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ABBREVIATIONS

ACRP30				    Adipocyte Complement Related Protein 		
					     of 30 kD
ADP					    adenosine diphosphate
AGEs 				    advanced glycation end products 
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Bcl-3					    B-cell lymphoma 3 
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Clk1					     Cdc2-like kinase 1
COX-1/2				    cyclo-oxygenase-1/2
CREB 				    cAMP response element-binding protein 
CRP					    C-reactive protein
CVD					    cardiovascular diseases
DM 					     diabetes mellitus 
F					     Factor
HDL					     high-density lipoprotein
HT 					     HEPES–Tyrode  
IBMX 				    3-isobutyl-1-methylxanthine 
ICAM-1 				    intracellular adhesion molecule-1
IGF-1 R 				    insulin-like growth factor-1 receptor 
IL-1b					    interleukin-1b
IL-6					     interleukin-6
INS-R 				    insulin receptor 
IRS-1				    insulin receptor substrate-1
ISI 					     insulin-sensitivity index 
JAK2				    Janus kinase 2
JNK 					    Jun NH2-terminal kinase
LPS					     lipopolysaccharide
LRP					     lipoprotein-related protein 
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MAPK				    mitogen-activated protein kinase
MCP-1				    monocyte chemoattractant protein-1
MetS 				    metabolic syndrome 
MODY 				    Maturity Onset Diabetes of the Young
NaVO3				    sodium vanadate 
NCEP-ATPIII 			   National Cholesterol Education Program’s 	
					     Adult Treatment Panel III
NF-kB				    nuclear factor kappa-light-chain-enhancer 	
					     of activated B cells
PAI-1				    plasminogen activator inhibitor-1 
PI3-K				    phosphoinositide-3 kinase 
PKB					     protein kinase B
PKC					    protein kinase C
PMSF 				    phenylmethylsulfonyl fluoride 
PRP 					    platelet-rich plasma 
PTB 					    polypyrimidine-tract binding  
PTP1B 				    protein-tyrosine phosphatase 1B
RBP4				    retinol binding protein-4
rFVIIa 				    recombinant Factor VIIa 
Ser					     serine
serpin				    serine protease inhibitor 
SF2					     splicing factor 2 
SOCS 				    Suppressor Of Cytokine Signaling 
SR 					     serine/arginine dipeptide 
STAT					    Signal Transducers and Activators of Tran-	
					     scription 
T2DM 				    type 2 diabetes mellitus
TBS 					    tris-buffered saline  
Thr					     threonine	
TF					     Tissue Factor 
TFPI 				    tissue factor pathway inhibitor
TLR4				    Toll-like receptor 4
TNF-a				    tumor necrosis factor-a
tPA					     tissue plasminogen activator
TPO 					    thrombopoietin 
TxA2	 				    thromboxane A2

Tyr					     tyrosine
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General introduction 
Disturbances of the haemostatic balance in type 2 
diabetes
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In the following part we review the pathogenesis of obesity leading to the pro-
thrombotic situation in the metabolic syndrome and in type 2 diabetes. Obesity 
is a major risk factor for insulin resistance, type 2 diabetes and cardiovascular 
diseases (CVD). Increased levels of adipokines -the following are studied in this 
thesis: leptin, Plasminogen Activator Inhibitor-1 (PAI-1), resistin, Retinol Binding 
Protein4 (RBP4), visfatin, Tumor Necrosis Factor-a (TNF-a), Interleukin-6 (IL-6)- 
might induce insulin resistance. Insulin resistance leads to hypersensitive plate-
lets, monocytes and endothelial cells resulting in easier activation of these cells. 
This might explain the prothrombotic situation in the metabolic syndrome and type 
2 diabetes.  

OBESITY

The prevalence of obesity in adults has increased rapidly in western countries in 
the last decades 1,2. In adults, overweight is defined as a body mass index (BMI) of 
25 to 29.9 kg/m2 and obesity as BMI ≥ 30 kg/m2. Currently nearly 70% of adults in 
the US are classified as overweight or obese compared to 25% in the early 1960s 
3,4. Obesity alone was present in 15% of the adult population in the US in 1980 
and has increased to 33% in 2004 5. The World Health Organization estimates 
that there are at least 400 million obese adults worldwide and this number will 
increase to more than 700 million in 2015. Obesity results from an excess energy 
intake and/or too little energy expenditure. Evidence indicates that obesity is as-
sociated with greater morbidity and poorer health-related quality of life than smok-
ing, alcoholism or poverty 6. If current trends continue, obesity will soon overtake 
smoking as the primary preventable cause of death 7. Obesity is associated with 
numerous co-morbidities such as CVD, type 2 diabetes, hypertension, hypercho-
lesterolemia, hypertriglyceridemia, nonalcoholic fatty liver disease, osteo-arthritis, 
asthma, sleep apnea/sleep-disordered breathing and certain cancers. Growing 
evidence suggests that a state of chronic inflammation associated with obesity 
provides a molecular link to some of these pathologic conditions. 

Adipose tissue
In contrast to the idea that the only function of adipose tissue is to serve as an 
efficient storage depot for triglycerides, nowadays adipose tissue is considered 
an endocrine organ, which has a central role in lipid and glucose metabolism and 
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plays a substantial role in the pathogenesis and complications of obesity. In ad-
dition to adipocytes, adipose tissue contains a connective tissue matrix in which 
numerous immune cells including macrophages are present together with fibro-
blasts, endothelial cells and pre-adipocytes and which is well vascularized and 
innervated 8,9. White adipose tissue (WAT) is the storage depot for triglycerides 
and when other tissues require energy, lipids are mobilized from here for systemic 
utilization. WAT is subdivided into subcutaneous and abdominal fat, which may 
have different (patho)physiological functions. Adipose tissue dysfunction results 
in several pathological processes such as inflammation, insulin resistance, hyper-
tension and dyslipidemia 10. These are caused by the active secretion of cytokines 
such as tumour necrosis factor-a (TNF-a) and interleukin-6 (IL-6) 11,12, and other 
proteins and hormones expressed by adipose tissue together called adipokines. 
These adipokines or adipocytokines help to regulate metabolic homeostasis such 
as glucose metabolism, lipid metabolism, inflammation, coagulation, blood pres-
sure and feeding behaviour, and include leptin, adiponectin, resistin, TNF-a, IL-6, 
monocyte chemoattractant protein-1 (MCP-1), plasminogen activator inhibitor-1 
(PAI-1), angiotensinogen, visfatin, retinol-binding protein-4 (RBP4), serum amy-
loid A and others 13. When adipose tissue and adipocyte volume increase, plasma 
adipokine levels rise, except for plasma adiponectin, which is lower in obesity 
14. Leptin and adiponectin are considered true adipokines, because they are pri-
marily expressed by adipocytes 15,16, while other adipokines are more generally 
expressed. Resistin is produced by mononuclear cells such as macrophages 17 
and TNF-a, IL-6, MCP-1, visfatin and PAI-1 are expressed in adipocytes as well 
as activated macrophages and other immune cells 18. The relative contribution of 
the adipocyte versus the macrophage present in the adipose tissue is still unclear. 
Thus, adipose tissue is a complex and active secretory organ that both sends and 
receives signals that modulate energy expenditure, appetite, insulin sensitivity, 
endocrine and reproductive functions, bone metabolism, inflammation and im-
munity19.

Adipokines
Leptin is a 167-amino acid adipokine of the ob gene with a molecular weight of 
about 16 kD and circulates in plasma in a concentration of ~30 ng/mL. It is mainly 
produced by adipocytes and has important effects on metabolism and feeding be-
havior 20. Administration of recombinant leptin reduces food intake and increases 
energy expenditure in mice deficient for leptin, the ob/ob mice. In addition, leptin 
regulates inflammation, insulin secretion and angiogenesis 21. Obesity is charac-
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terized by elevated leptin levels, suggesting resistance to leptin in obese individu-
als 22. Resistance to leptin might be tissue-specific and therefore several actions 
of leptin might be preserved in obese subjects, i.e. selective leptin resistance 23. 
Elevated plasma leptin concentrations are an independent risk factor for CVD 24. 
The direct link between leptin and the risk for thrombotic complications in obese 
individuals appeared in studies with ob/ob mice, which show delayed thrombotic 
occlusion and unstable thrombi, which more frequently embolize. Thrombus for-
mation was restored to the phenotype of wild-type mice after leptin administration. 
Similar effects were observed with leptin-neutralizing antibodies 25. Leptin poten-
tentiates human platelet aggregation in vitro in response to adenosine diphos-
phate (ADP) and thrombin in a dose-dependent manner 26. Leptin activation oc-
curs via activation of leptin receptors of which two subtypes, designated as leptin 
receptor Ob-Ra and Ob-Rb are known. Indeed, both leptin receptor Ob-Ra and 
Ob-Rb have been detected in platelets and signaling involves Janus kinase 2 
(JAK2),  insulin receptor substrate-1 (IRS-1), phosphoinositide-3 kinase (PI3-K) 
and protein kinase B (PKB), which cause elevation of cytosolic Ca2+, activation of 
phospholipase C and protein kinase C (PKC) 27. 

Adiponectin, also known as adipoQ or Adipocyte Complement Related Protein of 
30 kD (ACRP30), is an abundantly present adipokine with a plasma concentration 
of around 5-10 μg/mL. It is mainly expressed by adipocytes and is a member of 
the complement factor Clq family of proteins 16,28,29. It consists of a 244-amino-
acid-long polypeptide that aggregates into multimeric complexes of various mo-
lecular mass. In plasma it circulates in three different full-length isoforms (trimer, 
hexamer, and multimers) and as globular form. In abdominal obesity and type 2 
diabetes, plasma levels are decreased. Hotta et al described a 1.2- and 1.5-fold 
reduction of adiponectin levels in diabetic men and women respectively compared 
to nondiabetic subjects 14. Adiponectin improves insulin sensitivity through inhibi-
tion of hepatic glucose production, and via enhancement of glucose uptake in 
muscle. It increases fatty acid oxidation in both liver and muscle and augments 
energy expenditure in vitro, presumably by enhanced uncoupling of ATP genera-
tion in mitochondria. Furthermore, it has anti-atherosclerotic and anti-inflammatory 
properties 10,30,31. The association between adiponectin levels and platelet activa-
tion was studied in adiponectin-knockout mice. These mice showed accelerated 
thrombus formation, thereby demonstrating the antithrombotic effect of adiponec-
tin. Opposite effects were observed in an overexpression model, which resulted 
in diminished thrombus formation 32. Receptors for adiponectin have been identi-
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fied in several tissues; AdipoR1, AdipoR2 and T-cadherin, which affect the down-
stream target AMP kinase. The presence of transcripts for adiponectin receptors 
in mouse platelets and human megakaryocytes suggests that adiponectin may 
have direct effects on these cells 32. 

