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Abstract

Development of atherosclerosis in diabetes patients is thought to be associated with high p-glucosc-induced changes in
vascular celi proliferation. This study was designed to investigate the intracellular mechanisms of altered protiferation in porcine
aortic endothelial and smooth muscle celis under high p-glucose conditions. Two different technical approaches were used for
determination of cell proliferation, a cell counting procedure and bromodeoxyuridine incorporation. »-Glucose diminished
endothelial cell proliferation (30.392) and increased smooth muscle cell proliferation (143%) in a dose-dependent manner.
Neither p-mannitol, sucrase nor L-glucose mimicked the effect of p-glucese. Inhibition of n-glucose uptake into vascular cells by
cviochalasin B prevented the effect of high p-glucose on cell proliferation. The aldose-reductase inhibitors. sorbinil and
zopolrestat, little affected high p-glucose-attenuated endothelial cell proliferation. while the enhanced proliferation of smooth
muscle cells was prevented by aldose-reductase inhibitors. Elevation of cellular glutathione levels yielded protection of both cell
types from high p-glucose-mediated changes in cell proliferation, suggesting that high p-glucose may act via generation of
oxidative species. Finally, aminoguanidine was shown to constitute a very potent inhibitor of b-glucose-induced dysfunction in
vascular cell proliferation. These data suggest that high p-glucose-induced changes in ccll proliferation of endothelial and
smooth muscle cells are related to specific p-glucose uptake rather than hyperosmolality. Aldose-reductase scems to be mainly
involved in the effect of high p-glucose only on smooth muscle cell proliferation. while in endothelial cells there is (are) other
factor(s) in addition to the sorbitol pathway involved in high p-glucosc-induced changes in cell proliferation.

Keywords: Endothelial cell; Smooth muscle cell; Diabetes mellitus; Atherosclerosis; Amincguanidine: Glutathione: Aldose-re-
ductase

1. Introduction

In comparison to the general population, patients
with diabetes mellitus are at a 4- to 6-fold increased
risk of the uevelopment of atherosclerotic macro-vascu-
lar disease (Kannel, i983; Keen and Jarret, 1979).
Therefore, these patients have a substantially increased
morbidity and mortality frr w coronary artery disease
(Goldschmid et al., 1994) a., vell as an increased risk of
lower limb amputation due to peripheral vascular dis-
ease (Most and Sinnock, 1983). Furthermore, the risk
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of restenosis after balloon angioplasty is increased in
patients with diabetes mellitus (Pilger et al., 1991).

On one hand, micro-vascular disease (for review see
Brownlee, 1985; Lorenzi et al., 1986), manifested as
nephropathy, retinopathy and (at least partiaily) neu-
ropathy, is established to be closely linked to the
severity and duration of hypergiycemia and can be
prevented or delayed by close glycemic control (DCCT
Research Group, 1993). Macro-vascular disease of the
diabetic patient, on the other hand, is supposed to be
based on a complex network of several vascular risk
factors (Paisey et al., 1684) including the insulin resis-
tance syndrome (DeFronzo, 1992; Reaven. 1988).

Following the ‘response to injury’ hypothesis of Ross
(1986) and Ross and Agius (1992) endothelial cell
injury is thought to be one of the initial steps within
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the process of atherogenesis. Thus, an intact prolifera-
tive response of vascular endothelial cells is of out-
standing interest for reparative processes at the lesion
site. Later on in the development of atherosclerotic
lesions, formation of neointima by migration of vascu-
lar smooth muscle cells from the media followed by
proliferation of these cells is seen (Ross, 1986; Ross
and Agius, 1992). Hyperglycemia has been shown to
increase proliferation of cultured vascular smooth mus-
cle cells (Lorenzi et al., 1985) as well as to reduce the
proliferation of vascular endothelial cells (Natarajan et
al., 1992). Therefore both processes suggest a direct
contribution of hyperglycemia itself in the development
of atherosclerosis in diabetes mellitus although the
intracellular mechanisms involved in the effect of ele-
vated glucose on vascular cell proliferation are widely
unknown.

The aim of the present study was therefore to inves-
tigate which intracellular pathways might be involved
in the effects of p-glucose on both vascular endothelial
cell and vascular smooth muscle cell proliferation and
whether a common mechanism, suggesting a possible
common therapeutic approach, could be identified.

2. Materials and methods
2.1. Cell isalation and culture

Cells were isolated from fresh porcine aortae by
enzymatic digestion.

