1.0 mmol/l, inhibition of PKC); e high glucose
(30 mmol/l glucose); f high glucose + BIM

a b

c d

e

Fig.2 a±e. Electron microscopic observation of HUVECs after
induction of apoptosis by incubation with 30 mmol/l glucose
for 72 h. a HUVECS incubated with low glucose (5 mmol/l
glucose) as control; b±d HUVECs after incubation with high
glucose to induce apoptosis: condensation of chromatin (b),
blebbing of cell membranes (c), formation of apoptotic bodies
(d); e necrotic HUVECs with damaged cell membranes. Data
from cells from an individual isolate are shown. The experi-
ments were totally performed with cells from 3 individual cell
isolates



ges were observed after cultivation of endothelial
cells with proinsulin (100 nmol/l), data not shown).

When observed by confocal laser microscopy, the
nuclei were evenly stained by fluorescein in controls
(Figs. 3a). After incubation with high concentrations
of proinsulin and glucose the situation was quite dif-
ferent. The chromatin was divided and several small
DNA containing bodies (apoptotic bodies) could be
distinguished (Fig. 3, b, c). Similar changes were ob-
served if cells were incubated with high concentra-
tions of proinsulin (100 nmol/l) for 72 h.

Direct evidence for fragmentation of the nuclear
DNA by the diabetogenic incubation was derived by
agarose gel electrophoresis (Fig.4). In contrast to
controls (5 mmol/l glucose, no proinsulin, lane 4), in
which no DNA fragments could be detected in the
gel, DNA of HUVECs incubated with high concen-
trations of glucose or proinsulin showed a typical
DNA ªladderº in the range of 100 to about 2000 bp
(Fig.4, lanes 3 and 7).

In line with the results of gel electrophoresis are
data obtained by cytoflowmetry, a method by which
the number of apoptotic cells can be directly quanti-
fied (Table 1). As can be seen, the number of apopto-
tic cells was increased by high glucose and proinsulin
to about 351 and 336%, respectively (controls taken
as 100%).

Influence of protein kinase C. Stimulation of HU-
VECs by PMA (0.5 mmol/l) or inhibition by BIM
(1 mmol/l) only slightly affected the number of apop-
totic cells in the presence of low concentrations of glu-
cose. Induction of apoptosis by high concentrations of
glucose and proinsulin was, however, largely preven-
ted if PKC was stimulated by the incubation of the
cells with PMA (1 mmol/l, Fig.4, lanes 2 and 6). On
the other hand, inhibition of PKC in HUVECS by
BIM (0.5 mmol/l, Fig.4, lanes 1 and 5) further in-
creased the fragmentation of DNA. This conclusion
is supported by FACS analysis. BIM stimulated the
formation of apoptotic cells up to 505 and 491% of
the control value and thus was more than observed
by high glucose or proinsulin alone. Addition of
PMA and activation of PKC, on the other hand, clear-
ly reduced the number of cells in which apoptosis was
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Fig.3 a±d. Laser confocal microscope of HUVECs incubated
with 30 mmol/l glucose for 72 h to induce apoptosis. a HU-
VECs incubated with 5 mmol/l glucose (controls); b±d HU-
VECs incubated with 30 mmol/l glucose for 72 h to induce
apoptosis: the nucleus is broken down (b), condensation of nu-
cleus (c), beside the apoptotic cell, there is a non-apoptotic
control cell not stained (d). Data from cells from an individual
isolate are shown. The experiments were totally performed
with cells from 3 individual cell isolates

7654321 M

2072 bp

1500 bp

600 bp

100 bp

Fig.4. Gel-electrophoresis of DNA extracted from HUVECs
incubated with 30 mmol/l glucose or proinsulin for 72 h to in-
duce apoptosis: Fragmentation of DNA. HUVECS were incu-
bated with high glucose and proinsulin in the given concentra-
tions for 72 h to induce apoptosis. Thereafter, the DNA was ex-
tracted and analysed by gelelectrophoresis as described. The
data shown represent DNA fragmentation patterns in cells
from an individual isolate. The experiments were totally done
with cells from three individual isolates. Lanes: 1: high glucose
(30 mmol/l glucose) with BIM; 2: high glucose with PMA
(1 mmol/l); 3: high glucose (30 mmol/l glucose); 4: control
(5 mmol/l glucose); 5: proinsulin (100 nmol/l) with BIM;
6: proinsulin (100 nmol/l) with PMA; 7: proinsulin (100 nmol/
l); M: marker of DNA ladder, the difference in size between
two bands is 100 bp

a b

c d



induced (+ 159 and 153% of controls), but did not
completely prevent induction of apoptosis.

