
Diabetes mellitus is associated with an increased risk
of thrombosis, circulatory dysfunction and athero-
sclerosis. Attenuated endothelium-dependent relax-
ation [1], altered smooth muscle contractility [2] and
enhanced reagibility of platelets [3, 4, 5] are thought
to constitute the main promoters for vascular compli-
cations and atherogenesis in diabetes mellitus. Al-
though increased aggregation of platelets isolated
from diabetic patients to autacoids, such as ADP or
thrombin, has been clearly shown [6], the molecular
mechanism of this hyperreactivity of the thrombo-
cytes is still not clear.

Interaction of autacoids with their specific recep-
tors on the platelets' cell membrane results in activa-
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Summary Increased aggregation of platelets might
contribute to the development of vascular complica-
tion in diabetes mellitus. In this study release of su-
peroxide anions, intracellular Ca2+ signalling and ni-
tric oxide formation stimulated by the receptor-de-
pendent agonist adenosine 5 ¢-diphosphate (ADP)
and the receptor-independent stimulus thapsigargin,
were compared in platelets isolated from patients
with Type II (non-insulin-dependent) diabetes mel-
litus and healthy control subjects. Diabetes augment-
ed intracellular Ca2+ release and Ca2+ entry to ADP
by 40 and 44% (control subjects: n = 11; diabetic:
n = 6), while the median effective concentration
(EC50) of ADP to initiate Ca2+ signalling was similar
in both groups. The effect of thapsigargin on Ca2+

concentration was increased by 69% in diabetic pa-
tients (control subjects: n = 22; diabetic patients:
n = 9). In addition, release of superoxide anions was
70% greater in diabetic patients (control subjects:
n = 9; diabetic patients: n = 6). Treatment of platelets
from control subjects with the superoxide anion-gen-
erating mixture xanthine oxidase and hypoxanthine
or buthioninesulphoximine (BSO) mimicked the ef-

fect of diabetes on platelet Ca2+ signalling. The anti-
oxidant glutathione normalized enhanced Ca2+ re-
sponse in the diabetic group (control subjects: n = 5;
diabetic patients: n = 6). Basal and thapsigargin-
evoked nitric oxide synthase activity was reduced in
the diabetic group by 85 and 64%, respectively (con-
trol subjects: n = 13; diabetic subjects: n = 13). The ni-
tric oxide-donor 2-(N,N-diethylamino)-diazenolate-
2-oxide sodium (DEA/NO) normalized enhanced
Ca2+ signalling in platelets preincubated with xan-
thine oxidase and hypoxanthine (n = 12) and in those
from diabetics (control subjects: n = 6; diabetic pa-
tients: n = 6). Inhibition of nitric oxide synthase by
N-nitro-L-arginine (L-NA) augmented thapsigargin-
induced Ca2+ signalling by 51% (n = 8). These data
indicate that in diabetes platelet Ca2+ signalling might
be enhanced by excessive superoxide production and
an attenuated negative direct or indirect feedback
control by nitric oxide, due to its reduced production.
[Diabetologia (1999) 42: 167±176]

Keywords Platelet, Ca2+ signalling, nitric oxide, su-
peroxide anions, ADP, thapsigargin.

Received: 29 May 1998 and in final revised form: 2 October
1998

Corresponding author: Dr. W. F. Graier, Department of Medi-
cal Biochemistry, University of Graz, Harrachgasse 21/III,
A-8010 Graz, Austria
Abbreviations: ADP, Adenosine 5 ¢-diphosphate; BSO, but-
hioninesulphoximine; [Ca2+]; free intracellular Ca2+ concentra-
tion; DEA/NO, 2-(N,N-diethylamino)-diazenolate-2-oxide so-
dium; EDTA, ethylenediamine-tetraacetic acid; EGTA, ethyl-
ene glycol-bis-(b-aminoethyl ether) N,N,N¢,N¢-tetraacetic
acid; L-NA, wN-nitro-L-arginine; HEPES, N-[2-hydroxyeth-
yl]piperazine-N¢-[2-ethanesulfonic acid]; SOD, superoxide dis-
mutase; Tris, tris(hydroxymethyl)aminomethane; CR, column
recovery; IP3, inositol 1,4,5-triphosphate; (C*), total [3H]-L-
citrulline synthesis.