For isolation of endothelial cells, porcine aortae
were cut longitudinally and placed in a lucite chamber,
washed twice with phosphate-buffered saline (PBS; in
mM: 150 NaCl, 2.7 KCl, 8 Na,HPO,, 5 KH,PO,, pH
7.4) and incubated with minimum essential medium,
Dulbecco modification (DMEM), containing 294 U/mi
collagenase plus (in mg/ml): 2 bovine serum albumin,
1 trypsin inhibitor (soybean) and 0.4 DNAase I (Graier
et al, 1993a, 1995). After 20 min at 37°C the cell
suspension was centrifuged, resuspended in Opti/
MEM containing 3% fetal calf serum and seeded in
10-cm plastic dishes for culture. After one week the
cells were split 1:4 in 6-well clusters for experiments.
All experiments were performed with endothelial cells
in first passage. Cell culture was >99% pure, tested
by the typical cobblestone morphology and the lack of
immunofluorescence detection of included smooth
muscle cells (a-actin).

Smooth muscle cells were also isolated from porcine
aortae. After removal of the endothelium, a ! X 1 ¢m
piece was cut and washed twice with sterile PBS. Small
parts of the media were prepared, placed in a Petri
dish with Opti-MEM and covered with a cover slip.
After about 1 week smooth muscle cells were harvested
with 0.05% trypsin (type 11, porcine pancreas) contain-

ing 0.02% Na,-EDTA in PBS (pH 7.4) and split for
further culture. Experiments were performed with
smooth muscle cells from passages 2—4 in 6-well cluster
plates. Purity was tested by typical morphology and
immunofluorescence detection of included smooth
muscle a-actin.

2.2. Measurement of cell proliferation

Cell proliferation was determined by blind test cell
counting using a Neubauer hemocytometer and a
bromo-2’-deoxy-uridine enzyme-linked immunosorbent
assay (ELISA) kit (Bochringer Mannheim, Germany).

For counting cells were grown in a 6-well plate
(diameter 36 mm), harvested with trypsin solution,
centrifuged, resuspended in 1.00 ml DMEM and 20 ul
cell suspension was transferred into the hemocytome-
ter. Cells were counted with a 10 X phase contrast
objective (Nikon 10 X Ph 1 DL, Japan). For each
sample, ten areas were counted and the median was
calculated as number of cells in a given sample. The
numbers of cells/ml was calculated from the following
equation: N =n X 10* cells/ml (N, numbers of
cells/ml; n, median of the celi numbers in the cham-
ber areas).

Bromo-2'-deoxy-uridine ELISA measurements of
cells were performed according to Magaud et al. (1988)
and Houng et al. (1991). Briefly, cells were put in a
96-well plate in a concentration of 1000 cells/well.
After an equilibration period of 24 h in Opti-MEM
containing 3% fetal calf serum, bromo-2'-deoxy-uridine
(final concentration: 10 uM) was added. After 12 h at
37°C, the solution was aspirated, the cells were washed
twice with PBS and fixed (70% ethanol in 0.5 M HCI
for 30 min at —20°C). After fixation, the cells re-
mained attached to the plastic during the whole proce-
dure described below. Cells were washed 3 times, incu-
bated for 30 min at 37°C with nuclease and were
washed 3 times. Monoclonal anti-bromo-2’-deoxy-
uridine was added (Boehringer Mannheim, Germany)
for 30 min at 37°C. After a further 3 times washing
procedure, peroxidase-conjugated sheep anti-mouse
IgG heavy and light chain (Boehringer Mannheim,
Germany) was added and incubated for 30 min at room
temperature. Peroxidase activity was detected in a mi-
croplate reader as the extinction at 405 nm with a
reference wavelength at 490 nm. The ratio of the
extinction at 450 nm and 490 nm just at the beginning
of the peroxidase incubation was used as blank. The
data are expressed as percent of the extinction of
control cells (i.e. 5 mM p-glucose).

2.3. Materials

Cell culture chemicals were obtained from Gibco,
Eggenstein, Germany. Fetal calf serum was from Se-
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bak, Suben, Austria. All other chemicals were pur-
chased from Sigma, Munich, Germany. Cell culture
Petri dishes (diameter 10 cm) were from Corning, New
York, USA and 6-well clusters were from Costar, Cam-
bridge, MA, USA. The ceil proliferation kit was ob-
tained from Boehringer Mannheim, Germany.