Influence of superoxide and dismutase 3-OMG. To
test whether induction of apoptosis is dependent on
glucose itself or on a metabolite of glucose conver-
sion, HUVECs were incubated with 3-OMG instead
of high concentrations of glucose (5 mmol/l gluco-
se + 25 mmol/l 3-OMG). The number of apoptotic
cells was determined by FACS-analysis (Fig.5). It
can be clearly seen that incubation of HUVECs with
3-OMG (25 mmol/l 3-OMG + 5 mmol/l glucose) led
to a shift in the mean fluorescence to higher values in-
dicating an increased number of end-labelled DNA-
fragments. Whereas in controls 3.1% cells were iden-
tified as apoptotic, incubation with glucose (30 mmol/
l) and 3-OMG (5 mmol/l glucose + 25 mmol/l 3-
OMG) increased the number of apoptotic cells up to
32 and 39 %, respectively (Table 1). This observation
is in line with data obtained by gel electrophoresis
(Fig.6). High glucose concentrations (lane 3) and 3-
OMG (lanes 5 and 6), both caused a DNA laddering
as compared to controls incubated with 5 mmol/l glu-
cose (lane 4).

To examine whether superoxide anions are in-
volved in the process of DNA fragmentation, the cells
were exposed to high concentrations of glucose
(30 mmol/l) or 3-OMG (25 mmol/l + 5 mmol/l glu-
cose) in the presence of superoxide dismutase
(100 mg/ml). Thereafter the DNA was extracted and
analysed by gel electrophoresis. Whereas superoxide
dismutase did not influence the DNA fragmentation
pattern in low glucose controls, it totally prevented
the formation of DNA fragments in cells incubated
in high glucose of high 3-OMG concentrations
(Fig.6, lanes 2 and 5). To get a quantitative measure
of this inhibitory effect of superoxide dismutase,
DNA fragmentation was also studied by the TUNEL
method and analysed by flow cytometry. High glucose
or 3-OMG concentrations shifted the mean fluores-

cence intensity to higher levels indicating an increase
in the number of cells with fragmented DNA. In the
presence of superoxide dismutase this shift was nearly
completely prevented (Fig.5). Accordingly, the num-
ber of apoptotic cells was no longer different as com-
pared to low glucose controls (Table 2).
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Table 1. Influence of glucose, proinsulin, and PKC on the in-
duction of apoptosis in HUVECs as determined by cytoflow-
metry

Number of apoptotic cells (% of total)

+ PMA + BIM

Control
(5 mmol/l)

3.1 ± 0.5 11.9 ± 1.4 14.5 ± 1.0

High glucose
(30 mmol/l)

32.3 ± 2.0a 13.5 ± 2.7b 42.9 ± 4.3b

Proinsulin
(100 nmol/l)

28.6 ± 2.0a 13.0 ± 1.2b 41.7 ± 3.6b

Data are mean ± SD
Each set of experiments was performed with cells from 5 indi-
vidual isolates which are regarded as one cell-line.
a p < 0.05 ± high glucose or proinsulin;
b p < 0.05 ± PMA or BIM, respectively

Control
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3 -OMG

400 600
0

V3: 100497014\FL1-H\FL1-Height
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Control
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200

3 -OMG + SOD

400 600
0

Fig.5. Influence of high hyperglycaemic concentrations of 3-
OMG on the amount of apoptotic cells analysed by FACS.
HUVECs were cultivated for 72 h with glucose (5 mmol/l) or
with 3-OMG (5 mmol/l glucose + 25 mmol/l 3-OMG) to in-
duce apoptosis. In parallel cells were incubated with 3-OMG
plus SOD (100 mg/ml). After incubation the cells were stained
for DNA fragments by the TUNEL method as described in
Methods. Data from cells from an individual isolate are shown.
The experiments were totally done with cells from 5 individual
cell isolates



