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Effect of protein kinase C and phospholipase A, inhibitors on the
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1 The aim of this study was to examine the mechanism of impaired platelet-mediated endothelium-
dependent vasodilation in diabetes. Exposure of human platelets to high glucose in vivo or in vitro
impairs their ability to cause endothelium-dependent vasodilation. While previous data suggest that
the mechanism for this involves increased activity of the cyclo-oxygenase pathway, the signal
transduction pathway mediating this effect is unknown.

2 Platelets from diabetic patients as well as normal platelets and normal platelets exposed to high
glucose concentrations were used to determine the role of the polyol pathway, diacylglycerol (DAG)
production, protein kinase C (PKC) activity and phospholipase A, (PLA,) activity on vasodilation
in rabbit carotid arteries.

3 We found that two aldose-reductase inhibitors, tolrestat and sorbinil, caused only a modest
improvement in the impairment of vasodilation by glucose exposed platelets. However, sorbitol and
fructose could not be detected in the platelets, at either normal or hyperglycaemic conditions. We
found that incubation in 17 mM glucose caused a significant increase in DAG levels in platelets.
Furthermore, the DAG analog 1-oleoyl-2-acetyl-sn-glycerol (OAG) caused significant impairment of
platelet-mediated vasodilation. The PKC inhibitors calphostin C and H7 as well as inhibitors of
PLA, activity normalized the ability of platelets from diabetic patients to cause vasodilation and
prevented glucose-induced impairment of platelet-mediated vasodilation in vitro.

4 These results suggest that the impairment of platelet-mediated vasodilation caused by high
glucose concentrations is mediated by increased DAG levels and stimulation of PKC and PLA,
activity.
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Abbreviations: ADP, adenosine diphosphate; DAG, diacyglycerol; DEDA, dimethyleicosadienoic acid; EDNO, endothelium-
derived nitric oxide; OAG, 1-oleoyl-2-acetyl-sn-glycerol; PKC, protein kinase C; PLA,, phospholipase A,; PMA,

phorbol 12-myristate 13-acetate

Introduction

Activated normal platelets produce vasodilation via release of
platelet-derived adenosine diphosphate (ADP), which in turn
stimulates the release of endothelium-derived nitric oxide
(EDNO) (Fostermann et al., 1988; Oskarsson & Hofmeyer,
1996). EDNO causes vascular smooth muscle relaxation and
inhibits platelet aggregation and excessive thrombus formation
(Moncada et al., 1991; Kaul et al., 1995). Recent reports
suggest that platelets from patients with diabetes mellitus lack
the ability to produce EDNO-dependent vasodilation (Oskars-
son & Hofmeyer, 1996; 1997). This platelet defect can be
reproduced in vitro by exposure of normal human platelets to
high glucose concentrations, in a time and concentration
dependent manner (Oskarsson & Hofmeyer, 1996). This
glucose-induced platelet defect appears to involve activation
of the cyclo-oxygenase pathway, including thromboxane
synthase (Oskarsson et al., 1997). However, it remains
unknown how exposure of platelets to high concentrations of
glucose in vivo or in vitro, leads to increased activity of these
enzymes.

Previous studies indicate that high glucose concentrations
mediate some of their adverse biologic effects via the polyol
pathway (Hawthorne et al., 1989; Cohen, 1986; Llewelyn et al.,
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1986; Tesfamariam et al., 1992; 1993; Greene, et al., 1987).
Furthermore, high glucose increases intracellular diacylglycer-
ol (DAG) levels (Ayo et al., 1991; Craven & Derubertis, 1990;
Xia et al., 1994), upregulates protein kinase C (PKC) activity
(Ayo et al., 1991; Craven et al., 1990; Xia et al., 1994; Craven
& Derubertis, 1990; Tesfamariam et al., 1991; Lee et al., 1989)
and can lead to increased arachidonic acid release via PKC-
mediated increase in phospholipase A, activity (Williams &
Schrier, 1993; Craven et al., 1988; Xia et al., 1995), which in
turn increases activity of cyclo-oxygenase. In this study we
explore the possible role of these metabolic pathways in
mediating the inability of diabetic and hyperglycaemia-induced
platelets to produce vasodilation.