tion of phospholipase C-mediated synthesis of diacyl-
glycerol and inositol 1,4,5-trisphosphate (IP3). The
latter evokes intracellular Ca2+ release from the en-
doplasmic reticulum Ca2+ stores [7]. In addition, the
depletion of intracellular Ca2+ stores initiates activa-
tion of a so called capacitative Ca2+ entry [7, 8].
Both, intracellular Ca2+ release and capacitative
Ca2+ entry increase free intracellular Ca2+ concentra-
tion [Ca2+]; and induce platelet aggregation by stimu-
lation of the thromboxane A2 biosynthesis [9]. In
platelets from diabetic patients, increased intracellu-
lar Ca2+ response was reported [10]. So far no de-
tailed analysis of diabetes-mediated changes in plate-
let Ca2+ signalling was conducted and the biochemi-
cal mechanisms of this increased platelet Ca2+ mobili-
zation are not clear. On the other hand, an increase in
[Ca2+]; might favor the biosynthesis of nitric oxide by
the Ca2+-sensitive, constitutive platelet nitric oxide
synthase [11]. Nitric oxide has been shown to in-
crease platelet cGMP concentrations by stimulation
of soluble guanylyl cyclase [12, 13] resulting in sever-
al intracellular reactions such as activation of protein
kinases and lowering of basal intracellular Ca2+ [14]
and in an attenuation of platelet aggregation [15].
Remarkably, basal nitric oxide synthase activity in
homogenates of platelets obtained from diabetic pa-
tients is reduced [16] while differences in the stimula-
tion of nitric oxide synthase activity upon autacoid
stimulation has not been investigated so far. Besides
its effect on the platelet signalling pathways men-
tioned above, diabetes is associated with increased
hydrogen peroxide production in platelets from dia-
betic patients [17, 18]. Recently, increased produc-
tion of superoxide anions has been described to con-
tribute to changes in endothelial function under hy-
perglycaemic conditions [19, 20]. So far limited infor-
mation is provided about increasing formation of su-
peroxide anions in platelets in diabetes and, if so, to
which extent the increased production of superoxide
anions contributes to the observed changes of plate-
let functions.

Thus, there are many studies reporting diabetes-
induced changes in platelet function but the intracel-
lular mechanisms and the role of reactive oxygen spe-
cies in the reported changes of platelet function in di-
abetes are still unclear. The aim of our study was to
assess the effect of diabetes on platelet signal trans-
duction in more detail and to correlate the observed
alterations with increased free radical formation. To
investigate the effect of diabetes on receptor-mediat-
ed Ca2+ signalling, the effects of the receptor-depen-
dent agonist ADP were tested. In addition, the effect
of diabetes on platelet capacitative Ca2+ entry was ex-
clusively tested using the Ca2+ ATPase inhibitor
which activates Ca2+ entry by Ca2+ store depletion in-
dependently of any receptors or second messengers.
We also investigated the effect of glutathione, a pow-
erful antioxidant on diabetes-induced changes of

platelet Ca2+ signalling to verify whether prevention
of free radical release might have an impact on diabe-
tes-modified signal transduction in platelets.

Materials and methods

Subjects. In this study, cell activity to autacoid stimulation was
assessed in platelets isolated from 33 healthy subjects and 30
Type II (non-insulin-dependent) diabetic patients recruited
from a diabetes outpatient clinic. Type II diabetes was diag-
nosed in all patients according the clinical NDDG (national di-
abetes data group) criteria [21]. All subjects entered the study
voluntarily and gave informed consent. To be eligible, diabetic
patients had to be normotensive and free of clinical overt mac-
rovascular disease. Retinopathy exceeding microaneurysms
(severity level 21) as well as macroalbuminuria were also ex-
clusion criteria. Antihyperglycaemic treatment in the diabetic
group was either by diet alone or by premixed insulin twice
daily and patients did not receive any other long-term drug
treatment. As shown in Table 1, groups differed only in terms
of blood D-glucose concentration and HbA1 c. Blood was col-
lected from all subjects in the morning after an overnight fast.
Clinical laboratory parameters were measured by routine lab-
oratory methods.

Materials. Fura-2 acetoxymethylester was purchased from
Lambda Fluorescence Technologies (Graz, Austria). 2-(N,N-
diethylamino)-diazenolate-2-oxide sodium (DEA/NO) was
purchased from Alexis (Läufelfingen, Switzerland). Buffer
salts were obtained from Merck (Darmstadt, Germany). The
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Table 1. Clinical characteristics of the two groups of subjects

Control
subjects
(n = 33)

Diabetic
subjects
(n = 30)