Plasminogen activator inhibitor-1 (PAI-1) is a single chain glycoprotein serine pro-
tease inhibitor (serpin) with a molecular weight of 50 kD consisting of 379 amino 
acids and has a plasma concentration of around 26 ng/mL. It binds and inactivates 
tissue plasminogen activator (tPA) and urokinase plasminogen activator inhibiting 
plasmin formation and degradation of fibrin clots. Thus, it thereby plays an impor-
tant role in the regulation of fibrinolysis. It is expressed by hepatocytes, adipo-
cytes, fibroblasts, mononuclear cells 33,34 and detected in a-granules of platelets, 
megakaryocytes, endothelial cells and smooth muscle cells 33,35. PAI-1 circulates 
in its active form in complex with the glycoprotein vitronectin, which stabilizes the 
active conformation and increases its biological half-life. Plasma PAI-1 levels are 
elevated in patients with coronary artery disease 36-38. Plasma PAI-1 activity, adi-
pose tissue PAI-1 secretion and adipose PAI-1 mRNA levels were 7-fold, 6-fold 
and 2-fold increased respectively, in the obese group compared to healthy sub-
jects 39. Elevated plasma PAI-1 levels in the obese state correlated with increased 
PAI-1 mRNA and protein in adipose tissue 40. Of all different haemostatic factors, 
PAI-1 shows the strongest association with insulin resistance. PAI-1 levels are 
strongly correlated with factors that define the metabolic syndrome such as BMI, 
blood pressure, plasma triglycerides and insulin level 41,42. Elevated PAI-1 levels 
were an independent risk factor for the development of type 2 diabetes in healthy 
subjects 43, suggesting that they may be a very early risk marker for the develop-
ment of the metabolic syndrome and type 2 diabetes. The receptor for PAI-1 that 
leads to these effects remains unknown. However, Degryse et al demonstrated 
that PAI-1 binds to low density lipoprotein-related protein (LRP), thereby activat-
ing the JAK2/Signal Transducers and Activators of Transcription (STAT) signaling 
pathway and stimulating cell migration 44.  

Resistin is an inflammatory cytokine produced by adipocytes and immune cells 
and is upregulated by pro-inflammatory cytokines and lipopolysaccharide (LPS) 
45-47. The length of the pre-peptide is 108 amino acids, the molecular weight is 
around 12.5 kD and it circulates in a concentration of ~15 ng/mL. Resistin stimu-
lates intracellular signaling through nuclear factor kappa-light-chain-enhancer of 
activated B cells (NF-kB) activation, which in turn promotes the synthesis of other 
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proinflammatory cytokines, including TNF-a, IL-6, MCP-1, and IL-12 and the sur-
face adhesion molecules intracellular adhesion molecule-1 (ICAM-1) and vascu-
lar cell adhesion molecule-1 (VCAM-1). However, the resistin receptor has not yet 
been identified. Various proinflammatory stimuli, such as TNF-a, IL-6, IL-1b and 
LPS, in turn induce the expression of resistin. In addition to its potential roles in 
insulin resistance, resistin may play a role in the inflammation associated with the 
pathogenesis of CVD, although this has not been established in humans.  

Retinol Binding Protein 4 (RBP4) consists of 183 amino acid residues, has a 
molecular weight of 21 kD and its plasma concentration is ~50 ng/mL. RBP4 was 
discovered in an adipose-specific GLUT-4 knockout mouse, where the production 
of an adipocyte-derived protein that contributed to the effects on systemic me-
tabolism was altered 48. Serum levels of RBP4 were ~ 1.9-fold increased in obese 
and type 2 diabetic humans compared with lean controls and 2.5-fold elevated in 
GLUT-4 knockout mice compared to control mice. A direct role for RBP4 in insu-
lin sensitivity was demonstrated by overexpression and administration of RBP4, 
which caused insulin resistance, whereas deletion of the gene reduced insulin 
resistance and blood glucose levels in obese mice 49. A role for RBP4 in insulin 
resistance and diabetes is strongly supported by studies that show correlations 
between RBP4 levels and the magnitude of insulin resistance 50. RBP4 levels are 
also indirectly correlated with a number of cardiovascular risk indexes including 
BMI, waist-to-hip ratio, serum triglycerides, systolic blood pressure and inversely 
with plasma HDL 50. Whether RBP4 contributes to the pathogenesis of CVD in 
obesity is yet to be elucidated. RBP4 binds to LRP2/megalin with low affinity and 
a high-affinity cell-surface receptor for RBP4 has been recently identified as the 
multitransmembrane domain protein STRA6, which functions as a major physi-
ological mediator of retinol uptake by cells 51.

Visfatin is a novel adipokine that corresponds to the previously identified pre-B col-
ony-enhancing factor 52,53. It consist of 491 amino acids and full-length visfatin has 
a molecular mass of 52 kD. It is highly expressed in adipose tissue, lymphocytes, 
liver and muscle, with higher expression in visceral than subcutaneous WAT 53,54 
and circulates in plasma in a concentration of ~2 ng/mL. Visfatin is thought to bind 
to an allosteric site on the insulin receptor and induces insulin-like effects 53. This 
suggests that it has a role in glucose homeostasis. The exact effects of visfatin 
remain largely unknown and much controversy exists regarding the relationship 
of visfatin to obesity, insulin resistance, and type 2 diabetes 55. Serum levels of the 
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protein were increased in obese and diabetic mice 53. In morbidly obese humans, 
who are defined as subjects with a BMI of 40 to 49.9 kg/m2, elevated plasma lev-
els were found which were subsequently lowered with weight loss 56. However, in 
addition there are studies that show contradictory results 57,58.   

Tumor Necrosis Factor-a (TNF-a) is a cytokine and an important inflammatory 
mediator, which is secreted both by inflammatory cells such as macrophages, NK 
cells, and T-cells, and by adipocytes. TNF-a is primarily produced as a 212-amino 
acid-long transmembrane protein, which can be cleaved off, resulting in soluble 
TNF-a  with a molecular mass of 21 kD. TNF-a  plasma levels are ~5 pg/mL. It is 
thought to play a role in the development of insulin resistance 59. In adipose tissue 
from ob/ob mice, TNF-a mRNA levels were increased compared to wild-type con-
trols 60. In obese individuals, mRNA and protein levels were increased in adipose 
tissue compared with lean subjects 59. Conflicting studies report either increases 
61,62 in TNF-a in human subjects with insulin resistance or decreases 63,64. TNF-a 
binds to 2 receptors, TNF receptor type 1 and TNF receptor type 2, which start 
3 different pathways, namely activation of NF-kB, activation of mitogen-activated 
protein kinase (MAPK) pathways or induction of death signaling. 

Interleukin-6 (IL-6) is a well-known pro-inflammatory cytokine and among the first 
to be implicated as mediator of insulin resistance and CVD. It consists of 212 
amino acids and is a phosphoglycoprotein with a molecular weight ranging from 
21 to 29 kDa, depending on the degree of glycosylation and phosphorylation. It 
is produced in large quantities by abdominal adipose tissue, and circulates in 
plasma in a concentration of ~1.2 ng/mL. IL-6 production in abdominal adipose 
tissue is 3-fold higher than in subcutaneous adipose tissue, indicating that IL-6 
might be one of the factors that make an increase in abdominal adipose tissue a 
high risk factor for the development of insulin resistance 65. Elevated IL-6 plasma 
levels are associated with insulin resistance and with increased risk of diabetes, 
independently of body weight 66. Indeed, in type 2 diabetes patients circulating 
levels of IL-6 are 3.1-fold increased compared to control subjects 63,67. A high dose 
of IL-6 given peripherally results in decreased insulin sensitivity 68. It is therefore 
rather unexpected that IL-6 deficient mice are obese, insulin resistant and dia-
betic. Depletion of IL-6 in mice causes adverse rather than beneficial effects on fat 
and glucose metabolism, possibly secondary to the increased obesity 69.  Binding 
of IL-6 to its receptor, a cell-surface type I cytokine receptor complex consisting 
of the ligand-binding IL-6Rα chain and the signal-transducing component gp130, 
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also called CD130, results in activation of the JAK/STAT pathway 70. 

Apart from leptin, adiponectin, PAI-1, resistin, RBP4, visfatin, TNF-a and IL-6 
(summarized in Table 1), currently up to 50 other adipokines have been identified, 
such as angiotensinogen, acylation-stimulating protein (ASP), adrenomedullin, 
serum amyloid A and MCP-1. 

Table 1. Adipokines (Source: Hajer et al, Eur Heart J, 2008)

    Adipokine		                            Full name	                                     Effects on

     Leptin		                                Leptin		            Food intake, fat mass
 Adiponectin		                            Adiponectin	                  Insulin resistance, inflammation
    Resistin		                              Resistin	                  Insulin resistance, inflammation
     Visfatin		                               Visfatin		                  Insulin resistance

     RBP4                                            Retinol binding protein 4	                Lipid metabolism
 
     TNF-a		                 Tumor Necosis Factor-a                             Inflammation
       IL-6			            Interleukin-6		                    Inflammation
      PAI-1	                            Plasminogen Activator Inhibitor-1                     Fibrinolysis
 

Metabolic syndrome
The prevalence of the metabolic syndrome, also known as metabolic syndrome X, 
syndrome X, insulin resistance syndrome and Reaven's syndrome, is increasing 
to epidemic proportions throughout the world 71. In particular, in obesity the preva-
lence of the components of the metabolic syndrome is increased 72.
Already in the 1920s associations of risk factors for diabetes have been described 
by Joslin EP, but the term metabolic syndrome was not used until late 1950s and 
came into common usage in the late 1970s. The metabolic syndrome is a clus-
tering of components that reflect overnutrition and an inactive lifestyle including 
abdominal fat, insulin resistance, dyslipidemia (high triglycerides and low high-
density lipoprotein (HDL)), and hypertension. Because the metabolic syndrome 
is not a single disease, multiple definitions have been developed over the years. 
In 2001, the National Cholesterol Education Program's Adult Treatment Panel III 
(NCEP-ATPIII) definition of the metabolic syndrome was set 73, where subjects 
suffering from the metabolic syndrome meet in the following criteria; the presence 
of three or more of the following components: waist circumference ≥ 102 cm for 
men and ≥ 88 cm for women, triglycerides ≥ 150 mg/dl, HDL-c < 40 mg/dl for men 
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or < 50 mg/dl for women, blood pressure ≥ 130/85 mm Hg, fasting plasma glucose 
≥ 110 mg/dl. 
Two additional components have been defined by the American Heart Association 
on metabolic syndrome definition. These are a proinflammatory and a prothrom-
botic state 74. Studies show that the metabolic syndrome is associated with a 
2-fold increase in CVD risk 75 and an up to 5-fold increased risk for type 2 diabetes 
76,77. It is accompanied by important changes in the haemostatic system that may 
change the balance towards a prothrombotic phenotype; hyperactive platelets, 
hypercoagulability, hypofibrinolysis and endothelial dysfunction. In addition, it is 
associated with nonalcoholic fatty liver disease, reproductive disorders and ob-
structive sleep apnea.      
The underlying cause of this multifactorial disease has been sought in abdomi-
nal obesity and insulin resistance. Lifestyle modification and weight loss should, 
therefore, be the focus of treating or preventing the metabolic syndrome and its 
components. 