Methods

Diabetic patients and normal subjects

After receipt of informed consent, blood samples (90 ml) were
collected from healthy volunteers (both genders, age 18—55)
and patients with the diagnosis of diabetes mellitus (type I or
II) for at least one year (both genders, age 18—55) and platelets
were isolated and washed as described previously (Oskarsson
& Hofmeyer, 1996). Exclusion criteria for study subjects
included hypercholesterolaemia (total cholesterol >5.7 mMm
[220 mg d1~]), cigarette smoking, use of medications that
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affect platelet function and diagnosis of kidney disease or other
disorders that affect platelet function. The study protocol was
reviewed and approved by the Human Investigations
Committee, University of Towa.

Preparation of arteries

Normal male New Zealand white rabbits (weighing 2.5—
3.0 kg) were given heparin (150 U kg~'i.v.) and sacrificed by
an overdose of sodium pentobarbital (50 mg kg=' i.v.).
Common carotid arteries were excised and prepared as
previously described (Oskarsson & Hofmeyer, 1996; 1997).
Arterial segments were imaged by a video camera, which
projected vessel images onto a monitor that was coupled to a
digital image acquisition system (Oskarsson & Hofmeyer,
1996; 1997). Vessel responses to agonists or activated platelets
were allowed to reach a stable plateau (3—4 min), then
digitally acquired, and archived for subsequent analysis with
a quantitative edge detection program (NIH Image, NIH,
Bethesda, MD, U.S.A.). Vascular responses are reported as per
cent change in vessel diameter.

Platelet-mediated vasodilation

As described before (Oskarsson & Hofmeyer, 1996; 1997),
arterial segments were perfused with Krebs buffer at a constant
flow rate of 1.0 ml min~' at an intraluminal distending
pressure of 60 mmHg. To ensure normal constrictor and
dilator responses, repeated doses of abluminally suprafused
phenylephrine (1 uM) and intraluminally perfused acetylcho-
line (1 uM) were applied until reproducible results were
obtained.

After achieving stable resting baseline, an image was
acquired for baseline quiescent arterial diameter. The arterial
segments were then preconstricted via abluminal administra-
tion of phenylephrine (10 um). Upon reaching a stable
preconstricted diameter, the intraluminal perfusate was
switched from aerated Krebs buffer through both perfusion
arms, to thrombin (0.2 Units ml~") in Krebs buffer through
one perfusion arm, and normal Tyrode’s buffer (containing
6.6 mM [118 mg dl~'] D-glucose) through the other. The artery
was allowed to equilibrate while being perfused with this
solution for 4 min, after which a reference diameter image of
the preconstricted vessel was acquired for use in succeeding
analysis of change in vessel diameter. When platelets incubated
in high glucose were going to be tested, Tyrode’s buffer
containing 17 mM [300 mg dl~'] D-glucose was preperfused
along with thrombin and Krebs buffer to obtain baseline
diameter, in order to correct for any possible direct effect of the
high glucose concentration on vasodilation. Subsequently, the
arm perfused with Tyrode’s (normal or high glucose) alone was
changed to platelets suspended in Tyrode’s buffer (normal or
high glucose). The thrombin and platelet perfusates mix 1:1 at
the Y-connector, giving a final platelet concentration of 1 x 10®
platelets ml~™' and a final thrombin concentration of
0.1 Units ml~'. Each dose of platelets was perfused for 3—
4 min, at which time the artery had reached a stable plateau in
response to the platelets. An image of the artery was acquired
and the diameter compared to the quiescent and preconstricted
baseline images.

The effect of aldose reductase inhibitors
After isolation, platelets were incubated in normal or high

glucose Tyrode’s buffer, as indicated, with or without tolrestat
(50 uM) or sorbinil (400 um), gifts from Ayerst Laboratories

(New York, NY, U.S.A.) and Pfizer, Inc. (Groton, CT, USA.),
respectively, for 4 h. Baseline diameter before perfusion of
activated platelets was obtained with normal or high glucose
Tyrode’s buffer, with or without the drug, as indicated, to
correct for any intrinsic effects of the drugs or glucose on the
arterial diameter. In the concentrations used in this study,
tolrestat or sorbinil had no direct affect on the vessel diameter.
Subsequently the platelets, in the appropriate Tyrode’s
solutions with or without the drugs, were activated with
thrombin and perfused as described above and the change in
vessel diameter analysed.