Sex (men/women) 18/15 18/12

Age (years) 48.4 ± 13.9 51.3 ± 9.9

BMI (kg/m2) 24.8 ± 4.5 28.7 ± 6.4

Duration of diabetes (years) ± 6 ± 2

HbA1c (%) 5.4 ± 0.4 8.3 ± 1.3*

D-glucose (mmol/l) 5.2 ± 0.7 9.9 ± 2.4*

Cholesterol (mmol/l) 6.6 ± 1.5 6.1 ± 0.9

LDL-cholesterol (mmol/l) 4.2 ± 1.1 3.8 ± 0.8

HDL-cholesterol (mmol/l) 1.6 ± 0.4 1.4 ± 0.4

Triglycerides (mmol/l) 3.1 ± 4.7 2.5 ± 1.5

Blood pressure
systolic (mmHg) 131 ± 4 135 ± 3
diastolic (mm Hg) 78 ± 3 81 ± 4

Retinopathy ± 3

Microalbuminuria ± 4

Diabetes therapy
Diet alone ± 12
Insulin ± 18

Data are means ± SD
Statistical significant differences in parameters between the
groups are marked with ª*º and indicate higher values in the
patient group evaluated by one-way ANOVA following a
post hoc analysis with Scheffe's F-test (p < 0.05)



radioactive compounds were bought from New England Nu-
clear (Vienna, Austria). All other materials were supplied by
Sigma Chemicals (Vienna, Austria).

Platelet isolation. Blood was collected after an overnight fast
from healthy control subjects and patients with Type II diabe-
tes. A complete blood profile was done for each subject (Ta-
ble 1). Isolation of platelets was carried out according to Hash-
imoto et al. [22]. Briefly, the blood sample (20 ml) was mixed
with 2.2 ml of an anticoagulant solution containing in mmol/:
85 trisodium citrate, 111 D-glucose, 71 citric acid, pH 4.5. After
the cells were centrifuged at 200 ´ g for 30 min at room tem-
perature (i. e. 22 °C) the upper phase (i. e. platelet rich plasma)
was transferred into another 15 ml tube and centrifuged with
600 ´ g for 5 min. The platelet pellet was washed twice with
buffer B containing in mmol/l: 134 NaCl, 5 D-glucose, 1 ethyl-
enediamine-tetraacetic (EDTA) and 15 Tris (pH 6.3). The
platelets were resuspended in buffer A (in mmol/l: 129 NaCl,
2.8 KCl, 0.8 KH2PO4, 8.9 NaHCO3, 0.8 MgCl2, 5.6 D-glucose,
10 Hepes, pH 7.4). Density of platelet suspension was deter-
mined by cell counting with pulse area analysis (resistance
measurement) using Casy-1 (Schaerfe, Reutlingen, Germany).
Cell density was adjusted at 1.3±1.7 ´ 108 platelets/ml by an ad-
equate addition of buffer A.

Ca2+ measurements. Intracellular Ca2+ concentration was mea-
sured using conventional fluorescence spectroscopy with fura-
2 acetoxymethylester as described previously [23]. Briefly, the
platelets suspended in buffer A were incubated for 45 min at
room temperature with 2 mmol/l fura-2 acetoxymethylester,
washed twice and resuspended in buffer A. Intracellular free
Ca2+ concentration was monitored in a stirred spectrofluorom-
eter by measuring fluorescence at 340 and 380 nm excitation
and 510 nm emission. Due to the reported errors in the calibra-
tion of the intracellular Ca2+ concentration, free intracellular
Ca2+ concentration is expressed as ratio units of 340/380 nm ex-
citation and 510 nm emission. To demonstrate the accuracy of
the presentation of intracellular Ca2+ concentration as ratio
units (F340/F380), Ca2+ signalling was regularly calibrated using
the technique as described by Grynkiewicz et al. [24].

Measurement of platelet nitric oxide synthase activity. Activity
of platelet nitric oxide synthase was determined by measuring
the conversion of [3H]-L-arginine to [3H]-L-citrulline similar
to the procedure described previously in endothelial cells [19].
To 990 ml platelet suspension (1.3±1.7 ´ 108/ml) containing
2 ´ 106 dpm [3H]-L-arginine in buffer A, 10 ml buffer A (i. e.
control) or 10 ml agonist (i. e. ADP, thapsigargin) were added.
To verify nitric oxide synthase-dependent conversion of [3H]-
L-arginine to [3H]-L-citrulline, experiments were carried out
in the presence of 1 mmol/l wN-nitro-L-arginine (L-NA). Con-
version of [3H]-L-arginine to [3H]-L- citrulline in the presence
of L-NA did not exceed 5 % of basal conversion in the absence
of L-NA (AL-NA), while in the presence of L-NA we did not de-
tect any stimulatory effect of thapsigargin/ADP on the conver-
sion of [3H]-L-arginine to [3H]-L-citrulline. After 15 min incu-
bation under constant stirring at room temperature, the reac-
tion was stopped by addition of 1 ml chilled buffer A, washed
and centrifuged with 900 ´ g for 5 min at 4 °C. The platelet pel-
let was lysed with 1.00 ml 0.01 mol/l HCl. After 30 min at 4 °C,
radioactivity of a 100 ml aliquot was determined using liquid
scintillation counting for calculation of the incorporated radio-
activity (R*) during experimental conditions (R* = dpm ´ 10).
To the remaining sample, 100 ml of a 200 mmol/l sodium ace-
tate buffer (pH 13.0) containing 10 mmol/l L-citrulline was
added. To separate the amino acids, 900 ml of this solution (fi-
nal pH 5.0±5.2) was applied to ion exchange resin columns