2.4. Statistics

Experiments were performed with at least three
different cell preparations in triplicate. Cell counting
was performed as double-blind experiments. The data
are expressed as means + S.E. Statistical significance
was calculated by paired Student’s s-test in two groups
(5 and 44 mM bp-glucose). Analysis of variance
(ANOVA) was used to compare more than two groups
and significance was determined by Fisher’s post-hoc
B4s protected least-significant difference test. Statisti-
cal significance was defined as P <0.05 and ‘n.s.’ de-
fines values not statistically significantly different from
the control.

3. Results

3.1. Endothelial cells

Within 72 h proliferation of endothelial cells was
significant diminished in a concentration-dependent
manner by elevation of the extracellular p-glucose con-
centration (Fig. 1A). In agreement with these experi-
ments in which cell counting was used, elevation of
extracellular p-glucose attenuated endothelial cell pro-
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Table 1
Effect of p-mannitol and sucrose on proliferation of endothelial cells

Proliferation in %% of control (i.e. 5 mM)

p-Mannitol L-Glucose Sucrose
5 mM 98.2+24 (12) 97.7+72 (12) 109+1.5 (®)
4mM  1053+£1.2 (12) 98.7+4.1 (12) 105+19 (&)

Cultured endothelial cell proliferation was deterinimed by a cell
counting technique, as described under Materials and methods, after
72 h in the presence of the sugar concentration indicated. Prolifera-
ticn is expressed as percentage of the proliferation with 5 mM
p-glucose. Numbers of experiments are listed in parentheses. All
values are not significantly different from proliferation with 5 mM
p-glucose.

iiferation measured with the bromo-2'-deoxy-uridine
incorporation technigue (Fig. 1B).

Osmotic controls

in comtrast to elevated p-glucose, addition of 5 and
44 mM p-mannitc! failed to affect endothelial cell
proliferation within 72 h, as measured by the cell
counting technique (Table 1). While p-mannitol failed
to alter proliferation measured by cell counting, p-
mannitol affected the incorporation of bromo-2'-
deoxy-uridine. This effect was not concentration-de-
pendent, reflecting attenuation of bromo-2'-deoxy-
uridine incorporation to 77.9 + 4.1% (n =12, P <0.05
vs. 5 mM bp-glucose) with 5 mM p-mannitol and 80.0 +
4.6 with 44 mM p-mannitol (n = 12, P <(0.05 vs. 5 mM
p-glucose; n.s. vs. 5 mM p-mannitol).

In addition to that of p-mannitol, the effects of
different concentrations of i-glucose on endothelial
proliferation were tested. Thereby, 5 as well as 44 mM

.y

1004 o 5 mmol/l D-Glucose = 100 %
§100‘
g 904 o w®
2 5 )]
& 801 S
= g
B 0 g0
W 70 s
8 g
E 601 '{g 70
o
& 50- S
_g. £ 60
o 101 .E
3 R
301 s 50
N . RN
} T 1 40 ! T T T T
0 10 20 30 40 50 0 10 20 30 40 50

D-glucose (raM)

D-glucose (mM)

Fig. 1. Effect of various p-glucose concentrations on endothelial cell proliferation, determined usiing a cell counting '.echz_:ique ('A'). :"c'
bromo-2'-deoxy-uridine incorporation assay (B). Vascular endothelial cells were incubated for 72 h {A) or 36 h\%) ir culture medlum'comz?mmg
5, 11, 22 or 44 m¥i p-glucose. Each point represents one single measurement and proliferation is expressed as percentage of the thferauon at
5 mM p-glucose. Open squares represent means £ S.E.M. Experiments (n = 15-66) were performed with cells from 11-33 different aortae.

2 p < 0.05 vs. proliferation in the presence of 5 mM b-glucose,
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Fig. 2. Vascular endothelial cell proliferation within 72 h in culture
medium containing 5 or 44 mM b-glucose in the presence and
absence of 1 uM cytochalasin B. Proliferation was measured using a
cell counting technique and is expresscd as percentage of the prolif-
oration with 5 mM p-glucose. * P < 0.001 vs. 5 mM p-glucose, n.s.
not significant (# = 18 from 12 different aortae).

i-glucose had no effect on endothelial proliferation
measured using cell counting (Table 1). In agreement
with our findings with o-mannitol, L-glucose dimin-
ished bromo-2'-deoxy-uridine incorporation in a con-
centration-independent manner (data not shown). Sim-
ilarly to p-mannitol and L-glucose, sucrose failed to
affect endothelial proliferation at a concentration of 5
mM (Table 1).

