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ABSTRACT
Diabetes mellitus is associated with accelerated atherosclerosis and increased morbidity and
mortality in micro-and macrovascular complications. The metabolic derangements that
accompany diabetes can adversely influence platelets and vascular endothelial function, which
may contribute to the pathogenesis of diabetic angiopathy. This thesis aimed to examine the
effect of acute and postprandial hyperglycaemia, as well as the impact of treatment with
insulinotropic drugs and improved metabolic control on platelet function in patients with
diabetes mellitus. The relationship between platelet function and microvascular complications
was also investigated. In addition, platelet function was related to endothelial and inflammatory
markers.
Acute hyperglycaemia, elicited by an oral glucose tolerance test, induced platelet activation as
indicated by elevated plasma levels of soluble P-selectin in patients with diet-treated type 2
diabetes. In a cross-over study, evaluating the effects of two oral antidiabetic treatments,
platelet hyperreactivity (increased ADP-induced P-selectin expression) was observed after a
carbohydrate-rich meal in type 2 diabetes patients. Premeal treatment with repaglinide or
glibenclamide reduced postmeal hyperglycaemia, but not the meal-induced platelet activation.
Repaglinide treatment was associated with attenuated platelet and endothelial activity in the
fasting state, but this effect was not related to glycaemic control or reduced postmeal
hyperglycaemia. Platelet function in the fasting state was similar in well-controlled patients
with type 2 diabetes, without macrovascular complications and healthy controls, but the plasma
levels of inflammatory markers (e.g. ICAM-1, TNF-α) were significantly elevated in the
patients.
Type 1 diabetes was associated with platelet and leukocyte hyperreactivity to in vitro
stimulation, and this was more marked in patients with microangiopathy. Agonist-induced
leukocyte-platelet cross-talk was enhanced in type 1 diabetes and was correlated to platelet
hyperreactivity in patients with microangiopathy. Furthermore, patients with type 1 diabetes
and microangiopathy had elevations of sCD40L, C-reactive protein and soluble E-selectin in
serum, compared to healthy controls, indicating low-grade inflammation and vascular
endothelial perturbation.
In well-controlled patients with type 2 diabetes undergoing coronary angioplasty, platelet
reactivity (ADP-induced P-selectin expression) was reduced in patients with tight glycaemic
control compared to patients with deteriorated glycaemic control at 3 months after coronary
angioplasty.
In conclusion, acute and postprandial hyperglycaemia in type 2 diabetes as well as
microangiopathy in type 1 diabetes are associated with certain aspects of platelet activation.
The insulinotropic drug repaglinide, but not glibenclamide, attenuates fasting, but not postmeal
platelet reactivity. Improved glycaemic control reduces platelet reactivity in type 2 diabetes
patients undergoing coronary angioplasty. This thesis also supports the existence of an
inflammatory component early on in type 2 diabetic disease, and in type 1 diabetic
microangiopathy.

Keywords: Diabetes mellitus, platelet function, P-selectin, leukocyte-platelet cross-talk,
endothelium, inflammation, coagulation, hyperglycaemia, metabolic control, microvascular
complications, percutaneous coronary intervention
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INTRODUCTION
General background
Diabetes mellitus (DM), characterized by chronic hyperglycaemia, is a rapidly growing
worldwide health problem. The prevalence of DM has been estimated to 3-5% of Western
populations. The incidence of DM is increasing, and will be more than doubled within 15 years
mainly due to adverse life style changes with excess in caloric intake and reduced physical
activity, which will in turn lead to obesity, insulin resistance and consequently impaired glucose
tolerance and type 2 DM 1, 2. Worldwide incidence data indicate an increase also in type 1 DM
(juvenile diabetes) 3.
Type 2 DM accounts for over 80% of cases of DM and is a slow-onset, heterogenous disorder,
resulting from interactions between environmental factors and polygenetic inheritance 4.
Impaired insulin secretion and reduced insulin sensitivity (insulin resistance in the liver, skeletal
muscle and adipose tissue) are the main pathophysiological features responsible for
development of the disease 5. Along with worsened glucose metabolism, impaired glucose
tolerance (IGT) appears and results in an increase in postprandial hyperglycaemia, which can be
detected by an oral glucose tolerance test (OGTT).
A majority of patients with type 2 DM, as well as subjects with IGT, have signs of the
metabolic syndrome (also called dysmetabolic syndrome, insulin resistance syndrome or
syndrome X)6, which is a cluster of phenotypes associated with a substantially increased risk for
cardiovascular disease (CVD)7. Insulin resistance plays a central role in this syndrome. Other
components are centripetal obesity, hypertension, dyslipidemia (low HDL, high TG, small
dense oxidized LDL) and endothelial dysfunction (microalbuminuria)8. Recently, a
prothrombotic state, characterized by abnormalities in platelet function and elevated circulating
levels of C-reactive protein (CRP), PAI-1 and fibrinogen, has been recognized as a component
of the metabolic syndrome9.
Microvascular complications (retinopathy, nephropathy and neuropathy) contribute
importantly to the increased morbidity in DM as retinopathy and nephropathy are major causes
of blindness and end-stage renal disease, respectively. However, the major cause of morbidity
and mortality in DM is macrovascular complications. More than 75% of all diabetic patients die
of CVD10. Insulin resistance, IGT and overt type 2 DM are associated with an increased risk for
CVD11 and patients with type 2 DM have a 2-4 fold increased risk for coronary artery disease
and peripheral arterial disease, and a 3-fold increased risk for stroke compared to non-diabetic
subjects 12. Diabetes also worsens early and late outcomes in acute coronary syndromes and
after coronary interventions13-16. There is now consensus that patients with DM without
previous myocardial infarction should be treated with multifactorial interventions against
modifiable risk factors as aggressively as in non-diabetic individuals with a previous
myocardial infarction 10, 17. Although type 2 DM is associated with a cluster of cardiovascular
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risk factors, the exact causes of the substancially increased risk of suffering CVD are not fully
understood. Premature, accelerated macrovascular disease occurs both in type 1 and type 2 DM.
Recent epidemiological studies indicate that type 1 DM is as great a risk factor for
cardiovascular mortality and stroke as type 2 DM, and that these complications also can occur
at a young age 18, 19. Thus, early detection and treatment of risk factors for cardiovascular
disease are important achievements also in type 1 DM.
Platelet function is of pathophysiological importance in atherothrombotic disease 20 and there is
strong support for platelet dysfunction with platelet hyperreactivity in both type 1 and type 2
DM 21-24. It may be hypothesized that platelets, acting in concert with the vascular endothelium,
leukocytes and coagulation, play a key role in the development of diabetic angiopathy. While
platelet dysfunction is clearly involved in the pathogenesis of macroangiopathy 20-22, 25-27, the
role of platelets in microangiopathy is less clear 28, 29. The metabolic state that accompanies DM
may alter platelet and endothelial function already in early stages of diabetic disease. However,
it is debatable whether antidiabetic treatment and improved metabolic control can restore the
observed platelet hyperactivity in DM. In addition, studies of the effect of acute
hyperglycaemia on platelet function in patients with DM are sparse 30-32.
The present work concerns platelet function in DM and the possible influence of acute
hyperglycaemia, antidiabetic treatment and improved metabolic control, as well as the
relationship to microvascular complications. In addition, platelet function was related to
endothelial, inflammatory and coagulation markers.

Platelet physiology
Platelet morphology
Platelets are anuclear cell fragments shed from megacaryocytes in the bone marrow. The
resting, discoid platelet which is 2-4 µm diameter and has a median platelet volume (MPV) of
7-9 fl, is the smallest corpuscular component in the circulation. The normal platelet count in
peripheral blood is 150-400 x 109/L. Approximately 2/3 of the platelets circulate in the blood
and 1/3 are stored in the spleen. The lifespan of a platelet is 7-10 days, with a daily renewal rate
of about 20% of the platelet count. The platelet cytoplasmic membrane is composed of a bilayer
of polarized phospholipids containing arachidonic acid. The organization of the phospholipids
changes during platelet activation. This favors an interaction with coagulation factors (FV, FX)
and formation of a catalylic prothrombinase complex (FXa, FVa, Ca2+, prothrombin), as well as
the release of arachidonic acid and formation of thromboxane A2. The external layer of the
platelet membrane contains numerous glycoproteins (e.g. GPIIb/IIIa, GPIb/IX/V, GPIV) which

10

act as receptors for various ligands and are essential for platelet adhesion and aggregation. The
most abundant of these platelet membrane glycoproteins is GPIIb/IIIa, often called the
fibrinogen receptor, with about 80.000 surface copies per platelet. GPIIb/IIIa also binds other
ligands such as von Willebrand factor (vWf) and fibronectin. The cytoplasmatic membrane
invaginates into the platelet to form the open canalicular system. This system enlarges the
platelet surface area and provides routes for the release of platelet granular contents and is a
storage site for membrane receptors. The dense tubular system is a part of the platelet internal
membrane system. It is derived from the endoplasmatic reticulum of the megacaryocytes and is
the main site for Ca2+ storage and prostaglandin synthesis. There are three different platelet
specific secretory granules: α-granules, dense bodies and lysosomes. The α-granules are the
numerically most abundant granules and contain a variety of high-molecular weight proteins
with various biological functions. Examples of proteins stored in α-granules are P-selectin,
vWf, fibrinogen, GPIIb/IIIa, FV, FX, PAI-1, growth factors, cytokine-like proteins like βthromboglobulin, platelet factor 4 and probably also CD40 ligand and interleukin-1. The dense
granules contain low-molecular compounds which promote platelet activation (e.g. ADP,
serotonin and Ca2+). Lysosomes contain hydrolytic enzymes, e.g. elastase, which affect elastic
tissue of the vessel wall and may promote atherogenesis. Elastase is also released from
activated neutrophils and can induce platelet activation 33.

Platelet activation
Hemostasis involves interactions between the vessel wall, platelets, coagulation and
fibrinolysis. Under normal conditions, these systems are in balance and prevent thrombus
formation and bleeding. The main physiological function of blood platelets is to maintain
hemostasis by the initiation and formation of a hemostatic plug and by the secretion of various
biologically active factors leading to repair of vascular injuries. Pathophysiologically platelets
may cause vascular injury and tissue damage by three principal mechanisms: triggering of acute
arterial thrombosis, microembolisation of the capillaries and enhancing the local progession of
vascular lesions 34.
Platelets are dynamic cell fragments, influenced by several activating and inhibiting pathways
which can be regulated by various endogenous and exogenous stimuli. Adhesion of resting
platelets to the damaged vessel wall is the first step of primary hemostasis, and is mediated
mainly through the interactions between platelet GPIb-V-IX and GPIa-IIa receptors, and
subendothelial compunds like vWf and collagen. Binding of these ligands to the GP receptors
leads to shape change, spreading or rolling, and activation of the adhering platelets with
subsequent secretion of granule components and formation of aggregates (platelet plug; white
thrombus) (Figure 1b and 3).
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Figure 1. Resting and activated platelets*
Shape change with formation of pseudopods occurs when the intracellular Ca2+ concentration
exceeds a specific threshold. During shape change, platelet fibrinogen receptors (GPIIb/IIIa) are
exposed and activated, and platelet-platelet aggregation is initiated (reversible, primary
aggregation). Notably, resting platelets are not able to bind fibrinogen.
An important amplifying mechanism in platelet activation is the arachidonic acidthromboxane pathway. During platelet activation, arachidonic acid is cleaved from the platelet
membrane by the enzyme phopholipase A2. The arachidonic acid is then oxygenated by
cyclooxygenase (COX) and the platelet stimulating endoperoxides prostaglandin G2 (PGG2)
and PGH2 are formed. PGH2 is then converted, via the action of thromboxane synthase, to
TxA2, a potent platelet activating and vasoconstricting agent. TxA2 is extremely unstable with a
very short half-life in plasma (t1/2 around 30 sec). It is rapidly converted to TxB2, which is
further metabolised to the stable metabolites 11-dehydro-TxB2 and 2, 3-dinor-TxB2 (figure 2).

Archidonic Acid
Cyclooxygenase

PGG2

PGH2

PGI2
TxA2-synthase

TxA2
TxB2
11-dehydro-TxB2

2,3-dinor-TxB2

Figure 2. Biosynthesis of thromboxane

*Reprinted from European Journal of Cardiovascular Nursing 2002; 1: 274
with permission from Dr Scott Willoughby
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Aspirin inhibits platelet aggregation through irreversible acetylation and inactivation of COX,
resulting in blockade of TxA2 production.
ADP is another important platelet activator. Several ADP-specific purinoreceptors have been
charachterized. The P2Y12 receptor is present on the platelet membrane and is coupled to
inhibitory G-proteins and mediates ADP-induced release of Ca2+, inhibits adenylate cyclase and
activates the GPIIb/IIIa receptor leading to platelet aggregation. The thienopyridines ticlopidine
and clopidogrel inhibit platelet activation via blockade of the P2Y12 receptor.
Thromboxane A2 , ADP and other substances such as serotonin, released from the activated
platelet, provide important positive feedback and strengthen the platelet-rich clot (irreversible,
secondary aggregation) (Figure 3). The substances released or externalized from the platelet
granules serve to recruit more platelets and other blood cells, thereby amplifying the platelet
response. The platelet plug initially formed in primary hemostasis is relatively unstable.
Secondary hemostasis begins with the activation of coagulation cascade and formation of
thrombin and fibrin. Platelet membrane phospholipids become negatively charged during
platelet activation, which favors coagulation activation (e.g. FV, FVIIIa, FIXa, FX) and binding
of the prothrombinase complex (FXa, FVa, Ca2+, prothrombin) to the platelet membrane. The
thrombin formed causes further platelet activation. The procoagulant activity in the vicinity of a
platelet aggregate can also be reinforced by so called microparticles. Activated platelets extrude
small membrane vesicles that exhibit a high binding affinity for FV and FVIIIa and possess a
high procoagulant activity. Finally, deposition of fibrin on the platelet aggregate leads to
consolidation via cross-linking and the platelet-fibrin conglomerate contracts (clot retraction)
and thus further strengthens the blood clot (red thrombus) 33.

Subendothelium
Collagen vWf
GPVI

GPIb-IX-V

GPIIb/IIIa
Fibrinogen
GPIIb/IIIa

Shape change
Adhesion

Primary aggregation

ADP

GPIIb/IIIa
Fibrinogen
GPIIb/IIIa

TxA2

Secretion
Secondary Aggregation

Figure 3. Platelet activation
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Platelet function and inflammation
P-selectin, CD40 ligand and cell-cell interactions
Hemostasis and inflammation are closely linked and are often concomitantly activated 35, 36. In
response to inflammatory stimuli, circulating leukocytes roll and then arrest on endothelial cells
and finally migrate into the surrounding tissues. In response to vascular damage, circulating
platelets adhere to subendothelial tissues and then recruit more platelets into aggregates that
function as procoagulant surfaces 37. These processes are progressively linked and mediated by
cell adhesion molecules. Platelet adhesion receptors are classified into four groups according to
their molecular structure: selectins (P-selectin), integrins (e.g. GPIa-IIa, GPIIb/IIIa), leucinerich glycoproteins (GPIb-V-IX and GPIV) and receptors of the immunoglobulin type (ICAM-1
and PECAM-1). Selectins mediate the early tethering and rolling of leukocytes on the vascular
endothelium, leading to weak attachment of leukocytes to the vessel wall. Integrins enable firm
adhesion of leukocytes to the vascular endothelium and immunoglobulins mediate migration of
leukocytes between endothelial cells into the surrounding tissues 37. Migrating polymorphonuclear leukocytes (PMNs) can also carry adhering platelets to inflammatory
extravascular tissue 38.

P-selectin expression
P-selectin is an integral membrane protein located in the α-granules of the platelets 39 and is
expressed on the cell surface upon cell activation 40. This membrane protein mediates
interactions between platelets, leukocytes and endothelial cells and seems to be the most
important receptor for the binding to leukocytes 41. P-selectin stabilizes inital platelet
aggregation42 and synergizes with platelet activating factor (PAF) and/or RANTES to induce
synthesis of cytokines like interleukin-8 (IL-8) and tumour necrosis factor-alpha (TNF-α) and
monocyte chemoattractant protein-1 (MCP-1), providing localized signals for monocyte
adhesion 43. Moreover, P-selectin has been shown to be required for monocyte and macrophage
accumulation and intimal hyperplasia, and may thus be involved in neointima formation after
arterial injury 44.

Soluble P-selectin
P-selectin is expressed on platelets and vascular endothelial cells 39. The expression is transient,
as it is endocytosed 45 or proteolytically shed from the platelet surface into plasma in a
biologically active soluble form, while the platelet continues to circulate and function 46.
Soluble P-selectin has been found to be dependent on the time of sample collection and related
to platelet count 46, 47 and has been proposed to be a reliable marker for in vivo platelet
activation 48, 49. However, P-selectin in plasma may also be partly derived from the endothelium
since P-selectin is a component of the membrane of the Weibel Palade bodies in these cells 39.
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CD40 ligand (CD40L)
CD40L, a member of the TNF-α family and originally identified on activated T-cells, is also
expressed by platelets 50. Upon stimulation of platelets with ADP or thrombin, CD40L is
rapidly mobilized from intracellular granules to the platelet surface and trigger an inflammatory
response of endothelial cells 50. CD40L is cleaved into a soluble form, sCD40L, and shed from
the platelet surface over a period of minutes to hours. Studies indicate that >95% of the CD40L
in whole blood is found in platelets 51. sCD40L has been shown to induce the production and
release of proinflammatory cytokines from vascular cells in the atheroma, to stabilize plateletrich thrombi, and to inhibit the reendothelization of injured vessel. It has been postulated that
CD40L may play an important role in plaque instability and restenosis after PCI 51.
Interestingly, GPIIb/IIIa antagonists block the hydrolysis and subsequent release of sCD40L
from platelets and the biological activites of sCD40L can be retained by virtue of sCD40L to
bind to GPIIb/IIIa 52

Activated platelets

P-selectin
PSGL-1
CD40 ligand
CD40
GPIIb/IIaFibrinogen

-CD11b

Inflammation

Leukocytes
Chemokines
Cytokines
Growth factors

Figure 4. Platelet involvement in inflammation and some of the ligandreceptor systems resposible for leukocyte-platelet interactions.

Platelet-leukocyte aggregates
Platelet-leukocyte aggregates represent an interface between inflammatory, atherogenic and
thrombogenic responses. The propensity to form heterotypic aggregates differs between
leukocyte subpopulations, with monocytes showing the greatest and lymphocytes the least
propensity 53. Also, experimental studies suggest that the heterotypic aggregation is more
dependent on platelet activation than leukocyte activation 54. PMN and platelet-monocyte
interactions mediate targeting of leukocytes to the injury and may enhance the synthesis of
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chemokines and cytokines and adhesion molecules, thus further increasing platelet and
leukocyte reactivity 38. P-selectin promotes platelet adhesion to the stimulated vessel wall and
evokes a process that induces leukocytes tethering and rolling via the ligand P-selectin
glycoprotein-1 (PSGL-1), constitutively expressed on the surface of PMNs and monocytes.
Interactions between P-selectin and PSGL-1, in concert with other ligand-receptor systems and
platelet derived mediators, activate leukocytes55. Increased leukocyte integrin expression (e.g.
CD11/CD18, expressed on monocytes, neutrophils and natural killer cells) results in leukocyte
adhesion and migration on/into the vessel wall 56. P-selectin/PSGL-1 binding also induces the
generation of procoagulant microparticles from leukocytes, containing active tissue factor 57,
and may enhance coagulation and fibrin deposition at the site of injury 57, 58. Thus, interactions
between platelets and leukocytes involving P-selectin constitute a link between coagulation and
inflammation. Platelet-leukocyte interactions mediated by P-selectin and PSGL-1 may be an
important effector mechanism in the pathogenesis of diseases that involve dysregulated
inflammation (e.g. coronary artery disease, restenosis after PCI and diabetic angiopathy) 59, 60.
Interaction of CD40L on T-cells and CD40 on B-cells are of importance in the immune system.
However, CD40 is not only constitutively expressed by B-cells, but is also found in monocytes,
macrophages and endothelial cells 50. Thus, CD40 on monocytes can bind to CD40L on
platelets, as depicted in figure 4, and trigger inflammatory reactions.