(7 ml; AG 50W-X8, 400 mesh, H+ form). The [3H]-L-citrulline
was eluted with 1 ml water and radioactivity was measured.
From each column, column recovery (CR) was measured by
applying known amounts of [14C]-L-citrulline to each column
and measuring the recovery in the eluate within 1 ml water
(CR = dpm applied/dpm found). Total [3H]-L-citrulline syn-
thesis (C*) was calculated using dilution correction (100/81)
and CR according to the following equation: C* = (dpm mea-
sured ´ CR) ´ 100/81. Activity of platelet nitric oxide synthase
activity (ANOS) was calculated as the percentage of [3H]-L-cit-
rulline radioactivity of the incorporated radioactivity subtract-
ed by the L-NA-resistant [3H]-L-citrulline [ANOS = (C* ´ 100/
R*)-AL-NA] and is expressed as fold increase (ANOS/stimulated/
ANOS/basal) in the conversion of incorporated [3H]-L-arginine
to [3H]-L-citrulline to the addition of the stimulants.

Determination of superoxide anion release. Release of superox-
ide anions was determined photometrically as the superoxide
dismutase (SOD)-inhibitable reduction of ferricytochrome c
as previously described [19, 20]. Briefly, platelets were adjust-
ed in buffer A to 108 cells/ml in the absence or presence of
200 U/ml SOD and transferred into a stirred 6-fold holder (3
for each with and without SOD) in a photometer, Hitachi U-
2000 (Inula, Vienna, Austria). After addition of 10 mmol/l
ferricytochrome c release of superoxide anions were moni-
tored at 550 nm for 60 min. The difference of extinction be-
tween samples in the absence and presence of SOD indicate
superoxide anion-mediated reduction of ferricytochrome c.
Concentration of superoxide anions was calculated using the
molar extinction coefficient of reduced form of ferricyto-
chrome c (e = 21.000; [25]).

Experimental generation of superoxide anions. For the expo-
sure of platelets to experimentally produced superoxide an-
ions, platelets were treated for 1 h in buffer A containing
300 mU/ml xanthine oxidase and 1 mmol/l hypoxanthine at
room temperature as described previously [26].

Statistical analysis. Experiments for each subject were done in
triplicate and given ªnº values representing the number of pa-
tients or healthy control subjects of this study. Data points rep-
resent the means ± SEM. The EC50 values are expressed as the
mean with 95 % confidential intervals in parenthesis. Analysis
of variance (ANOVA) was used for data evaluation and statis-
tical significance of differences between means was estimated
by Scheffe's F-test. The level of significance was defined as
p < 0.05.

Results

Comparison of cell size and volume of platelets. Dis-
tribution of cell size, mean diameter and cell volume
of the platelets was measured in diabetic patients
and healthy control subjects. There was no difference
in cell size (control subjects: 2.77 ± 0.23 mm, n = 10;
diabetic patients: 2.78 ± 0.22 mm, n = 10) and cell
volume (control subjects: 13.86 ± 0.70 fl, n = 10; dia-
betic patients: 13.49 ± 0.81 fl, n = 10) between both
groups.

Diabetes-related differences in platelet Ca2+ signalling
to autacoid stimulation. Intracellular Ca2+ response
to ADP stimulation was investigated in fura-2 loaded
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platelets isolated from diabetic and healthy subjects.
Platelets were stimulated in nominal Ca2+ free solu-
tion (no Ca2+ added) with the ADP concentration in-
dicated, followed by the addition of 2.5 mmol/l Ca2+.
The intracellular Ca2+ release upon 100 mmol/l ADP
was increased by 44% in platelets isolated from dia-
betic patients compared with that in platelets from
control subjects (Fig.1A; control subjects: n = 11; dia-
betic patients: n = 6). Hence, the increase of intracel-
lular Ca2+ concentration to the addition of 2.5 mmol/l
Ca2+ to ADP stimulated cells was 40% greater than
in control platelets (Fig.1A). Figure 1B summarizes
the effect of various ADP concentrations on intracel-
lular Ca2+ concentration in platelets from diabetic
and control subjects (control: n = 11; diabetic: n = 6).
While increases in intracellular Ca2+ concentration in
response to ADP higher than 10 mmol/l were greater
in platelets of diabetic patients compared with those

measured in platelets from healthy subjects, EC50
values for ADP remained unchanged in both groups
(control group: 10.32 (5.3±20.1) mmol/l; diabetic
group: 8.02 (2.7±23.9) mmol/l/).

