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Although platelets can contribute to atherosclerosis
and its thromboembolic complications in the
nondiabetic population, the role of platelets in
enhanced vascular disease in the diabetic population
remains unclear. Most studies indicate that platelet
function in vitro is enhanced in platelets from people
and animals with diabetes, and the mechanisms are
being identified. There remains some controversy
about whether platelet changes occur before, and
therefore could contribute to, vascular complications
or whether they are secondary to vascular disease. It
is possible that only intervention trials to determine if
inhibiting platelet function limits the progression of
vascular disease in diabetic patients will definitively
answer this question. The earlier premise that
enhanced activity of the arachidonate pathway is
responsible for the hypersensitivity of platelets from
diabetic humans needs to be modified to recognize
that additional mechanisms are involved in platelet
activation and are modified in people with diabetes
and also that altered activity of the arachidonate
pathway may reflect changes in earlier pathways
involved in platelet activation. Clearly, alterations in
these nonarachidonate pathways need to be taken into
account when considering the appropriate antiplatelet
agents to use in intervention trials. Information about
whether hypersensitivity of platelets from people with
diabetes persists in vivo and, if so, how this influences
platelet-vessel wall interactions and thrombotic
tendencies needs to be pursued more intensely in
suitable animal models so that the theories developed
from studies in vitro can be tested in the more
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PDGF, platelet-derived growth factor; ADP, adenosine diphosphate;
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complex environment in vivo. These are important
areas for research in the future. Diabetes 41 (Suppl.
2):26-31, 1992

Concepts about the development of atheroscle-
rosis in people with diabetes have largely come
from comparisons with schemes proposed in
the nondiabetic population. In support of this

approach, the morphological appearance of atheroscle-
rosis in diabetic patients is similar to that in the general
population, although there is earlier development and
increased severity. One of the main theories of athero-
sclerosis centers on the role of endothelial injury (1).
When there is injury or loss of the endothelium, platelets
adhere to the exposed subendothelial constituents, par-
ticularly collagen, which leads to the release of the
contents of granules from adherent platelets. These
contents include growth factors, in particular, platelet-
derived growth factor, which stimulates smooth muscle
cell migration into the intima and proliferation. Other
released materials, such as adenosine diphosphate and
serotonin, can cause platelet aggregation, thus recruiting
other platelets to the site of injury. Platelet adherence to
collagen also leads to activation of the arachidonate
pathway within the adherent platelets, which results in the
generation and loss of thromboxane A2, which causes
aggregation and release of granule contents from plate-
lets not directly adherent to the collagen (Fig. 1). Under
some conditions, such as disturbed blood flow, activation
of coagulation factors occurs at the site of injury and
leads to thrombin formation, which, in addition to con-
verting fibrinogen to fibrin, causes further platelet aggre-
gation and release of granule contents; these lead to the
formation of platelet-fibrin thrombi. If these mural thrombi
persist and become organized, they can become incor-
porated into the vessel wall and further contribute to the
atherosclerotic process. Alternatively, these thrombi may
occlude an already narrowed vessel or they may break
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FIG. 1. Platelet-vessel wall interactions in response to endothelial
Injury.

away to lodge elsewhere. Therefore, there are several
ways in which platelets can contribute to atherosclerosis
and its thromboembolic complications when there is
vessel injury (1,2).

If platelets interact more with injured vessels in people
with diabetes, this interaction could be a contributing
factor to the early development of atherosclerosis and the
high incidence of its thrombotic complications in the
diabetic population. Increased platelet interaction with
injured vessels could result from platelet hypersensitivity
to agonists at sites of vessel injury or through vessel wall
changes leading to platelet adhesion.

This review will focus on the evidence for platelet
hypersensitivity in diabetes and the mechanisms that
may be responsible. Brevity required that only a few
areas be considered, often in a summarized form, but the
readers are referred in the text, to other review articles for
more extensive coverage on specific topics.