Platelet-leukocyte cross-talk
Platelets and leukocytes may regulate each others functions, i.e. platelet-leukocyte cross-talk,
via direct cell-cell contact and soluble mediators. Platelet-leukocyte conjugation enhances the
proinflammatory and prothrombotic activities of platelets and leukocytes. Thus, monocytes are
actively intergrated in the platelet-rich thrombus, and promote its growth61. Leukocyte-bound
platelets increase leukocyte tissue factor 62 and adhesion molecule expression 63, as well as
cytokine 64 and superoxide anion production 65. Direct cell to cell contact also enhances
transcellular ararachidonic acid metabolism 66. Platelet-leukocyte cross-talk can be regulated by
soluble mediators. Thus, leukocyte function can be influenced by platelet-released soluble
mediators that stimulate (e.g. ADP, serotonin, PF4, β−TG) or inhibit (e.g. NO, TGF-β)
leukocytes. Similarly, platelet function can be influenced by leukocyte-released mediators that
enhance (e.g. PAF, superoxide anion) or inhibit (e.g. proteases, NO and adenosine) platelet
function. Taken together, platelet-leukocyte cross-talk clearly influences platelet and leukocyte
function. However, the importance of this cross-talk in the pathogenesis of thrombosis and
inflammation is not fully known.
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Platelet alterations in diabetes mellitus
Effects of hyperglycaemia and relation to vascular complications
Diabetes mellitus is considered to be a prothrombotic state with chronic platelet activation,
activation of the coagulation system and decreased fibrinolytic potential 67. A number of
studies performed during the past decades have documented several different platelet function
alterations in patients with DM. Three main explanations for abnormal platelet function in DM
have been proposed: (1) Immature, larger and more reactive platelets are synthesized in the
bone marrow. (2) Platelets are activated when exposed to the metabolic milieu in DM.
(3) Platelets are activated due vascular damage. Figure 5 shows some of the reported platelet
abnormalities associated with diabetic disease.
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Platelet turnover
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-young platelets

Figure 5. Platelet abnormalities in diabetes

Platelet aggregability
Platelet hyperaggregability in response to glucose was recognized already in 1965 68.
Enhanced platelet aggregation in response to various agonists (ADP, thrombin, collagen,
arachidonic acid, epinephrine), using older platelet function techniques (e.g. Born
aggregometry), has been shown in patients with both type 1 and type 2 DM compared to nondiabetic individuals 69, 70. The alteration may occur early in diabetic disease 71 and may
precede the development of angiopathy 72.
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Thromboxane production
An early observation was that diabetic platelets exhibit enhanced thromboxane production in
vitro, as evidenced by increased Tx synthesis in platelet rich plasma or washed platelets
following addition of platelet agonists 73, 74 as well as in vivo, as evidenced by increased urinary
excretion of 11-dehydro-TxB2 75, 76. TxA2 production has been positively correlated with fasting
plasma glucose and HbA1c, and improved glycaemic control has been shown to reduce TxA2
production in several, 73, 75, 77 but not all studies 78, 79. A lipid and arachidonate peroxidation
marker (8-iso-PGF2α), has been correlated with TxA2 biosynthesis and suggested to be a link
between glycaemic control, oxidative stress and platelet activation 80. Increased Tx production
has been related to both diabetic micro- and macroangiopathy 75, 76. However, increased
excretion of the metabolite TxB2 has also been found in type 1 and type 2 diabetic patients
without vascular complications, and associated with decreased oxidant status especially in type
2 DM 81. In contrast, others have not found any difference in urinary TxB2 excretion between
type 1 diabetic patients with or without retinopathy and nondiabetic controls 79.

Membrane glycation
Impaired platelet membrane fluidity due to glycation of proteins and to changes in lipid
composition have been reported in DM 82. In experimental models, glycosylated LDL has been
shown to increase platelet aggregability. Small oxidized LDL inhibits platelet membrane Ca2+ATPase which may lead to increased intracellular Ca2+ concentration and decreased nitric oxide
synthase 83. Lipoproteins also enhance thromboxane generation during platelet activation 84.
Oxidized lipids provide a surface for activation of the prothrombinase complex in DM 85.

Alterations in platelet size and platelet survival
It has been reported that predominantly large platelets circulate in patients with DM and this has
been considered to reflect an activated megacaryocyte-platelet system 86-88. Larger and younger
platelets are considered to be more reactive. The platelet size distribution (mostly assessed as
median platelet volume; MPV) correlates positively with the number of platelet glycoproteins
(GPIb and GPIIb/IIIa) on the platelet membrane, the thromboxane synthesizing capacity, and
the platelet granule contents of various platelet specific proteins 87, 89, 90. An increased MPV is
an independent risk factor for myocardial infarction 91 and increased MPV has also been
associated with proliferative diabetic retinopathy 87. However, MPV does not seem to be
influenced by glycaemic control 86. Studies on platelet survival in DM have produced
conflicting results. Decreased platelet survival in patients with DM has been associated with
overt vascular complications 92. However, one study showed no difference in platelet survival in
DM patients compared to healthy controls, and yet another study failed to show a relationship
between platelet survival and vascular complications 28, 93.
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Platelet glycoprotein receptors
Platelets from diabetic subjects show increased adhesiveness and increased numbers and
activity of several platelet specific surface glycoprotein receptors (GPs). Thus, increases in
GPIIb/IIIa (”fibrinogen receptor”) 90, 94, GPIb-IX (“von Willebrand factor receptor”)90, GPIa/IIa
(“collagen receptor”), CD62 (P-selectin)94-98 and CD63 98 have been observed in DM. Platelet
receptor activation has been correlated to glycaemia in clinical 98 and experimental studies 99
and to vascular complications 95, 97. Other studies show no correlation between GP expression in
DM and glycaemic control 94. Also, upregulation of the CD40-CD40 ligand system 100 have
been observed in patients with DM and CD40L on platelets has been correlated to HbA1c
concentrations 100.

Platelet secretion products
Cytokine-like proteins are released from the α-granules upon platelet activation. Elevated
plasma levels of β-thromboglobulin (β-TG) and platelet factor 4 (PF4) have been observed in
DM patients 78, 101 . Elevated levels of these proteins have been associated with diabetic
angiopathy, e.g. proliferative retinopathy, in several studies. Other studies show normal levels
in well-controlled patients without microangiopathy 102 103. As described above, P-selectin and
CD40L are shed from the platelet surface into plasma and into biologically active soluble
forms46, 104. Recent observations show elevated levels of soluble P-selectin 96, 105 and CD40L 97,
106-108

in DM and in cardiovascular disease 109-112. Multifactorial risk management have shown

to reduce high levels of sCD40L in DM with and without CVD 113. Elevated levels of these
compounds may reflect accelerated atherosclerosis and a prothrombotic state 48, 114-116.

Intracellular mechanisms
Functional platelet abnormalities in DM have been associated with several intracellular
alterations. Thus, diabetic platelets have reduced Na+/K+ ATPase activity and increased Ca2+
ATPase activity resulting in elevated intracellular Ca2+ concentrations and platelet
hyperactivity 117. Also, decreased intracellular Mg+ in diabetic platelets may enhance platelet
activity 118. Moreover, hyperglycaemia is associated with increased PKC activity 31 and
superoxide anion production, as well as reduced antioxidant (glutathione) levels and nitric
oxide (NO) synthase activity 119. These alterations may induce oxidative stress and platelet
activation.
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Coagulation and fibrinolytic alterations in diabetes mellitus
Most of the factors of both the intrinsic (contact activation; increased levels of kallikrein, von
Willebrand factor and FVIII, XI and XII) and the extrinsic (increased tissue factor and factor
VII) pathways of coagulation have been reported to be altered in DM 67. Coagulation activation
markers reflecting the final steps of the coagulation cascade in vivo, such as prothrombin
fragment 1+2 (F1+2; released when thrombin is formed from prothrombin ) and thrombinantithrombin complexes (TAT; inactivated free thombin), have also been reported to be
increased in DM 67. Elevated plasma levels of F1+2 have been found during acute
hyperglycaemia in type 2 DM 120 and have been associated with progession of retinopathy in
both type 1121 and type 2 DM 122. Furthermore, patients with DM may have lower activities of
anticoagulants such as antithrombin III (leading to increased thombin activity) and protein C
(leading to increased factor V and VIII activity) 67. Lastly, elevated plasma levels of fibrinogen
have consistently been reported in DM 67. Increased fibrinogen levels and/or impaired
metabolic control may result in a tight, more thrombogenic fibrin gel structure 123, 124. The most
important inhibitor of the fibrinolytic system is plasminogen activator inhibitor (PAI). PAI-1
levels are typically elevated in obese insulin resistant patients and in type 2 diabetic patients,
but are commonly in the normal range in patients with type 1 DM 9.

Intrinsic pathway
Prekallikrein
High molecular
weight kininogen
FXII, FXI, FIX

Extrinsic pathway
Tissue factor
FVIIa

Tissue
damage

Monocyte

Activated
platelet

FX
Activated
platelet

FXa

FVIII/vWf

FV
FVa

FVIIIa

Prothrombin

AT III
Plasminogen

F1+2

FII

FIIa

TAT
PAI-1

Fibrinogen

Fibrin

Plasmin

Figure 6. Platelet involvement in the coagulation cascade
(
activating ;
inhibiting)

20

Endothelial dysfunction in diabetes mellitus
The endothelial cells synthesize both platelet inhibiting and dilating substances, such as nitric
oxide (NO) and prostaglandin I2 (PGI2) and platelet activating and constricting substances like
endothelin (ET-1) and angiotensin II (Ang-II). In DM, there seems to be an imbalance between
these two groups of compounds with an increased production of platelet activating and
vasoconstricting substances. Platelet dysfunction in DM may not only derive from
hyperfunction, but also to loss of antiaggregatory mechanisms. There are reports of decreased
vascular synthesis125 of, and decreased vascular sensisitivity 126 to, prostacyclin (PGI2) and of
decreased synthesis and release of NO 127-129 (see figure 5). Impaired NO-mediated vasodilation
seems to precede atherosclerosis in DM 130. Hyperglycaemia inhibits NO production by
blocking eNOS activation, by activating protein kinase C and by increasing the production of
reactive oxygen specimens 21, 130. Subsequently, transcription factors, such as nuclear factor κB
(NF-κB), activated by hyperglycaemia and/or dyslipidaemia induce inflammatory gene
expression, resulting in increased production of leukocyte-attracting chemokines, increased
production of inflammatory cytokines and augmented expression of cell adhesion molecules 130.
These changes of endothelial cells and monocytes may lead to increased production of tissue
factor (TF), the major procoagulant found in atherosclerotic plaques, along with platelet
activation and aggregation, as well as alterations in coagulation and fibrinolytic factors.
Interestingly, proatherogenic effects of C-reactive protein (CRP) have been shown in
endothelial cells. Thus, CRP decreases platelet inhibiting prostacyclin (PGF1α) and NO, and
increases cell adhesion molecules, MCP-1, ET-1, IL-8 and PAI-1 131.

Von Willebrand factor
An established plasma marker for generalized endothelial cell damage or dysfunction is vWF
132-134

, a multimeric glycoprotein which is mainly stored in the Weibel-Palade bodies within the

endothelial cell and also in the α-granules of platelets. vWf carries factor VIII in the circulation,
mediates platelet adhesion and may also participate in aggregation of platelets. vWf levels
correlate with the age of the patients and the duration of DM which is one of the major risk
factors for the development of microvascular complications 135. Thus, positive relationships
with nephropathy and retinopathy in DM have been reported and correlations with
microalbuminuria are commonly described 136. Also, high levels of vWf may predict
cardiovascular disease progression 137. Glycosylation of vWf may not alter its function since
vWf antigen levels do not seem to be influenced by acute changes in blood glucose or the
degree of glycaemic control 135.
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Soluble E-selectin
Soluble E-selectin (sE-selectin), another endothelial marker, is exclusively derived from
cytokine-activated endothelial cells and modulates granulocyte adhesion to the vascular
endothelium. Elevated levels of sE-selectin have been reported in type 1 and type 2 DM and
positive correlations with hyperglycaemia 138 and micro-97, 139 and macroangiopathy136, 140 have
been shown. Interestingly, sE-selectin and the cell adhesion molecules ICAM-1 and VCAM-1
were in a recent prospective study found to predict the development of type 2 DM in initially
non-diabetic women, independently of other known risk factors, including obesity and
subclinical inflammation 141. Thus, endothelial dysfunction may precede the development of
DM.

Antidiabetic treatment and platelet function
Four main classes of oral antidiabetic agents are currently available for the treatment of type 2
DM. Insulinotropic drugs (long-acting sulphonylureas, short-acting meglitinides) increase
pancreatic inulin secretion. Biguanides (metformin) mainly decrease hepatic glucose. αGlucosidase inhibitors (Acarbose) decrease gut carbohydrate absorption and thiazolidinediones
(glitazones) are insulin sensitizers which increase peripheral glucose disposal 142. While there
are numerous studies confirming platelet hyperactivity in DM, studies concerning effects of
oral antidiabetic treatment on platelet function are sparse. In this thesis, the effects of
insulinotropic drugs (glibenclamide and repaglinide) on platelet function were investigated.

Sulphonylureas
Different sulphonylurea derivatives have been shown to exhibit antiplatelet effects by inhibiting
arachidonic acid metabolism 143 and by reducing agonist-induced platelet aggregation in some
(glibenclamide, glimepiride) 144, 145, but not all studies (glibenclamide) 146. However, whether
the antiplatelet effect is drug specific or an effect of improved metabolic control has been
debated 145. Gliclazide, a sulphonylurea not available in Sweden, has been reported to have a
free radical scavenging ability resulting in reduced platelet reactivity and increased prostacyclin
synthesis and thus beneficial effects beyond those related to glycaemic control 147. Gliclazid has
also been found to reduce platelet aggregation, enhance fibrinolysis 148 and inhibit neutrophilendothelial cell adhesion, and to inhibit the surface expression of endothelial adhesion
molecules 149.

Meglitinides
To our knowledge, there are no published data on the effect of the novel short-acting insulin
secretagogues repaglinide and nateglinide on platelet function. However, reduced postprandial
glycaemia and improved glycaemic control during repaglinide treatment has been associated
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with decreased concentrations of interleukin-6 and CRP 150 and a beneficial effect on oxidative
stress 151.

Biguanides
Metformin treatment caused a 40% reduction of cardiovascular complications in overweight
patients with type 2 DM in the UKPDS study 152. Metformin is thus first choice treatment in
these patients. A systematic evaluation of the effect of metformin treatment on platelet function
is lacking and existing results are inconsistent. Decreased sensitivity to platelet-aggregating
agents during metformin treatment has been demonstrated in type 2 DM (metformin vs
gliclazide)153 and in insulin-dependent diabetic patients (metformin added to insulin
treatment)154. Metformin may have platelet stabilizing effects as shown by reduced platelet
density, β-TG 153, 155 and platelet superoxide anion production 156. However, others observed no
effect on metformin on spontaneous or ADP-induced platelet aggregation in a placebocontrolled study and there were no effects of the drug on markers of platelet secretion in vivo
(βTG, platelet factor 4) 157. Metformin is a pleiotropic drug with beneficial treatment effects on
fibrinolysis (reduced PAI-1 in plasma), coagulation (reductions of FVII, FXIII), lipids (reduced
hypertriglyceridaemia) and blood flow (increased vasodilator responses to L-arginine and post
ischemic blood flow)158.

α-glucosidase inhibitors
The α-glucosidase inhibitor Acarbose is a mild antidiabetic drug which lower postprandial
glucose levels. Acarbose treatment in patients with IGT has recently been associated with a
reduction of cardiovascular disease and hypertension, and a reduced incidence of type 2 DM 159.
Information on platelet function during acarbose treatment is sparse. Acarbose has been shown
to decrease platelet-monocyte aggregate formation by reducing postprandial hyperglycaemia in
patients with DM 60.

Thiazolidinediones
The thiazolidinediones (glitazones) are a new class of compunds activating the nuclear
peroxisome proliferator-activated receptor-γ (PPARγ) which is expressed in several tissues,
including vascular tissue. The receptor has a regulatory role in the differentiation of cells,
particularly in the adipose tissue. These drugs exhibit several non-hypoglycaemic effects
(reviewed in 160). Recent experimental studies show that human bone marrow megacaryocytes
and platelets express PPARγ, and PPARγ agonists blunt platelet release of CD40L and
thromboxane 161. Rosiglitazone treatment has been associated with decreased serum sCD40L
concentrations 106, 107 in patients with type 2 DM and coronary artery disease, and reduced
platelet P-selectin expression in non-diabetic patients with coronary artery disease 162.
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Insulin
Insulin therapy improves clinical outcomes in patients with type 2 DM and acute myocardial
infarction 163 and in critically ill patients with only mildly elevated glucose levels 164. The
biochemical mechanisms underlying these beneficial effects of insulin are not fully known.
Hyperinsulinaemia (endogenous or exogenous) has been implicated in a variety of mechanisms
that may predispose diabetic patients to increased rates of restenosis after PCI165, 166. However,
data are inconclusive 166. The higher risk of restenosis found in insulin-treated patients
compared to non-insulin treated patients may be due to confounding by indication as insulin
treatment may merely be a marker for more advanced disease. Insulin has been suggested to
exert direct as well as indirect effects on platelet function 23. In vitro studies in platelets from
healthy subjects have shown direct platelet inhibiting effects of insulin at low concentrations 167,
wheras high supraphysiological concentrations enhance platelet activity 168-170. However, data
are inconsistent since other in vitro studies have not revealed any effects of insulin on platelets
from healthy subjects171, 172 or dose-dependent platelet activating effects of insulin on platelets
in healthy subjects 170 and patients with type 1 DM 173. Exogenous insulin can restore platelet
abnormalities as well as inflammatory markers by improving glycaemic control in patients with
DM 73, 75, 77, 124, 138, 174. Thus, beneficial effects of insulin on platelet function in vivo may be
related to improved metabolic control, rather than to direct platelet stabilizing effects in
patients with DM.

Antiplatelet therapy in diabetes mellitus
Platelet inhibition with aspirin is a cornerstone in the prevention and treatment of occlusive
macrovascular arterial disease 175. A recent meta-analysis of aspirin treatment for the primary
prevention of cardiovascular events shows that the net benefit of aspirin increases with
increasing cardiovasular risk 176. Unfortunately, the proportion of patients with DM was small
(2-17%) in these trials. In a recent study primary prevention of CVD with low-dose of aspirin in
diabetic patients was less efficient compared to subjects with other cardiovascular risk factors
177

. Thus, despite the high cardiovascular risk in DM, clear evidence for efficient primary

prevention of antiplatelet therapy in DM is lacking.
Pooled data from subgroup analyses of patients with DM in secondary prevention trials 178 plus
data from the only trial in diabetic patients (the ETDRS study; mixed primary and secondary
prevention with aspirin 650 mg/day) 179 suggest that patients with DM benefit as much, or more
from aspirin treatment, as non-diabetic patients. However, a recent meta-analysis failed to show
a clear reduction of macrovascular events by antiplatelet therapy in diabetic patients (only 7%
risk reduction in DM patients compared to 25% in other high risk patients) 175.
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The findings mentioned above may reflect that platelets from patients with DM are less
sensitive to the antiaggregating effect of aspirin. The mechanism behind this so called ”aspirin
resistance” is not known. Possible explanations for reduced aspirin efficacy in diabetic disease
include increased platelet turnover (increased production of platelets with non-acetylated
COX), upregulated inflammatory activity (inflammation-induced COX-2 expression in
monocytes-macrophages as an additional source of endoperoxides and subsequently TxA2
formation) 180, 181 and hyperglycaemia (leading to glycosylated platelet membranes and/or
increased production of thromboxane bypassing the COX step) 182, 183. Also, stress184,
hypercholesterolaemia 185 and hypertension 186 may contribute to “aspirin resistance” in patients
with DM.
Another group of antiplatelet agents are the thienopyridines ticlopidine and clopidogrel. There
are limited data on the effectiveness of clopidogrel treatment in preventing macrovascular
complications in DM (20% of the patients in the CAPRIE study had DM)187. Retrospective
subgroup analysis of patients with DM and a history of atherothrombosis in the CAPRIE study
found that clopidogrel (75 mg) was more effective than aspirin (325 mg) in reducing recurrent
ischemic event 188.
Data from studies in acute coronary syndromes support the concept of platelet hyperreactivity
in diabetic macroangiopathy. GPIIb/IIIa inhibitors are more effective in reducing
cardiovascular complications in patients with DM than in non-diabetic patients 189. This may be
explained by decreased fibrinogen binding due to glycation of platelet membrane proteins in
DM 190.
There are a few antiplatelet treatment studies supporting the involvement of platelets also in the
pathogenesis of diabetic microangiopathy. The DAMAD study showed that aspirin treatment
slowed the progression of early diabetic retinopathy 191. Moreover, ticlopidine treatment
reduced the progression of microaneurysm in patients with nonproliferative retinopathy192 .
However, a large study with aspirin treatment in diabetic patients (the ETDRS study) showed
no effect on progression of retinopathy, despite reductions of cardiovascular mortality and
morbidity 179.