DIABETES MELLITUS

Diabetes has reached epidemic proportions and currently affects 246 million peo-
ple worldwide. It is expected to affect 380 million by 2025 and each year a further 
7 million people develop diabetes (www.idf.org, Figure 1). In the Netherlands in 
2007, 740.000 people were diagnosed with diabetes and an estimated 250.000 
people undiagnosed. Currently one million people might be diabetic in the Neth-
erlands (www.diabetesfonds.nl, www.rivm.nl). Diabetes is a chronic metabolic dis-
ease, characterized by day-time or fasting hyperglycaemia. There are a number 
of subtypes of diabetes, the most well known of which comprise of type 1 diabetes 
mellitus which is an autoimmune disease with destruction of b-cells, and type 2 
diabetes mellitus which is a heterogeneous disorder characterized by a combi-
nation of defects in both insulin secretion and insulin sensitivity. Other subtypes 
are gestational diabetes, and specific diabetes disorders mostly due to hereditary 
syndromes such as Maturity Onset Diabetes of the Young (MODY) and many oth-
ers. Some 80 to 90% of all diabetic individuals have type 2 diabetes. 
Diabetes mellitus is characterized by hyperglycemia and is diagnosed by dem-
onstrating one of the following: fasting plasma glucose level ≥ 126 mg/dL (7.0 
mmol/L), plasma glucose ≥ 200 mg/dL (11.1 mmol/L) two hours after a 75 g oral 
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Figure 1. Number of people with diabetes (20-79 years), 2010 and 2030

Source: International Diabetes Federation (www.eatlas.idf.org)

glucose load, or symptoms of hyperglycemia and plasma glucose ≥ 200 mg/dL 
(11.1 mmol/L). A second test on a different day has to confirm whether a subject 
has diabetes. 
Insulin plays a central role in this disease. It is the key hormone for regulation of 
blood glucose level. In general, normoglycaemia, a glucose level within 4.0 and 
6.0 mmol/L, is maintained by the balanced interplay between insulin sensitivity in 
the peripheral tissues and insulin secretion by the pancreatic b-cells. Importantly, 
the normal pancreatic b-cell adapts to changes in insulin signaling; a decrease 
in insulin sensitivity is accompanied by upregulation of insulin secretion and vice 
versa. Dysfunction of the b-cells is a critical component in the pathogenesis of type 
2 diabetes. When insulin sensitivity decreases the system usually compensates 
by increasing b-cell function. However, at the same time, the concentration of 
blood glucose at fasting and several hours after glucose load will increase mildly. 
Although this increase may be small, it is thought that in type 2 diabetes this leads 
to a compensatory increase in insulin secretion by the pancreatic b-cells and, 
ultimately, b-cell failure. Insulin resistance is characterized by a reduction in sen-
sitivity to the action of insulin in tissues involved in glucose metabolism, including 
the liver, skeletal muscle and adipocytes. Additionally, insulin resistance occurs in 
other cell types, such as platelets, macrophages and cardiac myocytes.

Atherothrombosis
Diabetes is a chronic disease with severe complications, such as CVD, visual 
impairment, nephropathy, neuropathy and amputations. Each year 3.8 million 
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deaths are attributable to diabetes. And this number is even higher when death 
caused by secondary effects, such as diabetes-related lipid disorders and hyper-
tension, are added. On average, people with type 2 diabetes will die 5-10 years 
earlier than people without diabetes. CVD is the major cause of death in diabetes 
patients. Diabetes is considered to be a prothrombotic state; eighty percent of 
type 2 diabetes patients will die a thrombotic death. The risk of cardiovascular 
mortality and morbidity in type 2 diabetes patients is 2 to 8 fold increased com-
pared with healthy controls. Atherothrombotic disorders affect the coronary and 
cerebral circulation and peripheral arteries in the lower limbs. The combination 
of hyperactive platelets, hypercoagulability, hypofibrinolysis and endothelial dys-
function creates a thrombotic clustering which explains the increased risk of CVD 
in type 2 diabetes patients (Diabetes Atlas, 3rd edition, IDF 2007, Diabetes and 
CVD: Time to Act, IDF 2001, WHO Diabetes Unit Epidemiology). 

Increased platelet reactivity 
Activated platelets adhere to the vascular subendothelium which is exposed fol-
lowing endothelial cell damage; platelets will then release storage granules and 
aggregate to form thrombi. Activation of platelets is accompanied by the increased 
expression of activated GPIIb/IIIa receptors which bind fibrinogen and facilitate 
platelet aggregation. Platelets are activated by a number of different factors in-
cluding components of the subendothelium such as collagen, and the coagula-
tion factor thrombin, and endogenous factors released from storage granules; 
ADP, platelet activating factor and thromboxane A2 (TxA2). The adhesion/aggre-
gation of platelets is regulated by the balance between pro-aggregants and anti-
aggregants within the circulation. 
Platelet function is also regulated by insulin acting via insulin receptors on the 
platelet surface 78,79. Under in vitro conditions, insulin has a direct inhibitory effect 
on platelets from healthy individuals. Inhibition is caused by interference with the 
suppression of cAMP, a potent intracellular inhibitor of aggregation and secre-
tion. In the presence of insulin, the insulin receptor on the surface becomes Tyr 
phosphorylated as well as a downstream target of the insulin receptor, IRS-1. 
Subsequently, IRS-1 binds to the a-subunit of the inhibitory GTP-binding protein 
of adenylyl cyclase Gia-2, thereby inactivating the subunit through Tyr phospho-
rylation. Gi is an intermediate in the signaling pathway of the purinergic P2Y12 
receptor for ADP. The inhibition of Gia-2 by insulin interferes with the suppression 
of cAMP levels and attenuates platelet aggregation 78.  
Platelet hyperactivity and hyperaggregability play a crucial role in the development 
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of thrombotic complications associated with type 2 diabetes patients. Diabetic 
platelets are more sensitive to agonists, likely because they are less sensitive 
to the inhibitory action of insulin. This insulin resistance can therefore lead more 
easily to activation. Indeed, platelets from type 2 diabetic individuals adhere to the 
vascular endothelium and aggregate more easily than from healthy individuals. 
Under experimental conditions type 2 diabetes platelets show better adhesion, 
aggregation and TxA2 production than controls. They circulate while exposing P-
selectin caused by fusion of the a-granules with the plasma membrane. Intensive 
insulin treatment partly normalizes the hyperaggregability, further suggesting that 
the hyperactivity seen in vivo might be caused by the absence of insulin inhibition 
80-85. 
Hyperactivity of platelets may be caused by abnormal synthesis by their progeni-
tor, the megakaryocytes. Megakaryocytes develop from haematopoietic stem 
cells in the bone marrow in a two weeks process of differentiation, which involves 
DNA endoreduplication, cytoplasmic maturation and expansion, and finally re-
lease of cytoplasmic fragments into the circulation 86,87. Megakaryocytopoiesis and 
platelet production are under control of cytokines, as well as adhesive interactions 
within the microenvironment of the bone marrow 88. Thrombopoietin (TPO), also 
known as c-Mpl ligand, is the most potent cytokine for stimulating the proliferation 
and maturation of megakaryocytes progenitor cells, stimulating megakaryocytes 
to increase in cell size and ploidy and to form proplatelet processes that fragment 
into single platelets 89. In in vitro cultures, maturation is under control of TPO, stem 
cell factor, interleukin-1b and other cytokines. Interestingly, changes in relative 
concentrations of growth factors trigger alterations in protein expression, illustrat-
ing the high responsiveness of megakaryocytes to cytokines. 

Hypercoagulability 
In type 2 diabetes, elevated circulating levels of Tissue Factor (TF), plasma fi-
brinogen, factors VII, VIII, XI and XII, kallikrein and possibly von Willebrand factor 
(VWF) are detected, explaining the hypercoagulability observed in these patients 
90. Indeed, increased levels of these factors might lead to a more activated state 
of the coagulation cascade, as reflected by increased levels of prothrombin frag-
ment 1 + 2 and thrombin-anti-thrombin complexes. Elevated levels of blood-borne 
TF are associated with the metabolic syndrome 91. And also, TF antigen and pro-
tein levels were elevated in diabetic patients with microvascular disease or overt 
CVD 92,93. 
TF, formerly known as thromboplastin, is a 47-kDa protein and the initiator of the 
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coagulation cascade and thereby a key regulator of coagulation. When it comes 
into contact with circulating activated factor VII (VIIa), a TF-FVIIa complex is 
formed which activates factor IX, which in turn activates factor X. Alternatively, 
factor X is directly converted to factor Xa by TF-FVIIa. In complex with factor Va 
and Ca2+, factor Xa catalyzes the conversion of prothrombin to thrombin, resulting 
in fibrin formation, platelet activation and generation of a thrombus. TF is inhibited 
by tissue factor pathway inhibitor (TFPI), which is mainly synthesized and secret-
ed by endothelial cells. TFPI binds to FXa and thereby inhibits TF/FVIIa activity.
TF is constitutively expressed in subendothelial cells such as vascular smooth 
muscle cells, resulting in rapid initiation of coagulation in case of vascular damage 
94. In contrast, monocytes express little TF under physiological conditions. How-
ever, they are a major source of TF upon contact with LPS, C-reactive protein, 
CD40 ligand, oxidized LDL, TGFb, angiotensin II, hyperglycemia and adipokines 