PLATELET AGGREGATION
Hypersensitivity to aggregating agents of platelets from
humans with insulin-dependent diabetes or non-insulin-
dependent diabetes was found in most studies (3-7).
These studies were mainly carried out with platelets in
citrated plasma, and platelets from diabetic patients had
an increased sensitivity to secondary aggregation in
response to agonists including ADP, collagen, arachi-
donic acid, PAF, or thrombin. There has been some
disagreement about whether the hypersensitivity is pri-
mary or secondary to established vascular disease,
particularly because platelet hypersensitivity also occurs
in nondiabetic patients with vascular complications (8).
However, several studies reported hypersensitivity of
platelets from diabetic patients without clinical vascular
disease and from diabetic children (9,10). Platelets could
therefore contribute to vascular disease in people with
diabetes. Once vascular disease is established, in-
creased platelet turnover on altered vessels might lead to
an increased proportion of young platelets in the circu-
lation, which are reported to be hypersensitive to ago-
nists (11,12); this scenario may explain why platelet

changes have been more readily identified in diabetic
individuals with clinical vascular disease.

In studies in diabetic humans, considerable variations
exist among individuals, so platelet function has also
been carried out in diabetic animals, mainly in diabetic
rats. Washed platelets from streptozocin-induced or ge-
netically determined diabetic rats are more sensitive to
aggregation in response to ADP or thrombin (3,4,9,10).
The enhanced aggregation response to ADP of plate-
lets from diabetic rats occurs without activation of the
arachidonate pathway or release of granule contents; this
result indicates enhanced primary aggregation. Because
streptozocin-induced diabetic rats did not receive insu-
lin, whereas genetically determined diabetic rats require
insulin, the enhanced aggregation responses are inde-
pendent of administration of insulin or the mechanism
responsible for the diabetes. When the responses of
platelets from diabetic rats were examined in citrated
plasma, results were less consistent and may indicate
effects of diabetes on factors in the plasma that modulate
platelet function. Aggregation responses to collagen
were inconsistent when either washed platelets or plate-
let-rich plasma were used. The enhanced responses of
washed platelets from diabetic rats occur shortly after
induction of diabetes with streptozocin and before there
is evidence of vascular changes; this result further sup-
ports the studies in diabetic humans indicating that
platelet changes precede and therefore could contribute
to vascular disease.

PLATELET RELEASE REACTION
It is unclear whether platelets from diabetic subjects
release more of the contents of their granules in response
to release-inducing agents. In two studies, the release of
the contents of amine storage granules in vitro from
platelets from diabetic subjects with or without retinopa-
thy was found to be similar to that from platelets from
control subjects (3). However, there is some evidence to
indicate increased release of the contents of platelet
a-granules in vivo in diabetic patients. The platelet-
specific proteins, platelet factor 4 and p-thromboglobu-
lin, contained in platelet a-granules occur in greater
concentrations in the plasma from diabetic subjects,
which indicates increased release of these proteins in
vivo (9). Also, platelets from poorly controlled IDDM or
NIDDM patients release factors contained in the a-gran-
ules that promote greater growth of arterial smooth
muscle cells in culture; this growth-promoting effect
returns to normal in IDDM patients with continuous insulin
therapy (3). Decreased levels of PDGF and serotonin
were found in platelets from diabetic subjects and were
suggested as further indications of increased release in
vivo of the contents of a- and amine storage granules,
respectively (13,14).

There is also support for increased release of platelet
granule contents in studies in diabetic rats. Platelets from
streptozocin-induced or genetically determined diabetic
rats were more sensitive to release of amine storage
granule contents by thrombin or collagen in vitro (15,16).
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FIG. 2. Pathways of platelet activation.

PLATELET ARACHIDONATE PATHWAY
Numerous studies observed enhanced activity of the
arachidonate pathway and increased prostaglandin and
thromboxane A2 formation by platelets from diabetic
patients in response to several agonists (3-10). Because
thromboxane A2 can interact with its receptor on platelets
and cause platelet activation (Fig. 2), this observation led
to the concept that enhanced thromboxane A2 formation
by platelets from diabetic subjects could be responsible
for the hypersensitivity of these platelets to agonists.
Some studies also reported increased plasma or urinary
concentrations of thromboxane B2 in diabetic subjects
(3-10,17), which indicates enhanced activity of the
arachidonate pathway in vivo, but this result was not
found in all studies (18).