Pathogenesis of diabetic vascular complications
The pathogenesis of diabetic angiopathy is complex and involves hemostatic alterations,
endothelial dysfunction and inflammation (figure 7). Some of the major contributing metabolic
factors to diabetic angiopathy are listed below. In addition pathogenetic differences between
type 1 and type 2 DM are briefly described.
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Hyperglycaemia
Microvascular complications (retinopathy, nephropathy, neuropathy) have clearly been related
to the degree of hyperglycaemia. Improving glycaemic control has been shown to reduce
microvascular complications in type 1 193 and type 2 diabetic patients 194. The association
between reducing hyperglycaemia and preventing macrovascular complications (CVD, stroke,
PAD) has been less consistently demonstrated 193, 194. However, a recent meta-analysis has
found a progressive relationship between glucose levels and cardiovascular risk extending
below the diabetic threshold 195, 196. Studies indicating a benefit of improving glycaemic control
regarding macrovascular complications in DM are emerging 197. Postprandial hyperglycaemia is
an early defect in type 2 DM and the possible importance of postprandial hyperglycaemia
versus fasting hyperglycaemia in the pathogenesis of angiopathy in DM has recently been
debated 198-200. Based on epidemiological studies involving oral glucose tolerance tests, it has
been suggested that the postmeal glucose value is a better predictor of HbA1c 201-203, CRP levels
204

and cardiovascular complications 202, 203 than fasting hyperglycaemia.

Biochemical mechanisms of hyperglycaemia-induced vascular damage involve non-enzymatic
glycation (irreversible formation of advanced glycation end products, AGE, during chronic
hyperglycaemia), increased sorbitol pathway, protein kinase C (PKC) activation, decreased
production of NO, oxidative stress (reviewed in205) and haemodynamic changes that may cause
platelet activation 23, 31, 129, endothelial dysfunction 205-209 and inflammation 210, 211.

Dyslipidaemia
An established risk factor for accelerated atherosclerosis in DM is dyslipidaemia. Impaired lipid
metabolism is considered to be a primary event in type 2 DM 212. Excessive efflux of free fatty
acids (FFA) from adipose tissue and impaired insulin-mediated skeletal uptake increase hepatic
FFA concentrations and cause the dyslipidaemia typically seen in type 2 DM. Lipoprotein
abnormalitites in DM include increased plasma triglycerides (TG), low high density lipoprotein
(HDL), and increased highly atherogenic, small, dense low-density lipoproteins (LDL) particles
that have undergone glycooxidation 213. All these abnormalities may affect platelet function by
interfering with membrane fluidity or with intracellular events reviewed above. Also, oxidized
LDL stimulates the biosynthesis of cell adhesion molecules (ICAM-1, E-selectin) in diabetic
endothelial cells, which promote interactions with leukocytes and macrophages. LDL particles
accumulate in macrophages, leading to the formation of foam cells, an early event in the
atherosclerotic process 214.

Insulin resistance
Insulin resistance (i.e. resistance to insulin-stimulated glucose uptake) leads to elevated levels
of circulating insulin. Evidence is accumulating showing that insulin resistance is associated
with activated haemostasis, impaired fibrinolysis, endotheliopathy and inflammation, and that
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these disturbances are central to the development of cardiovascular complications in type 2 DM
215, 216 9

. In addition, markers of insulin resistance have shown to be strong risk factors for

retinopathy in type 1 DM 217.
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Figure 7. Pathogenesis of diabetic angiopathy
Platelets possess insulin receptors 172 and it has be proposed that platelets also are insulin
resistant 218, 219 21. However, glucose entry into the platelet does not depend on insulin 23 and the
physiological relevance of these receptors are not clear 220. The inhibiting effects of insulin on
NO-mediated increases in intraplatelet nucleotides (cyclic guanosine 3´, 5´-monophoasphate;
cGMP) are blunted in obese subjects and patients with type 2 DM 219, 221, and there is a
decreased number of platelet insulin receptors and lower affinity in type 2 DM 222. Also, in vivo
euglycaemic hyperinsulinaemia raises intra-platelet Ca2+ in insulin resistant subjects, but not in
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insulin sensitive subjects 223. Moreover, hyperinsulinemia has been associated with elevated
levels of fibrinogen, PAI-1 and vWf 224. Thus, insulin resistance with attendant
hyperinsulinaemia may create a pro-aggregatory state.
NO-mediated endothelium-dependent vasodilatation is disturbed in the insulin resistant state,
and endothelial dysfunction has been suggested to be a common antecedent to the many
features of insulin resistance 141, 225.
Insulin resistance is frequently associated with central obesity. Pro-inflammatory cytokines
generated in adipose tissue, such as TNF-α and interleukin-6, result in insulin resistance in
several cell types and contribute to a persistent systemic low-grade inflammation and
endothelial oxidative stress, thus leading to a prothrombotic condition 226 216 227.
Insulin resistance (i.e. hyperinsulinemia) is associated with hypertension due to sympathetic
nervous system activation, renal sodium retention and arterial wall thickening 228, 229. More than
50% of subjects with essential hypertension are insulin resistant 27 and hypertension is a
common feature in IGT 230 and type 2 DM 231. The risk of developing diabetic micro- and
macrovascular complications is related to elevations of systolic blood pressure 232. Hypertension
reduces endothelium-dependent vasodilatation 233 and enhances the interaction of platelets and
monocytes with vascular endothelial cells 234.
Differences in the pathogenesis of angiopathy in Type 1 vs Type 2 DM
Although hyperglycaemia is a major determinant in both types of DM, the patho-physiological
mechanisms behind diabetic angiopathy seem to differ between type 1 and type 2 DM 235. The
interaction of insulin resistance and inflammation typically seen in IGT and type 2 DM is
central for the development of macrovascular complications 27. Hypertension (without/with
microalbuminuria) and dyslipidaemia are more common in type 2 than in type 1 DM and may
antedate the emergence of overt type 2 DM 235. In type 1 DM, the basis of hypertension is often
microalbuminuria and nephropathy 213. Endothelial dysfunction is closely associated with
diabetic retinopathy, nephropathy and atherosclerosis in both type 1 and type 2 DM 228. The
development of microalbuminuria is related to atherosclerosis and microalbuminuria is an
independent predictor for cardiovascular mortality, progressive renal disease and retinopathy in
both type 1 and type 2 DM 133, 213, 236.
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AIMS OF THE STUDY
The aims of the present study were:

•

To investigate the effect of short-term hyperglycaemia on platelet function in patients with
diabetes mellitus

•

To evaluate the impact of various antidiabetic treatments on platelet function in patients
with diabetes mellitus

•

To study relationships between diabetic microangiopathy and platelet function

•

To relate platelet function in diabetes mellitus to inflammatory and endothelial function
markers and to activity of the coagulation system
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PATIENTS AND METHODS
Study population
A total of 87 patients with DM and 53 healthy controls were investigated in papers I-V. The
study subjects were investigated with platelet function tests on 270 separate occasions. The
patient groups were well defined and were overall well metabolically controlled.
Fourty-eight patients had DM type 2. Twenty-six of them had no history of macrovascular
disease; eleven had mild diabetes and were treated with diet (paper I); fifteen had oral
antidiabetic treatment (paper II). Twenty-two of the type 2 diabetic patients had severe coronary
artery disease and were treated with diet, tablets or insulin (paper V). In addition, six
individuals with IGT participated in study I, but the results were not included in the published
paper due to the small number of subjects.
Thirthy-nine patients had type 1 DM, with 10-20 years duration of disease; 19 patients did not
have and 20 patients had microangiopathy (paper III and IV).
The patients with type 2 DM in paper I and subjects with IGT were recruited from the
Stockholm Diabetes Prevention Program, identified by random screening of the population.
None of these patients had any symtoms of diabetes when the diagnosis was made. Most of the
typ 2 diabetic patients in paper II were recruited from the outpatient clinic of the Department of
Endocrinology and Diabetology, Karolinska University Hospital, Solna. The patients in paper
V were enrolled from the Department of Cardiology, Karolinska University Hospital, Solna.
The patients with type 1 DM in paper III and IV were selected from a register at the
Department of Endocrinology and Diabetology, Karolinska University Hospital, Solna.
The healthy subjects were recruited from a register at Metabolic Unit, Karolinska University
Hospital, Solna in study I. In paper II-IV the healthy subject were mainly recruited among the
staff of the hospital.

Diagnosis of diabetes
The subjects in paper I were classified as having normal glucose tolerance, impaired glucose
fasting/impaired glucose tolerance (IGF/IGT) or type 2 DM according to the criteria based on
oral glucose tolerance testing, OGTT.
Table 1. Diagnosis of diabetes and IGF/IGT
Group
Blood glucose, mmol/L
Fasting

2h*

normal

≤ 5,5

and

< 6,7

IGF/IGT

5,6-6,0

and/or

6,7-9,9

diabetes

≥ 6,1

and/or

≥ 10,0

*2h after intake of 75 gram glucose in 200 mL water.
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The patients in paper II were previously diagnosed as type 2 DM and were all on oral
antidiabetic treatment before study entry.
In paper III and IV, the diagnosis of type 1 DM was documented in the charts and the patients
had C-peptide levels in plasma <0.3 pmol/mL.
In paper V, type 2 DM was defined on the basis of a fasting blood glucose >6.0 mmol/L, and a
fasting plasma C-peptide value >0.30 pmol/mL or >0.60 pmol/L 6 min after a glucagon test.
Previously known DM was considered as type 2 DM if the patient was >35 years of age at
diagnosis, non-insulin-requiring for at least two years after the onset and not prone to
ketoacidosis.

Study design
Study I
This study was a pilot study, designed to elucidate the influence of acute hyperglycaemia on
platelet function and endothelial and coagulation markers in subjects with mild type 2 DM
compared to non-diabetic subject (n=28 in total).

-30 min

0 min

90 min

120 min

Oral glucose tolerance test
(OGTT)

Rest

1

Sample 1

Sample 2 markers were perfo
Sampling for platelet and endothelial function and coagulation

before (fasting) and 1.5 h after an oral glucose tolerance test (OGTT). The subjects
The patients and controls were all men and were matched for age and BMI. The patients with
DM (n=11) were diet treated and had a known duration of disease of 3.4 ± 0.6 years. None of
the patients had any symptom of DM when the diagnosis was made and none had any history or
clinical sign of macro- or microvascular disease.
In addition, six subjects that were initially included as healthy (n=4) or type 2 DM (n=2)
fulfilled the criteria of having impaired glucose tolerance (IGT), since they had fasting blood
glucose levels between 5.6-6.0 mmol/L and/or blood glucose levels between 6.7-9.9 mmol/L
after the glucose load. Four of these subjects had IGF and IGT and two had IGT only. The
subjects with IGT were not included in the published paper I, but data from these subjects are
shown in the results section of this thesis (tables 3 and 4; figures 9 and 10; page 40-42) .
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Between group comparisons of patients with type 2 DM, subjects with IGT and subjects with
normal glucose tolerance were made (see table 5; page 43).

Study II
The study was an open, randomized, cross-over study comparing the effects of treatment with
repaglinide and glibenclamide on platelet and inflammatory parameters in patients with type 2
DM with previous oral antidiabetic treatment, and a known duration of disease of 4.6 ± 2.6
years. Measurements were performed before and after a standardized carbohydrate–rich meal
(consisting of 54% carbohydrates, 30% fat, 16% protein and containing 621 kcal). The patients
were investigated on three occasions; after a one week washout period without antidiabetic drug
treatment, and after six weeks of treatment with repaglinide or glibenclamide, respectively.

repaglinide

repaglinide

n=15
6 weeks

6 weeks

washout 7-10 days
glibenclamide

inclusion

visit 1

glibenclamide

visit 2

visit 3

Fifteen of 19 eligible patients completed the study. The drop outs (n=4) were due to infectious
disease, need for surgery of a hernia, non-compliance and sampling difficulties, respectively.
The patients measured their blood glucose levels at home and the study drugs were titrated
every week according to the fasting plasma glucose level.
Samples for measurements of platelet, endothelial and coagulation parameters were drawn in
the morning with the patient fasting, and 1.5 h after the meal. Repaglinide and glibenclamide
were administered directly before the meal. Blood glucose and insulin were measured premeal
and every 10 min until 1.5 h after the meal. The premeal results in the patients were compared
to healthy controls, matched for sex, age, smoking and BMI.

32

Study for paper III and IV
This study was cross-sectional and compared type 1 diabetic patients with mainly early stages
of retinopathy to patients free from microangiopathy, and healthy control subjects. The aims
were to investigate alterations of platelet function, inflammatory parameters and plateletleukocyte cross-talk in diabetic microangiopathy. The two patient groups were matched for sex,
age and BMI, as well as for HbA1c and duration of disease, the two strongest predictors for
developing retinopathy. Patients with severely impaired metabolic control (HbA1c >9%) and
other concomitant diseases including macrovascular disease were excluded. The healthy control
subjects were matched for sex and age. Sampling was performed in the morning with all
subjects fasting.

Study V
This study was a substudy to a Swedish multicenter trial of antidiabetic treatment in DM
patients undergoing PCI. The study was a prospective, randomised and open with blinded
evaluation (PROBE-design). The aim was to test the hypothesis that instensified metabolic
control, by the use of multidose insulin, would reduce the rate of restenosis during the first 6
months among type 2 diabetic patients subjected to coronary angioplasty. Our substudy
evaluated platelet function at randomisation and at 3 months after elective percutaneous
coronary intervention (PCI). The aim was to optimize the metabolic control 3 weeks prior to
angioplasty in the intensively insulin treated group and to maintain optimal metabolic control
during the study. These patients measured the blood glucose at home and were followed up
weekly before angioplasty and thereafter every second week or at least once every month. The
control group continued to receive usual care, but were followed in similar manner. Two of the
24 patients were excluded from the study because their post PCI treatment with clopidogrel was
still ongoing at the 3 month sampling.
Randomization

3 weeks

3 months

Sample 1

PCI

Sample 2

Blood sampling
Platelets are extremely easily activated. Thus, in order to avoid artefactual results it is
important to standardize the sampling procedure and to perform clean venipunctures. In the
present project subjects had antecubital veins that allowed technically good sampling for
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platelet function testing and the blood was, with few exceptions, collected by a single
laboratory technician/nurse in each study. Venipunctures were always performed without stasis
with the subjects in a semi-recumbent position. Blood sampling was performed after an
overnight fast and after 30 min of rest in all studies. In studies I and II samples were also taken
1.5 h after OGTT or meal intake, respectively. Samples for blood glucose and insulin were
drawn from an indwelling catheter inserted into an antecubital vein (paper I and II). All subjects
abstained from tobacco and caffeine-containing beverages on the day of sampling and the
subjects in studies I-IV were instructed not to take any platelet inhibiting drugs during 14 days
preceding the sampling. In study V all patients received chronic aspirin treatment (75-160
mg/day).

Platelet function tests
There is no “gold standard” method for platelet function testing. Platelets are dynamic cells and
interact with each other, as well as with vascular endothelial cells and leukocytes. There are
several different techniques which assess different aspects of platelet function. Examples of
platelet function tests are listed in the table:

Table 2. Platelet function tests
Flow cytometry (in vivo)
- Expression of GPs, e.g. GPIIb/IIIa, GPIb-IX and P-selectin
- Platelet-platelet aggregates
- Platelet-leukocyte aggregates
Aggregation (in vitro)
- Impedance aggregometry (whole blood)
- Born aggregometry (platelet rich plasma)
Platelet counting techniques in whole blood
Soluble markers (plasma/urine)
- Thromboxane metabolites
- β-Thromboglobulin
- Platelet factor 4
- Serotonin
- P-selectin
- CD40L

Flow cytometric analysis
Flow cytometry with fluorochrome-labeled monoclonal antibodies makes it possible to detect
specific alterations on the surface of activated platelets. Flow cytometry analyses individual
cells/particles or cellular-conjugates aggregates that are detected by a laser beam during a
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continuous flow of cells. The scatter of the light and the intensity of the fluorescence are
recorded by specific photodiodes. The size (forward scatter), granularity (side scatter), and
surface expression of antigens following a binding of an antibody (mean fluorescence intensity,
MFI or % positive cells), can be determined (figure 8) 33. The flow cytometric analysis of
platelets, leukocytes and platelet-leukocyte cross-talk is based on previuosly described methods
237, 238

.

Within 3 min of blood sampling, 5 µL citrated whole blood was added to 45 µL of Hepesbuffered saline, in order to minimize in vitro aggregate formation, containing appropriately
diluted antibodies and agonists for the detection of platelet P-selectin expression, leukocyte
CD11b expression or platelet-leukocyte conjugation and incubated at room temperature for 20
min. Samples were then further diluted and mildly fixed with 0.5% formaldehyde saline before
analysis in a Coulter EPICS XL-MCL flow cytometer (Coulter Corp., Hialeah, FL).
Single platelet analysis: Platelets were identified with a fluorescein isothiocyanate (FITC)
conjugated anti-CD42a (glycoprotein IX) monoclonal antibody Beb1 (Becton Dickinson, San
Jose, CA, USA). Single platelets were discriminated from other blood cells by their light
scattering characteristics and live gated into an electronic bit map, in which the gated particles
were more than 98% positive for the platelet marker, FITC-CD42a. Platelet P-selectin
expression was determined by a R-phycoerythrin (RPE)-conjugated anti-P-selectin monoclonal
antibody, AC1.2 (Becton Dickinson). The gated cells were subsequently subjected to single
colour analysis of RPE-CD62P fluorescence to obtain the percentage of P-selectin positive cells
in the platelet population (figure 8) (paper I-V).

Figure 8.
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Agonists used to elucidate platelet reactivity in vitro were ADP and human α-thrombin in rising
concentrations (except for in paper IV where ADP was not used and in study III where only one
concentration of ADP was used). In addition, in study IV, the Tx A2 analogue, U446619 was
used to induce platelet activation. When thrombin was used, fibrin crosslinking was inhibited
by the peptide GPRP (gly-pro-arg-pro). Platelet P-selectin expression data are reported as % Pselectin positive cells in the platelet population (paper I-V).
Platelet-leukocyte aggregates (PLA) were analysed by whole blood flow cytometry using RPECD45 fluorescence triggering. All RPE-CD45 positive particles, i.e. total leukocytes were
gated, and differentiated as lymphocytes, monocytes and neutrophiles, according to CD45
expression and light scattering characteristics. Total leukocytes and the different subgroups
were then subjected to two colour analysis (RPE-CD45 vs FITC-CD42a) to discriminate
platelet-coupled and platelet-free leukocytes. Heterotypic aggregates are presented as
precentages of platelet-conjugated leukocytes in the total leukocyte population (PLA), as well
as in the subpopulations of lymphocytes (P-Lym), monocytes (P-Mon), and neutrophils (PNeu) (paper IV).
Leukocyte CD11b expression was analysed by the above described gating and separation of
leukocytes and subsequent single colour (FITC-CD11b) analysis. Leukocyte CD11b expression
is reported as mean fluorescence intensity (MFI) (study IV).
Platelet-leukocyte cross-talk: Hirudinized blood (200 µL) was incubated at 370C in a platelet
aggregometer, without stirring for 5 min. Then fMLP (1 µM), the TxA2-analog U46619
(1 µM) or vehicle (Hepes buffered saline) were added and further incubated for 5 min with
stirring (900 rpm). Thereafter, blood was labeled for flow cytometric analysis of single platelet
P-selectin expression, leukocyte CD11b expression and PLAs (paper IV).
Intra- and interassay CV for the flow cytometry analyses are <5% and <10%, respectively.
Platelet aggregation
Platelet aggregation was studied in paper II, using a four channel whole blood impedance
aggregometer (Chrono-Log model 570-VS Four Sample; Chrono-log Corp, Havertown PA)
after dilution of citrated blood 1:1 with physiological saline. Samples were preincubated at
370C for 5 min after which collagen (0.5; 1.0; 2.0 µg/mL, final concentrations; Horm, Nycomed
Arznemittel, München, Germany). The slope and amplitude of aggregation were measured after
eight minutes; the means of duplicate measurements were registrered. Measurements were
performed within 45 minutes after sampling.