The effect of PKC and PLA;, inhibitors

A similar procedure was used to test the effect of PKC and
PLA, inhibition on glucose-induced inhibition of platelet
mediated vasodilation. Platelets were incubated in Tyrode’s
buffer containing either low or high glucose for 4 h, with or
without the PKC-inhibitor calphostin C (50 nM) or the PLA,
inhibitors manoalide (50 uM) or dimethyleicosadienoic acid
(DEDA) (50 pm). Similarly, platelets isolated from patients
with diabetes mellitus were treated for 2 h with or without
calphostin C or manoalide. Subsequently these different
groups of platelets were thrombin (0.1 U ml~') activated and
perfused through a phenylephrine (10 uM) preconstricted
normal rabbit carotid artery and the change in vessel diameter
measured. Calphostin C or manoalide in Tyrode’s buffer alone
did not elicit vessel diameter changes at the concentration
used.

PKC priming of platelets

Platelets were incubated with the desired concentration of
PKC agonist (phorbol 12-myristate 13-acetate (PMA), 80 nMm
or 1-oleoyl-2-acetyl-sn-glycerol (OAG), 5 uMm) for 20 min. The
platelets were then washed three times to remove the agonist
from the solution and were resuspended in Tyrode’s buffer.
This procedure usually resulted in some loss of platelets, since
some platelet activation and aggregation occurred, but only to
a limited extent. Platelet counts were performed after the PKC
priming and the final concentration adjusted accordingly.
These platelets were then examined for their ability to induce
vasodilation as described above.

Biochemical determinations

Sorbitol and fructose content of human platelets was analysed
by gas liquid chromatography following derivatization as
described previously (Yorek et al., 1987). Diacylglycerol
content was determined by the method described by Preiss et
al. (1986) and the amount of DAG was calculated from a
standard curve using pure sn-1,2-diolein and reported as pmol
108/platelets.

Data analysis

All data are presented as mean value +s.e.mean. The changes
in vessel diameter are expressed as per cent change in
diameter (a negative value representing vasoconstriction). The
number of experiments (n) for each data point refers to the
number of platelet donors. Statistical analysis was performed
with unpaired 7-test and with one or two way analysis of
variance (ANOVA) with correction for repeated measures or
by pairwise multiple comparisons (Bonferroni’s method)
where appropriate. A P value <0.05 was considered
significant.
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Results

The polyol pathway

We hypothesized that high concentration of glucose causes
impairment of platelet-mediated vasodilation by metabolism
of glucose via the polyol pathway. The aldose-reductase
inhibitor tolrestat attenuated to a very modest degree the
glucose-induced impairment of the ability of platelets to cause
vasorelaxation: 32+4 vs —3+4+4 vs 7+5% for normal
platelets, high glucose treated platelets and tolrestat- and high
glucose-treated platelets, respectively (=6, P<0.05). Similar
results were obtained with sorbinil (results not shown). When
intracellular platelet sorbitol level was measured directly in
normal human platelets after a 4 h incubation in Tyrode’s
buffer with either normal or high glucose, glucose levels were
259425 vs 591+61 nmol 10® platelets ', respectively (n=35,
P <0.01), while sorbitol and fructose, the downstream glucose
metabolites of the polyol pathway, could not be detected under
either set of conditions.

Glucose-mediated increase in DAG

In this study we show that in vitro incubation of normal human
platelets in high glucose causes a significant increase in platelet
DAG levels, which is evident after 30 min (Figure 1).

The role of protein kinase-C (PKC)

DAG and OAG are known activators of PKC (Go et al.,
1987). Data in Figure 2 show that normal human platelets
incubated with the DAG analogue, (OAG), in order to mimic
the effect of increased intracellular DAG, lost their ability to
cause vasodilation.

Next we tested whether enhanced PKC activity plays a role
in the signalling pathway leading to impaired ability of diabetic
platelets to cause vasodilation. We found that platelets from
patients with diabetes mellitus that were treated with the PKC-
inhibitor calphostin-C produced normal vasodilation, while
untreated platelets from the same patients lacked the ability to
cause vasorelaxation (Figure 3A). Similarly, while normal
platelets incubated in high glucose lost their ability to cause
vasorelaxation, co-incubation with calphostin-C prevented the
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Figure 1 Platelets isolated from healthy donors (n=6) were
incubated in Tyrode’s buffer containing 17 mM (300 mg dl ") glucose
for 15, 30 and 60 min and DAG levels measured. The amount of
DAG is expressed as pmol 10® platelets~'. *P<0.01.