In addition to the enhanced Ca2+ signalling in re-
sponse to the IP3-generating autacoid ADP, increases
in free intracellular Ca2+ concentration to the ATPase
inhibitor thapsigargin were also found to be en-
hanced by 67% in platelets derived from diabetic pa-
tients compared with those obtained in platelets from
the control group (Fig.2; control subjects: n = 22; dia-
betic group: n = 9).

Nitric oxide synthase activity. To elucidate platelet ni-
tric oxide synthase activity the conversion of [3H]-L-
arginine to [3H]-L-citrulline was monitored in plate-
lets isolated from diabetic and non-diabetic subjects.
Nitric oxide synthase activity was measured under
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Fig. 2. Diabetes mellitus induces changes in thapsigargin-
evoked Ca2+ signalling in platelets. Representative tracings of
the platelet Ca2+ signalling evoked by 1 mmol/l thapsigargin in
the presence of 2.5 mmol/l extracellular Ca2+ in freshly isolated
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in human platelets. In freshly isolated and washed platelets
from diabetic and healthy subjects, activity of nitric oxide syn-
thase under basal condition and during stimulation with
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Fig. 1 A, B. Diabetes mellitus induces changes in ADP-evoked
Ca2+ signalling in platelets. Freshly isolated washed platelets
were loaded with fura-2/am for 45 min as described under
Methods. After loading procedure cells were washed twice
and resuspended in a concentration of 108/ml in buffer A.
A Representative tracings of the platelet Ca2+ signalling
evoked by 100 mmol/l ADP in the nominal absence of extracel-
lular Ca2+ followed by the addition of 2.5 mmol/l Ca2+. Points
indicate the means ± SEM (control subjects: k, n = 11; diabetic
subjects: U, n = 6). *p < 0.05 vs effect in platelets from healthy
control subjects. B Intracellular rises in free Ca2+ concentra-
tion in the nominal absence of extracellular Ca2+ concentration
(i. e. intracellular Ca2+ release) to the ADP concentrations in-
dicated. Identical results were obtained for the increases in
the intracellular Ca2+ concentration to the addition of extracel-
lular Ca2+ to ADP stimulated cells. Data represent the means
± SEM (control subjects: k, n = 11; diabetic subjects: U,
n = 6). *p < 0.05 vs effect in platelets from healthy control sub-
jects



basal conditions and on stimulation with autacoids. In
platelets from diabetic patients, basal nitric oxide
synthase activity was 15% of that measured in the
control subjects (Fig.3; control: n = 13; diabetic
n = 13). In addition, the effect of 1 mmol/l thapsigar-
gin nitric oxide synthase activity was reduced by
64% in platelets from diabetic patients compared
with that measured in platelets of non-diabetic sub-
jects (Fig.3; control: n = 13; diabetic: n = 13).

In contrast to the large difference in nitric oxide
synthase activity in both basal and stimulated condi-
tions, there was no difference in the uptake of the ni-
tric oxide synthase substrate L-arginine between
platelets isolated from diabetic patients or healthy
control subjects (control: 15.79 ± 1.81 dpm ´ 103/108

cells ´ 15 min, n = 13; diabetic: 19.6 ± 0.99 dpm ´
103/108 cells ´ 15 min, n = 13, NS compared with con-
trol subjects, control: n = 13; diabetic: n = 13).

Superoxide anion release. To verify whether under di-
abetic conditions, increased superoxide anion forma-
tion occurs in human platelets, the release of super-

oxide anions from platelets donated from diabetic
and healthy subjects was compared. In platelets from
diabetic subjects, release of superoxide anions was in-
creased by 70% compared with that measured in
platelets from healthy subjects (Fig.4A; control:
n = 9; diabetic: n = 9). Incubation of platelets with
10 mmol/l glutathione for 45 min at room tempera-
ture strongly reduced superoxide anion release in
both groups, while no further difference between
platelets derived from diabetic and non-diabetic sub-
jects was found (Fig.4B; control: n = 5; diabetic:
n = 6).