Urinary-11-dehydro-thromboxane-B2
The determination of urinary 11-dehydro-Thromboxane B2 (11-dehydro-TxB2) was based on a
commercially available enzyme immunoassay (EIA) (Cayman Chemical, Ann Arbor, USA),
and a sample work-up procedure developed and validated in our laboratory 239. After thawing
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and centrifugation (5 min at 1400 x g), the urine was diluted with ammonium bicarbonate
buffer and left overnight at room temperature to convert 11-dehydro-TxB2 to its open ring form.
The samples were then purified by modified solid-phase extraction (Bond-Elut Certify II,
Analytichem International), and eluted with 2% formic acid in methanol. The samples were
taken to dryness overnight in a vacuum centrifuge and resuspended in an EIA buffer. After an
overnight incubation, the samples were further diluted with the EIA buffer and applied to a
Maxisorb plate (Nunc immunoplate) precoated with mouse monoclonal antibodies. The
analysis was then performed according to instructions from the manufacturer and the results
were adjusted to urinary creatinine (analysed by colorimetry; the Jaffe reaction, DRI®
Creatinine-Detect® Test; Microgenics GmbH, Passau, Germany). Intra- and interassay CV are
<3% and <14%, respectively 239
Plasma and serum variables
Median platelet volume (MPV) was determined in whole blood anticoagulated with EDTA by a
semi-automated cell analyzer (Medonic, CA 460, Solna, Sweden). Fibrinogen levels in plasma
were determined by the clotting method of Clauss, in the presence of an excess of thrombin
(Diagnostica Stago, Asnieres-sur-Seine, France) and thrombin generation was measured as
prothrombin fragment 1+2 (F1+2), (Enzygnost F1+2; Behring Diagnostics, Marbourg,
Germany) and thrombin-antithrombin complexes (TAT) (Enzygnost TAT micro, Behring
Diagnostics, Marburg, Germany). Blood samples for analyses of sP-selectin, vWf and elastase
in plasma were anticoagulated with 3.8% citrate and centrifuged for 25 min at 2000 x g (sPselectin in paper II, III and V) and 10 min at 1400 x g respectively at 40 C. Enzyme
immunoassays (EIA) were used to determine sP-selectin (R & D Systems, Abingdon,
Oxfordshire, UK), vWf (Asserachrom, Diagnostica Stago, France) and elastase (DPC Biermann
GmbH, Bad Nauheim, Germany). Concentrations of sCD40L, sE-selectin and soluble
intercellular adhesion molecule-1 (ICAM-1) were determined in serum, after centrifugation for
10 min at 1400 x g and 40C using EIA kits from R&D systems (Abingdon, U.K.). CRP was
determined in serum by means of a high sensitivity assay with particle enhanced
immunonephelometry (BN™ Systems, Dade Behring, Marburg GmbH, Germany). All samples
were stored at –800 before analysis.

Metabolic variables
Blood glucose concentrations were assayed using a glucose oxidase method in a Yellow
Springs Glucose Analyzer II (Yellow Springs Inc., Yellow Spring, Ohio, USA) in paper I.
Fasting blood glucose was determined by the coronary care nurse using a bedside HemoCue
photometer (HemoCue AB, Ängelholm, Sweden) in paper V. Plasma glucose was measured
using a glucose oxidase method with a Vitros GLU Slide analyzer (Johnson & Johnson Clinical
Diagnostics, Inc) in paper II-IV. Glycosylated hemoglobin was determined by a turbidimetric

37

inhibition immunoassay (TINIA) for hemolyzed whole blood (Roche diagnostics GmbH,
Mannheim, Germany) in papers II-IV, and by high-performance liquid chromatography
(Department of Laboratory Medicine, Malmö Hospital, Sweden) in study V (Boeringer
Mannheim Scandinavia AB, Bromma, Sweden). Insulin in plasma was measured by
radioimmunoassay, using rabbit antiporcine insulin antibodies, human standard insulin and
charcoal addition to separate antibody-bound and free insulin. Human plasma C-peptide was
determined by a commercial radioimmunoassay kit (Eurodiagnostica, Malmö, Sweden). The
glucose and insulin responses to the meal were calculated as the glucose and insulin
incremental areas under the curve (AUC), respectively, substracting the fasting value, using the
trapezoid rule. Microalbuminuria and creatinine were analyzed using Beckmann IMMAGE®
Immunochemistry Systems (Beckman Instruments, Inc, Richmond, CA, USA) and colorimetry
(the Jaffe reaction) (DRI® Creatinine-Detect® Test; Microgenics GmbH, Passau, Germany),
respectively. The cholesterol and triglyceride contents of the various lipoprotein fractions were
assessed by standard enzymatic techniques (Vitros Chemistry Products, Ortho-Clinical
Diagnostics, Inc, Rochester, NY, USA). LDL cholesterol was calculated by the Friedewald
formula..

Statistical analysis
Descriptive statistics are presented as mean values ± SEM (papers I, III and IV) or ± SD (papers
II and V) for parameters that were normally distributed, and as medians (25th-75th percentiles)
for skewed data. Between group comparisons were evaluated by Student´s unpaired t-test or
the Mann-Whitney U test (two groups) and analysis of variance (ANOVA) (three groups).
Dose-response curves for agonist-induced platelet P-selectin expression were analyzed by twoway repeated measures ANOVA. Skewed data were logarithmically transformed before the
statistical evaluation. Hyperglycaemia-induced changes (paper I) and effects of improved
metabolic control (paper V) were analyzed by Student´s t-test for paired data or Wilcoxon´s
signed rank test. Antidiabetic treatment effects and effects of the meal on agonist-induced
platelet P-selectin expression were analyzed by three-way ANOVA. There was no sequence
effect of randomized treatment (paper II). Postprandial glucose and insulin excursions and
premeal hemostatic parameters (paper II) were compared using one-way ANOVA; post hoc
tests were performed using Fisher´s LSD test. Correlations were assessed by the Spearman test.
The software used was Statistica; Statsoft, Tulsa, Oklahoma, USA.

Ethical considerations
The studies were approved by the local Ethics Committee of the Karolinska Hospital (paper IIV), the Ethics Committee of the Karolinska Institute (paper V) and by the Swedish Medical
Products Agency (paper II). All subjects gave their informed consent before participating.
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RESULTS AND DISCUSSION
Acute hyperglycaemia and platelet activation
in type 2 diabetes mellitus (I)
The oral glucose tolerance test (OGTT) elicited significant increases in blood glucose in all the groups, i.e.
in healthy controls, in subjects with IGT and in type 2 DM (table 3.). Acute hyperglycaemia elevated sPselectin in plasma in patients with mild type 2 DM and IGT, but not in the healthy subjects (figure 9).
Soluble P-selectin levels were correlated to blood glucose levels during OGTT (figure 10), and AUC for
glucose (r=0.57; p<0.001 for both; all subjects included) and the sP-selectin increments correlated with the
AUCs for glucose (r=0.40; p<0.05).
Platelet P-selectin expression in unstimulated samples was not significantly altered by the OGTT, but
ADP- and thrombin-induced platelet P-selectin expression was decreased in samples collected 1.5 h after
the OGTT (table 4.). Endothelial vWf and coagulation markers (F1+2 and TAT) in plasma were not altered
by the glucose load.

Table 3. Patient characteristics and metabolic parameters
IGT
(n=6)
52.5 ± 0.8

Type 2 DM
(n=11)
49.8 ± 0.8

pa

Age (years)

Controls
(n=11)
49.1 ± 1.8

BMI (kg/m2)

26.2 ± 0.5

25.5 ± 1.0

27.4 ± 0.7

ns

Basal

4.6 ± 0.1

5.2 ± 0.3

6.8 ± 0.2

<0.001b

90 min

6.2 ± 0.1e

10.0 ± 0.8d

13.7 ± 0.5e

<0.001

120 min

5.4 ± 0.3c

8.6 ± 0.4e

12.9 ± 0.6e

<0.001

AUC (mmol/L x h)

9.3 ± 1.1

12.4 ± 2.0

15.1 ± 2.0

<0.001

Basal

18.4 ± 0.9

20.8 ± 1.6

23.8 ± 3.1

ns

90 min

81.4 ± 43.6e

132.5 ± 35.5e

69.1 ± 16.1d

ns

120 min

63.5 ± 8.0e

125.7 ± 47.9 e

78.2 ± 21.0e

ns

AUC (µU/mL x h)

90.1 ± 45.9

104.5 ± 57.4

69.4 ± 44.9

ns

Basal

0.93 ± 0.08

1.24 ± 0.13

1.30 ± 0.12

<0.05

120 min

2.94 ± 0.38e

4.06 ± 0.84c

3.27 ± 0.35e

ns

Variable

ns

Glucose (mmol/L)

Insulin (µU/mL)

C-peptide (pmol/mL)

Values are presented as mean ± SEM. pa Unpaired two-tailed t-test (Type 2 DM vs controls;
IGT vs controls) b p< 0.05; IGT vs controls

c, d, e

p<0.05; p<0.01; p<0.001 vs basal levels
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Figure 9. Soluble P-selectin before (0 min) and after (90 min) OGTT.

Values are median with 25th and 75th percentiles; Wilcoxon signed rank test.
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Figure 10. Relationships between blood glucose and soluble P-selectin 90

min after OGTT.
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Table 4. Effects of OGTT on platelet P-selectin expression (% P-selectin positive cells)
Agonist

Controls
(n=11)

ADP
(mol/L):
Rest

Basal

10-7
-7

IGT
(n=6)
90 min

Basal

Type 2 DM
(n=11)
90 min

Basal

90 min

0.7 ± 0.2

0.8 ± 0.2

0.8 ± 0.1

0.8 ± 0.2

0.8 ± 0.1

0.7 ± 0.1

1.6 ± 0.3

1.6 ± 0.3

2.1 ± 0.3

1.8 ± 0.3

2.0 ± 0.3

1.6 ± 0.3

8.0 ± 1.4

8.0 ± 1.4

9.3 ± 1.1

7.8 ± 0.8

8.2 ± 1.0

6.5 ± 0.9

-6

10

26.2 ± 3.5

25.6 ± 3.9

32.7 ± 3.5

31.0 ± 2.6

29.0 ± 2.3

24.8 ± 2.1

10-5

52.5 ± 4.4

51.6 ± 4.6

59.6± 11.3

59.0 ± 4.1

54.4 ± 2.6

50.2 ± 2.8b

0.7 ± 0.2

0.8 ± 0.2

0.9 ± 0.2

0.9 ± 0.2

0.8 ± 0.1

0.7 ± 0.1

0.02

47.9 ± 8.9

45.4 ± 8.8

40.3 ± 12.8

37.3 ± 15.2

34.1 ± 7.2

27.5 ± 7.6

0.04

82.3 ± 4.8

81.2 ± 5.2

87.9 ± 2.3

86.0 ± 2.7

84.0 ± 3.2

78.3 ± 4.2

94.2 ± 0.8

93.4 ± 0.6

93.4 ± 0.7

93.1 ± 0.6b

3 x 10

Thrombin
(U/mL):
Rest

0.08

92.9 ± 1.4

a

92.6 ± 1.6

Values are presented as mean ± SEM. Statistical analyses is based on two way repeated measures
ANOVAs comparing concentration-effect curves for basal vs 90 min measurements. a p<0.05; bp<0.01

The samples in this study were collected 1.5 h after the glucose load. One interpretation of the present
findings is that activated platelets by that time point have lost the expressed P-selectin due to shedding into
plasma46, 47. The slight decrease in platelet P-selectin expression after OGTT could be explained by loss of
activated platelets in vivo resulting in more stable platelets for the agonist stimulation in vitro. Our findings
of unaltered plasma levels of vWf suggest that the sP-selectin appearing in plasma after hyperglycaemia
originated from platelets, rather than endothelial cells. In conclusion, the OGTT induced mild platelet
activation in IGT and type 2 DM, as measured by sP-selectin in plasma.
Between group comparisons in the fasting state showed that platelet, endothelial and coagulation markers
did not differ between subjects with type 2 DM, IGT and normal glucose tolerance. However, the levels of
TNF-α, ICAM-1 and leukocyte counts were elevated in patients with type 2 DM compared to controls and
monocyte chemoattractant protein-1 (MCP-1) tended to be elevated in patients with type 2 DM compared
to controls and to IGT (p<0.10) (table 5). TNF-α levels were correlated to sICAM-1 (R=0.52; p<0.01; all
subjects) and fasting plasma insulin concentrations (R=0.66; p<0.05; type 2 diabetes), but not to BMI.
These results are in line with other recent studies demonstrating elevations of TNF-α and IL-6 among
insulin resistant subjects and in patients with overt type 2 diabetes 240, 241.
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Table 5. Baseline values of platelet, endothelial and inflammatory markers
Variable

Controls

IGT

Type 2 diabetes

(n=10)

(n=6)

(n=10)

TNF-α (pg/mL)

2.5 (2.2; 2.8)

2.7 (2.1; 3.2)

3.0 (2.6; 3.3)*

ICAM-1 (ng/mL)

183 (179; 197)

218 (190; 241)

234 (206; 265)**

sP-selectin (ng/mL)

27.3 (22.4; 46.5)

35.0 (30.6; 41.1)

32.5 (30.5; 39.1)

vWf (%)

114 (103; 154)

120 (92; 167)

124 (104; 162)

MCP-1 (pg/mL)

167 (155; 184)

153 (135; 186)

202 (165; 261)

Monocytes (109/L)

0.30 (0.30; 0.40)

0.25 (0.20; 0.40)

0.40 (0.30; 0.40)

WBC (109/L)

4.6 (3.1; 5.1)

4.5 (3.5; 4.6)

4.9 (4.5; 6.5)*

Values are medians (interquartiles). *p<0.05 **p<0.01; Type 2 diabetes vs controls;
Mann Whitney U-test. WBC; white blood count

Meal-induced platelet activation in type 2 diabetes mellitus:
effects of insulinotropic drugs (II)
Based on the findings in paper I the effects of postmeal hyperglycaemia were examined in 15 type 2
diabetic patients (age 53 ± 6 years; BMI 28 ± 4 kg/m2) treated with oral antidiabetic drugs. In addition,
comparisons were made with healthy controls in the fasting state.
The carbohydrate rich meal induced significant increases in glucose and insulin at baseline (without
antidiabetic treatment), as well as after treatment with repaglinide or glibenclamide. ANOVA analysis
showed decreased postmeal glucose and AUC glucose values after treatment with the insulinotropic drugs,
and this decrease was more pronounced after glibenclamide treatment (table 6). Triglycerides, total
cholesterol, LDL and HDL were not altered by the meal.
ADP-induced platelet P-selectin expression increased significantly following the meal and this effect was
seen at baseline (without antidiabetic treatment), as well as after treatment with repaglinide and
glibenclamide (table 7). Premeal treatment with repaglinide or glibenclamide did not attenuate the mealinduced platelet activation. Treatment with repaglinide, but not glibenclamide, reduced the overall (pre-and
postmeal values) ADP-induced P-selectin compared to baseline (p=0.09), but this effect was not related to
postmeal hyperglycaemia (p=0.32).
In this experimental set-up sP-selectin was unaffected by the meal. These results are in contrast to the
increases in sP-selectin seen after OGTT (study I). The discrepancy may be related to more pronounced
incremental rises in glucose and insulin after OGTT. In accordance with paper I, we found no postmeal
increases of vWf or the trombin generation marker F1+2. The finding that hyperglycaemia is associated
with platelet hyperreactivity is in line with experimental in vitro studies showing increased P-selectin
expression and fibrinogen binding when blood from individuals with and without diabetes is incubated
with glucose 99.
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Table 6. HbA1c and plasma glucose and insulin values pre-and postmeal in type 2 diabetes patients at

baseline and after treatment with repaglinide and glibenclamide
Variable

Baseline

Repaglinide

Glibenclamide

p

HbA1c (%)

6.8 ± 1.7

6.8 ± 1.5

6.7 ± 1.5

ns

Premeal glucose (mmol/L)

10.5 ± 2.7

b

<0.01

b

9.2 ± 2.0

9.7 ± 2.5

Postmeal glucose (mmol/L)

13.6 ± 3.6

12.3 ± 3.2

11.2 ± 2.9

<0.05

AUC glucose (mmol/L x h)

10.6 ± 2.3

10.1 ± 2.8

9.2 ± 2.2a

0.13

∆ peak glucose (mmol/L)

4.2 ± 1.1

3.8 ± 1.5

3.3 ± 1.2a

0.07

a

63 ± 22

53 ± 16

53 ± 14

0.07

Premeal insulin (µU/mL)

19.9 ± 5.5

21.5 ± 6.8

21.4 ± 5.4

ns

Postmeal insulin (µU/mL)

43.9 ± 16.0

56.9 ± 24.4b

58.2 ± 29.4b

<0.01

AUC insulin (µU/mL x h)

51.2 ± 24.6

70.8 ± 36.6a

71.7 ± 34.2a

<0.01

Time to peak (min)

Data are mean ± SD; p-values are treatment effect Type 2 DM patients; one-way ANOVA.
a

p<0.05; bp<0.01 post hoc test of antidiabetic treatment vs baseline

Table 7. Effects of a standardized carbohydrate-rich meal on ADP-induced P-selectin expresssion

(% P-selectin positive cells) in type 2 DM at baseline and after treatment with repaglinide and glibenclamide
ADP
(µmol/L)

Baseline

Repaglinide

Glibenclamide

0.0

Premeal
1.2 ± 0.4

Postmeal
1.3 ± 0.5

Premeal
1.4 ± 0.5

Postmeal
1.3 ± 0.6

Premeal
1.3 ± 0.4

Postmeal
1.4 ± 0.9

0.3

20.5 ± 6.3

21.7 ± 5.6

19.2 ± 4.8

21.7 ± 8.5

20.4 ± 6.9

22.3 ± 8.7

1.0

42.3 ± 10.1

46.4 ± 9.0

40.1 ± 7.6

45.0 ± 13.0

42.3 ± 9.2

45.8 ± 9.7

a

b

a

59.4 ± 9.0

63.4 ± 9.1a

10.0

60.3 ± 9.9

64.1 ± 8.6

56.4 ± 8.2

61.9 ± 12.5

Data are mean ± SD. ap<0.01; premeal vs postmeal values. bp=0.01; baseline vs repaglinide premeal
values; two-way repeated measures ANOVA of the dose-response curves
The premeal results were compared to results from 15 healthy controls, matched for sex, age, smoking and
BMI. Platelet reactivity, thrombin markers or fibrinogen did not differ between patient and controls, but
sICAM-1 and vWf levels were significantly higher in type 2 DM patients compared to controls. This is in
accordance with a low-grade chronic inflammatory activation of the vessel wall present in type 2 diabetic
disease 227. Treatment with the insulinotropic drugs significantly decreased both sICAM-1 and vWf, and
this effect was more pronounced after the repaglinide treatment (table 8).
In conclusion, the postmeal state was associated with platelet activation in patients with type 2 DM, but
premeal administration of repaglinide or glibenclamide did not attenuate the meal-induced platelet
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activation. Repaglinide per se seem to have platelet inhibiting effects as well as beneficial effects on the
vascular endothelium. However, these effects were not related to the control of postmeal hyperglycaemia.