Discussion

The studies performed here provide evidence that in-
cubation of HUVECs with high concentrations of
glucose or proinsulin can induce apoptosis. Evidence
for this is obtained by three different methods ± frag-
mentation of DNA into oligosomal length fragments
of DNA as shown by gel electrophoresis (Fig.4 and
[6, 21]), ± FACS-analysis using the TdT-mediated
dUTP nicked labelling technique (TUNEL [22]),
which allows the labelling of double stranded DNA
breaks (Fig.5), ± and morphological data suggesting
the integrity of the plasma membrane and the forma-
tion of apoptotic bodies (Fig.1).

The number of spontaneously apoptotic cells ob-
served under normal cell culture conditions
(5 mmol/l glucose) was low as shown by previously

published data [9, 23] indicating that isolation and
cultivation of the cells did not damage them irrever-
sibly and induced apoptosis thus confirming the
homogeneity and quiescence of the cells under our
culture conditions. That high glucose concentrations
can induce apoptosis has already been shown by
Baumgartner-Parzer et al. [9]. Data published by
Lorenzi et al. [24±26] show that high glucose inter-
feres with the regulation of cell cycle and leads to a
delayed proliferation of HUVECs. These authors
suggested that high glucose retards the cell cycle
transition from the S and G2 phases. In addition,
they presented evidence that high glucose is able to
accelerate the unwinding of DNA which is indicative
of an increase of single strand breaks and may be
one cause of the observed accelerated cell death of
endothelial cells in hyperglycaemia [25, 26]. It is not
clear whether the described changes are a conse-
quence of an induction of apoptosis or represent ad-
ditional processes leading to a damage of endothe-
lium by hyperglycaemia.

The mechanisms by which high concentrations of
glucose can induce apoptosis are not yet understood.
There is some evidence that high glucose can lead to
an increased formation of diacylglycerol and thereby,
to an activation of protein kinase [27, 28]. Further-
more, several authors have described that protein ki-
nase C (PKC) may be involved in regulation of apop-
tosis [10±15], although the direction of the effect var-
ies in the different types of cells. In contrast to our as-
sumption, activation of PKC by phorbolesters inhib-
ited the formation of apoptotic cells, whereas inhibi-
tion of PKC further augmented the number of apop-
totic cells. Thus, in HUVECs induction of apoptosis
by high glucose concentrations or proinsulin is not
mediated by an activation of PKC. A similar inhibi-
tory effect of PKC activation on apoptosis has also
been described in other cells such as macrophages
[10]. It has to be taken into consideration, however,
that the role of PKC varies in different cell types and
that the observations reported here for HUVECs
are not necessarily valid for other cell systems [10±
15].
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Fig.6. Influence of incubation of HUVECs with 3-OMG and
SOD on DNA fragmentation. HUVECS were incubated with
glucose or 3-OMG in the given concentrations for 72 h to in-
duce apoptosis. In parallel, identical samples were treated
with SOD. Thereafter, the DNA was extracted and analysed
by gel-electrophoresis as described. Data from cells from an in-
dividual isolate are shown. The experiments were totally per-
formed with cells from 3 individual cell isolates. Lanes: 1: con-
trol (5.0 mmol/l glucose); 2: control + SOD (100 mg/ml);
3: high glucose (30 mmol/l); 4: high glucose + SOD (100 mg/
ml); 5 and 6: high 3-OMG (25 mmol/l 3-OMG + 5 mmol/l glu-
cose); 7: high 3-OMG + SOD (100 mg/ml)

Table 2. Influence of superoxide dismutase (SOD) on the in-
duction of apoptosis in HUVECs by glucose or 3-O-methylglu-
cose (3-OMG) as determined by cytoflowmetry

Number of apoptotic cells (% of total)

- SOD + SOD

High glucose
(30 mmol/l)

32.3 ± 2.0 11.6 ± 1.1a

3-OMG
(25 mmol/l)

39.2 ± 1.2 8.7 ± 0.9a

Data are mean ± SD
Each set of the experiments was performed with cells from 5
individual isolates which are regarded as one cell line.
a p < 0.05 ± SOD