Effect of superoxide production on platelet Ca2+ sig-
nalling. To elucidate the contribution of the increased
superoxide anion production and release found in
platelets from diabetic patients to the observed hy-
perreactivity of the Ca2+ signalling to agonists, plate-
lets isolated from healthy subjects were incubated
for 60 min in buffer A containing 300 mU/ml xanthine
oxidase and 1 mmol/l hypoxanthine. Treatment of
platelets with the superoxide anion-generating sys-
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tem increased ADP-induced Ca2+ response by 55 and
73% (intracellular Ca2+ release and Ca2+ entry, re-
spectively (Fig.5A; n = 5)). In agreement with these
findings treatment of platelets with 300 mU/ml xan-
thine oxidase in the presence of 1 mmol/l hypoxan-
thine increased thapsigargin induced elevation of in-
tracellular Ca2+ concentration in Ca2+ containing so-
lution by 55% (Fig.5B; n = 9).

Preincubation of platelets isolated from healthy
subjects with 10 mmol/l L-lactate for 2 h at room tem-
perature mimicked the effect of xanthine oxidase and
diabetes on platelet Ca2+ signalling (Fig.6A; n = 6).
Like the effect of ADP, thapsigargin-evoked
(1 mmol/l) increase in free intracellular Ca2+ concen-
tration in the presence of 2.5 mmol/l extracellular
Ca2+ was increased by 90% in cells pretreated with
10 mmol/l L-lactate (Fig.6B; n = 7).

Lowering glutathione content on the platelets by
incubation with 5 mmol/l buthioninesulphoximine
(BSO) for 2 h increased the release of superoxide an-
ions from platelets by 137% (Fig.7A; n = 6) and mim-
icked the effect of diabetes on platelet Ca2+ signalling
in response to 100 mmol/l ADP (Fig.7B; n = 6).

Effect of glutathione on diabetes-induced changes in
platelet Ca2+ signalling. Preincubation of platelets
from diabetic patients with 10 mmol/l glutathione
for 1 h before the experiment normalized platelet
Ca2+ signalling to ADP, while treatment of plate-
lets of healthy subjects with glutathione did not in-
fluence the ADP-induced Ca2+ signalling (Fig.8A;
control subjects: n = 6; diabetic subjects: n = 6).
Figure 8B summarizes the effect of the pretreat-
ment with glutathione on the effectiveness of vari-
ous ADP concentrations to initiate changes in in-
tracellular Ca2+ concentration in platelets from dia-
betic and healthy persons. The glutathione treat-
ment normalized Ca2+ signalling in platelets from
diabetic patients in all concentrations, while EC50
values for ADP remained unchanged in both
groups after treatment with glutathione (control
subjects: 3.3 (0.8±14.0) mmol/l; diabetic subjects:
3.8 (1.0±14.7) mmol/l). In agreement with these
findings glutathione normalized enhanced thapsi-
gargin-induced Ca2+ increases in platelets isolated
from diabetic persons (Fig.8C; control: n = 10; dia-
betic: n = 10).
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Effect of nitric oxide on superoxide anion-evoked
changes in platelet Ca2+ signalling. Preincubation of
platelets with the nitric oxide donor DEA/NO
(1 mmol/l; [27]) for 5 min before stimulation with
100 mmol/l ADP diminished intracellular Ca2+ release
and capacitative Ca2+ entry by about 20 and 28%, re-
spectively (Fig.9A). Moreover, a 5 min incubation
period with the NO donor DEA/NO (1 mmol/l) nor-
malized ADP-induced Ca2+ signalling in platelets
pretreated for 1 h with 300 mU/ml xanthine oxidase
in the presence of 1 mmol/l hypoxanthine (Fig.9A;
n = 12). Also a 5 min incubation with the NO donor
DEA/NO (1 mmol/l) normalized ADP-induced Ca2+

signalling in platelets isolated from diabetic patients
(Fig.9B; n = 6).
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Inhibition of platelet nitric oxide synthase by
1 mmol/l L-NA augmented platelet Ca2+ signalling
in response to 1 mmol/l thapsigargin (Fig.10; control:
n = 8 in each group), while the effect of ADP
(100 mmol/l) was not changed in the presence of L-
NA (data not shown).

Discussion

We studied diabetes-induced changes in autacoid-in-
duced Ca2+ signalling and nitric oxide biosynthesis
in human platelets. In addition release of superox-
ide anions from platelets isolated from diabetic pa-
tients was compared with that measured in platelets
from healthy subjects. We provided evidence that
in diabetes increased superoxide anion production
in platelets occurs, resulting in an increase in ago-
nist-induced intracellular Ca2+ signalling. Moreover,
basal and thapsigargin-stimulated nitric oxide syn-
thase was greatly reduced in platelets from diabetic
patients. This might result in an attenuation of the
nitric oxide-mediated direct or indirect negative
feedback for Ca2+ signalling. Our data suggest that
platelet hyperreactivity in diabetes is, at least in
part, due to an increased autacoid-induced intracel-
lular Ca2+ signalling because of increased superoxide
anion formation and reduced nitric oxide synthase
activity.