Table 8. Hemostatic, endothelial and inflammatory markers and plasma lipids in control subjects compared

to Type 2 DM patients at baseline and after treatment with repaglinide and glibenclamide
Variable

Control
subjects

Type 2 DM
Baseline

Type 2 DM
Repaglinide

Type 2 DM
p
Glibenclamide

Mean platelet volume (fL)

8.6 ± 1.0

9.1 ± 0.5

9.1 ± 0.7

9.0 ± 0.5

ns

sP-selectin (ng/mL)

34.3 ± 11.2

33.4 ± 8.1

36.4 ± 14.3

34.8 ± 13.1

ns

11-dehydro-thromboxaneB2

69 (48; 84)

82 (56; 94)

72 (65; 101)

78 (72; 82)

ns

Fibrinogen (g/L)

3.2 ± 0.8

3.3 ± 0.8

3.1 ± 0.7

3.2 ± 0.8

ns

F1+2 (nmol/L)

0.78 ± 0.28

0.77 ± 0.16

0.78 ± 0.19

0.82 ± 0.14

ns

vWf antigen (kIU/L)

0.94 ± 0.24

1.20 ± 0.33a

1.09 ± 0.40b

1.13 ± 0.34

0.02

sE-selectin (ng/mL)

43.5 ± 18.9

54.8 ± 18.5

53.0 ± 18.7

51.6 ± 16.8

ns

273 ± 38

0.03

(ng/mmol)

a

b

266 ± 46

sICAM-1 (ng/mL)

248 ± 53

286 ± 48

CRP (mg/L)

0.9 (0.5; 1.2)

0.8 (0.6; 2.2) 0.7 (0.5; 1.5)

0.6 (0.5; 1.5)

ns

Cholesterol (mmol/L)

4.9 ± 0.6

5.1 ± 0.7

5.2 ± 0.6

5.0 ± 0.6

ns

HDL (mmol/L)

1.2 ± 0.4

1.2 ± 0.3

1.2 ± 0.3

1.2 ± 0.3

ns

LDL (mmol/L)

3.2 ± 0.6

3.3 ± 0.8

3.3 ± 0.8

3.1 ± 0.7

ns

Triglycerides (mmol/L)

1.3 ± 0.8

2.0 ± 1.6

2.0 ± 2.0

1.7 ± 0.8

ns

Data are mean ± SD and medians and interquartiles. ap<0.05; Type 2 DM patients vs control subjects.
Student´s t-test for in dependent samples. p-values are treatment effect in Type 2 DM patients; ANOVA.
b

p<0.01; post hoc test of treatment effect.of repaglinide vs baseline

Microangiopathy in type 1 diabetes mellitus:
evidence for platelet activation and chronic inflammation (III-IV)
In paper III we found that platelet reactivity, as measured by thrombin-induced platelet P-selectin
expression (figure 11), and sP-selectin were significantly enhanced in type 1 diabetes patients with
microangiopathy compared to patients without microangiopathy and healthy controls, even though the
patients were metabolically well controlled (see table 9). Furthermore, sE-selectin, sCD40L and CRP levels
in serum were elevated in patients with microangiopathy compared to controls (table 9). There was also a
correlation between thrombin-induced P-selectin expression and sCD40L (r=0.30; p<0.05; all subjects and
r=0.46; p<0.05; patients with microangiopathy), indicating a relationship between platelet reactivity and
inflammation. sCD40L also correlated to F1+2 (R=0.37; <0.05; all subjects). We found no significant
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correlations between P-selectin expression or sCD40L and endothelial or inflammatory markers, but the
parallell increase in circulating sE-selectin and CRP supports the existence of endothelial dysfunction and
chronic inflammation in patients with type 1 diabetic microangiopathy.

Table 9. Characteristics and biochemical analyses in controls and patients
Variable

Controls

Age (years)

(n=27)
43.5 ± 2.2

Type 1 DM
w/o microangiopathy
(n=19)
42.3 ± 2.8

Type 1 DM
with microangiopathy
(n=20)
42.4 ± 2.8

Sex (female/male)

14/13

9/10

10/10

Smoking (yes/occasionally/no)

6/1/20

5/3/11

3/0/17

14.7 ± 0.7

15.9 ± 0.7

23.1 ± 0.4

25.4 ± 0.7**

25.0 ± 0.7*

Systolic

116 ± 2

121 ± 3

128 ± 3**

Diastolic

74 ± 1

73 ± 1

76 ± 2

4.6 ± 0.05

6.5 ± 0.2***

6.9 ± 0.2***

3.8 (2.9; 5.4)

4.2 (3.8; 7.0)

5.9 (4.4; 14.4)*

Triglycerides (mmol/L)

1.1 ± 0.1

0.9 ± 0.05

0.9 ± 0.1

HDL–cholesterol (mmol/L)

1.4 ± 0.1

1.6 ± 0.1

1.7 ± 0.1*

LDL-cholesterol (mmol/L)

3.0 ± 0.1

2.8 ± 0.2

2.5 ± 0.2

sP-selectin (ng/mL)

40.8 ± 1.7

43.0 ± 2.5

50.5 ± 2.3**

sCD40L (ng/mL)

3.95 ± 0.32

4.09 ± 0.40

5.36 ± 0.64*

CRP (mg/L)

1.1 ± 0.4

1.6 ± 0.3

3.1 ± 0.8**

sE-selectin (ng/mL)

37.1 ± 2.2

38.7 ± 3.4

46.3 ± 3.1*

von Willebrand factor (KIU/L)

1.00 ± 0.07

1.12 ± 0.08

1.19 ± 0.10

2.8 ± 0.1

2.9 ± 0.1

3.0 ± 0.1

0.63 (0.52; 0.81)

0.79 (0.52; 0.95)

0.60 (0.51; 0.82)

Elastase (ng/mL)

23.0 ± 1.8

29.1 ± 2.7*

28.0 ± 1.8*

11-dehydro-Thromboxane B2

45.6 ± 3.1

58.0 ± 6.5

48.0 ± 4.0

Duration of disease (years)
BMI (kg/m2)
Blood pressure (mmHg)

HbA1c (%)a
U-albumin (µg/mg of creatinine)

Fibrinogen (g/L)
F1+2 (nmol/L)

(pg/mmol creatinine)
Values are presented as mean ± SEM, except for U-albumin and F1+2 where median with
25th and 75th percentiles are displayed. *p<0.05, **p<0.01, ***p<0.001; patients vs controls
a

Reference <5.2% for non-diabetic subjects
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% P-selectin positive platelets

100

80

**

60

*

40

Type 1 diabetes
with microangiopathy
Type 1 diabetes
w/o microangiopathy
Controls

20

0
Rest

0.02

0.03

0.04

0.08

Thrombin (IU/mL)
Figure 11. Platelet responsiveness to thrombin stimulation.

Data are means ± SEM.Two-way repeated measures ANOVA.
*p<0.05; **p<0.01

Plasma concentrations of F1+2, fibrinogen and urinary 11-dehydro-thromboxane B2 excretion did not
differ between the groups (table 9).
The finding in paper III that diabetic microangiopathy was associated with platelet activation and lowgrade inflammation was confirmed in paper IV. Thus, circulating platelet-monocyte and plateletneutrophil aggregates were elevated in the type 1 DM patients with microangiopathy. Leukocyte
hyperactivity was more prominent among patients with microangiopathy, as evidenced by enhanced
fMLP-induced leukocyte CD11b expression. Also, the patients with microangiopathy had increased PLA
formation in response to stimulation with the TxA2 analogue U46619. In fact, platelets had enhanced
responses to in vitro stimulation with U46619 in both patient groups, but this effect was more
pronounced in the patients with microangiopathy (figure 12).
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Figure 12. Platelet and leukocyte reactivity to in vitro stimulation.Whole blood from patients with type 1

diabetes without (hatched bars) and with (filled bars) microangiopathy, and controls (open bars) was
incubated without stirring in the absence or presence of 0.3 mM U44619 and 0.1 mM fMLP, respectively.
Platelet activation is shown as % P-selectin positive platelets (panel A). Leukocyte CD11b expression was
measured as mean fluorescence intensity (MFI) (panel B). Platelet-leukocyte aggregation was measured as
the percentage of the platelet-bounded leukocytes (panel C). *p<0.05 and **p<0.01 as compared to
corresponding stimulating samples from controls.
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Leukocyte-platelet cross-talk was more marked among type 1 DM patients compared to controls (figure
13) and the extent of leukocyte-platelet cross-talk was positively correlated to platelet hyperreactivity in
the patients with microangiopathy. These findings suggests that enhanced leukocyte-platelet cross-talk may
contribute to platelet hyperreactivity in type 1 DM patients with microangiopathy. The results in paper IV
are in line with the findings in paper III, in which a relationship between platelet reactivity and an
inflammatory marker (sCD40L) was shown. Taken together, data from paper III and IV show that type 1
DM with microangiopathy is a low-grade inflammatory state with elevated plasma levels of inflammatory
markers, enhanced leukocyte and platelet reactivity. Clearly, type 1 DM with microangiopathy is a
condition with enhanced interactions between inflammation (leukocytes) and hemostasis (platelets).
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Figure 13. Leukocyte-platelet cross-talk. Hirudized whole blood was pre-incubated at 370C

without stirring for 5 min, then further incubated with stirring for 5 min in the absence
(open bars) or presence (filled bars) of 1 mM fMLP. Platelet activation is shown as the
percentage of P-selectin positive platelets.*p<0.05; **p<0.01 as compared to stimulated
samples from healthy controls.
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Effects of improved metabolic control on platelet reactivity in
type 2 diabetes mellitus following coronary angioplasty (V)
In this study 22 patients with type 2 DM undergoing elective PCI were randomized to intensive insulin
treatment or to conventional antidiabetic treatment. The aim was to optimize metabolic control 3 weeks
prior to percutaneous coronary intervention (PCI), and maintaining this during the study in the intensively
treated group. Platelet function samples were taken at randomization and at 3 months after PCI. Metabolic
control (HbA1c and plasma lipids) as well as platelet P-selectin expression and sP-selectin were similar
between groups at 3 months after PCI (Hba1c was 6.0% ± 0.7 at baseline and 6.0% ± 1.0 at 3 months in the
intensive insulin treatment group; n=12, and 5.9% ± 1.1 at baseline and 6.2% ± 1.4 at 3 months in the
conventional antidiabetic treatment group; n=10). However, 6 of the 12 patients in the intensive group
showed impaired metabolic control after 3 months and 3 weeks, and 3 of 10 patients in the conventionally
treated group showed improved control.
An evaluation based on metabolic control (i.e. HbA1c levels) showed that ADP-induced P-selectin
expression was significantly lower (p=0.02) among patients with improved metabolic control, regardless of
the type of antidiabetic treatment, compared to patients with deteriorated metabolic control 3 months after
PCI (see table 10 and figure 14). HbA1c and fasting glucose values were correlated to ADP-induced Pselectin expression (r=0.34; p<0.05 and r=0.31; p<0.05 respectively; all subjects). Platelet responses to
thrombin did not differ between the two groups. Thus, it seems that thrombin-induced platelet reactivity –
in contrast to ADP-induced platelet reactivity - is not attenuated by improved metabolic control.
As expected, the patients with improved glycemic control also had significantly lower TG levels after 3
months. However, no significant correlations between BMI or plasma lipid values and platelet reactivity
were found, indicating that glycaemic control rather than plasma TG is of importance for platelet reactivity
in this study population.
The serum levels of sCD40L in study V were in the same range as previously found in male patients with
acute coronary syndromes and at high risk for new cardiac events 112. This suggests that our patients had a
prothombotic and proinflammatory milieu in their vasculature. However, in contrast to another recent study
100

we could not detect any correlation between glycaemic control and the levels of sCD40L.
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Table 10. Patient charachteristics, metabolic control, sP-selectin and sCD40L
Variable

Sex (male/female)

Improved
Impaired
metabolic control metabolic control
(n=13)
(n=9)

P

9/0

8/5

Age (years)

61 ± 4

66± 8

Smoking (yes/no/former)

1/5/3

1/6/6

BMI (kg/m2)

26 ± 3

32 ± 4

<0.01

Duration of diabetes (years)

9±6

12 ± 8

ns

U-Albumin (mg/L)

6 (4; 10)

7 (4; 26)

ns

S-Creatinine

92 ± 22

83 ± 15

ns

ns

HbA1c (%)
Baseline

6.1 ± 0.7
b

5.9 ± 1.0
b

ns

5.7 ± 0.5

6.5 ± 1.4

0.10

Baseline

7.7 ±1.9

7.8 ± 2.2

ns

3 months

6.8 ± 1.2

8.9 ± 1.4

<0.01

Baseline

1.1 ± 0.4

1.1 ± 0.3

ns

3 months

1.1 ± 0.3

1.2 ± 0.4

ns

Baseline

2.4 ± 0.6

2.3 ± 0.9

ns

3 months

2.6 ± 0.4

2.2 ± 0.6

ns

Baseline

1.8 ± 0.6

2.3 ± 1.3

ns

3 months

1.5 ± 0.8a

2.3 ± 1.7

ns

Baseline systolic/diastolic

150 ± 14 / 84 ± 5

146 ± 28 / 82 ± 11

ns

3 months systolic/diastolic

146 ± 16 / 84 ± 5

153 ± 27 / 82 ± 10

ns

Baseline

43.8 ± 17.6

46.8 ± 16.2

ns

3 months

41.0 ± 19.4

41.5 ± 13.0

ns

Baseline

4.8 ± 2.1

4.3 ± 1.8

ns

3 months

4.9 ± 2.0

4.1 ± 1.6

ns

3 months
fB-glucose (mmol/L)

HDL (mmol/L)

LDL (mmol/L)

Triglycerides (mmol/L)

Blood pressure (mmHg)

sP-selectin (ng/mL)

sCD40L (ng/mL)

Data are means ± SD, except for U-albumin were data are presented as medians and
interquartiles. p-values are derived from between group comparisons; Student´s t-test
for unpaired data.. ap<0.05; bp<0.01; Student´s t-test for paired data, baseline vs 3 months
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Figure 14. Platelet P-selectin expression at baseline and at 3 months after PCI in patients with

impaired metabolic control (n=13) compared to patients with improved metabolic control
(n=9). Data are means ± SD; Two-way repeated measures ANOVA for the dose-response curves.
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GENERAL DISCUSSION
Diabetes mellitus is characterized by chronic hyperglycaemia and associated with accelerated
atherosclerosis and atherothrombotic disease. The pathogenesis of diabetic complications, including
microangiopathy (retinopathy, nephropathy and neuropathy) and macroangiopathy (CVD, stroke and PAD)
is complex and cannot only be explained by the co-existence of other risk factors like hypertension or
dyslipidaemia. The role of platelets in atherothrombotic complications has clearly been established during
the past decades. Thus, it might be hypothesized that hyperreactive platelets are implicated in the
pathogenesis and progress of vascular complications in DM. In summary, platelet abnormalities in DM can
be explained by both increased intrinsic platelet activation and decreased influences of endogenous
inhibitors of platelet function. These abnormalities, in close interaction with inflammation, endothelial
dysfunction and coagulation, seem to contribute to the enhanced thrombotic potential in diabetes. Platelet
hyperreactivity has been shown in diabetic patients with already established vascular angiopathy in the
present and previous studies. However, since platelet alterations in diabetes in general are similar to those
seen in non-diabetic patients with atherothrombotic disease, it is not clear whether these platelet
abnormalities are due to diabetes per se (metabolic disturbances) or a consequence of the vascular disease.
Thus, the metabolic derangements that accompany diabetes may adversely influence platelet function.
However, limited attention has been paid to acute hyperglycaemia as a possible contributor to platelet
activation and the mechanisms underlying this effect.
The present thesis supports the idea that hyperglycaemia per se contributes to the platelet hyperreactivity in
diabetes mellitus. Thus, we found signs of platelet activation in individuals with IGT and in diet treated
type 2 DM following an oral glucose tolerance test (OGTT). However, the OGTT did not affect endothelial
or coagulation markers. A more physiological approach taken to confirm these findings was to evaluate
platelet function following a standardized carbohydrate-rich meal. The meal induced platelet
hyperreactivity, but again, no effects on endothelial or coagulations markers in plasma could be found. Our
data do not support the idea that postmeal hyperglycaemia causes dysfunction of the vascular endothelium.
However, functional methods such as flow mediated vasodilatation were not used in the present project.
Thus, the effects of hyperglycaemia on the function of vascular endothelium have not been fully
investigated in this thesis.
We hypothesized that diabetes-associated platelet hyperreactivity could be reduced by lowering the
hyperglycaemic spikes by premeal treatment with insulinotropic drugs. However, this hypothesis could not
be confirmed with treatment with either repaglinide or glibenclamide. Both drugs reduced the postprandial
hyperglycaemia. In our experimental set-up glibenclamide was even more effective in lowering both preand postmeal glucose levels than repaglinide. Surprisingly, repaglinide – but not glibenclamide - had a
slight platelet inhibiting effect in the fasting state. Repaglinide also reduced the plasma levels of some
vascular endothelial markers. However, these effects were not related to the reduction of postmeal
hyperglycaemia. Previous studies report reduced plasma levels of interleukin-6 and CRP 150 , and reduced
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oxidative stress 151 following treatment with repaglinide. However, these results were explained by reduced
postprandial glycaemia and improved glycaemic control during repaglinide treatment. Thus, further studies
are needed to elucidate the mechanisms behind the present findings regarding platelet function. In
conclusion, the postprandial state – during which patients with mild DM have enhanced blood-glucose
elevations - platelets may be “temporarily” hyperreactive. Thus, important information can be obtained by
investigating platelet function not only in the basal state, but also during a physiological intervention like
after a carbohydrate-rich meal.
Platelet function and coagulation were similar in the patients with type 2 DM and matched healthy controls
when investigated in the fasting state. All patients in the present study had mild DM with short known
duration of disease (around 3-5 years). They were overall well controlled (HbA1c<6.5%), and had no
history of macrovascular disease or nephropathy. Nonetheless, we observed enhanced inflammatory
activity and signs of vascular endothelial cell perturbation as some circulating inflammatory and
endothelial markers were elevated in the patients compared to the controls (ICAM-1, TNF-α in study I;
ICAM-1 and vWf in study II). Recent evidence points towards subclinical chronic inflammation as an
important pathogenetic factor in the development of insulin resistance and type 2 DM 141, 242 . Subclinical
inflammation is also a precursor of cardiovascular disease 36. Thus, our findings support the existence of an
inflammatory component early on in type 2 DM. This may contribute to the premature development of
atherosclerosis in diabetes. We would also suggest that inflammation and endothelial dysfunction precede
platelet activation and hypercoagulation in type 2 diabetic disease. However, this needs to be proven in a
longitudinal study.
While platelets definitively play a key role in macrovascular complications, the role of platelets in microvascular disease has been questioned. Our findings in paper III-IV reveal an association between platelet
hyperactivity and type 1 diabetic microangiopathy. Recent observations that type 1 DM is at least as great a
risk factor for cardiovascular mortality as type 2 DM 18 have emphasized the need for early detection and
treatment of risk factors for cardiovascular disease also in type 1 DM. Interestingly, the patients with
microangiopathy in study III had a mean value of CRP >3 mmol/L. CRP is an established risk marker for
cardiovascular disease and CRP levels have been shown to correlate with endothelial vasoreactivity 131.
According to Framingham Risk Score, CRP levels of 1.0-3.0 mg/L indicate an average risk for cardiovascular events, whereas CRP levels >3.0 indicate a high risk 131. Thus, our findings suggest that platelet
hyperreactivity is involved in type 1 diabetic microangiopathy and that the increased platelet reactivity and
inflammatory parameters may reflect an increased risk of developing overt cardiovascular disease.
The results in studies III and IV may be of pathophysiological importance since one of the early detectable
signs of microvascular damage in type 1 DM is retinopathy. Our patients with microvascular complications
had mainly early stages of retinopathy. Diabetic retinopathy progresses from mild non-proliferative
abnormalities (increased vascular permeability due to e.g. hyperglycaemia, reduced ET-1 production and
pericyte loss), to moderate and severe nonproliferative diabetic retinopathy (vascular occlusion induced by
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increased coagulation and abnormal leukocyte function), and finally to proliferative diabetic retinopathy
(growth of new blood vessels induced by growth factors and hypoxic activation of PKC). Experimental
evidence supports the concept that leukocytes may be involved in the pathogenesis of retinopathy 243.
Leukocytes can occlude retinal capillaries and leukocytes are deformed and activated as they pass through
the capillary network. Thus, the increases in leukocyte CD11/CD18 expression and platelet-leukocyte
aggregates observed in paper IV may represent an enhancing factor in the development of
microangiopathy 56. In addition, leukocyte-platelet cross talk and sCD40L levels were positively correlated
to platelet hyperactivity, and sE-selectin levels were elevated in the patients with microangiopathy. Thus,
the findings in study III and IV suggest that platelets are involved not only in hemostasis, but may
participate in a persistent inflammatory response of the vessel wall, inducing a vicious circle of endothelial
perturbation, and leukocyte and platelet activaton. Taken together, the results propose that patients with
type 1 DM and microvascular complications would benefit from anti-inflammatory and antiplatelet drug
treatment.
Diabetes is a well-recognized risk factor for adverse outcomes after percutaneous coronary intervention
(PCI) including a higher restenosis rate13-16. A difference of 0.8% in HbA1c in the patients with type 2 DM
in study V was associated with a significant reduction in platelet reactivity (platelet P-selectin expression)
when comparing groups with deteroriated and improved metabolic control at 3 months after PCI. Thus,
improved metabolic control seems to exhibit a beneficial effect on one of the potential pathophysiological
factors involved in complications after PCI, i.e. platelet activation. The complex pathophysiological
processes that determine outcomes after PCI include endothelial denudation with platelet deposition and
mural thrombosis. Also, the risk of restenosis following PCI may be enhanced by activated platelets that
secrete growth factors at the site of injury and thus contribute to vascular smooth muscle cell proliferation
and intimal hyperplasia 165. Intererstingly, platelet P-selectin (the expression of which we presently found
to be reduced in the patients with improved metabolic control) is required for monocyte and macrophage
accumulation and intimal hyperplasia44.
It is noteworthy that our findings were obtained in patients who were well controlled with HbA1c levels
around 6% already at baseline. Cross-sectional studies show that pre-procedural optimal glycaemic control
in type 2 DM is associated with improved clinical outcome after PCI 166. Even mild elevations in preprocedural fasting glucose are associated with a >3 fold increased risk regarding mortality after PCI 244.
Moreover, a recent epidemiological study shows that small shifts (0.1-0.2%) in the level of HbA1c >5%
can affect the risk of suffering cardiovascular events in the general population 196. Thus, further
improvement of the glycaemic control may be an important treatment goal in type 2 diabetic patients with
cardiovascular disease, even in patients with good metabolic control by conventional standards.
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CONCLUSIONS
The following conclusions were drawn from the studies:
•

Platelets in individuals with mild type 2 diabetes mellitus are activated when exposed to acute
hyperglycaemia elicited by an oral glucose tolerance test or a carbohydrate rich meal.