30
“ NL-Pits
B |
2 -NL-PnsmAG
R
T 2
2
w 15
4
£ 10
o
€ s
(‘% *
2 0 T m——

o]
1x108 Pits / ml

Figure 2 Platelets from healthy donors (n=6) were isolated and
treated with or without the diacylglycerol (DAG) analogue 1-oleoyl-
2-acetyl-glycerol (OAG, 2.5 ug ml~") for 20 min. After a washout
period, treated and untreated platelets were thrombin activated
(0.1 Uml™") and perfused through a phenylephrine (10 um)
preconstricted rabbit carotid artery, and the change in vessel diameter
measured. *P<0.01.

glucose-mediated impairment of platelet-mediated vasodila-
tion (Figure 3B). Calphostin-C did not affect the ability of
normal platelets to mediate vasodilation: 35+3 vs 37+4%
increase in vessel diameter, with or without the inhibitor
(n=135), respectively. Similar results were obtained with the
PKC-inhibitor H7 (50 um) (results not shown).

To test whether activation of PKC activity can mimic the
high glucose mediated effect, normal platelets were ‘primed’ by
a 20 min incubation in Tyrode’s buffer containing PMA
(80 nM). These platelets completely lost their ability to produce
vasorelaxation (Figure 4).

The role of phospholipase A,

Enhanced PKC activity can lead to increased activity of the
cyclooxygenase pathway via activation of phospholipase A,
(PLA,) (Williams & Schrier 1993; Craven et al., 1988;
Nemenoff ef al., 1993). Data in Table 1 show that the PLA,
inhibitors manoalide and DEDA significantly improved the
ability of high glucose incubated platelets to produce
vasodilation. In addition we found that the PLA, inhibitor
manoalide improved the ability of platelets isolated from
patients with diabetes mellitus to cause vasorelaxation: 0+2 vs
174+ 5% increase in vessel diameter for untreated vs treated
diabetic platelets, respectively (n=06, P<0.05).

Discussion

Metabolism of glucose via the polyol pathway may play a role
in the pathophysiology of various diabetes-related complica-
tions (Greene et al., 1987), including endothelial dysfunction
(Hawthorne et al., 1989; Tesfamariam et al., 1992; Greene et
al., 1987). Increased metabolism of glucose through this
pathway increases the intracellular ratio of NADH/NAD ",
which may influence the activity of various enzymes, including
prostaglandin hydroperoxidases in the cyclo-oxygenase path-
way for which NADH can serve as a cofactor (Kukreja et al.,
1986). This could, in part, explain the increased production of
vasoconstrictive prostanoids in diabetic vessels (Tesfamariam
et al., 1990; 1993) and increased thromboxane A, synthesis by
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Figure 3 (A) Platelets were isolated from patients with diabetes mellitus (7= 6). Platelets were incubated in Tyrode’s buffer for 2 h
with or without calphostin-C (50 nm). Subsequently the platelets were thrombin (0.1 U ml~') activated and perfused through a
phenylephrine (10 um) preconstricted normal rabbit carotid artery, and the change in vessel diameter measured. *P<0.01. (B)
Platelets isolated from healthy donors (n=6) were incubated in Tyrode’s buffer containing either 6.6 mm (118 mg d1~") [NL Plts] or
17 mMm (300 mg d1~") [Glucose Plts] glucose for 4 h. For the last 2 h the PK C-inhibitor calphostin-C (50 nM) was added to some of
the high glucose treated platelets. Subsequently the three groups of platelets were thrombin (0.1 U ml~"') activated and perfused
through a phenylephrine (10 M) preconstricted normal rabbit carotid artery, and the change in vessel diameter measured. * P <0.01

vs NL-Plts and Gluc-Plts + Calp-C.