Increased platelet aggregation in diabetes is
thought to be due to increased cellular responsive-
ness of thrombocyte signal transduction for aggrega-
tion, associated with attenuated compensatory mech-
anisms (e.g. nitric oxide formation). In this study, in-
tracellular Ca2+ signalling as main regulator to auta-
coid-induced aggregation is shown to be increased in
platelets from diabetic patients. These findings are
consistent with a report that showed enhanced auta-
coid-induced Ca2+ responses in platelets from diabet-

ic subjects [10]. Our data clearly indicate enhanced
intracellular Ca2+ release to the IP3-generating ago-
nist ADP. There is an enhancement of inositolphos-
phate formation to thrombin in platelets from diabet-
ic patients [28]. In spite of the enhanced intracellular
Ca2+ signalling in response to ADP, the EC50 values
in the diabetic and the control group were similar.
These data suggest that the observed enhancement
in platelet Ca2+ signalling in response to ADP in dia-
betic patients is not caused by an increased sensitivity
of the P2Y1 receptor to ADP [29]. In platelets, Ca2+

entry follows activation of a so-called capacitative
Ca2+ entry. The activity of this Ca2+ influx pathway
correlates with the depletion of intracellular Ca2+

stores by way of IP3 [7]. The increase in Ca2+ entry in
platelets of diabetic patients might be caused by in-
tracellular Ca2+ store depletion in response to a given
ADP concentration and is more pronounced in plate-
lets from diabetic persons. Since Ca2+ entry activated
by thapsigargin, which depletes all Ca2+ stores by in-
hibition of endoplasmic reticulum Ca2+ ATPases
[30], was also enhanced in platelets from diabetic pa-
tients, a direct effect of diabetes on Ca2+ entry path-
way is suggested.

The effect of diabetes on the intracellular Ca2+

response to ADP was mimicked by preincubation
of platelets with the superoxide anions-generating
mixture xanthine oxidase/hypoxanthine and an in-
duction of intracellular superoxide anion production
by an inhibition of intracellular glutathione synthe-
sis with BSO [19]. Since we could show that in
platelets from diabetic patients, superoxide anion
release is greater than that obtained in platelets
from healthy subjects, these data might indicate
that increased Ca2+ signalling of platelets in diabetes
is caused by the enhanced production and release of
superoxide anions. This hypothesis is also confirmed
by our findings that preincubation of platelets with
L-lactate, which increased platelet intrinsic superox-
ide anion formation, mimicked the effect of diabe-
tes on platelets Ca2+ signalling pathways. L-lactate
has been demonstrated to mimic the effect of diabe-
tes on blood flow by inducing radical changes of
NAD+/NADH+ ratio, which might result in an over-
production of superoxide anions [31]. Hence, in en-
dothelial cells hyperglycaemia-induced changes in
Ca2+ signal transduction pathways, which are quite
similar to those in platelets [7], were recently shown
to be caused by enhanced superoxide anion produc-
tion by D-glucose autoxidation [19]. Consistent with
the similarities between the changes of endothelial
and platelet responsiveness and the potential role
of superoxide anions to constitute the trigger for
the alterations in the Ca2+ signalling, the antioxidant
glutathione normalized the enhanced Ca2+ signalling
in platelets isolated from diabetic patients (this
study) and that of endothelial cells during hypergly-
caemia [32].

G. Schaeffer et al.: Effect of diabetes on Ca2+ signalling and NO synthesis in platelets174

Control
subjects

0

∆
R

a
tio

 (
F

3
4

0
/F

3
6

0
)

L -NA

∗

0

1

2

3

4

5

Fig. 10. Effect of an inhibition of nitric oxide synthase with L-
NA on thapsigargin-induced platelet Ca2+ signalling. In the
presence of 2.5 mmol/l extracellular Ca2+ freshly isolated
washed platelets from healthy subjects were stimulated with
1 mmol/l thapsigargin for 3 min in the absence (open column,
n = 8) or presence of 1 mmol/l L-NA (filled column, n = 8).
Columns represent the maximum increase in intracellular
Ca2+ concentration in response to thapsigargin. *p < 0.05 vs
control subjects

∆
R

at
io

 (
F

34
0
/F

38
0)