•

Treatment with the insulinotropic drug repaglinide, but not glibenclamide, attenuates platelet reactivity
and reduces circulating endothelial markers. These effects are not related to reduced postmeal
hyperglycaemia.

•

Tight glycaemic control is associated with reduced platelet reactivity at 3 months following coronary
angioplasty in type 2 diabetic patients. This may influence outcomes after intervention.

•

Microangiopathy in well-controlled type 1 diabetes mellitus is associated with platelet hyperreactivity
and chronic inflammation indicating an increased risk for developing macrovascular complications.
Also, enhanced leukocyte-platelet cross-talk and leukocyte reactivity in these patients indicate a
pathogenetic role for platelets and leukocytes in type 1 diabetic microangiopathy.

•

No major alterations in platelet function or coagulation activity are present in patients with mild type 2
diabetes mellitus without macrovascular complications or in well-controlled type 1 diabetic patients
without vascular complications compared to healthy controls.

•

The study support the existence of an inflammatory component early in the course of diabetic disease,
which may contribute to the premature development of atherothrombotic complications in diabetes
mellitus.

55

ACKNOWLEDGEMENTS
I wish to express my sincere thanks to all the patients and persons who participated in these studies.
I also wish to express my deepest gratitude to all persons that made this work possible, and in particular:
Associate professor Håkan Wallén, my principal tutor, for never-ending support, encouragement and
enthusiasm. For introducing me to the field of platelets, for sharing his great scientific knowledge and for
his patience in teaching me how to write scientific papers.
Professor Claes-Göran Östenson, my co-tutor, for his professional, generous attitude and for his invaluable
help to include patients. For sharing his vast knowledge in diabetology and scientific ideas, for constructive
critisism on manuscripts and for always being so friendly and supportive.
Professor Paul Hjemdahl, my co-tutor and head of the Department of Medicine, Clinical Pharmacology
Unit, for giving me the opportunity to become a PhD student in his lab, providing research time and
excellent laboratory facitilies. For sharing his expertise in research and for constructive critisism on
manuscript as well as linguistic advice.
Maj-Christina Johansson, Maud Daleskog and Pia Hillelson for invaluable skilful technical assistance in
the lab, for full support and for creating a stimulating working athmosphere with many cheerful moments.
Associate professor Nailin Li and PhD Hu Hu, co-authors, for fruitful cooperation and for sharing your
expert knowledge in the flow cytometry technique.
Kajsa Sundquist and Annica Clark, reasearch nurses, for skilful handling of the patients in study I.
Kerstin Höglund for excellent nursing and collection of the patient data in study V.
Yvonne Strömberg (insulin and C-peptide analyses) and Lena Sandlund (blood chemistry analyses) for
expert technical assistance.
Professor Suad Efendic for generously introducing me to “Metabolic Unit” and providing working facilities
for study I.
Professor Lars Rydén for generous support in study V and for arranging the best research course at
“Riksgränsen”.
Dr Anna Norhammar, co-author, for encouragement and professional support in study V.
Associate professor Gun Jörneskog and Ann-Christin Salomonsson for friendship and stimulating
collaboration in other studies.
Professor emerita Margareta Blombäck for encouragement and “networking”. I am extremely proud of
being co-author of one of your papers.
Olof Beck for friendship and support. Maybe I shouldn´t have left the “drug of abuse field”.

56

Sigurd Vitols, my former “ST-tutor”, for support, friendship and for providing research time.
Birgitta Norstedt Wikner, my room-mate, look-alike and “extra sister” for putting up with me during all
these years.
Christina Perneby and Michèle Masquelier next door, for stimulating discussions and enjoyable moments
in the lab.
Carl-Olav Stiller for enthusiasm and support, and for all the funny jokes – in German.
Freidoun Albertioni for pharmacokinetic help and for enjoyable gossip moments.
Matty Persson for friendship, “adverse reaction” discussions and lunches.
Inger Öhman, Jeanette Georgieva, Charlotte Asker, Pauline Raaschou, Eva Wikström Jonsson, Seher
Korkmaz, Jacob Lagercrantz, Richard Malmström, Thomas Bradley and Pierre Lafolie, present and former
collegues, and all the staff at the Department of Clinical Pharmacology for creating a friendly working
athmosphere.
Lillemor Melander, Annika Jouper and Kerstin Palmqvist-Munck for excellent secretarial help.
Elisabeth Berg for statistical advice.
Ingrid and Lennart, my parents, for unconditional love and support.
Robin and Fredrik, my sons, for giving a meaning to my life.
Magnus, my husband, for love and unceasing enthusiasm.
Ulla, my sister, for always being there.
And of course, my friends, neighbours and other relatives not mentioned here must not be forgotten.
Without you, life would be dull!

This study was supported by grants from Novo Nordisk Scandinavia AB, Swedish Diabetes Association,
Swedish Heart-Lung Foundation, Coagulation Research Foundation, Karolinska Institute, Swedish
Research Council, Glaxo Smithkline, Swedish Society for Medical Research, Swedish Medical Association,
Swedish Society of Medicine and the Stockholm County Council.

57

REFERENCES
1 Zimmet P, Alberti KG, Shaw J. Global and societal implications of the diabetes epidemic. Nature 2001;
414: 782-787
2 King H, Aubert RE, Herman WH. Global burden of diabetes, 1995-2025: Prevalence, numerical
estimates, and projections. Diabetes Care 1998; 21: 1414-1431
3 Karvonen M,Viik-Kajander M,Moltchanova E,Libman I,LaPorte R, Tuomilehto J. Incidence of
childhood type 1 diabetes worldwide. Diabetes Mondiale (DIAMOND) Project Group. Diabetes Care
2000; 23: 1516-1526
4 Ostenson CG. The pathophysiology of type 2 diabetes mellitus: An overview. Acta Physiol Scand
2001; 171: 241-247
5 Efendic S, Ostenson CG. Hormonal responses and future treatment of non-insulin-dependent diabetes
mellitus (NIDDM). J Intern Med 1993; 234: 127-138
6 Tripathy D, Carlsson M, Almgren P, Isomaa B, Taskinen MR, Tuomi T, et al. Insulin secretion and
insulin sensitivity in relation to glucose tolerance: Lessons from the Botnia study. Diabetes 2000; 49:
975-980
7 Isomaa B, Henricsson M, Almgren P, Tuomi T, Taskinen MR, Groop L. The metabolic syndrome
influences the risk of chronic complications in patients with type II diabetes. Diabetologia 2001; 44:
1148-1154
8 Groop L, Orho-Melander M. The dysmetabolic syndrome. J Intern Med 2001; 250: 105-120
9 Juhan-Vague I, Morange PE, Alessi MC. The insulin resistance syndrome: Implications for thrombosis
and cardiovascular disease. Pathophysiol Haemost Thromb 2002; 32: 269-273
10 Haffner SM, Lehto S, Ronnemaa T, Pyorala K, Laakso M. Mortality from coronary heart disease in
subjects with type 2 diabetes and in nondiabetic subjects with and without prior myocardial infarction.
N Engl J Med 1998; 339: 229-234
11 Blake DR, Meigs JB, Muller DC, Najjar SS, Andres R, Nathan DM. Impaired glucose tolerance, but
not impaired fasting glucose, is associated with increased levels of coronary heart disease risk factors:
Results from the Baltimore longitudinal study on aging. Diabetes 2004; 53: 2095-2100
12 Luscher TF, Creager MA, Beckman JA, Cosentino F. Diabetes and vascular disease: Pathophysiology,
clinical consequences, and medical therapy: Part II. Circulation 2003; 108: 1655-1661
13 Mathew V, Wilson SH, Barsness GW, Frye RL, Lennon R, Holmes DR. Comparative outcomes of
percutaneous coronary interventions in diabetics vs non-diabetics with prior coronary artery bypass
grafting. Eur Heart J 2002; 23: 1456-1464
14 Harjai KJ, Stone GW, Boura J, Mattos L, Chandra H, Cox D, et al. Comparison of outcomes of
diabetic and nondiabetic patients undergoing primary angioplasty for acute myocardial infarction. Am
J Cardiol 2003; 91: 1041-1045
15 Seven-year outcome in the bypass angioplasty revascularization investigation (BARI) by treatment and
diabetic status. J Am Coll Cardiol 2000; 35: 1122-1129
16 Norhammar A, Malmberg K, Diderholm E, Lagerqvist B, Lindahl B, Ryden L, et al. Diabetes mellitus:
The major risk factor in unstable coronary artery disease even after consideration of the extent of
coronary artery disease and benefits of revascularization. J Am Coll Cardiol 2004; 43: 585-591
17 Gaede P, Vedel P, Larsen N, Jensen GV, Parving HH, Pedersen O. Multifactorial intervention and
cardiovascular disease in patients with type 2 diabetes. N Engl J Med 2003; 348: 383-393

58

18 Laing SP, Swerdlow AJ, Slater SD, Burden AC, Morris A, Waugh NR, et al. Mortality from heart
disease in a cohort of 23,000 patients with insulin-treated diabetes. Diabetologia 2003; 46: 760-765
19 Laing SP, Swerdlow AJ, Carpenter LM, Slater SD, Burden AC, Botha JL, et al. Mortality from
cerebrovascular disease in a cohort of 23 000 patients with insulin-treated diabetes. Stroke 2003; 34:
418-421
20 Colwell JA, Nesto RW. The platelet in diabetes: Focus on prevention of ischemic events. Diabetes
Care 2003; 26: 2181-2188
21 Ferroni P, Basili S, Falco A, Davi G. Platelet activation in type 2 diabetes mellitus. J Thromb Haemost
2004; 2: 1282-1291
22 Ishii H,Umeda F, Nawata H. Platelet function in diabetes mellitus. Diabetes Metab Rev 1992; 8: 53-66
23 Vinik AI, Erbas T, Park TS, Nolan R, Pittenger GL. Platelet dysfunction in type 2 diabetes. Diabetes
Care 2001; 24: 1476-1485
24 Yazbek N, Bapat A, Kleiman N. Platelet abnormalities in diabetes mellitus. Coron Artery Dis 2003;
14: 365-371
25 Winocour PD. Platelets, vascular disease, and diabetes mellitus. Can J Physiol Pharmacol 1994; 72:
295-303.
26 Paton RP, Passa Ph. Platelets and diabetic vascular disease. Diabetes Metab 1983; 9: 306-312
27 Plutzky J,Viberti G, Haffner S. Atherosclerosis in type 2 diabetes mellitus and insulin resistance:
Mechanistic links and therapeutic targets. J Diabetes Complications 2002; 16: 401-415
28 Porta M, Peters AM,Cousins SA, Cagliero E, FitzPatrick ML, Kohner EM. A study of platelet-relevant
parameters in patients with diabetic microangiopathy. Diabetologia 1983; 25: 21-25
29 Colwell JA,Winocour PD, Halushka PV. Do platelets have anything to do with diabetic microvascular
disease? Diabetes 1983; 32 Suppl 2: 14-19.
30 Gresele P, Guglielmini G, De Angelis M, Ciferri S, Ciofetta M, Falcinelli E, et al. Acute, short-term
hyperglycemia enhances shear stress-induced platelet activation in patients with type II diabetes
mellitus. J Am Coll Cardiol 2003; 41: 1013-1020
31 Assert R, Scherk G, Bumbure A, Pirags V, Schatz H, Pfeiffer AF. Regulation of protein kinase C by
short term hyperglycaemia in human platelets in vivo and in vitro. Diabetologia 2001; 44: 188-195
32 Yngen M, Ostenson CG, Li N, Hjemdahl P, Wallen NH. Acute hyperglycemia increases soluble Pselectin in male patients with mild diabetes mellitus. Blood Coagul Fibrinolysis 2001; 12: 109-116
33 Gawaz M. (2001) Blood Platelets, pp. 1-41. Georg Thieme Verlag, Stuttgart, Germany.
34 Sobol AB, Watala C. The role of platelets in diabetes-related vascular complications. Diabetes Res
Clin Pract 2000; 50: 1-16
35 Biondi-Zoccai GG, Abbate A, Liuzzo G, Biasucci LM. Atherothrombosis, inflammation, and diabetes.
J Am Coll Cardiol 2003; 41: 1071-1077
36 Ross R. Atherosclerosis--an inflammatory disease. N Engl J Med 1999; 340: 115-126.
37 McEver RP. Adhesive interactions of leukocytes, platelets, and the vessel wall during hemostasis and
inflammation. Thromb Haemost 2001; 86: 746-756

59

38 Weyrich AS, Zimmerman GA. Platelets: Signaling cells in the immune continuum. Trends Immunol
2004; 25: 489-495
39 McEver RP. Properties of GMP-140, an inducible granule membrane protein of platelets and
endothelium. Blood Cells 1990; 16: 73-80
40 Berman CL, Yeo EL, Wencel-Drake JD, Furie BC, Ginsberg MH, Furie B. A platelet alpha granule
membrane protein that is associated with the plasma membrane after activation. Characterization and
subcellular localization of platelet activation-dependent granule-external membrane protein. J Clin
Invest 1986; 78: 130-137
41 McEver RP. GMP-140: A receptor for neutrophils and monocytes on activated platelets and
endothelium. J Cell Biochem 1991; 45: 156-161.
42 Merten M, Thiagarajan P. P-selectin expression on platelets determines size and stability of platelet
aggregates. Circulation 2000; 102: 1931-1936
43 Weyrich AS, McIntyre TM, McEver RP, Prescott SM, Zimmerman GA. Monocyte tethering by Pselectin regulates monocyte chemotactic protein-1 and tumor necrosis factor-alpha secretion. Signal
integration and NF-kappa β translocation. J Clin Invest 1995; 95: 2297-2303
44 Schober A, Manka D, von Hundelshausen P, Huo Y, Hanrath P, Sarembock IJ, et al. Deposition of
platelet RANTES triggering monocyte recruitment requires P-selectin and is involved in neointima
formation after arterial injury. Circulation 2002; 106: 1523-1529
45 Hattori R, Hamilton KK, Fugate RD, McEver RP, Sims PJ. Stimulated secretion of endothelial von
Willebrand factor is accompanied by rapid redistribution to the cell surface of the intracellular granule
membrane protein GMP-140. J Biol Chem 1989; 264: 7768-7771
46 Michelson AD, Barnard MR, Hechtman HB, MacGregor H, Connolly RJ, Loscalzo J, et al. In vivo
tracking of platelets: Circulating degranulated platelets rapidly lose surface P-selectin but continue to
circulate and function. Proc Natl Acad Sci U S A 1996; 93: 11877-11882.
47 Ferroni P, Speziale G, Ruvolo G, Giovannelli A, Pulcinelli FM, Lenti L, et al. Platelet activation and
cytokine production during hypothermic cardiopulmonary bypass--a possible correlation? Thromb
Haemost 1998; 80: 58-64
48 Blann AD, Lip GY. Hypothesis: Is soluble P-selectin a new marker of platelet activation?
Atherosclerosis 1997; 128: 135-138
49 Ferroni P, Pulcinelli FM ,Lenti L, Gazzaniga PP. Is soluble P-selectin determination a more reliable
marker of in vivo platelet activation than CD62P flow cytometric analysis? Thromb Haemost 1999;
81: 472-473
50 Henn V, Slupsky JR, Grafe M, Anagnostopoulos I, Forster R, Muller-Berghaus G, et al. CD40 ligand
on activated platelets triggers an inflammatory reaction of endothelial cells. Nature 1998; 391: 591594
51 Andre P, Nannizzi-Alaimo L, Prasad SK, Phillips DR. Platelet-derived CD40L: The switch-hitting
player of cardiovascular disease. Circulation 2002; 106: 896-899
52 Andre P, Prasad KS, Denis CV, He M, Papalia JM, Hynes RO, et al. CD40L stabilizes arterial thrombi
by a β3 integrin--dependent mechanism. Nat Med 2002; 8: 247-252
53 Rinder HM, Bonan JL, Rinder CS, Ault KA, Smith BR. Dynamics of leukocyte-platelet adhesion in
whole blood. Blood 1991; 78: 1730-1737
54 Lösche W RH, Krause S, Heptinstall S, Spangenberg P. Activation of leukocytes in whole blood
samples by n-formyl-methionyl-leucyl-phenylalanine (fMLP) enhances platelet aggregability but not
platelet P-selectin exposure and adhesion to leukocytes. Platelets 1998; 9: 219-222