95-103. The most extensively studied agonist LPS binds and activates the Toll-like 
receptor 4 (TLR4). TLR4 signals to the IkB-kinase pathway and the three MAPK 
pathways, p38, ERK and JNK 99. This leads to activation of transcription factors 
Egr-1, AP-1 and NF-kB and an increase in TF mRNA transcription 100. 
TF expression increases in the cytosolic compartment and TF translocates to the 
plasma membrane, where it becomes a source for TF-rich microparticles. These 
particles are vehicles for so-called circulating or blood-born TF 104. This form of 
TF is detected in the bloodstream and originates from endothelial cells, vascular 
smooth muscle cells, leukocytes and platelets 105,106. In addition, TF containing mi-
croparticles are released from atherosclerotic plaques 107. Atheroslerotic plaques 
from type 2 diabetes patients contain high levels of apoptotic microparticles 108, 
which are mainly of monocytic origin. They retain almost all TF activity, suggesting 
a direct link between shed microparticles and plaque thrombogenicity. Indeed, ac-
tive TF has been identified within thrombi formed in coronary arteries 109. In animal 
models for thrombosis blood-born TF from leukocyte-derived microparticles initi-
ated fibrin formation at the luminal site of the growing thrombus 110,111.  However, 
the relative importance of blood-born TF and vessel wall-associated TF in arterial 
thrombosis is under debate 111,112.  
Recently, a novel source for TF expression was discovered 113 and confirmed 114 

(Figure 2). The anucleate platelet has long been considered incapable of syn-
thesizing proteins. Intron removal was thought to be confined to the nucleated 
megakaryocyte and platelet proteins to be the exclusive result of transcription 
and translation in this progenitor cell.  Schwertz et al reported that platelets from 
healthy human subjects contain TF pre-mRNA and upon platelet activation this is 
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processed to a mature transcript, resulting in the synthesis of TF protein, proco-
agulant activity and accelerated plasma clot formation. Pre-mRNA splicing in the 
platelet is controlled by the dual specificity Cdc2-like kinase (Clk)1, which con-
tains an N-terminal region enriched in serine/arginine dipeptide (SR) that interacts 
which the splicing factor 2 /alternative splicing factor (SF2/ASF), a regulator of 
constitutive and alternative splicing 113. 

Figure 2. Signal-dependent pre-mRNA splicing in platelets.
During the final stages of differentation, splicing factors accumulate in the cytoplasm of megakaryo-
cytes. The splicing components, along with specific pre-mRNAs, are transferred to ancucleate plate-
lets. Stimulated platelets activate their splicing machinery and generate mature mRNAs that are sub-
sequently translated into protein. This novel pathway of control provides platelets with a mechanism 
to alter their transcriptome and proteome proflie in response to cellular activation (Source: Weyrich et 

al, J Thromb Haemost, 2008)

Hypofibrinolysis
Studies have demonstrated that type 2 diabetes is associated with decreased 
fibrinolysis, the process wherein a fibrin clot, the product of coagulation, is broken 
down. The main cause is the strongly elevated level of the fibrinolytic inhibitor 
PAI-1 41, the protein previously discussed. In addition, elevated levels of tPA and 
changes in clot structure may play a role. 
The serine protease tPA, which is synthesized and secreted by endothelial cells, 
catalyzes the conversion of plasminogen to plasmin, the main protein responsible 
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for clot breakdown. In clinical studies tPA showed strong association with the 
metabolic syndrome 115,116 and tPA levels were a strong predictor of future car-
diac events 117. This appears counterintuitive, since elevations of tPA levels would 
seem to be beneficial for the breakdown of a clot by the generation of plasmin. 
However, high tPA levels might indicate vascular damage and PAI-1 levels exceed 
tPA concentration (26 ng/mL versus 8.5 ng/mL respectively 118, thereby favouring 
inhibition of fibrinolysis 119. 
Hyperglycaemia observed in diabetes patients changes fibrin structure and func-
tion by glycation, generating a clot which has a denser structure and is more resis-
tant to fibrinolysis leading to prolonged clot lysis times. Indeed, fibrinogen purified 
from type 2 diabetes patients with poor glycaemic control formed fibrin clots with 
decreased pore size and smaller fibre thickness with reduced susceptibility to clot 
lysis 120. Type 2 diabetes patients had decreased plasminogen and tPA binding to 
fibrin with less plasmin generated on the fibrin surface compared to controls 121. 
In addition, studies showed that clot density increased with increasing number of 
metabolic syndrome characteristics 122,123.

Endothelial dysfunction
The vascular endothelium plays a crucial role in the maintenance of vascular 
homeostasis. It provides a physical barrier between the vessel wall and the fluid 
in the lumen and secretes mediators that regulate vascular tone, coagulation and 
fibrinolysis, and adherence of leukocytes to the surface and inhibit platelet adhe-
sion 124. The development of endothelial dysfunction promotes thrombosis and in-
flammation 124-127. In healthy subjects with insulin resistance and in type 2 diabetes 
patients impairment of endothelial-dependent vasodilatation is observed 128-131. 
Inflammatory cytokines including TNF-a and IL-6, and the acute phase protein 
CRP influence endothelial cell function, as do some other adipokines 132-134. This 
leads to a proinflammatory phenotype in endothelial cells, demonstrated by the 
increased release of VCAM-1, ICAM-1, E-selectin, microparticles and VWF.

OUTLINE OF THE THESIS

The aim of the studies presented in this thesis is to elucidate the cause of the 
prothrombotic condition in type 2 diabetes patients. The studies were focused on 
platelets and monocytes, which are two important cell types involved in thrombo-
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sis.  
We addressed the following questions:
1. 	 Platelets from type 2 diabetes patients are hyperactive and could cause 
thrombosis. Do adipokines that circulate in elevated levels in obese subjects in-
duce changes in the synthesis of platelets by megakaryocytes thereby explaining 
the hyperactivity? And if so, what are the mechanisms? (Chapter 2)
2. 	 Recent findings suggest that platelets are a new source for TF expression. 
What is the signaling pathway that leads to TF synthesis in platelets? Does insulin 
interfere with platelet TF synthesis? And if so, is this disturbed in type 2 diabetes 
patients? (Chapter 3)
3.	 Does insulin inhibit TF expression in monocytes and monocyte-derived mi-
croparticles and if so, what is the signaling pathway involved (Chapter 4) and is 
this disturbed in type 2 diabetes patients? (Chapter 5)
4.	 Why do some investigators not find similar results compared to our studies, 
concerning the direct effects of insulin on platelets? (Chapter 6)

Finally, in Chapter 7 our findings are discussed in relation to published literature in 
order to obtain a general view of the cause of the prothrombotic condition in type 
2 diabetes patients. 
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ABSTRACT

Obesity is a major risk factor of insulin resistance, type 2 diabetes and CVD. Blood 
from obese individuals contains elevated levels of adipokines, which control adi-
pocyte metabolism and functions ranging from inflammation to feeding behaviour. 
We identified four adipokines that induce insulin resistance in megakaryocytes, 
the cells that produce platelets. Short contact with resistin, leptin, PAI-1 and RBP4 
but not with visfatin, IL-6 and TNF-a aborts insulin signaling through IRS-1 and 
is reversible; prolonged incubation causes IRS-1 degradation and is irreversible. 
Plasma samples from obese men mimick the effect of megakaryocyte-disturbing 
adipokines. Platelets from type 2 diabetic patients are insulin-resistant and have 
reduced expression of IRS-1. Insulin resistance in megakaryocytes and platelets 
increases their responsiveness to agents that induce atherothrombosis. We con-
clude that increased release of leptin, resistin, PAI-1 and RBP4 by adipocytes 
causes synthesis of insulin-resistant platelets and increases CVD risk. 

INTRODUCTION

Obesity increases risk of insulin resistance and type 2 diabetes 1. Weight gain and 
appearance of insulin resistance go hand in hand 2 and are thought to be caused 
by abnormal adipokine release by visceral fat 3. Products from adipocytes are 
resistin, leptin, plasminogen activator inhibitor-1 (PAI-1), retinol binding protein 
4 (RBP4) and visfatin with elevated plasma levels in individuals with abdominal 
obesity, and adiponectin, with a plasma level that correlates inversely with body 
mass 4. Also interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) released by 
macrophages present in adipose tissue might induce insulin resistance 1. 
Type 2 diabetes patients have a 2-8 fold increased cardiovascular disease (CVD)-
risk compared to matched controls 5. Their platelets circulate in an activated state 
6 and in laboratory tests better adhere to thrombogenic components of the vessel 
wall, form bigger aggregates at lower agonist concentration and produce more 
platelet-activating and vasoconstricting thromboxane A2 (TxA2) than platelets from 
healthy individuals 7. The hyperactivity correlates with loss of insulin sensitivity 
and intensive insulin treatment partly normalizes aggregation 8. Normally, insulin 
inhibits platelets by interfering with the suppression of cAMP, a potent intracellular 
inhibitor of aggregation and secretion. In type 2 diabetes, this interference is much 
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reduced and platelets show faster aggregation, secretion of granule content, in-
creased synthesis of TxA2 and generation of a procoagulant surface than controls 
9-14.
Type 2 diabetes patients are often obese and their platelets circulate in an en-
vironment enriched in specific adipokines 15. This might be a cause for platelet 
hyperactivity. Platelets have the leptin receptor, ObRb 16. Although they do not 
respond to physiological leptin concentrations, levels found in obesity (30-100 ng/
mL) stimulate the rise in cytosolic Ca2+, formation of TxA2, ADP-induced aggrega-
tion and the cytoskeletal re-arrangements required for adhesion to a prothrom-
botic surface 16-21. Ob/ob mice, that are genetically deficient in the gene for leptin, 
show a delayed occlusion time in a model for arterial thrombosis 16. Opposite to 
findings that leptin increases platelet reactivity is the failure of a four-days leptin 
infusion in healthy volunteers to change aggregation 19. In addition, the observa-
tion that leptin deficient subjects show increased aggregation by platelets sug-
gests that leptin does not stimulate platelet functions through direct interaction 
20. Findings with adiponectin are equally contradictory. Studies in knockout mice 
suggest that adiponectin is an antithrombotic factor in wild-type mice 20, but ad-
hesion and aggregation of human platelets incubated with a supra-physiological 
adiponectin concentration do not change 22.
Although platelets are capable of protein synthesis while adhering to a thrombo-
genic surface, the process is slow and quantities produced are small. It is there-
fore unlikely that adipokines change platelet properties by directly changing pro-
tein composition. Platelets are synthesized by megakaryocytes and these cells 
do have a high capacity to synthesize proteins 23. Megakaryocytes develop from 
haematopoietic stem cells in the bone marrow in a two weeks process of differen-
tiation. Maturation is under control of thrombopoietin, stem cell factor, interleukin-
1b and other cytokines, which determine cell size, ploidity and protein expression. 
Interestingly, variations in growth factor contribution induce variations in protein 
expression, illustrating the high responsiveness of megakaryocytes to cytokines 

23. 
Given the sensitivity of megakaryocytes for different growth factors, we specu-
lated that these cells might be responsive to adipokines. The megakaryocytic 
CHRF-288-11 cell line has many properties in common with matured megakaryo-
cytes 23-25. Upon stimulation with thrombin, they mobilize Ca2+ ions from intracel-
lular storage sites similar as do mature megakaryocytes 23 and platelets 9,10. Ca2+ 
mobilization in platelets is enhanced by simultaneous release of ADP which binds 
to the purinergic P2Y12 receptor thereby activating the GTP-protein Gi and sup-
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pressing formation of cAMP, an intracellular inhibitor of Ca2+ rises and many other 
platelet responses. Interference with ADP-P2Y12 interaction aborts suppression 
of cAMP, retards platelet aggregation and is the basis of anti-thrombotic therapy 
with clopidogrel in patients with increased CVD risk 26.