Pharmacological modulation

Inhibition of bp-glucose uptake by cytochalasin B
prevented the inhibitory effect of a pathological, high
p-glucose concentration on endothelial proliferation.
Cell proliferation measured by a cell counting tech-
nique was markedly diminished in the presence of 44
mM p-glucose. Co-incubation with 1 uM cytochalasin
B itself affected cell proliferation in the presence of 5
mM p-glucose. However, increasing p-glucose to 44
mM did not further diminish cell proliferation in the
presence of 1 uM cytochalasin B (Fig. 2).

Inhibition of aldose-reductase by sorbinil or zopol-
restat weakly affected the high p-glucose-mediated ef-
fect of endothelial cell proliferation. Increasing p-glu-
cose to 44 mM diminished cell proliferation (4 =
—37.2%). Both aldose-reductase inhibitors themselves
reduced proliferation of endothelial cell in the pres-
ence 5 mM b-glucose (Fig. 3). Co-incubated with 44
mM b-glucose, 100 M sorbinil or 100 M zopolrestat
reduced the anti-proliferation effect of 4 mM p-glu-
C())SC (4= —-162% and A = —15.5%, respectively; Fig.
3).

Aminoguanidine, an inhibitor of the formation of
advanced glycated end-products (Brownlee, 1994;
Tilton et al., 1993; Vlassara et al., 1992) and inducible
and constitutive nitric oxide synthases (Misko et al.,
1993), prevented the high p-glucose-mediated attenua-

140

120 +

_| Control

100 7

2y —]
- — gr—

80 -

I

b

HT
1

Moo

60 -

40

% profiferation at 5 mM D-glucose

20 7

5 44 5+Zo 44+Zo 5+80
D-glucose (mM)

o

4+So

Fig. 3. Proliferation of vascular endothelial celis in 5 or 44 mM
p-glucose-containing medium in the presence and absence of an
aldose reductase inhibitor, sorbinil (100 uM) or zopolrestat (100
M) Celi proliferation was measured using a cell counting technique
and is expressed as percentage of the proliferation with 5 mM
p-glucose in the absence of an aldose-reductase inhibitor. * P < 0.001
and " P <005 vs. proliferation with 5 mM. P <0.05 vs. 5 mM
p-glucose in the presence of the aldose-reductase inhibitor indicated
{n =20 from 10 different aortae).

tion of endothelial cell proliferation (Fig. 4). While
aminoguanidine (1 uM) itself weakly diminished cell
proliferation, it completely prevented the decrease in
cell proliferation caused by elevating extracellular b-
glucose from 5 mM to 44 M (Fig. 4). Similar results
were obtained using bromo-2'-deoxy-uridine incorpora-
tion (data noi shown). In contrast to aminoguanidine,
N“-nitro-L-arginine failed to prevent the anti-pro-
liferating effect of 44 mM b-glucose on endothelial
cells. Reduction of cell proliferation by 44 M p-glucose
in the absence of N“-nitro-L-arginine (70.4 + 2.0%,
n=28, P <{.05 vs. 5 mM b-glucose) was almost identi-
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Fig. 4. Inhibitory effect of aminoguanidine (AG; 1 M) on endothe-
lial cell proliferation in culture medium containing 5 or 44 mM
p-glucose for 72 h. Endothelial cell proliferation was determined by
cell counting. Columns represent the percentage of the proliferation
obtained in the presence of 5 mM bp-glucose without aminoguani-
dine. * P < 0.001 and " P < 0.05 vs. proliferation with 5 mM p-glu-
cose in the absence of aminoguanidine {n = 12 from six aortae).
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Fig. 5. Effect of glutathione (GSH) on endothelial cell proliferation
in media containing 5 or 44 mM p-glucose. Cells were treated for 72
h in the media indicated and proliferation was measured by cell
counting. Proliferation measured by cell counting is expressed as
percentage of that obtained in 5 mM b-glucose-containing media
without GSH. ? P < 0.001 vs. proliferation with 5 mM b-glucose and
n.s. not significant {# = 13 from seven aortae).

cal to that obtained with 44 M b-glucose in the pres-
ence of 100 uM N“-nitro-L-arginine (68.5 + 1.0%, n =
8, P <0.05 vs. 5 mM p-glucose + N“-nitro-L-arginine,
n.s. vs. 44 mM without N“-nitro-L-arginine). N“-Nitro-
L-arginine itself had no effect on endothelial prolifera-
tion (99.6 + 1.0, n =8, n.s. vs. in the absence of N*-
nitro-L-arginine).