60

55 Weyrich AS, Lindemann S, Zimmerman GA. The evolving role of platelets in inflammation. J Thromb
Haemost 2003; 1: 1897-1905
56 Miyamoto K, Ogura Y. Pathogenetic potential of leukocytes in diabetic retinopathy. Semin
Ophthalmol 1999; 14: 233-239
57 Cambien B, Wagner DD. A new role in hemostasis for the adhesion receptor P-selectin. Trends Mol
Med 2004; 10: 179-186
58 Rauch U, Bonderman D, Bohrmann B, Badimon JJ, Himber J, Riederer MA, et al. Transfer of tissue
factor from leukocytes to platelets is mediated by CD15 and tissue factor. Blood 2000; 96: 170-175
59 Mickelson JK,Lakkis NM,Villarreal-Levy G,Hughes BJ, Smith CW. Leukocyte activation with
platelet adhesion after coronary angioplasty: A mechanism for recurrent disease? J Am Coll Cardiol
1996; 28: 345-353
60 Kaplar M, Kappelmayer J, Veszpremi A, Szabo K, Udvardy M. The possible association of in vivo
leukocyte-platelet heterophilic aggregate formation and the development of diabetic angiopathy.
Platelets 2001; 12: 419-422
61 Kirchhofer D, Riederer MA, Baumgartner HR. Specific accumulation of circulating monocytes and
polymorphonuclear leukocytes on platelet thrombi in a vascular injury model. Blood 1997; 89: 12701278
62 Osterud B. The role of platelets in decrypting monocyte tissue factor. Dis Mon 2003; 49: 7-13
63 Blanks JE, Moll T, Eytner R, Vestweber D. Stimulation of P-selectin glycoprotein ligand-1 on mouse
neutrophils activates β2-integrin mediated cell attachment to ICAM-1. Eur J Immunol 1998; 28: 433443
64 Neumann FJ, Marx N, Gawaz M, Brand K, Ott I, Rokitta C, et al. Induction of cytokine expression in
leukocytes by binding of thrombin-stimulated platelets. Circulation 1997; 95: 2387-2394
65 Nagata K, Tsuji T, Todoroki N, Katagiri Y, Tanoue K, Yamazaki H, et al. Activated platelets induce
superoxide anion release by monocytes and neutrophils through P-selectin (CD62). J Immunol 1993;
151: 3267-3273
66 Maugeri N, Evangelista V, Celardo A, Dell'Elba G, Martelli N, Piccardoni P, et al. Polymorphonuclear
leukocyte-platelet interaction: Role of P-selectin in thromboxaneB2 and leukotriene C4 cooperative
synthesis. Thromb Haemost 1994; 72: 450-456
67 Carr ME. Diabetes mellitus: A hypercoagulable state. J Diabetes Complications 2001; 15: 44-54
68 Bridges JM, Dalby AM, Millar JH, Weaver JA. An effect of d-glucose on platelet stickiness. Lancet
1965; 42: 75-77
69 Hughes A, McVerry BA, Wilkinson L, Goldstone AH, Lewis D, Bloom A. Diabetes, a
hypercoagulable state? Hemostatic variables in newly diagnosed type 2 diabetic patients. Acta
Haematol 1983; 69: 254-259
70 Rosove MH, Frank HJ, Harwig SS. Plasma β-thromboglobulin, platelet factor 4, fibrinopeptide a, and
other hemostatic functions during improved, short-term glycemic control in diabetes mellitus.
Diabetes Care 1984; 7: 174-179
71 Sagel J, Colwell JA, Crook L, Laimins M. Increased platelet aggregation in early diabetus mellitus.
Ann Intern Med 1975; 82: 733-738

61

72 Mandal S, Sarode R, Dash S, Dash RJ. Hyperaggregation of platelets detected by whole blood platelet
aggregometry in newly diagnosed noninsulin-dependent diabetes mellitus. Am J Clin Pathol 1993;
100: 103-107
73 Mayfield RK, Halushka PV, Wohltmann HJ, Lopes-Virella M, Chambers JK, Loadholt CB, et al.
Platelet function during continuous insulin infusion treatment in insulin-dependent diabetic patients.
Diabetes 1985; 34: 1127-1133
74 Halushka PV, Mayfield R, Wohltmann HJ, Rogers RC, Goldberg AK, McCoy SA, et al. Increased
platelet arachidonic acid metabolism in diabetes mellitus. Diabetes 1981; 30: 44-48
75 Davi G, Catalano I, Averna M, Notarbartolo A, Strano A, Ciabattoni G, et al. Thromboxane
biosynthesis and platelet function in type II diabetes mellitus. N Engl J Med 1990; 322: 1769-1774.
76 Tomaselli L, Cerletti C, de Gaetano G, Notarbartolo A, Davi G, Pupillo M. Normal platelet function,
but increased platelet activation in vivo in diabetic patients. Thromb Haemost 1990; 64: 604
77 McDonald JW, Dupre J, Rodger NW, Champion MC, Webb CD, Ali M. Comparison of platelet
thromboxane synthesis in diabetic patients on conventional insulin therapy and continuous insulin
infusions. Thromb Res 1982; 28: 705-712
78 Small M, Douglas JT, Lowe GD, MacCuish AC, Forbes CD. Effect of insulin therapy on coagulation
and platelet function in type II (non-insulin-dependent) diabetes mellitus. Haemostasis 1986; 16: 417423
79 Alessandrini P, McRae J, Feman S, FitzGerald GA. Thromboxane biosynthesis and platelet function in
type I diabetes mellitus. N Engl J Med 1988; 319: 208-212
80 Davi G, Ciabattoni G, Consoli A, Mezzetti A, Falco A, Santarone S, et al. In vivo formation of 8-isoprostaglandin f2αl and platelet activation in diabetes mellitus: Effects of improved metabolic control
and vitamin E supplementation. Circulation 1999; 99: 224-229
81 Vericel E, Januel C, Carreras M, Moulin P, Lagarde M. Diabetic patients without vascular
complications display enhanced basal platelet activation and decreased antioxidant status. Diabetes
2004; 53: 1046-1051
82 Winocour PD, Watala C, Kinglough-Rathbone RL. Membrane fluidity is related to the extent of
glycation of proteins, but not to alterations in the cholesterol to phospholipid molar ratio in isolated
platelet membranes from diabetic and control subjects. Thromb Haemost 1992; 67: 567-571
83 Byrne CD. Triglyceride-rich lipoproteins: Are links with atherosclerosis mediated by a procoagulant
and proinflammatory phenotype? Atherosclerosis 1999; 145: 1-15
84 Aviram M, Sirtori CR, Colli S, Maderna P, Morazzoni G, Tremoli E. Plasma lipoproteins affect
platelet malondialdehyde and thromboxane B2 production. Biochem Med 1985; 34: 29-36
85 De Cristofaro R, Rocca B, Vitacolonna E, Falco A, Marchesani P, Ciabattoni G, et al. Lipid and
protein oxidation contribute to a prothrombotic state in patients with type 2 diabetes mellitus. J
Thromb Haemost 2003; 1: 250-256
86 Sharpe PC, Trinick T. Mean platelet volume in diabetes mellitus. Q J Med 1993; 86: 739-742
87 Tschoepe D. The activated megakaryocyte-platelet-system in vascular disease: Focus on diabetes.
Semin Thromb Hemost 1995; 21: 152-160
88 Hekimsoy Z,Payzin B,Ornek T, Kandogan G. Mean platelet volume in type 2 diabetic patients. J
Diabetes Complications 2004; 18: 173-176
89 Tavassoli M. Megakaryocyte--platelet axis and the process of platelet formation and release. Blood
1980; 55: 537-545

62

90 Tschoepe D, Roesen P, Kaufmann L, Schauseil S, Kehrel B, Ostermann H, et al. Evidence for
abnormal platelet glycoprotein expression in diabetes mellitus. Eur J Clin Invest 1990; 20: 166-170.
91 Martin JF,Bath PM, Burr ML. Influence of platelet size on outcome after myocardial infarction. Lancet
1991; 338: 1409-1411
92 Jones RL, Paradise C, Peterson CM. Platelet survival in patients with diabetes mellitus. Diabetes 1981;
30: 486-489
93 Luikens B, Forstrom LA, Johnson T, Johnson G. Indium-111 platelet kinetics in patients with diabetes
mellitus. Nucl Med Commun 1988; 9: 223-234
94 Tschoepe D, Driesch E, Schwippert B, Nieuwenhuis HK, Gries FA. Exposure of adhesion molecules
on activated platelets in patients with newly diagnosed IDDM is not normalized by nearnormoglycemia. Diabetes 1995; 44: 890-894
95 Omoto S, Nomura S, Shouzu A, Hayakawa T, Shimizu H, Miyake Y, et al. Significance of plateletderived microparticles and activated platelets in diabetic nephropathy. Nephron 1999; 81: 271-277
96 Jilma B, Fasching P, Ruthner C, Rumplmayr A, Ruzicka S, Kapiotis S, et al. Elevated circulating Pselectin in insulin dependent diabetes mellitus. Thromb Haemost 1996; 76: 328-332.
97 Yngen M, Ostenson CG, Hu H, Li N, Hjemdahl P, Wallen NH. Enhanced P-selectin expression and
increased soluble CD40 ligand in patients with type 1 diabetes mellitus and microangiopathy:
Evidence for platelet hyperactivity and chronic inflammation. Diabetologia 2004; 47: 537-540
98 Eibl N, Krugluger W, Streit G, Schrattbauer K, Hopmeier P, Schernthaner G. Improved metabolic
control decreases platelet activation markers in patients with type 2 diabetes. Eur J Clin Invest 2004;
34: 205-209
99 Keating FK, Sobel BE, Schneider DJ. Effects of increased concentrations of glucose on platelet
reactivity in healthy subjects and in patients with and without diabetes mellitus. Am J Cardiol 2003;
92: 1362-1365
100 Jinchuan Y, Zonggui W, Jinming C, Li L, Xiantao K. Upregulation of CD40-CD40 ligand system in
patients with diabetes mellitus. Clin Chim Acta 2004; 339: 85-90
101 Borsey DQ, Prowse CV, Gray RS, Dawes J, James K, Elton RA, et al. Platelet and coagulation
factors in proliferative diabetic retinopathy. J Clin Pathol 1984; 37: 659-664
102 Cella G, Scattolo N, Vio C, Stevanato F, Lavagnini T, Padovan D, et al. Platelet factor 4 (PF4) and
heparin released platelet factor 4 (HR-PF4) in diabetes mellitus. Effect of the duration of the disease.
Folia Haematol Int Mag Klin Morphol Blutforsch 1986; 113: 646-654
103 Sacchi S, Curci G, Piccinini L, Cucci F, Messerotti A, Roncaia R, et al. Platelet alpha granule release
in diabetes mellitus. Scand J Clin Lab Invest 1985; 45: 165-168
104 Henn V, Steinbach S, Buchner K, Presek P, Kroczek RA. The inflammatory action of CD40 ligand
(CD154) expressed on activated human platelets is temporally limited by coexpressed CD40. Blood
2001; 98: 1047-1054
105 Kopp HP, Hopmeier P, Schernthaner G. Concentrations of circulating P-selectin are increased in
patients with newly diagnosed insulin-dependent diabetes mellitus. Exp Clin Endocrinol Diabetes
1998; 106: 41-44
106 Marx N, Imhof A, Froehlich J, Siam L, Ittner J, Wierse G, et al. Effect of rosiglitazone treatment on
soluble CD40L in patients with type 2 diabetes and coronary artery disease. Circulation 2003; 107:
1954-1957

63

107 Varo N, Vicent D, Libby P, Nuzzo R, Calle-Pascual AL, Bernal MR, et al. Elevated plasma levels of
the atherogenic mediator soluble CD40 ligand in diabetic patients: A novel target of
thiazolidinediones. Circulation 2003; 107: 2664-2669
108 Cabeza N, Li Z, Schulz C, Kremmer E, Massberg S, Bultmann A, et al. Surface expression of
collagen receptor fc receptor-gamma/glycoprotein VI is enhanced on platelets in type 2 diabetes and
mediates release of CD40 ligand and activation of endothelial cells. Diabetes 2004; 53: 2117-2121
109 Blann AD, Seigneur M, Boisseau MR, Taberner DA, McCollum CN. Soluble P selectin in peripheral
vascular disease: Relationship to the location and extent of atherosclerotic disease and its risk
factors. Blood Coagul Fibrinolysis 1996; 7: 789-793
110 Blann AD, Lip GY, Beevers DG, McCollum CN. Soluble P-selectin in atherosclerosis: A comparison
with endothelial cell and platelet markers. Thromb Haemost 1997; 77: 1077-1080
111 Blann AD, Faragher EB, McCollum CN. Increased soluble P-selectin following myocardial
infarction: A new marker for the progression of atherosclerosis. Blood Coagul Fibrinolysis 1997; 8:
383-390
112 Heeschen C, Dimmeler S, Hamm CW, van den Brand MJ, Boersma E, Zeiher AM, et al. Soluble
CD40 ligand in acute coronary syndromes. N Engl J Med 2003; 348: 1104-1111
113 Lim HS, Blann AD, Lip GY. Soluble CD40 ligand, soluble P-selectin, interleukin-6, and tissue factor
in diabetes mellitus: Relationships to cardiovascular disease and risk factor intervention. Circulation
2004; 109: 2524-2528
114 Andre P, Hartwell D, Hrachovinova I, Saffaripour S, Wagner DD. Pro-coagulant state resulting from
high levels of soluble P-selectin in blood. Proc Natl Acad Sci U S A 2000; 97: 13835-13840
115 Burger PC, Wagner DD. Platelet P-selectin facilitates atherosclerotic lesion development. Blood
2003; 101: 2661-2666
116 Garlichs CD, Eskafi S, Raaz D, Schmidt A, Ludwig J, Herrmann M, et al. Patients with acute
coronary syndromes express enhanced CD40 ligand/CD154 on platelets. Heart 2001; 86: 649-655
117 Li Y,Woo V, Bose R. Platelet hyperactivity and abnormal Ca2+ homeostasis in diabetes mellitus. Am
J Physiol Heart Circ Physiol 2001; 280: H1480-1489
118 Gawaz M, Ott I, Reininger AJ, Neumann FJ. Effects of magnesium on platelet aggregation and
adhesion. Magnesium modulates surface expression of glycoproteins on platelets in vitro and ex
vivo. Thromb Haemost 1994; 72: 912-918
119 Mazzanti L, Mutus B. Diabetes-induced alterations in platelet metabolism. Clin Biochem 1997; 30:
509-515
120 Ceriello A, Giacomello R, Stel G, Motz E, Taboga C, Tonutti L, et al. Hyperglycemia-induced
thrombin formation in diabetes. The possible role of oxidative stress. Diabetes 1995; 44: 924-928
121 Giusti C, Schiaffini R, Brufani C, Pantaleo A, Vingolo EM, Gargiulo P. Coagulation pathways and
diabetic retinopathy: Abnormal modulation in a selected group of insulin dependent diabetic
patients. Br J Ophthalmol 2000; 84: 591-595
122 Henricsson M, Berntorp K, Berntorp E, Fernlund P, Sundkvist G. Progression of retinopathy after
improved metabolic control in type 2 diabetic patients. Relation to IGF-1 and hemostatic variables.
Diabetes Care 1999; 22: 1944-1949
123 Jorneskog G, Egberg N, Fagrell B, Fatah K, Hessel B, Johnsson H, et al. Altered properties of the
fibrin gel structure in patients with IDDM. Diabetologia 1996; 39: 1519-1523

64

124 Jorneskog G, Hansson LO, Wallen NH, Yngen M, Blomback M. Increased plasma fibrin gel porosity
in patients with type I diabetes during continuous subcutaneous insulin infusion. J Thromb Haemost
2003; 1: 1195-1201
125 Johnson M, Harrison HE, Raftery AT, Elder JB. Vascular prostacyclin may be reduced in diabetes in
man. Lancet 1979; 1: 325-326
126 Akai T, Naka K, Okuda K, Takemura T, Fujii S. Decreased sensitivity of platelets to prostacyclin in
patients with diabetes mellitus. Horm Metab Res 1983; 15: 523-526
127 Rabini RA, Staffolani R, Fumelli P, Mutus B, Curatola G, Mazzanti L. Decreased nitric oxide
synthase activity in platelets from IDDM and NIDDM patients. Diabetologia 1998; 41: 101-104
128 Martina V, Bruno GA, Trucco F, Zumpano E, Tagliabue M, Di Bisceglie C, et al. Platelet cNOS
activity is reduced in patients with IDDM and NIDDM. Thromb Haemost 1998; 79: 520-522
129 Queen LR, Ji Y, Goubareva I, Ferro A. Nitric oxide generation mediated by beta-adrenoceptors is
impaired in platelets from patients with type 2 diabetes mellitus. Diabetologia 2003; 46: 1474-1482
130 Beckman JA, Creager MA, Libby P. Diabetes and atherosclerosis: Epidemiology, pathophysiology,
and management. JAMA 2002; 287: 2570-2581
131 Jialal I, Devaraj S, Venugopal SK. C-reactive protein: Risk marker or mediator in atherothrombosis?
Hypertension 2004; 44: 6-11
132 Boneu B, Abbal M, Plante J, Bierme R. Letter: Factor-VIII complex and endothelial damage. Lancet
1975; 1: 1430
133 Stehouwer CD, Lambert J, Donker AJ, van Hinsbergh VW. Endothelial dysfunction and pathogenesis
of diabetic angiopathy. Cardiovasc Res 1997; 34: 55-68
134 Blann A, Lip G. Assessment of endothelial function using plasma markers. Heart 1997; 78: 321-322
135 Porta M, La Selva M, Molinatti P, Molinatti GM. Endothelial cell function in diabetic
microangiopathy. Diabetologia 1987; 30: 601-609
136 Blann AD, Lip GY. Endothelial integrity, soluble adhesion molecules and platelet markers in type 1
diabetes mellitus. Diabet Med 1998; 15: 634-642.
137 Thompson SG, Kienast J, Pyke SD, Haverkate F, van de Loo JC. Hemostatic factors and the risk of
myocardial infarction or sudden death in patients with angina pectoris. European concerted action on
thrombosis and disabilities angina pectoris study group. N Engl J Med 1995; 332: 635-641
138 Ryysy L, Yki-Jarvinen H. Improvement of glycemic control by 1 year of insulin therapy leads to a
sustained decrease in sE-selectin concentrations in type 2 diabetes. Diabetes Care 2001; 24: 549-554
139 Olson JA,Whitelaw CM, McHardy KC, Pearson DW, Forrester JV. Soluble leucocyte adhesion
molecules in diabetic retinopathy stimulate retinal capillary endothelial cell migration. Diabetologia
1997; 40: 1166-1171
140 Elhadd T, Kirk G, McLaren M, Newton R, Greene S, Belch J. Endothelial integrity, soluble adhesion
molecules and platelet markers in type 1 diabetes mellitus. Diabet Med 1999; 16: 86-87
141 Meigs JB, Hu FB, Rifai N, Manson JE. Biomarkers of endothelial dysfunction and risk of type 2
diabetes mellitus. JAMA 2004; 291: 1978-1986
142 Inzucchi SE. Oral antihyperglycemic therapy for type 2 diabetes: Scientific review. JAMA 2002;
287: 360-372

65

143 Ozaki Y,Yatomi Y, Kume S. Effects of oral hypoglycaemic agents on platelet functions. Biochem
Pharmacol 1992; 44: 687-691
144 Siluk D, Kaliszan R, Haber P, Petrusewicz J, Brzozowski Z, Sut G. Antiaggregatory activity of
hypoglycaemic sulphonylureas. Diabetologia 2002; 45: 1034-1037
145 Klaff LJ, Kernoff L,Vinik AI, Jackson WP, Jacobs P. Sulfonylureas and platelet function. Am J Med
1981; 70: 627-630
146 Jennings PE, Belch JJ. Free radical scavenging activity of sulfonylureas: A clinical assessment of the
effect of gliclazide. Metabolism 2000; 49: 23-26
147 Jennings PE. Vascular benefits of gliclazide beyond glycemic control. Metabolism 2000; 49: 17-20
148 Colwell JA. Oral treatment of diabetes mellitus: The contribution of gliclazide. Am J Med 1991; 90:
1S-2S
149 Itoh M, Omi H, Okouchi M, Imaeda K, Shimizu M, Fukutomi T, et al. The mechanisms of inhibitory
actions of gliclazide on neutrophils-endothelial cells adhesion and surface expression of endothelial
adhesion molecules mediated by a high glucose concentration. J Diabetes Complications 2003; 17:
22-26
150 Esposito K,Giugliano D, Nappo F, Marfella R. Regression of carotid atherosclerosis by control of
postprandial hyperglycemia in type 2 diabetes mellitus. Circulation 2004; 110: 214-219
151 Tankova T, Koev D,Dakovska L, Kirilov G. The effect of repaglinide on insulin secretion and
oxidative stress in type 2 diabetic patients. Diabetes Res Clin Pract 2003; 59: 43-49
152 Effect of intensive blood-glucose control with metformin on complications in overweight patients
with type 2 diabetes (UKPDS 34). UK Prospective Diabetes Study (UKPDS) Group. Lancet 1998;
352: 854-865
153 Collier A, Watson HH, Patrick AW, Ludlam CA, Clarke BF. Effect of glycaemic control, metformin
and gliclazide on platelet density and aggregability in recently diagnosed type 2 (non-insulindependent) diabetic patients. Diabete Metab 1989; 15: 420-425
154 Gin H, Freyburger G, Boisseau M, Aubertin J. Study of the effect of metformin on platelet
aggregation in insulin-dependent diabetics. Diabetes Res Clin Pract 1989; 6: 61-67
155 Gregorio F, Ambrosi F, Manfrini S, Velussi M, Carle F, Testa R, et al. Poorly controlled elderly type
2 diabetic patients: The effects of increasing sulphonylurea dosages or adding metformin. Diabet
Med 1999; 16: 1016-1024
156 Gargiulo P, Caccese D, Pignatelli P, Brufani C, De Vito F, Marino R, et al. Metformin decreases
platelet superoxide anion production in diabetic patients. Diabetes Metab Res Rev 2002; 18: 156159
157 Nagi DK, Yudkin JS. Effects of metformin on insulin resistance, risk factors for cardiovascular
disease, and plasminogen activator inhibitor in NIDDM subjects. A study of two ethnic groups.
Diabetes Care 1993; 16: 621-629
158 Grant PJ. Beneficial effects of metformin on haemostasis and vascular function in man. Diabetes
Metab 2003; 29: 6S44-52
159 Chiasson JL, Josse RG, Gomis R, Hanefeld M, Karasik A, Laakso M. Acarbose treatment and the
risk of cardiovascular disease and hypertension in patients with impaired glucose tolerance: The
STOP-NIDDM trial. JAMA 2003; 290: 486-494
160 Parulkar AA, Pendergrass ML, Granda-Ayala R, Lee TR, Fonseca VA. Nonhypoglycemic effects of
thiazolidinediones. Ann Intern Med 2001; 134: 61-71