METHODS

Materials - Human α-thrombin was obtained from Enzyme Research Laboratories 
(South Bend, IN, USA). Recombinant insulin (solubilized according to the recom-
mendations of the manufacturer in 10 mmol/L acetic acid, 100 mmol/L NaCl, and 
0.01% BSA to a stock concentration of 100 μmol/L), Fura-2/AM, bovine serum 
albumin (BSA) and the adenylyl cyclase inhibitor SQ22536 were from Sigma-Al-
drich (St. Louis, MO, USA). Resistin, PAI-1 and cantharidin were purchased from 
Calbiochem (Darmstadt, Germany). Leptin and IL-6 were from R&D Systems 
(Minneapolis, MN, USA). RBP4 was obtained from Cayman Chemical (Ann Arbor, 
MI, USA). TNF-α was from Reprotech Inc (Rocky Hill. NJ, USA), visfatin was from 
Biovision (Mountain View, CA, USA). Cycloheximide (CHX) was obtained from 
MP Biomedicals (Morgan Irvine, CA, USA). RGDS (Arg-Gly-Asp-Ser) peptide was 
from Bachem (Bubendorf, Switzerland). The ADP receptor P2Y12 antagonist, N6-
(2-methylthioethyl)-2-(3,3,3-trifluoropropylthio)-β,γ-dichloromethylene ATP (AR-
C69931MX) was a kind gift from Astra Zeneca (Loughborough, UK). The JAK2 
inhibitor AG490 and proteasome inhibitor MG132 were obtained from Calbiochem 
(Darmstadt, Germany).
The phosphospecific PKB Serine (473) (P-PKB-Ser473) antibody was purchased 
from Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibodies against the 
phosphospecific IRS-1 Serine (307) (P-IRS-Ser307), IRS-2 and ubiquitin were 
from Upstate Biotechnology (Bucks, UK) and mouse anti-PKB from R&D Sys-
tems (Minneapolis, MN, USA). Antibodies against the INS-R, P-INS-R-Tyr1150/1151 
and horseradish peroxidase-labeled anti-rabbit antibody were from Cell Signaling 
Technology (Danvers, MA, USA) and antibodies against Gia-2 and SOCS3 from 
Santa Cruz Biotechnology (Santa Cruz, CA, USA). Antibody against F-actin was 
from Abcam (Cambridge, UK). The monoclonal mouse anti-IGF-1 Receptor was 
obtained from Calbiochem (Darmstadt, Germany). All other chemicals were of 
analytical grade.
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Cell culture - Megakaryocytic CHRF-288-11 cells were cultured as described ear-
lier 52. 

Subjects – These studies have been approved by the Medical Ethical Review 
Board of the University Medical Center Utrecht, Utrecht, The Netherlands. Plas-
ma samples from metabolic syndrome subjects were obtained as described previ-
ously 41. Their characteristics are given in Table 1.
Type 2 diabetes subjects were recruited from the out-patient clinic of the Univer-
sity Medical Center Utrecht (Utrecht, the Netherlands). Their characteristics are 
given in Table 2. Patients and matched control subjects gave written informed 
consent prior to participating in the study. 

Platelet isolation - Freshly drawn venous blood from healthy, medication-free vol-
unteers and type 2 diabetes patients was collected into 0.1 volume of 130 mmol/L 
Na3 citrate. Platelets were isolated as described 9.

Measurement of Ca2+ mobilization - CHRF-288-11 cells (2 × 105 cells per sample) 
or platelet-rich plasma (PRP) were incubated in the dark with 3 mol/L Fura 2-AM 
(1 hr, 37°C). PRP was acidified with ACD to pH 6.5 and centrifuged (330xg, 15 
min, 20°C), while CHRF-288-11 cells were directly centrifuged (150×g, 5 min, 
20°C). Both were resuspended in Ca2+-free HEPES–Tyrode (HT) buffer (145 
mmol/L NaCl, 5 mmol/L KCL, 0.5 mmol/L Na2HPO4, 1 mmol/L MgSO4, 10 mmol/L 
HEPES) supplemented with 5 mmol/L D-glucose, pH 7.25. The final platelet con-
centration was adjusted to 2.0 × 1011 cells/L.  Five minutes before the start of the 
analysis, suspensions were prewarmed at 37°C. Measurements and calibrations 
were performed as described 9. 

Immunoprecipitation and blotting - To study phosphorylation or ubiquitination of 
IRS-1, CHRF-288-11 cells were incubated with insulin for 15 min and adipokines 
at indicated concentrations at 37°C and collected in lysis buffer (20 mM Tris, 5 mM 
EGTA, 1% TX-100, pH 7.2) supplemented with 10% protease inhibitor cocktail, 
1 mmol/L NaVO3 and 1 mmol/L cantharidin. Samples were incubated overnight 
(4°C) with protein G-sepharose and anti-IRS-1 phospho-Ser307 or anti-IRS-1 an-
tibodies (1 mg/mL). Precipitates were washed 3 times with lysis buffer and taken 
up in reducing Laemmli sample buffer. The phosphorylation of INS-R, PKBa, up-
regulation of SOCS3 and total Gia-2 protein, was measured in lysates in reduc-
ing Laemmli sample buffer. Samples were separated by SDS-PAGE and proteins 
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transferred to polyvinyldine difluoride membranes. After blocking with 4% BSA in 
TBS or Odyssey blockbuffer (1 hr, 22 °C), membranes were incubated with appro-
priate primary antibodies (16 hrs, 4°C). Immunoblots for PKBa, phospho-Ser473, 
F-actin and Gia-2 were visualized by Odyssey infrared imaging (LI-COR Biosci-
ences) using Alexa-labeled antibodies according to the manufacturer’s instruc-
tions. Detection of INS-R phospho-Tyr1150/1151, IRS-1 phospho-Ser307, ubiquitinated 
IRS-1 and INS-R-, IRS-1-, PKBa and SOCS3 protein, was performed with HRP-
labelled secondary antibodies and enhanced chemiluminescence. Quantification 
of the bands was performed using ImageJ.

Aggregation studies - CHRF-288-11 cells (3 × 106 per sample) were incubated in 
12 wells plates with adipokines for 24 hours. Cells were taken up in 0.5 mL HT 
buffer and stimulated with 0.5 mM arachidonic acid. Platelets of type 2 diabetes 
patients or controls were stimulated with 1 mg/mL collagen. Optical aggregation 
was monitored in a Chrono-Log lumiaggregometer at 37°C at a stirring speed of 
900 rpm. Changes in light transmission in the suspension were recorded.

Leptin and resistin measurements – Leptin and resistin levels in plasma from 
metabolic syndrome men and controls were determined by ELISA (R&D systems, 
Minneapolis, MN, USA).

Statistics - Data is expressed as mean ± S.E.M. with n observations and was 
analyzed with Student’s test for unpaired observations or Mann Whitney U test, 
as indicated. Differences were considered significant at p< 0.05.

RESULTS

Resistin, leptin, PAI-1 and RBP4 induce insulin resistance in megakaryo-
cytes
Stimulation of megakaryocytes by the platelet activator thrombin initiates a rapid 
rise in cytosolic Ca2+ content caused by release from intracellular storage sites. In-
sulin induces a dose-dependent fall in Ca2+ mobilization (Fig. 1a,b). This inhibition 
is also seen in platelets and is the result of insulin binding to its receptor and Tyr-
phosphorylation of IRS-1 which subsequently associates and thereby inactivates 
the inhibitory G-protein of adenylyl cyclase, Gia-2 9. As in platelets, cangrelor 
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(AR-C69931MX), which mimicks the action of the active metabolite of clopidogrel, 
inhibits thrombin-induced Ca2+ rises confirming the presence of P2Y12 signal-
ing in megakaryocytes (Supplement Fig. 1a). Inhibition of Ca2+ rises by insulin is 
prevented by the adenylyl cyclase inhibitor SQ22536, confirming that insulin acts 
by interfering with cAMP production, and independent of the insulin-like growth 
factor-1 receptor (IGF-1 R), a second receptor for insulin signaling (Supplement 
Fig. 1b,c). 
We investigated whether adipokines interfere with inhibition of Ca2+ rises by in-
sulin. Maximal inhibition by insulin was set at 100% and converted in an insu-
lin-sensitivity index (ISI), reflecting the degree by which combinations of insulin 
and adipokines reduce the Ca2+ response (insert Fig. 1c). Megakaryocytes were 
incubated with different adipokines at concentrations 10 fold the physiological 
range for 1 to 7 days to allow interference with protein synthesis. Resistin, leptin, 
PAI-1 and RBP4 induced an 80-100% fall in insulin sensitivity but visfatin, IL-6 
and TNF-a did not (Fig. 1c). Adipokines alone failed to change basal [Ca2+] (data 
not shown). Thus, megakaryocytes become insulin-resistant upon contact with 
resistin, leptin, PAI-1 and RBP4. In platelets, suppression of Ca2+ signaling by 
insulin is not affected by adipokines, indicating that when platelets are shed from 
the megakaryocyte, the capacity of resistin, leptin, PAI-1 and RBP4 to interfere 
with insulin signaling is lost (Fig. 1d). For reasons not yet clarified, loss of platelet 
sensitivity to insulin is accompanied by a 1.4-fold upregulation of P2Y12 signal-
ing 10 and an increase in responsiveness to activating agents. The same is seen 
in megakaryocytes which upon contact with leptin lose their sensitivity to insulin 
(Fig. 1c) and show hyperaggregation (Fig. 1e).