Co-incubation with glutathione (GSH) also pre-
vented high p-glucose-mediated decreases in endothe-
lia! cell proliferation (Fig. 5).

Incubation of endothelial cells for 48 h with 30
»U /ml xanthine oxidase in the presence of 1 mmol /1
hypoxanthine decreased endothelial cell proliferation
(Fig. 6). This effect of the xanthine oxidase/hypo-
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Fig. 6. Effect of the xanthine oxidase/hypoxanthine reaction on
endothelial cell proliferation. Cells were treated for 48 h with 30
wU/ml xanthine oxidase in the preseace of 1 mM hypoxanthine
(initial concentration). Proliferation is expressed as the percentage of
that measured in the absence of xanthine oxidase/hypoxanthine.
? P <0.001 vs. proliferation in the absence of xanthine oxidase /hy-
poxanthine and ®p <0.001 vs. proliferation in the presence of xan-
thine oxidase /hypoxanthine {n = 12 from four aortae).
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Fig. 7. Summary of the effect of various p-glucose concentrations on
vascular smooth muscle proliferation within 72 h. Cell proliferation
was measured by cell counting after 72 h in 5. 11, 22, and 44 mM
D-glucose and results are expressed as percentage of proliferation in
5 mM p-glecose. Open squares represent mean +S.E.M. ® P < 0.001
and ? P <0.05 vs. proliferation with 5 mM D-glucose-containing
culture media (n = 16-36 from 3-18 aortae).

xanthine reaction on endothelial cell proliferation could
be prevented by co-incubation with aminoguanidine or
GSH (100 pmol each; Fig. 6).

3.2. Smooth muscle cells

Elevation of the extracellular p-glucose concentra-
tion from 5 to 11, 22 and 44 mM resulted in an
increased proliferation of smooth muscle cells (Fig. 7).

Osmotic controls

As shown in Table 2, neither of the sugars affected
cell proliferation at a concentration of 5 mM. Further-
more, high p-mannito! and sucrose concentrations (44
mM) failed to mimic the proliferating effect of 44 mM
p-glucose on smootit muscle cells.

Pharmacological modulation
Thke effect of cytochalasin B, an inhibitor of p-glu-
cose uptake into smooth muscle cells, was investigated.

Table 2
Effect of p-mannitol and sucrose on proliferation of vascular smooth
muscle cells

Proliferation as % of control (i.e. 5 mM)

p-Glucose p-Mannitol Sucrose

5mM 100 (18) 101.6+27 (28 99.7+20 (8)
4mM 13974192 (18) 962+65" (28) 92.1+26° (8)

Cultured smooth muscle cell proliferation was determined by a celi
counting technique as described under Maierials and methods, after
72 h in the presence of the sugar concentration indicated. Prolifera-
tion is expressed as percentage of the proliferation with 5 mM
p-glucose. Numbers of experiments arc listed in parentheses. *P<
0.05 vs. proliferation at 5 mM p-glucose. P p < 0.05 vs. proliferation
with 44 mM b-glucose.
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Fig. 8. The aldose-reductase inhibitors, sorbinil and zopolrestat,
prevented the effect of high p-glucose on vascular smooth muscle
proliferation. Smooth muscle cells were cultured for 72 h in culture
media containing 5 or 44 mM bp-glucose in the absence or presence
of the aldose-reductase inhibitor indicated (100 uM each). Cell
proliferation was evaluated by cell counting techrique and results
are given as percentage of proliferation in 5 mM p-glucose-contain-
ing media in the absence of an aldose-reductase inhibitor. * P < 0.001
and n.s., not significant vs. proliferation with 5 mM p-glucose (n =8
from four aortae).

Cytochalasin B (1 uM) per se decreased smooth mus-
cie cell proliferation in 5 mM b-glucose to 67.3 +2.8
(n=35, P<0.05 vs. in the absence of cytochalasin B)
similar to its effect on endothelial cells (see Fig. 3).
However, in the presence of 1 uM cytochalasin B the
high p-glucose-mediated increase in cell proliferation
was completely prevented (653 + 1.9, n =35, ns. vs. 5
mM in the presence of cytochalasin B).