Studies with platelets from diabetic rats also showed
increased thromboxane A2 formation in response to
thrombin (15,16). Because in these studies arachidonate
mobilization from platelet phospholipids was also en-
hanced in platelets from diabetic rats, this enhancement
may be responsible for the increased thromboxane A2

formation rather than altered activities of the enzymes
involved in the conversion of arachidonate to thrombox-
ane A2. Furthermore, increased arachidonate mobiliza-
tion may reflect altered earlier mechanisms involved in
platelet activation.

A DP-INDUCED RESPONSES
In the presence of concentrations of Ca2+ in the physio-
logical range, ADP causes primary aggregation of plate-
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lets without activation of the arachidonate pathway or
release of granule contents. Under these conditions,
addition of ADP to platelets leads to stimulation of the
inositol phospholipid pathway, resulting in a small fall in
PIP2(Fig. 2; 19,20). The fall in PIP2 appears to be initially
through an altered equilibrium between PIP2 and PIP
rather than through stimulation of phospholipase C and
degradation of PIP2. This fall in PIP2 or some other effect
of ADP may free intraplatelet Ca2+, leading to shape
change and aggregation associated with Ca2+ stimula-
tion of phospholipase C activation and degradation of
PIP and PI. However, activation of phospholipase C by
ADP appears to be much less than by agonists, such as
thrombin, that cause a release reaction. ADP-induced
primary aggregation is enhanced with platelets from
diabetic rats (15,16), but this effect has not been system-
atically studied with platelets from diabetic humans.
Similarly, changes in the phosphoinositide pathway as-
sociated with ADP-induced primary aggregation have
not been examined with platelets from diabetic humans.

When platelets are stimulated by ADP, the glycopro-
tein llb-llla complex, which is the receptor for fibrinogen,
is expressed on the platelet surface and binds fibrino-
gen, helping to hold platelets together during aggre-
gation. Fibrinogen binding to platelets from diabetic
subjects was found to be enhanced compared with
binding to platelets from control subjects (21,22), al-
though in one study this result was not found (23). An
increased number of glycoprotein llb-llla molecules was
found on unstimulated platelets from diabetic patients
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and attributed to the larger volume of these platelets (24).
Enhanced fibrinogen binding also occurred to platelets
from diabetic rats 10 s after addition of ADP and without
activation of the arachidonate pathway or release of
granule contents (25). This result indicates that the
enhanced fibrinogen binding is related to early events
involved in aggregation and does not result from effects
of thromboxane A2 or endoperoxide formed, or granule
contents released. Because enhanced fibrinogen bind-
ing occurred with platelets both from rats with streptozo-
cin-induced diabetes, which did not receive insulin, and
from rats with genetically determined diabetes, which
required insulin, it is unrelated to effects of insulin admin-
istration or the mechanism through which the diabetes
occurs.

THROMBIN-INDUCED PLATELET INOSITOL PHOSPHOLIPID
METABOLISM
Platelets from diabetic subjects with retinopathy are
hypersensitive to thrombin through a mechanism(s) inde-
pendent of activation of the arachidonate pathway or
effects of released ADP (26). Similar observations were
made with platelets from rats with streptozocin-induced
or genetically determined diabetes (15,16). The mecha-
nisms through which thrombin activates platelets are
summarized in Fig. 2 (19,20). Thrombin interacts with its
receptor on platelets, leading to activation of a guanine
nucleotide binding protein and in turn activation of phos-
pholipase C. Activated phospholipase C hydrolyzes PIP2

to form DAG and IP3. The DAG formed can activate
protein kinase C and lead to phosphorylation of a 40,000
Mr protein. The IP3 formed mobilizes Ca2+, which can
phosphorylate a 20,000 Mr protein (myosin light chain) by
activation of the Ca2+-dependent myosin light-chain
kinase. These events are associated with the release
reaction. The DAG formed can be degraded by di- and
monoglyceride lipases to free arachidonic acid. In-
creased cytosolic Ca2+ also activates phospholipase A2,
which cleaves arachidonic acid from PI and other mem-
brane phospholipids. Endoperoxides and thromboxane
A2 formed from the mobilized arachidonic acid interact
with a receptor on platelets and further stimulate the
platelets. Therefore, thrombin-stimulated loss of arachi-
donic acid occurs after activation of the inositol phospho-
lipid pathway; activation of the arachidonic acid pathway
is not required for thrombin-induced platelet aggregation
and release of granule contents.