A					     B
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Figure 1. Resistin, leptin, PAI-1 and RBP4 induce insulin resistance and hyperactivity in mega-
karyocytes
(a,b) Insulin inhibits thrombin-induced Ca2+ mobilization in megakaryocytes. Thrombin (1 U/mL)-in-
duced Ca2+ mobilization in Fura 2-AM loaded megakaryocytic CHRF-288-11 cells pre-incubated with-
out and with insulin (100 nM, 5 min, 37°C) and different concentrations of insulin. (c) Resistin, leptin, 
PAI-1 and RBP4 induce insulin resistance in megakaryocytes. Inhibition of Ca2+ mobilization by insulin 
(100 nM) in megakaryocytes following 1 and 7 days culture in the presence of the resistin (150 ng/mL), 
leptin (300 ng/mL), PAI-1 (260 ng/mL), RBP4 (500 ng/mL), visfatin (20 ng/mL), IL-6 (12 ng/mL) and 
TNF-a (50 pg/mL). These concentrations were used in all experiments. Inhibition by insulin (100 nM) 
was set at 100%. The extent by which adipokines interfered was expressed as insulin sensitivity index 
(ISI, insert). Resistin, leptin, PAI-1 and RBP4 induce insulin resistance but visfatin, IL-6 and TNF-a do 
not.  (d) Resistin, leptin and Il-6 do not induce insulin resistance in platelets. Thrombin (0.25 U/mL)-
induced Ca2+ mobilization in resistin treated platelets pre-incubated without and with insulin (100 nM, 5 
min, 37°C). Platelets were incubated with resistin, leptin and IL-6 (insert, 2 hrs, 37°C). (e) Resistin in-
duces hyperactivity in megakaryocytes. Arachidonic acid (0.5 mM, 37°C) induced aggregation without 
and with pre-incubation (24 hrs) with resistin and IL-6. The change in light transmission was inhibited 
by a blocker of fibrinogen-integrin aIIbb3 interaction (100 mM RGDS), confirming the true nature of the 
aggregation responses. (f) Schematic representation of signaling pathways initiated by thrombin and 
ADP and the interference by insulin in megakaryocytes and platelets. (for b-e: means ± SEM, n=3, 

data was analyzed with Student’s test, * denotes a significant difference, p<0.05)
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Short adipokine contact induces reversible insulin resistance
In order to investigate how long adipokines had to make contact with megakaryo-
cytes before interference with insulin signaling could be detected, we performed 
incubations for 2 to 72 hrs. Interestingly, only 2 hrs is sufficient to induce insulin re-
sistance by resistin and leptin (Fig. 2a,b). The short duration of the incubation pe-
riod together with the lack of interference by an inhibitor of protein synthesis (100 
mg/mL cycloheximide, data not shown) suggest that induction of insulin resistance 
by these adipokines is independent of transcription/translation. We therefore ap-
plied pharmacological inhibitors that interfere with rapid cell responses and found 
that the Ser phosphatase inhibitor cantharidin almost completely restores insulin 
sensitivity in megakaryocytes treated with resistin and leptin. These findings are 
best explained by assuming that one or more proteins involved in insulin signaling 
depend on a phosphorylated Ser residue for full activation and that adipokines 
interfere with this Ser phosphorylation. 
A key element in insulin signaling is IRS-1, which is upstream of pathways that 
activate phosphoinositide-3 kinase (PI3-K)/protein kinase B (PKB), the GTP-ase 
Ras and mitogen-activated protein kinases (MAPK), in addition to inhibition of 
Gia-2 9,27. IRS-1 is activated through Tyr-phosphorylation, which forms binding 
sites for downstream signaling proteins. This process is under control of Ser307 but 
whether its phosphorylation facilitates or prevents IRS-1 signaling differs between 
cell types. In Chinese hamster ovary cells, Ser307 phosphorylation reduces IRS-1 
interaction with the insulin receptor (INS-R) and impairs insulin signaling 28,29. In 
Rat hepatoma Fao cells and CHO cells overexpressing the INS-R, the insulin-
induced Ser307 phosphorylation protects active IRS-1 against Tyr phosphatases 
30. In human adipocytes, phosphorylation of Ser307 appears part of a positive feed 
back loop 31,32. We find in megakaryocytes that leptin inhibits the phosphoryla-
tion and that cantharidin rescues the phosphorylation induced by insulin in the 
presence of leptin (Fig. 2c). These findings suggest that leptin inactivates IRS-1 
through a Ser307 phosphatase. This conclusion was confirmed by measuring the 
insulin-induced activation of PKBa, a downstream element of IRS-1. Phosphory-
lation of PKBa Ser473 by insulin is suppressed by resistin and leptin, but not by 
IL-6, such in parallel with phosphorylation of IRS-1 Ser307 (Fig. 2d). A second can-
didate for interference by adipokines is the INS-R. However, leptin fails to change 
insulin-induced b-subunit Tyr1150-1151 phosphorylation, which contributes to receptor 
kinase activity and recruitment of downstream proteins (Fig. 2e).
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Figure 2. Short adipokine-megakaryocyte contact induces transient insulin resistance by inter-
fering with IRS-1 regulation
(a,b) Megakaryocytes lose insulin sensitivity upon short contact with resistin. Cells were pre-incubated 
with resistin, leptin and IL-6 for 2 hrs and insulin inhibition of thrombin-induced Ca2+ mobilization was 
measured in the absence and presence of the Ser phosphatase inhibitor cantharidin (CA, 1 mmol/L, 
15 min, 37°C). Resistin and leptin but not IL-6 induce induce insulin resistance; cantharidin rescues 
insulin sensitivity. (c) Loss of insulin sensitivity correlates with loss of IRS-1 Ser307 phosphorylation. 
Megakaryocytes were incubated with resistin for 2 hrs and stimulated with insulin. Detection of phos-
pho IRS-1 Ser307 shows decreased levels of insulin-induced phosphorylation in the presence of resistin 
and restoration by cantharidin (1 mmol/L, 15 min, 37°C). (d) Loss of insulin sensitivity correlates with 
loss of Protein Kinase Ba (AKT1) activation. Megakaryocytes were incubated with resistin, leptin and 
IL-6 for 2 hrs and stimulated with 1 and 100 nM insulin (15 min, 37°C). Analysis of phosphor-PKBa 
Ser473 shows interference by resistin and leptin and not by IL-6. (e) Activation of the insulin receptor 
(INS-R) is not affected by leptin. Megakaryocytes were left untreated or incubated with leptin for 2 
hrs and stimulated with different concentrations of insulin or for different time periods with 100 nM 
insulin. Levels of phospho-INS-R Tyr1150/1151 and protein were not affected by leptin. Further details as 

in Fig.1.  
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Prolonged adipokine contact triggers persistent insulin resistance 
When megakaryocytes are incubated with resistin and leptin for 72 hrs, loss of 
insulin sensitivity can not be restored by cantharidin, indicating that adipokine-
induced IRS-1 Ser307 dephoshorylation is no longer involved (Fig. 3a,b). In hepa-
tocytes, hematopoietic cells, pancreatic b-cells and enterocytes, cytokines acti-
vate the Janus Kinase and Signaling Transducers and Activators of Transcription 
(JAK/STAT) pathway. One of the downstream effects is the up-regulation of Sup-
pressor Of Cytokine Signaling (SOCS) proteins 33-36. The SOCS family negatively 
regulates their own synthesis by feed back inactivation of receptors and effector 
molecules. A second property of SOCS is their capacity to induce destruction 
of these adipokine signaling elements 36,37. Megakaryocytes incubated with the 
JAK inhibitor AG-490 preserved insulin sensitivity in the presence of resistin and 
leptin, confirming that these adipokines signal through JAK (Fig. 3c). Analysis of 
leptin-stimulated megakaryocytes reveals a strong increase in SOCS3 expres-
sion after 2 hrs followed by a return to the pre-stimulation range 32 hrs later (Fig. 
3d). This fall reflects involvement of kinase inhibitory domains, which abort their 
own expression 38. SOCS are also known to interfere with insulin signaling, either 
through blocking receptor Tyr kinase activity or by degrading downstream signal-
ing elements 39,40. In megakaryocytes, resistin and leptin neither change receptor 
Tyr kinase activity (Fig. 2e) nor protein content (Fig. 3e). Also Gia-2 expression 
remains stable as does expression of IRS-2, a second member of the IRS family 
present in megakaryocytes. In contrast, resistin and leptin but not IL-6 induce a 
reduction in IRS-1 protein, suggesting that these adipokines initiate degradation 
of IRS-1 by ubiquitination and degradation in the proteosome (Fig. 3e). Indeed, 
immunoprecipitation of IRS-1 followed by blotting with an antibody against ubiq-
uitin shows that leptin alone but especially in the presence of the proteosome 
inhibitor MG-132 triggers a shift in molecular mass from 180 to 250 kD (Fig. 3f). 
Thus, upon prolonged contact with resistin and leptin (and probably also with 
PAI-1 and RBP4), megakaryocytes lose insulin sensitivity by the ubiquitin-mediat-
ed degradation of IRS-1.

Plasma from men with metabolic syndrome induces insulin resistance and 
type 2 diabetes platelets have a reduced IRS-1 content
Having established that resistin and leptin induce insulin-resistance in cultures of 
megakaryocytes, we searched for evidence that a similar mechanism is opera-
tional in vivo.  To this end, blood was collected from obese males without clinical 
evidence of diabetes who meet the criteria of the metabolic syndrome (MetS)
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Figure 3. Prolonged adipokine-megakaryocyte contact induces persistant insulin resistance by 
interfering with IRS-1 expression
 (a,b) Megakaryocytes lose insulin sensitivity upon prolonged contact with resistin. Cells were pre-
incubated with resistin, leptin and IL-6 for 72 hrs and insulin inhibition of thrombin-induced Ca2+ mobi-
lization was measured in the absence and presence of the Ser phosphatase inhibitor cantharidin (CA, 
1 mmol/L, 15 min, 37°C). Resistin and leptin but not IL-6 induce induce insulin resistance; cantharidin 
fails to rescue insulin sensitivity. (c)  A JAK2 inhibitor rescues insulin sensitivity. Megakaryocytes incu-
bated with resistin, leptin and IL-6 for 72 hrs were pre-incubated with the JAK2 inhibitor AG490 (100 
nM, 15 min, 37°C) and the ISI was determined. Induction of insulin resistance by resistin and leptin 
was prevented by JAK2 blockade (d) Leptin initiates upregulation of SOCS3. Megakaryocytes were in-
cubated with leptin for 0 – 32 hrs and expression of SOCS3 was measured. (e). Leptin and resistin but 
not Il-6 induce degradation of IRS-1. Under the same conditions (d), expression of IRS-1 was detected 
showing the fall induced by resistin and leptin but not by IL-6. Expression of INS-R, Gia-2 and IRS-2 
remains unchanged. (f). Leptin induces ubiquitination of IRS-1. Megakaryocytes were incubated with 
leptin, the proteasome inhibitor MG132 (10 mM) or both (1 or 2 hrs, 37°C) and expression of ubiquit-