The increase in smooth muscle cell proliferation
caused by 44 mM bp-glucose was found to be due to
aldose-reductase activity, Therefore, the effects of the
aldose-reductase inhibitors, sorbinil or zopolrestat, on
the high p-glucose-mediated enhanced smooth muscle
proliferation were investigated. As shown in Fig. 8,
both compounds completely prevented the stimulatory
effect of high p-glucose on cell proliferation, while they
did not affect proliferation in 5 mM p-glzcose.

Similar to its effect on high p-glucose-modulated
endothelial cell proliferation, aminoguanidine pre-
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Fig. 9. Effect of xanthine oxidase /hypoxanthine reaction on smooth
muscle cell proliferation. Cells were treated for 48 h with 36 U /ml
xanthine oxidase in the presence of 1 mM hypoxanthine (initial
concentration). Proliferation was measured by a cell counting tech-
nique. Results are expressed as the percentage of the proliferation
obtained in the absence of xanthine oxidase/hypoxanthine. * P <
0.001 vs. proliferation in the absence of xanthine oxidase/hypo-
xanthine and ° P < 0.001 vs. proliferation in the presence of xanthine
oxidase /hypoxanthine (2 = 6 from two aortae).

vented high b-glucose-mediated changes in smooth
muscle cell proliferation (Table 3). Co-incubation with
glutathicne (GSH) also affected high p-glucose-media-
ted enhanced proliferation of vascular smooth muscle
cells. As demonstrated in Table 2, the effect of 44 mM
p-glucose on smooth muscle cell proliferation was abol-
ished in the presence of 100 #M GSH.

Xanthine oxidase in the presence of 1 mmol/1 hy-
poxanthine yielded increase in smooth muscle cell pro-
liferation (Fig. 9). The effect of the xanthine
oxidase / hypoxanthine reaction was prevented by co-in-
cubation with aminoguanidine or GSH (100 umol/I
each; Fig. 9).

4. Discussion
In agreement with Lorenzi et al. (1985) and Santilli

(1992), we found that high p-glucose concentrations
(> 30 mM) attenuated endothelial cell proliferation by

Effect of various concentrations of aminoguanidine (AG) and glutathione (GSH) on high p-glucose-mediated increased proliferation of vascular

smooth muscle cells

Proliferation in % of control (i.e. S mM)

None AG GSH
I peM 10 uM 100 uM 100 oM
5mM 100 (36) 100.7 + 1.4 (8) - - 953 +49 (4) 975+0.7 (8

4 mM 143.7+3.4 2 (36) 106.8 +8.7 ®

1100+ 817 8)

92.6 +£7.77 8 99.2+287% (8)

Cul.ured smooth muscle cell proliferation was determined by a cell counting technique, as described under Materials and methods, after 72 h in
norr!!al (§ mM) and high (44 mM) b-glucose-containing media containing concentrations of aminoguanidine or glutathione as indicated.
Proliferation is expressed as percentage of the proliferation with 5 mM p-glucose. Numbers of experiments are listed in parentheses. * P < 0.05
vs. proliferation with 5 mM b-glucose. ” P < 0.05 vs. proliferation with 44 mM p-glucose.
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approximately 40%. Lorenzi et al. (1986) reported that
cell proliferation diminished by high p-giucose might
the resuit of increasing DNA damage. For these exper-
iments endothelial cells were incubated with 30 mM
p-glucose for 9-14 days. Whether similar effects of
high p-glucose contributed to the effect of high p-glu-
cose in our experiments (24-72 h high p-glucose treat-
ment) remains to be investigated.

We cannot yet explain the marked effect of p-man-
nitol and L-glucese in our bromo-2'-deoxy-uridine ex-
periments. No difference between 5 and 44 mM bp-
mannitol and r-glucose was found. Since this phe-
nomenon was not observed in cell counting experi-
ments, we speculate that the effect of these sugars in
the bromo-2'-deoxy-uridine technique is an interaction
with bromo-2'-deoxy-uridine labeling per se rather than
an inhibitory effect on cell proliferation.