These data clearly indicate similarities in changes
in platelet and endothelial cell Ca2+ signalling during
diabetes and hyperglycaemia, which might be due to
the great similarities in the Ca2+ controlling mecha-
nisms in both cell types. In platelets, however, basal
and autacoid-stimulated formation of nitric oxide
was markedly reduced by diabetes while in endothe-
lial cells controversial findings have been made [33,
34]. The reduced basal nitric oxide formation in intact
platelets during diabetes found in our study are con-
sistent with previous findings of attenuated nitric ox-
ide production in homogenates of platelets isolated
from diabetic patients [16, 35]. In addition, our data
show, for the first time, activation of platelet nitric ox-
ide synthase by an increase of platelet free Ca2+ con-
centration. We failed to obtain activation of nitric ox-
ide synthase by ADP, a finding also reported previ-
ously [36]. In contrast to ADP, the Ca2+ ATPase in-
hibitors thapsigargin (this study) and 2,5-di-(t-butyl)-
1,4-benzohydroquinone (BHQ; [11]) induce activa-
tion of nitric oxide synthase in human platelets. The
difference between ADP and thapsigargin in terms
of their properties to stimulate platelet nitric oxide
synthase reported here are unclear and might be
caused by thapsigargin having a greater effect on in-
tracellular Ca2+ concentration than ADP. Because of
the reduced basal nitric oxide activity, thapsigargin-
stimulated nitric oxide activity was strongly reduced
in platelets from diabetic patients, despite the in-
creased Ca2+ signalling occurring to this agonist in
this group. In arteries of diabetic patients reduced en-
dothelium-dependent relaxation was shown to im-
prove by co-incubation with L-arginine [37, 38]. In
platelets, L-arginine was essential for nitric oxide bio-
synthesis in both groups (data not shown), but there
was no reduced L-arginine uptake in the platelets
from diabetic patients which would explain the blunt-
ed nitric oxide synthase activity. In spite of these find-
ings, there was evidence in alloxan diabetic rats of an
increased arginase activity [39] which might result in
a diversion of L-arginine to other end-points than
NO.

It has been reported that the lack of cofactors es-
sential for nitric oxide synthase activity (i. e. NAD-
PH, tetrahydrobiopterine) might be responsible for
an attenuation of endothelial dependent relation in
diabetes [40] and hypercholesterolaemia [41]; wheth-
er this lack of cofactor(s) is responsible for the re-
duced nitric oxide synthase activity in diabetes or
not needs further investigation. Alternatively, diabet-
ic conditions might already affect expression of nitric
oxide synthase in the megacaryocytes, resulting in a
reduced appearance of this enzyme in the platelets
in diabetes.

Beside the reduced nitric oxide biosynthesis re-
ported here, it might be expected that the increased
production of superoxide anions favors the scaveng-
ing of nitric oxide by this type of oxygen radical, a

phenomenon recently reported in endothelial cells
under hyperglycaemic conditions [20]. Thus, in diabe-
tes the concentration of nitric oxide is limited by its
reduced biosynthesis and an enhanced degradation.
This reduction of nitric oxide might put platelet cells
in a more sensitive state, due to reduced pacemaker
potential of the nitric oxide on platelet aggregation.
Since nitric oxide attenuates platelet Ca2+ signalling
to ADP (this study), thrombin and 2,5-di-(t-butyl)-
1,4-benzohydroquinone, another Ca2+ ATPase inhib-
itor [11], and therefore, constitutes an important neg-
ative feedback mechanism during platelet activation
by autacoids, the reduced nitric oxide production
(and enhanced nitric oxide degradation by superox-
ide anions) in platelets during diabetes might favor
autacoid Ca2+ signalling and, thus, aggregation. This
hypothesis is further supported by our findings that
the nitric oxide donor DEA/NO [27], t = 2.1 min at
37 °C and pH 7.4) normalized upregulated Ca2+ sig-
nalling to ADP in platelets isolated from diabetic pa-
tients and after preincubation with the superoxide an-
ion-generating system xanthine oxidase/hypoxan-
thine. These findings agree with a report which
showed that the precursor of nitric oxide, L-arginine,
inhibited increased platelet activity in alloxan diabet-
ic rats [39]. Since L-arginine as well as nitric oxide are
known to interact with superoxide anions [42], how-
ever, it remains to be investigated whether or not the
beneficial effect of L-arginine and nitric oxide to nor-
malize platelet function and Ca2+ signalling is due to
scavenging properties or a direct effect on Ca2+ sig-
nalling mechanisms.

We think that diabetes is accompanied with an in-
creased release of superoxide anions in platelets, re-
sulting in an increased intracellular Ca2+ signalling to
stimulation with autacoids. At the same time biosyn-
thesis of nitric oxide, a compensatory mechanism to
prevent hyperreactivity of platelets, is strongly atten-
uated in diabetes. Overall these phenomena might
contribute to the enhanced platelet aggregation
found in diabetic patients. Due to the potency of glu-
tathione to normalize platelet Ca2+ signalling in plate-
lets from diabetic patients, this study might guide us
to a therapeutic prevention against diabetes-mediat-
ed hyperreactivity of platelets and additional studies
are urgently needed.
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