inated IRS-1 was measured. Further details as in Fig.1. 
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defined by the Adult Treatment Panel III of the National Cholesterol Education 
Program Expert Panel on Detection, Evaluation, and Treatment of High Blood 
Cholesterol in Adults 42 (Supplement Table 1). MetS-plasma samples were incu-
bated with megakaryocytes for 2 and 72 hrs.  Seven out of 9 samples induced 
almost complete insulin resistance. Most samples from matched controls had no 
effect but a few induced a similar resistance as plasma samples from obese men, 
possibly reflecting the onset of acquiring MetS properties at a later stage (Fig. 
4a,b). Obesity is known to alter the levels of many adipokines and induction of 
insulin resistance by plasma from obese individuals must have a multifactorial 
origin. Analysis of resistin and leptin in the plasma samples revealed an increased 
leptin and normal resistin content, suggesting that a high leptin concentration 
might be at least one of the factors causing insulin resistance in megakaryocytes 
(Fig. 4c,d). 
The abnormalities in plasma adipokine content seen in MetS subjects are also 
found in patients with type 2 diabetes 43-46. This implies that type 2 diabetes- mega-
karyocytes mature in an environment that make them insulin-resistant and form 
insulin-resistent platelets. Indeed, platelets from obese type 2 diabetes patients 
(Supplement Table 2 for patient characteristics) showed a decreased IRS-1 con-
tent most likely caused by increased ubiquitin-mediated degradation of IRS-1 ini-
tiated by abnormalities in plasma adipokine content (Fig. 4e). Thus, the loss of 
insulin sensitivity in platelets is the result of a disturbed biogenesis in the mega-
karyocyte and accompanied by hyperactivity at the level of aggregation by mega-
karyocytes (Fig. 1e), platelets (10 and Fig. 4f) and generation of a procoagulant 
surface 14.                                    

A					          B
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Figure 4. Plasma from men with metabolic syndrome induces insulin resistance and lower the 
IRS-1/F-actin ratio in type 2 diabetes platelets
(a,b) Megakaryocytes become insulin-resistant upon contact with plasma from men with metabolic 
syndrome (MetS). Megakaryocytes were incubated in MetS- and control plasma (n=9 for both groups) 
for 2 and 72 hrs and the thrombin-induced Ca2+ mobilization and ISI were determined.  Both after 2 
and 72 hrs, MetS-plasma but not plasma from controls induces insulin resistance. (c,d) MetS plasma 
samples contain elevated concentrations of leptin but resistin levels are normal (n=9). (e) Type 2 
diabetes platelets contain reduced amounts of IRS-1. Platelets were isolated from type 2 diabetes 
patients and controls (n=9 for both groups) and expression of IRS-1 and F-actin was meaured. Data 
was analyzed with Mann Whitney U test. (f) Platelets from type 2 diabetes patients are hyperactive. 
Aggregation induced by collagen by platelets from a normal subject and a patient with type 2 diabetes 
(more details in 10). (for b-e: data was analyzed with Mann Whitney U test)  

52    Chapter 2



Table 1. Characteristics of male control subjects and male subjects with metabolic syndrome

		                                        Control group          Metabolic syndrome patients         P
				                (n=9)                                  (n=9)

Age (years)                                                   52 ± 8                                 54 ± 7   	         0.62
Height (m)                                                  1.80 ± 0.08	                  1.83 ± 0.04	         0.34
Weight (kg)                                                80.2 ± 11.3	                101.5 ± 10.2                   <0.001
Body mass index (kg/m2)                           24.6 ± 2.6	                  30.1 ± 2.7                     <0.001
Body fat (%)	  	                           23 ± 2	                  30.3 ± 4.3                     <0.001 

Laboratory parameters
Creatinine (mmol/L)                                       93 ± 18                              95 ± 7                          0.77
HbA1c (%)		                           5.5 ± 0.2                             5.8 ± 0.4	       <0.05
Hs-CRP (mg/l)                                           0.96 ± 1.2                          3.39 ± 2.3	       <0.02
Total cholesterol (mmol/l)                          6.05 ± 1.2	                  6.46 ± 1.2                       0.47
LDL-cholesterol (mmol/l)	                        2.98 ± 0.63	                  4.33 ± 1.15                    <0.01
Plasma Insulin (mU/l)                                     6 ± 4                                20 ± 8	                      <0.001
Homocysteine (mmol/l)                              12.6 ± 1.6	                    9.3 ± 1.7	      <0.001
HOMA-IR 		                         1.26 ± 0.27                          5.5 ± 2.2                    <0.0001

Components of the metabolic syndrome
Glucose (mmol/l)                                         5.2 ± 0.6                             6.3 ± 0.6                    <0.002
Waist (cm)                                                    90 ± 7	                   111 ± 7	                     <0.0001
Systolic blood pressure (mmHg)                139 ± 19	                   131 ± 13	                        0.30
Diastolic blood pressure (mmHg)                 86 ± 10 	                     88 ± 7	   	         0.51
Triglycerides (mmol/l) 	                        1.65 ± 0.83                        2.28 ± 0.83                      0.13

HDL-c (mmol/l)	                                        1.22 ± 0.20	                  1.11 ± 0.12	         0.19

Table 2. Characteristics of male control subjects and men with type 2 diabetes

			                          Control group           Type 2 diabetes patients            P
				               (n= 9)                                 (n=9)

Age (years)			             55 ± 2   	                    58 ± 3	                         0.4
BMI (kg/m2)		                            25 ± 0.7	                    28 ± 1	                        0.08
Systolic blood pressure (mmHg)	         136 ± 7	                  132 ± 2		          0.5
Diastolic blood pressure (mmHg)	           82 ± 4		     80 ± 4		          0.7
HbA1c (%)		                           5.4 ± 0.08	                   7.3 ± 0.4     	    <0.0006
Cholesterol (mmol/L)	                          6.3 ± 0.3	                      4 ± 0.3                   <0.0003
Triglycerides (mmol/L)		           1.5 ± 0.3	                   1.9 ± 0.3                        0.4
HDL-cholesterol			          1.3 ± 0.07		    1.1 ± 0.09                     0.05
Creatinine (mmol/L)	           	        100 ± 5.2	                  100 ± 6                           1.0
Management with insulin		                 -		          9	   	           -

Duration of diabetes (years)	                -		     14 ± 2		            -
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DISCUSSION    

The observation that resistin, leptin, PAI-1 and RBP4 induce insulin resistance in 
megakaryocytes by interfering with IRS-1 adds to the list of plasma abnormalities 
that link obesity with development of type 2 diabetes. At levels found in severe 
obesity, these adipokines reduce insulin signaling by affecting IRS-1 control and 
degradation. Interference with IRS-1 activity by a Ser Phosphatase is also seen in 
adipocytes incubated with RBP4 and in adipocytes from type 2 diabetes patients. 
Danielsson et al suggest that Ser307 phosphorylation of IRS-1 is not required for 
the initial Tyr phosphorylation but for the subsequent steady-state level of Tyr 
phosphorylation 32,47. Control of IRS-1 is a vital step in the insulin signaling path-
way that initiates glucose uptake in muscle cells and adipocytes and it would be 
of great interest to delineate whether these cells show a similar responsiveness 
to adipokines as megakaryocytes. 
A key finding in the present study is the induction of insulin resistance in mega-
karyocytes by plasma samples from obese men. These samples have a 2-fold 
elevated level of leptin. A 10 years follow-up assessment in Aboriginal Canadians 
who were free of diabetes at baseline showed that high leptin levels at baseline 
were associated with increased risk of incident type 2 diabetes 43. Also a study 
among Japanese men showed that the leptin concentration predicted diabetes 
44. Although the significance of both associations decreased with adjustment for 
waist circumference, the studies support the concept that abnormalities in content 
of circulating adipokines link obesity to risk of type 2 diabetes. An adipokine with 
an even stronger association with diabetes risk is adiponectin, with levels that 
correlate inversely with diabetes risk. Also restistin, PAI-1 and RBP4 make mega-
karyocytes insulin resistant and correlation studies with risk for type 2 diabetes 
have appeared for PAI-1 and RBP4 45,46, but not for resistin.  At present about 50 
different adipokines have been identified and their effects alone and in combina-
tion should be clarified before their impact on platelet sensitivity for insulin can be 
understood. 
Prolonged contact initiates IRS-1 degradation. The reduced IRS-1 expression 
found in patients with type 2 diabetes, suggests that these megakaryoctes shed 
platelets devoid of a normal amount of IRS-1 thereby reducing sensitivity for in-
sulin. This is consistent with previous data, showing SOCS-induced degradation 
of IRS proteins in hepatic cells in mice 40 and reduced IRS-1 levels in adipocytes 
from type 2 diabetes patients 48.  
Resistin, leptin, PAI-1 and RBP4 induce insulin resistance, whereas visfatin, IL-6 
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and TNF-a do not. Apparently, interference with megakaryocyte behaviour is not 
an exclusive property of adipocytes (leptin), but also occurs in macrophages and 
other immune cells which are present in visceral adipose tissue (resistin, PAI-1, 
RBP4, visfatin, IL-6 and TNF-a). 
Adipokines that make megakaryocytes insulin-resistant do not change insulin sig-
naling in platelets. Platelets have the leptin receptor Ob-Ra and Ob-Rb and short 
contact enhances platelet activation 16-18. However, they fail to interfere with insulin 
suppression of Ca2+ increases and probably leave IRS-1 activity unchanged. Also 
during prolonged contact these adipokines do not change insulin suppression of 
Ca2+ rises. Platelets adhering to a thrombotic surface are capable of synthesiz-
ing proteins such as tissue factor but synthesis is slow and even further reduced 
when cells are in suspension (preliminary data: Enhanced platelet tissue factor 
synthesis in type 2 diabetes patients, A.J.G., C.A.K., T.W.H., J.W.A., 2009). A high 
leptin concentration induces production of proinflammatory cytokines by human 
leukocytes 49 and upregulates tissue factor expression in monocytes inducing hy-
percoagulability 50. 
Platelets from type 2 diabetic patients are hyperactive with increased adhesion, 
aggregation and TxA2 production in vitro 10 and circulate while exposing P-selectin 
caused by fusion of the a-granules with the plasma membrane explaining the in-
creased risk for atherothrombosis. The loss of insulin sensitivity in these platelets 
is accompanied by a 1.4-fold increase in signaling through the P2Y12 pathway 
which might contribute to the hyperactivity of pathways signaling to rises in Ca2+, 
aggregation and shear-induced platelet function measured in the PFA-100 sys-
tem 10,11. Our observations that resistin makes megakaryocytes insulin-resistant 
and at the same time increases their aggregability suggests that disturbances in 
IRS-1 regulation affect the P2Y12 pathway. Since upregulation of P2Y12 signal-
ing reduces the sensitivity for pharmacological inhibition, this might be a cause for 
the increased resistance against anti-thrombotic therapy with clopidogrel in type 
2 diabetic patients 51. 
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SUPPLEMENTARY DATA
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Figure S1. Insulin signaling suppresses thrombin-induced Ca2+ mobilization in megakaryo-

cytes
(a) Functional P2Y12 signaling in megakaryocytes. Megakaryocytes were pre-incubated with different 
concentration AR-C69931MX (5 minutes, 37°C) and thrombin-induced Ca2+ mobilization was mea-
sured. (b) Insulin inhibition is mediated by adenylyl cyclase. Megakaryocytes were pre-incubated with 
the adenylyl cyclase SQ22536 (50 µM, 15 min, 37°C) and insulin inhibition of thrombin-induced Ca2+ 

mobilization was measured.  (c) No role for the IGF-1 receptor in the inhibition by insulin. Megakaryo-
cytes were pre-incubated with a blocking antibody against the IGF-1 receptor (1 mg/mL, 20 minutes, 
37°C) and insulin inhibition of thrombin-induced Ca2+ mobilization was measured. (for a-c, means ± 
SEM, n=3, data was analyzed with Student’s test, * denotes a significant difference, p<0.05)
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ABSTRACT