The hypersensitivity to thrombin of platelets from dia-
betic humans and rats, which occurs through a mecha-
nism^) independent of activation of the arachidonate
pathway or effects of released ADP, could involve an
alteration in the binding of thrombin to its receptor on
platelets or in a postreceptor mechanism(s). The amount
of thrombin that bound to its receptor on platelets from
diabetic rats was not different from control rats (27); this
result has not been examined with platelets from diabetic
humans. In a recent study, thrombin induced greater
phosphoinositide hydrolysis, intracellular Ca2+ mobiliza-
tion, and myosin light-chain kinase-mediated P20 phos-
phorylation in hypersensitive platelets from NIDDM
patients compared with control subjects (28). However,

in contrast, decreased phosphoinositide turnover in re-
sponse to thrombin was reported in platelets from IDDM
patients (29). Increased thrombin-induced IP3 formation
was also found with platelets from rats with genetically
determined diabetes (30).

PLATELET MEMBRANE FLUIDITY
Membrane fluidity modulates cell function (31). Alter-
ations in the sensitivity of platelets from diabetic subjects
could result from changes in membrane fluidity. Platelets
from diabetic patients have a decreased membrane
fluidity associated with hypersensitivity to thrombin (32).
Reduced membrane fluidity of platelets also occurs with
platelets from patients with type I la hyperlipoproteinemia
or after incubation of platelets from control individuals
with cholesterol-rich liposomes in vitro; these platelets
are hypersensitive to agonists in vitro (33-36). Mem-
brane fluidity is also reduced in erythrocytes from dia-
betic patients, and this reduction correlates inversely with
increases in the cholesterol to phospholipid molar ratio
(37) and in the extent of glycation of membrane proteins
(38). Similarly, incubation of erythrocytes from nondia-
betic subjects in a high-glucose medium leads to a
reduction in membrane fluidity (39,40). Several studies
found increased glycation of membrane proteins of plate-
lets from diabetic subjects (41-44). The reduced mem-
brane fluidity of isolated platelet membranes from
diabetic patients correlated inversely with increases in
the extent of glycation of membrane proteins, but the
cholesterol-phospholipid molar ratio was not increased
in these membranes (45). When isolated platelet mem-
branes from nondiabetic subjects are incubated in a
high-glucose medium the result is a decrease in mem-
brane fluidity associated with an increase in the extent of
glycation of membrane proteins (46). A role for increased
glycation of membrane proteins was proposed for the
hypersensitivity of platelets from diabetic patients
(41,42,44). This could therefore occur through a reduc-
tion in membrane fluidity, although in one study, in-
creases in glycation of membrane proteins of platelets
from diabetic patients were not associated with increases
in the sensitivity of these platelets to agonists (43).
Further studies are clearly needed.

PLATELET FUNCTION IN VIVO
Although many studies observed hypersensitivity of
platelets from diabetic humans and animals in vitro,
evidence for the hypersensitivity persisting in vivo is less
consistent. Two main approaches have been taken to
examine platelet function in vivo in people with diabetes.
These are the search for materials released from acti-
vated platelets in the plasma or urine and measurements
of platelet survival in the circulation; platelet survival
represents the balance between the rates of production
of platelets and of their clearance from the circulation. As
indicated earlier in this review, several studies found
increased plasma or urinary concentrations of materials
released from platelet granules and of prostaglandin and
thromboxane metabolites in diabetic patients. However,
these increases were more commonly found in diabetic
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individuals with clinical vascular disease. Reduced plate-
let survival in diabetic patients was found in several
studies, but this was particularly true when there was
clinical evidence of vascular disease (9). In contrast,
platelet survival is not reduced in chronically diabetic
rats, which have no evidence of extensive vascular
disease (47,48). These observations raise the question of
whether the reduced platelet survival in diabetic patients
results from increased platelet turnover on diseased
vessels rather than from platelet hypersensitivity itself.
Indeed, platelet survival is reduced in nondiabetic hu-
mans with clinical vascular disease (49). It would appear,
therefore, that because platelets from both diabetic hu-
mans and rats are hypersensitive to agonists in vitro, this
hypersensitivity is not necessarily associated with re-
duced platelet survival.
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