Interestingly, apoptosis was also induced to a simi-
lar extent by glucose as by incubation with 3-OMG.
This glucose analogue is taken up by the cells and phos-
phorylated, but not further metabolised. This strongly
suggests that it is not the conversion of glucose to me-
tabolic intermediates downstream of the phosphoryla-
tion of glucose by hexokinase and the production of
diacylglycerol which mediates the intracellular signal
for the induction of apoptosis, but glucose or a metabo-
lite formed independently from the glycolytic path-
way. That apoptosis is induced by a glucose analogue
which cannot enhance the formation of diacylglycerol,
and that activation of PKC does not cause an increase
in the amount of apoptotic cells, clearly exclude an in-
volvement of PKC as a necessary step for induction of
apoptosis by glucose or proinsulin.

Both processes, induction of apoptosis by glucose
and by 3-OMG, were completely inhibited in the pre-
sence of superoxide dismutase. Thus, it is reasonable
to assume that superoxide anions are involved in the
signalling process. That apoptosis can be induced by
reactive oxygen species such as superoxide anions,
hydrogen peroxides and other reactive oxygen spe-
cies is well supported by experimental evidence [16].
On the other hand, it is also known that endothelial
cells generate reactive oxygen intermediates (ROI)
under hyperglycaemic conditions [29±32]. This con-
clusion is also supported by recent results in which
the release of superoxide anions has been directly
measured under the same conditions which cause
the induction of apoptosis (30 mmol/l glucose, 72 h,
10% FCS) (RoÈ sen et al., unpublished results). Thus,
our data suggest that by incubation with high concen-
trations of glucose, superoxide anions are generated
and these superoxide anions are part of the intracel-
lular signalling pathway leading to the induction of
apoptosis by glucose or proinsulin.

The mechanisms causing an increased formation
of ROI and especially superoxide anions is not yet
fully understood and several mechanisms have been
suggested. Graier et al. [29] suggested an enhanced
formation of superoxide anions due to metal-cata-
lysed oxidation of glucose in endothelial cells. This
mechanism could also explain why 3-OMG is as ef-
fective as glucose in the stimulation of the formation
of superoxide anions. On the other hand, there are
several lines of evidence to show that the intracellular
generation of glycation products is strictly coupled to
the production of ROI [30] and that advanced glyca-
tion endproducts are able to induce the production
of ROI by an activation of the receptor for advanced
glycosilation endproducts (RAGE) [31]. The forma-
tion of prostaglandin endoperoxides might represent
another source for the generation of ROI as outlined
by Tesfamariam [32]. Finally there is some evidence
that the electron flow in the NO-synthase complex is
not very tightly coupled at least under some experi-
mental conditions. The activation of NO-synthase by

elevated intracellular calcium levels [26] might cause
the escape of ROI from the NO-synthase complex
(RoÈ sen, unpublished data).

That ROI can induce apoptosis has already been
clearly shown [16]; however, the exact molecular
mechanism is not yet understood. If we assume that
in most cells apoptosis is a process which requires en-
ergy as well as de novo gene transcription and protein
synthesis [33, 34], it is intriguing to suggest that chang-
es in gene expression mediated by activation of tran-
scription factors such as a nuclear transcription factor
kB (NFkB) [34] may play an important role. We have
preliminary evidence for activation of NFkB under
our experimental conditions (RoÈ sen, unpublished
data), but it has been shown by others [35, 36], that sev-
eral forms of oxidative stress can activate NFkB and
stimulate various NFkB mediated processes.

In summary, we present evidence that diabeto-
genic conditions induce apoptosis in HUVECs and
that this process is presumably strictly dependent on
the formation of reactive oxygen species. The induc-
tion of apoptosis might represent a surviving mechan-
ism for vascular cells in diabetes, to eliminate severe-
ly damaged cells and to retain the functional integrity
of the vascular wall for some time and to delay the de-
velopment of vascular complications which is a time-
consuming process. Thus, induction of apoptosis may
contribute to limiting the damage of the vasculature
by reactive oxygen species generated in excess in dia-
betes.
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