In contrast to the decrease of endothelial cell prolif-
eration with high p-glucose, vascular smooth muscle
proliferation was enhanced by approximately 50% by
incubation with high p-glucose. Similar data were ob-
tained by Natarajan et al. (1992). The uptake of p-glu-
cose in both types of cells studied constitutes an in-
sulin-independent process due to GluT 1 transporter
(Lienhard et al., 1992; Mueckler, 1990). The reason for
the controversial effect of elevated p-glucose on prolif-
eration of endothelial cells and smooth muscle cells is
unclear. This paradox might be related to the differ-
ences in the GluT 1 protein expression during high
p-glucose treatment. While the concentration of GluT
1 protein in smooth muscie has been shown to be
markedly decreased in the presence of high p-glucose,
this phenomenon could not be observed in endothelial
cells (Kaiser et al., 1993}. Moreover, endothelial p-glu-
cose uptake depends strictly on extracellular p-glucose
concentration in an almost linear manner (Graier et
al., 1993b). Thus, one might speculate that, in smooth
muscle cells, there is an auto-regulatory mechanism
protecting against an overload by p-glucose. In con-
trast, p-glucose uptake in endothelial cells may result
in p-glucose toxicity at higher p-glucose concentra-
tions.

In a previous study we reported that the GluT 1
inhibitor, cytochalasin B, prevented high p-glucose-
mediated changes in endothelial Ca* signaling (Graier
et al., 1993b).

In this study, cytochalasin B caused a significant
decrease in cell proliferation of endothelial and smooth
muscle cells. However, cytochalasin B prevents high
p-glucose-mediated chznges in cell proliferation of en-
dothelial cells and smooth muscle cells. This could
suggest that this effect is due to D-glucose uptake
rather to hyperosmolality. This hypothesis is confirmed
by the fact that p-mannitol, L-glucose and sucrose
failed to mimic the effect of high p-glucose on smooth
muscle cell and endothelial cell proliferation. The

metabolism of p-glucose also depends on the amount
of p-glucose within the cells. Ruderman et al. demon-
strated that, under high p-giucose conditions, up to
one-third of the p-glucose is metabolized by the sor-
bitol pathway (Ruderman et al., 1992). Tesfamariam et
al. provided evidence that decreased endothelium-de-
pendent relaxation in response to acetylcholine is pre-
vented by inhibition of aldose reductase, a key enzyme
in the sorbitol pathway (Tesfamariam et al., 1992,
1993). In contrast, aldose reductase inhibitors have
been shown to be less effective to prevent high p-glu-
cose-mediated changes in endothelial cell proliferation
(Lorenzi et al., 1987; Vlassara et al, 1992). Similar
results were also shown in pericytes (Chibber et al.,
1994). In agreement with these reports, aldose reduc-
tase inhibition by sorbinil or zopoirestat in our experi-
ments diminished but did not abolish the effect on high
p-glucese-modulated proliferation of endothelial cells.
Thus, our data suggest that, in vascular endothelial
cells, factors other than and in addition to the sorbitol
pathway contribute to the decrease in proliferation
induced by high p-glucose. For example, formation of
prostanoids induced by high p-glucose treatment is not
altered by aldose-reductase inhibition (Tesfamariam
and Cohen, 1992) and elevation of p-giucose has been
shown to enhance 15-HETE release and diacylglycerol
formation in endothelial cells (Brown et al., 1988). In
view of the expected mitogenic properties of these
compounds, one might speculate that besides an in-
volvement of aldose-reductase, formation of 15-HETE,
some prostaglandin(s) or activation of protein kinase C
might be involved in the p-glucose-mediated decrease
of endotheliai cell proliferation.

In contrast to endothelial cell proliferation, high
p-glucose-mediated increases in smooth muscle cell
proliferation were abolished by aldose-reductase in-
hibitors. Turner and Biermann (1978) reported :hat
sorbitol per se increased proliferation of fibrobiasts.
Our results suggest that in vascular smooth muscle
cells, the sorbitol pathway plays a crucial role in the
high p-glucose-mediated increase in cell proliferation.