66

161 Akbiyik F, Ray DM, Gettings KF, Blumberg N, Francis CW, Phipps RP. Human bone marrow
megakaryocytes and platelets express PPARγ, and PPARγ agonists blunt platelet release of CD40
ligand and thromboxanes. Blood 2004; 104: 1361-1368
162 Sidhu JS, Cowan D, Kaski JC. Effects of rosiglitazone on endothelial function in men with coronary
artery disease without diabetes mellitus. Am J Cardiol 2004; 94: 151-156
163 Malmberg KA, Efendic S, Ryden LE. Feasibility of insulin-glucose infusion in diabetic patients with
acute myocardial infarction. A report from the multicenter trial: DIGAMI. Diabetes Care 1994; 17:
1007-1014
164 van den Berghe G, Wouters P, Weekers F, Verwaest C, Bruyninckx F, Schetz M, et al. Intensive
insulin therapy in the critically ill patients. N Engl J Med 2001; 345: 1359-1367
165 Aronson D, Bloomgarden Z, Rayfield EJ. Potential mechanisms promoting restenosis in diabetic
patients. J Am Coll Cardiol 1996; 27: 528-535
166 Corpus RA, George PB, House JA, Dixon SR, Ajluni SC, Devlin WH, et al. Optimal glycemic
control is associated with a lower rate of target vessel revascularization in treated type II diabetic
patients undergoing elective percutaneous coronary intervention. J Am Coll Cardiol 2004; 43: 8-14
167 Trovati M, Anfossi G, Cavalot F, Massucco P, Mularoni E, Emanuelli G. Insulin directly reduces
platelet sensivity to aggregating agents. Diabetes 1988; 37: 780-786
168 Anfossi G, Massucco P, Mattiello L, Piretto V, Mularoni E, Cavalot F, et al. Insulin excerts opposite
effects on platelet function at physiological and supraphysiological concentrations. Thrombosis
Research 1996; 82: 57-68
169 Murer EH,Gyda MA, Martinez NJ. Insulin increases the aggregation response of human platelets to
ADP. Thrombosis Research 1994; 73: 69-74
170 Yngen M, Li N, Hjemdahl P, Wallen NH. Insulin enhances platelet activation in vitro. Thromb Res
2001; 104: 85-91
171 Motani AS, Änggård EE, Ferns GAA. Recombinant insulin-like growth factor-1 modulates
aggregation in human platelets via extracellular calcium. Life Sciences 1996; 58: 269-274
172 Hajek AS, Joist JH. Platelet insulin receptor. Methods in Enzymology 1992; 215: 398-403
173 Hu H, Li N, Ekberg K, Johansson BL, Hjemdahl P. Insulin, but not proinsulin C-peptide, enhances
platelet fibrinogen binding in vitro in type 1 diabetes mellitus patients and healthy subjects. Thromb
Res 2002; 106: 91-95
174 Yudkin JS, Panahloo A, Stehouwer C, Emeis JJ, Bulmer K, Mohamed-Ali V, et al. The influence of
improved glycaemic control with insulin and sulphonylureas on acute phase and endothelial markers
in type II diabetic subjects. Diabetologia 2000; 43: 1099-1106
175 Collaborative meta-analysis of randomised trials of antiplatelet therapy for prevention of death,
myocardial infarction, and stroke in high risk patients. BMJ 2002; 324: 71-86
176 Hayden M, Pignone M, Phillips C, Mulrow C. Aspirin for the primary prevention of cardiovascular
events: A summary of the evidence for the U.S. Preventive Services Task Force. Ann Intern Med
2002; 136: 161-172
177 Sacco M, Pellegrini F, Roncaglioni MC, Avanzini F,Tognoni G, Nicolucci A. Primary prevention of
cardiovascular events with low-dose aspirin and vitamin E in type 2 diabetic patients: Results of the
primary prevention project (PPP) trial. Diabetes Care 2003; 26: 3264-3272

67

178 Collaborative overview of randomised trials of antiplatelet therapy--I: Prevention of death,
myocardial infarction, and stroke by prolonged antiplatelet therapy in various categories of patients.
Antiplatelet trialists' Collaboration. BMJ 1994; 308: 81-106
179 Aspirin effects on mortality and morbidity in patients with diabetes mellitus. Early Treatment
Diabetic Retinopathy Study report 14. ETDRS investigators. JAMA 1992; 268: 1292-1300
180 Weber AA, Zimmermann KC, Meyer-Kirchrath J, Schror K. Cyclooxygenase-2 in human platelets as
a possible factor in aspirin resistance. Lancet 1999; 353: 900
181 Halushka MK, Halushka PV. Why are some individuals resistant to the cardioprotective effects of
aspirin? Could it be thromboxane A2? Circulation 2002; 105: 1620-1622
182 Ceriello A, Motz E. Prevention of vascular events in diabetes mellitus: Which "antithrombotic"
therapy? Diabetologia 1996; 39: 1405-1406
183 Mori TA, Vandongen R, Douglas AJ, McCulloch RK, Burke V. Differential effect of aspirin on
platelet aggregation in IDDM. Diabetes 1992; 41: 261-266
184 Li N, Wallen NH, Hjemdahl P. Evidence for prothrombotic effects of exercise and limited protection
by aspirin. Circulation 1999; 100: 1374-1379
185 Friend M, Vucenik I, Miller M. Research pointers: Platelet responsiveness to aspirin in patients with
hyperlipidaemia. BMJ 2003; 326: 82-83
186 Meade TW, Brennan PJ. Determination of WHO may derive most benefit from aspirin in primary
prevention: Subgroup results from a randomised controlled trial. BMJ 2000; 321: 13-17
187 A randomised, blinded, trial of clopidogrel versus aspirin in patients at risk of ischaemic events
(CAPRIE). CAPRIE steering committee. Lancet 1996; 348: 1329-1339
188 Bhatt DL, Marso SP, Hirsch AT, Ringleb PA, Hacke W, Topol EJ. Amplified benefit of clopidogrel
versus aspirin in patients with diabetes mellitus. Am J Cardiol 2002; 90: 625-628
189 Roffi M, Chew DP, Mukherjee D, Bhatt DL, White JA, Heeschen C, et al. Platelet glycoprotein
IIb/IIIa inhibitors reduce mortality in diabetic patients with non-ST-segment-elevation acute
coronary syndromes. Circulation 2001; 104: 2767-2771
190 Keating FK, Whitaker DA, Sobel BE, Schneider DJ. Augmentation of inhibitory effects of
glycoprotein IIb-IIIa antagonists in patients with diabetes. Thromb Res 2004; 113: 27-34
191 Effect of aspirin alone and aspirin plus dipyridamole in early diabetic retinopathy. A multicenter
randomized controlled clinical trial. The DAMAD study group. Diabetes 1989; 38: 491-498
192 Ticlopidine treatment reduces the progression of nonproliferative diabetic retinopathy. The TIMAD
study group. Arch Ophthalmol 1990; 108: 1577-1583
193 The effect of intensive treatment of diabetes on the development and progression of long-term
complications in insulin-dependent diabetes mellitus. The Diabetes Control and Complications Trial
Research Group. N Engl J Med 1993; 329: 977-986.
194 Intensive blood-glucose control with sulphonylureas or insulin compared with conventional treatment
and risk of complications in patients with type 2 diabetes (UKPDS 33). UK Prospective Diabetes
Study (UKPDS) Group. Lancet 1998; 352: 837-853.
195 Selvin E, Marinopoulos S, Berkenblit G, Rami T, Brancati FL, Powe NR, et al. Meta-analysis:
Glycosylated hemoglobin and cardiovascular disease in diabetes mellitus. Ann Intern Med 2004;
141: 421-431

68

196 Khaw KT, Wareham N, Bingham S, Luben R, Welch A, Day N. Association of hemoglobin A1c
with cardiovascular disease and mortality in adults: The European prospective investigation into
cancer in Norfolk. Ann Intern Med 2004; 141: 413-420
197 Nathan DM, Lachin J, Cleary P, Orchard T, Brillon DJ, Backlund JY, et al. Intensive diabetes therapy
and carotid intima-media thickness in type 1 diabetes mellitus. N Engl J Med 2003; 348: 2294-2303
198 Ceriello A. The possible role of postprandial hyperglycaemia in the pathogenesis of diabetic
complications. Diabetologia 2003; 46 Suppl 1: M9-16
199 Yudkin JS. Post-load hyperglycaemia-an inappropriate therapeutic target. Lancet 2002; 359: 166-167
200 Ceriello A, Hanefeld M, Leiter L, Monnier L, Moses A, Owens D, et al. Postprandial glucose
regulation and diabetic complications. Arch Intern Med 2004; 164: 2090-2095
201 Avignon A, Radauceanu A, Monnier L. Nonfasting plasma glucose is a better marker of diabetic
control than fasting plasma glucose in type 2 diabetes. Diabetes Care 1997; 20: 1822-1826
202 Glucose tolerance and cardiovascular mortality: Comparison of fasting and 2-hour diagnostic criteria.
Arch Intern Med 2001; 161: 397-405
203 Glucose tolerance and mortality: Comparison of WHO and American Diabetes Association
diagnostic criteria. The DECODE study group. European Diabetes Epidemiology Group. Diabetes
epidemiology: Collaborative analysis of diagnostic criteria in Europe. Lancet 1999; 354: 617-621
204 Festa A, D'Agostino R, Jr.,Tracy RP, Haffner SM. C-reactive protein is more strongly related to postglucose load glucose than to fasting glucose in non-diabetic subjects; The insulin resistance
atherosclerosis study. Diabet Med 2002; 19: 939-943
205 Ceriello A, Motz E. Is oxidative stress the pathogenic mechanism underlying insulin resistance,
diabetes, and cardiovascular disease? The common soil hypothesis revisited. Arterioscler Thromb
Vasc Biol 2004; 24: 816-823
206 Hink U, Li H, Mollnau H, Oelze M, Matheis E, Hartmann M, et al. Mechanisms underlying
endothelial dysfunction in diabetes mellitus. Circ Res 2001; 88: E14-22
207 Guerci B, Bohme P, Kearney-Schwartz A, Zannad F, Drouin P. Endothelial dysfunction and type 2
diabetes. Part 2: Altered endothelial function and the effects of treatments in type 2 diabetes
mellitus. Diabetes Metab 2001; 27: 436-447
208 Guerci B, Kearney-Schwartz A, Bohme P, Zannad F, Drouin P. Endothelial dysfunction and type 2
diabetes. Part 1: Physiology and methods for exploring the endothelial function. Diabetes Metab
2001; 27: 425-434
209 Cosentino F, Eto M, De Paolis P, van der Loo B, Bachschmid M, Ullrich V, et al. High glucose
causes upregulation of cyclooxygenase-2 and alters prostanoid profile in human endothelial cells:
Role of protein kinase C and reactive oxygen species. Circulation 2003; 107: 1017-1023
210 Morohoshi M, Fujisawa K, Uchimura I, Numano F. Glucose-dependent interleukin 6 and tumor
necrosis factor production by human peripheral blood monocytes in vitro. Diabetes 1996; 45: 954959
211 Guha M, Bai W, Nadler JL, Natarajan R. Molecular mechanisms of tumor necrosis factor alpha gene
expression in monocytic cells via hyperglycemia-induced oxidant stress-dependent and -independent
pathways. J Biol Chem 2000; 275: 17728-17739
212 Steiner G. Lipid intervention trials in diabetes. Diabetes Care 2000; 23 Suppl 2: B49-53
213 Kirpichnikov D, Sowers JR. Diabetes mellitus and diabetes-associated vascular disease. Trends
Endocrinol Metab 2001; 12: 225-230

69

214 Sowers JR, Lester MA. Diabetes and cardiovascular disease. Diabetes Care 1999; 22 Suppl 3: C14-20
215 Wannamethee SG, Lowe GD, Shaper AG, Rumley A, Lennon L, Whincup PH. Insulin resistance,
haemostatic and inflammatory markers and coronary heart disease risk factors in type 2 diabetic men
with and without coronary heart disease. Diabetologia 2004;47: 1557-1565
216 Yudkin JS. Adipose tissue, insulin action and vascular disease: Inflammatory signals. Int J Obes Relat
Metab Disord 2003; 27 Suppl 3: S25-28
217 Chaturvedi N, Sjoelie AK, Porta M, Aldington SJ, Fuller JH, Songini M, et al. Markers of insulin
resistance are strong risk factors for retinopathy incidence in type 1 diabetes. Diabetes Care 2001;
24: 284-289
218 Anfossi G, Mularoni EM, Burzacca S, Ponziani MC, Massucco P, Mattiello L, et al. Platelet
resistance to nitrates in obesity and obese NIDDM, and normal platelet sensitivity to both insulin
and nitrates in lean NIDDM. Diabetes Care 1998; 21: 121-126
219 Trovati M, Mularoni EM, Burzacca S, Ponziani MC, Massucco P, Mattiello L, et al. Impaired insulininduced platelet antiaggregating effect in obesity and in obese NIDDM patients. Diabetes 1995; 44:
1318-1322
220 Falcon C, Pflieger G, Deckmyn H, Vermylen J. The platelet insulin receptor: Detection, partial
characterization, and search for a function. Biochem Biophys Res Commun 1988; 157: 1190-1196
221 Trovati M, Massucco P, Mattiello L, Piretto V, Cavalot F, Mularoni E, et al. The insulin-induced
increase of guanosine-3´,5´-cyclic monophosphate in human platelets is mediated by nitric oxide.
Diabetes 1996; 45: 768-770
222 Abrahm DR, Hollingsworth PJ, Smith CB, Jim L, Zucker LB, Sobotka PA, et al. Decreased alpha 2adrenergic receptors on platelet membranes from diabetic patients with autonomic neuropathy and
orthostatic hypotension. J Clin Endocrinol Metab 1986; 63: 906-912
223 Ferrannini E, Galvan AQ, Gastaldelli A, Camastra S, Sironi AM, Toschi E, et al. Insulin: New roles
for an ancient hormone. Eur J Clin Invest 1999; 29: 842-852
224 Juhan-Vague I, Thompson SG, Jespersen J. Involvement of the hemostatic system in the insulin
resistance syndrome. A study of 1500 patients with angina pectoris. The ECAT Angina Pectoris
Study Group. Arterioscler Thromb 1993; 13: 1865-1873
225 Tooke JE, Goh KL. Vascular function in type 2 diabetes mellitus and pre-diabetes: The case for
intrinsic endotheiopathy. Diabet Med 1999; 16: 710-715
226 Sowers JR. Obesity as a cardiovascular risk factor. Am J Med 2003; 115 Suppl 8A: 37S-41S
227 Dandona P, Aljada A, Chaudhuri A, Bandyopadhyay A. The potential influence of inflammation and
insulin resistance on the pathogenesis and treatment of atherosclerosis-related complications in type
2 diabetes. J Clin Endocrinol Metab 2003; 88: 2422-2429
228 Stehouwer CD, Schaper NC. The pathogenesis of vascular complications of diabetes mellitus: One
voice or many? Eur J Clin Invest 1996; 26: 535-543.
229 Reaven GM, Lithell H, Landsberg L. Hypertension and associated metabolic abnormalities--the role
of insulin resistance and the sympathoadrenal system. N Engl J Med 1996; 334: 374-381
230 Salomaa V, Rosamond W, Mahonen M. Decreasing mortality from acute myocardial infarction:
Effect of incidence and prognosis. J Cardiovasc Risk 1999; 6: 69-75
231 Sowers JR, Epstein M, Frohlich ED. Diabetes, hypertension, and cardiovascular disease: An update.
Hypertension 2001; 37: 1053-1059

70

232 Adler AI, Stratton IM, Neil HA, Yudkin JS, Matthews DR, Cull CA, et al. Association of systolic
blood pressure with macrovascular and microvascular complications of type 2 diabetes (UKPDS
36): Prospective observational study. BMJ 2000; 321: 412-419
233 Panza JA,Quyyumi AA,Brush JE, Jr., Epstein SE. Abnormal endothelium-dependent vascular
relaxation in patients with essential hypertension. N Engl J Med 1990; 323: 22-27
234 Luscher TF. Platelet-vessel wall interaction: Role of nitric oxide, prostaglandins and endothelins.
Baillieres Clin Haematol 1993; 6: 609-627
235 Tooke JE,Shore AC,Cohen RA, Kluft C. Diabetic angiopathy: Tracking down the culprits. J Diabetes
Complications 1996; 10: 173-181
236 Stehouwer CD, Yudkin JS, Fioretto P, Nosadini R. How heterogeneous is microalbuminuria in
diabetes mellitus? The case for 'benign' and 'malignant' microalbuminuria. Nephrol Dial Transplant
1998; 13: 2751-2754
237 Janes SL, Wilson DJ, Chronos N, Goodall AH. Evaluation of whole blood flow cytometric detection
of platelet bound fibrinogen on normal subjects and patients with activated platelets. Thromb
Haemost 1993; 70: 659-666.
238 Li N, Hu H, Lindqvist M, Wikstrom-Jonsson E, Goodall AH, Hjemdahl P. Platelet-leukocyte cross
talk in whole blood. Arterioscler Thromb Vasc Biol 2000; 20: 2702-2708
239 Perneby C,Granstrom E, Beck O, Fitzgerald D, Harhen B, Hjemdahl P. Optimization of an enzyme
immunoassay for 11-dehydro-thromboxane B(2) in urine: Comparison with GC-MS. Thromb Res
1999; 96: 427-436
240 Pickup JC,Chusney GD,Thomas SM, Burt D. Plasma interleukin-6, tumour necrosis factor alpha and
blood cytokine production in type 2 diabetes. Life Sci 2000; 67: 291-300
241 Arnalich F, Hernanz A, Lopez-Maderuelo D, Pena JM, Camacho J, Madero R, et al. Enhanced acutephase response and oxidative stress in older adults with type II diabetes. Horm Metab Res 2000; 32:
407-412
242 Pradhan AD, Manson JE, Rifai N,Buring JE, Ridker PM. C-reactive protein, interleukin 6, and risk of
developing type 2 diabetes mellitus. JAMA 2001; 286: 327-334
243 Kohner EM (1999) Diabetic retinopathy. In: Diabetic angiopathy (ed. by J Tooke), pp. 233-247.
Arnold, The Bath Press, Great Britain, Bath.
244 Muhlestein JB, Anderson JL, Horne BD, Lavasani F, Allen Maycock CA, Bair TL, et al. Effect of
fasting glucose levels on mortality rate in patients with and without diabetes mellitus and coronary
artery disease undergoing percutaneous coronary intervention. Am Heart J 2003; 146: 351-358

71