Table 1 Normal platelets were incubated in buffer contain-
ing 6.6 or 17mM glucose with or without the PLA2-
inhibitors manoalide (1 uM) or DEDA (50 um) for 4 h.
Afterwards, the effect on vasodilation was determined

Normal High High glucose
glucose glucose buffer
buffer buffer and drug
% Vasodilation (6) 25.9+2.8 1.9+1.7* 20.64+3.8
(Manoalide)
% Vasodilation (4) 35.5+6.7 0.9+1.7* 27.5+6.4
(DEDA)

Results are mean +s.e.mean; ( )=number of platelet donors.
*P<0.01.

platelets from patients with diabetes mellitus (Catalano et al.,
1990). Therefore, since our previous data indicate that the
inability of glucose exposed platelets to cause vasodilation is
associated with increased activity of the cyclo-oxygenase
pathway (Oskarsson et al., 1997), we proposed that the polyol
pathway might play an important role.

To test this hypothesis we treated platelets with two
structurally different aldose-reductase inhibitors in an attempt
to block the first step of the polyol pathway that converts
glucose to sorbitol. We found that both inhibitors caused
similar, statistically significant, yet very modest and probably
not biologically significant improvement in the ability of
glucose treated normal platelets to produce vasodilation.
Secondly, we measured sorbitol and fructose levels in platelets
after 4 h of incubation in buffer containing either normal
(6.6 mM) or high glucose (17 mm). We observed an expected
rise in glucose concentration in the high glucose treated
platelets, but despite applying a very sensitive assay we could
not detect any sorbitol or fructose in either condition. This
suggests that human platelets do not have an active polyol
pathway, at least under the conditions tested or that sorbitol
and fructose are rapidly metabolized by platelets when exposed
to a high glucose concentration. Therefore, the modest
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Figure 4 Platelets from healthy donors (n=8) were isolated
separated into two groups and treated with or without phorbol 12-
myristate 13-acetate (PMA) (80 nMm) for 20 min. After a washout
period, treated and untreated platelets were thrombin (0.1 U ml~")
activated and perfused through a phenylephrine (10 uM) precon-
stricted rabbit carotid artery, and the change in vessel diameter
measured. *P<0.01 for PMA-Plts vs NL-Plts.

restoration of the impaired vasodilation by glucose exposed
platelets mediated by the aldose-reductase inhibitors is
probably a non-specific effect. We conclude that enhanced
metabolism of glucose by the polyol pathway in platelets is not
likely to be the underlying cause for glucose induced
impairment of platelet-mediated vasodilation.

DAG levels have previously been shown to be increased by
high glucose conditions in vitro (Ayo et al., 1991; Craven et al.,
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1990), as well as in tissue from diabetic animals (Tesfamariam
et al., 1993; Xia et al., 1994). In this study, we observed for the
first time an increase in DAG levels in human platelets after
exposure to high glucose levels in vitro. The same concentra-
tion of glucose also impairs the ability of the platelets to
mediate vasodilation. The mechanism responsible for the
glucose-induced elevation in intracellular DAG levels is still
unclear, but may be both via increased de novo synthesis
(Craven et al., 1990), as well as by increased phospholipid
turnover (Zawalich & Zawalich, 1988). To test whether the
observed glucose-induced increase in DAG levels might be
causally related to the glucose-mediated impairment of
vasodilation caused by platelets, we used the DAG analogue
OAG. We observed that platelets incubated with OAG for
20 min totally lost their ability to cause vasodilation. This
strongly supports the hypothesis that the glucose-induced
increase in DAG represents a step in the signalling pathway
leading to this glucose-induced platelet defect.

Previously, hyperglycaemic conditions have been shown to
increase PKC activity (Ayo et al., 1991; Craven et al., 1990;
Xia et al., 1994; Craven & Derubertis, 1990; Tesfamariam et
al., 1991; Lee et al., 1989). This may, at least in part, occur via
a glucose-mediated increase in DAG, a well-known agonist for
PKC (Ayo et al., 1991; Xia et al., 1994; Go et al., 1987).
Therefore, we proposed that PKC activation might be an
important step in mediating the glucose-induced platelet
defect. Our studies show that the PKC inhibitors calphostin
C and H7 completely prevented any glucose-induced impair-
ment of platelet-mediated vasodilation. Calphostin C also
normalized the ability of platelets isolated from diabetic
patients to cause vasodilation. Furthermore, priming normal
platelets with a low concentration of the phorbol ester PMA,
an activator of PKC, caused impairment in platelet-mediated
vasorelaxation similar to the effect observed after incubating
normal platelets in high glucose or OAG. The data obtained
with PKC inhibitors and PMA suggest that the activation of
PKC contribute to the diabetes- and glucose-induced defect in
platelet-mediated vasodilation.
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