In vascular smooth muscle, high p-glucose might
lead to a ‘pseudo hypoxia’ due to sorbitol-dehydro-
genase-linked changes in the NADH /NAD ratio, as
proposed by Williamson et al. (1993). The reported
changes in the NADH/NAD ratio are thought to
result in the formation of superoxide anion which may
contribute to the high p-glucose-mediated changes in
cell function. It has been demonstrated by several
groups that elevation of p-glucose results in the gener-
ation of reactive species, such as free radicals (Langen-
stroer and Pieper, 1992; Tesfamariam and Cohen, 1992)
or hydrogen peroxide (Langenstroer and Pieper, 1992).
Furthermore, peroxide formation by auto-oxidation of
p-glucose in vitro was described (Hunt et al., 1990).
The hypothesis of the involvement of oxidative species
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in the observed changes in vascular cell proliferation is
supported by our f{indings that the xanthine
oxidase /hypoxanthine reaction mimicked the effects of
high p-glucose on cell proliferation. Furthermore, the
observed changes in cell proliferation caused by high
p-glucose treatment or xanthine oxidase /hypoxanthine
are prevented by increasing the intracellular glu-
tathione (GSH) level with exogenous GSH (from 1.89
+0.04 (n = 30) to 10.72 + 0.63 pmol /10° cells after 24
h in 10 mM GSH-containing medium (n=9) in en-
dothelial cells), which has been shown to protect cells
against injury induced by some oxidative species (Tsan
et al., 1989). Although the aldose-reductase-derived
formation of oxidative species seems to totally account
for changes in cell proliferation in smooth muscle cells
only, while an additional factor(s) is involved in en-
dothelial cells, our results suggest that, in vascular
endothelial and smooth muscle cells, oxidative species
derived from high p-glucose metabolism play a crucial
rele in the reported changes in cell proliferation in the
presence of high p-glucose.

Similar to GSH, aminoguanidine prevented high
p-glucose-mediated changes in proliferation of vascular
endothelial and smooth muscle cells in our experi-
ments. This is in agreement with the results of Chibber
et al. (1994) and Hammes et al. (1991) who reported
that aminoguanidine prevents high p-glucose-mediated
decreases in pericytes and retinal endothelial cell pro-
liferation, respectively. However, the concentrations
necessary in this study were about 100 times higher
than in the present experimental protocols. This might
be related to the mechanism of the inhibitory action of
aminoguanidine, resulting in prevention of high p-glu-
cose-mediated changes in vascular cell proliferation.
Since L-NNA, a well known inhibitor of constitutive as
well as inducible forms of nitric oxide (NO) synthase
(Misko et al, 1993), did not mimic the effect of
aminoguanidine in our studies, the inhibition of NO
synthase(s) as a mechanism of aminoguanidine action
can clearly be excluded. Aminoguanidine has also been
shown to be an inhibitor of aldose-reductase (Kumari
et al., 1989). We cannot exclude the possibility that
aminoguanidine acts at least in part by inhibition of
aldose-reductase, especially in smooth muscle cells (see
the discussion above), but there seems to be an addi-
tional component of aminoguanidine action to cause its
potency. Inhibition of the formation of advanced glyco-
sylation end-products (Brownlee et al, 1986) by
aminoguanidine is proposed to constitute a main mech-
anism for aminoguanidine prevention of diabetes-
mediated vascular dysfunction (Ruderman et al., 1992).
Due to the short-term incubation with p-glucose in this
study, involvement of slowly formed advanced glyco-
sylation end-products seems to be negligible in our
experiments. However, aminoguanidine has been shown
to interfere also with the early steps in the formation

of giycation products {i.e. Schiff base and Amadori
product), which might be related to its free radical
scavenging properties (Brownlee, 1994; Tilton et al.,
1993). The hypothesis that aminoguanidine might pre-
vent high p-glucose-mediated changes of vascular cells
by free-radical scavenging is in agreement with our
results obtained with GSH. Convincingly, aminoguani-
dine also prevented changes in endothelial and smooth
muscle cell proliferation induced by incubation with
xanthine oxidase /hypoxanthine.

Thus, we speculate that high p-glucose treatment
attenuates endothelial cell proliferation by generation
of free radicals (T..famariam and Cohen, 1992) and /or
oxidative species (Langenstroer and Pieper, 1992) par-
tially derived from the sorbitol pathway. In smooth
muscle cells, however, high p-glucose seems to increase
cell proliferation mainly by aldose-reductase-derived
mechanisms, possibly also via free radicals or oxidative
species. Therefore, we suggest that p-glucose-induced
formation of reactive species might constitute a com-
mon pathological phenomenon in vascular endothelial
and smooth muscle cells in the development of diabetic
macro-angiopathy. These findings might be of particu-
lar interest in the search for new therapeutic strategies
in the treatment and prevention of atherosclerosis in
diabetes.
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