Objective Patients with type 2 diabetes have an increased risk of cardiovascu-
lar disease and show abnormalities in the coagulation cascade. We investigated 
whether increased synthesis of Tissue Factor (TF) by platelets could contribute to 
the hypercoagulant state. 
Research Design and Methods Platelets from type 2 diabetes patients and 
matched controls were adhered to different surface-coated proteins and TF-pre-
mRNA splicing, -protein and -procoagulant activity were measured.   
Results Different adhesive proteins induced different levels of TF-synthesis. A mi-
metic of active clopidogrel metabolite (AR-C699331 MX) reduced TF synthesis by 
56 ± 10%, an aspirin-like inhibitor (indomethacin) by 82 ± 9% and the combination 
by 96 ± 2%, indicating that ADP release and thromboxane A2 production followed 
by activation of P2Y12- and thromboxane receptors mediate surface-induced TF-
synthesis. Interference with intracellular pathways revealed inhibition by agents 
that raise cAMP and interfere with PI3-K/PKB. Insulin is known to raise cAMP in 
platelets and inhibited collagen-III induced TF-pre-mRNA splicing and reduced TF 
activity by 35±5 and 47±5% at 1 and 100 nM. Inhibition by insulin was reduced 
in type 2 diabetes platelets resulting in a ~1.6-fold higher TF synthesis than in 
matched controls. 
Discussion We characterized the extra- and intracellular mechanisms that couple 
surface activation to TF-synthesis in adhering platelets. In healthy individuals, 
TF-synthesis is inhibited by insulin but in patients with type 2 diabetes inhibition 
is impaired. This leads to the novel finding that platelets from type 2 diabetes pa-
tients produce more TF than platelets from matched controls. 

INTRODUCTION

Type 2 diabetes patients have a 2–8-fold higher risk of cardiovascular disease 
than healthy individuals and eighty percent will die of arterial thrombosis-related 
disorders 1. Type 2 diabetes induces a prothrombotic state caused by imbalance 
of the hemostatic mechanism with evidence of hypercoagulation, decreased fi-
brinolysis, platelet hyperaggregability and endothelial dysfunction 2,3. Circulating 
markers for activated coagulation such as prothrombin fragment 1 + 2 and throm-
bin-anti-thrombin complexes are increased. Also the elevated levels of fibrinogen, 
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factors (F) VII, VIII, XI and von Willebrand factor (VWF) might contribute to the 
prothrombotic tendency (4). In particular, circulating tissue factor (TF) is increased 
5, which, as the main initiator of the coagulation cascade, might contribute to hy-
percoagulability. Interestingly, improvement of glycaemic control lowers plasma 
TF 6. 
The hyperaggregability of type 2 diabetes platelets might be caused by loss of 
sensitivity to insulin. Under experimental conditions, platelets of type 2 diabe-
tes patients show better adhesion to a prothrombotic surface, make larger ag-
gregates, have an increased pro-coagulant surface and an elevated cytosolic 
Ca2+ concentration compared to platelets from healthy controls 7. Intensive in-
sulin treatment partly normalizes platelet aggregation 8. Indeed, insulin inhibits 
platelets from healthy individuals but not from type 2 diabetes subjects. Normally, 
platelet activators start signaling pathways that initiate aggregation and secretion 
while concurrently reducing the level of the intracellular inhibitor cAMP through 
the G-protein subunit Gia-2. Insulin inactivates Gia-2 through binding of insulin 
receptor substrate-1 (IRS-1) to Gia-2 7-9. In type 2 diabetes platelets, this prop-
erty is lost presumably due to a defect in IRS-1. In addition to signaling through 
Gia-2, insulin releases Gi bg activating the phosphatidylinositol 3-kinase (PI3-K)/
protein kinase B (PKB) pathway and increasing glucose uptake through GLUT3 
transporters 10,11.
A key step in the initiation of a haemostatic plug is TF exposure. TF is an integral 
transmembrane protein (43 kD) located on the plasma membrane 12. TF binds ac-
tivated FVII and the complex activates FVII, FIX and FX, generating thrombin and 
inducing clotting. TF is constitutively expressed by vascular smooth muscle cells 
and vessel damage rapidly starts coagulation. Also monocytes and endothelial 
cells produce TF following a shift to a prothrombotic phenotype induced by inflam-
matory factors such as lipopolysaccaride (LPS). Studies in mice with a general 
and a bone marrow-specific TF suppression show that fibrin propagation depends 
exclusively on blood-born TF. The source of blood-born TF is sought in micropar-
ticles. They deliver TF in an encrypted state which upon contact with the thrombus 
changes to an active conformation that initiates clotting 13. We showed recently 
that TF production by LPS-stimulated monocytes is suppressed by insulin via a 
mechanism similar but not identical to insulin’s inhibition of platelet functions 14. 
Preliminary data indicate that in type 2 diabetes monocytes have lost sensitivity to 
insulin and produce more TF than their normal counterparts.    
Recent findings suggest a new source for TF expression 15. The anucleate platelet 
has long been considered incapable of synthesizing proteins, but the presence of 
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a splicing machinery together with pre-mRNAs for a number of proteins including 
TF make them a source for TF synthesis. 
Here we show for the first time that different adhesive proteins initiate different 
levels of TF synthesis in platelets. We identify extra- and intracellular mechanisms 
that couple surface activation to TF synthesis and evaluate the effect of platelet 
inhibiting medication. We show that in normal platelets, insulin interferes with sur-
face-induced TF synthesis. In platelets from type 2 diabetes patients, inhibition by 
insulin is much reduced resulting in a 1.6-fold increase in TF synthesis compared 
with platelets from healthy controls.

METHODS

Materials - We obtained human recombinant insulin (solubilized according to 
the recommendations of the manufacturer in 10 mmol/L acetic acid, 100 mmol/L 
NaCl, and 0.01% BSA to a stock concentration of 100 μmol/L), wortmannin, 1-(5-
chloronaphthalene-1-sulfonyl)-1H-hexahydro-1,4-diazepine (ML-9), lipopolysac-
charide (LPS, E. coli 0111:B4), indomethacin, puromycin, collagen type I and 
III, ADP from Sigma (St. Louis, MO, USA), Akt inhibitor 1701-1 from Biovision 
(Mountain View, CA, USA), iloprost from Schering AG (Berlin, Germany), forsko-
lin, BAPTA(AM), Tg003 and cantharidin from Calbiochem (La Jolla, CA, USA), 
LY294002 from Biomol (Plymouth Meeting, PA, USA), cycloheximide from MP 
Biochemicals (Santa Ana, CA, USA), collagen reagent Horm from Nycomed Phar-
ma (Munich, Germany), thrombin and fibrinogen from Enzyme Research Labora-
tories (South Bend, IN, USA), U-44619 from Cayman Chemicals (Ann Arbor, MI, 
USA). Plasma-derived VWF was purified from VWF/FVIII concentrate (Haemate 
P, Behring, Marburg, Germany) 16. Factor X (FX) was purified from fresh-frozen 
plasma 17. Recombinant Factor VIIa (rFVIIa) was from Novo Nordisk (Bagsværd, 
Denmark) and recombinant TF (Innovin) from Dade Behring, Liederbach, Ger-
many. Antibodies against the horseradish peroxidase-labeled anti-rabbit antibody 
were from Cell Signaling Technology (Danvers, MA, USA), anti-phospho-Ser poly-
clonal antibody from Upstate Biotechnology (Bucks, UK), peroxidase-linked goat 
anti-mouse antibody from DAKO (Glostrup, Denmark), anti-SF2/ASF antibody 
from Abcam (Cambridge, UK), anti-TF antibodies from Santa Cruz Biotechnology 
(Santa Cruz, CA, USA) for immunoprecipitation and Affinity Biologicals (Ancast-
er, ON, Canada) for Western blotting and anti-TF pathway inhibitor (TFPI) anti-
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body from American Diagnostica (Stamford, UK) An inhibitory antibody against 
TF was a generous gift from Dr M Kjalke (Hemostasis Biology, Novo Nordisk, 
Malov, Denmark). The ADP receptor P2Y12 antagonist, N6-(2-methylthioethyl)-2-
(3,3,3-trifluoropropylthio)-β,γ-dichloromethylene ATP (AR-C69931MX) was a kind 
gift from Astra Zeneca (Loughborough, UK). All other chemicals used were of 
analytical grade. 

Subjects - The study had been approved by the Medical Ethical Review Board. 
Type 2 diabetes subjects were recruited from the out patient clinics of the Utrecht 
Medical University Hospital (Utrecht, Netherlands). Their characteristics are given 
in Table 1. Patients and matched control subjects gave their informed consent 
prior to participation in the study. 

Platelet isolation - Freshly drawn venous blood from healthy volunteers and type 2 
diabetes patients was collected into 0.1 volume of 130 mmol/L Na3 citrate. Plate-
lets were isolated as described 9. 
Attempts to remove contaminating monocytes included (i) incubation of a plate-
let suspension (2 × 108 platelets/mL)  with either anti-CD14 or CD45 antibody 
coupled beads (15 min, 22°C, 35 mL anti-CD14 or anti-CD45 beads per 40 × 108 
platelets) and subsequent magnetic separation (Miltenyi Biotec, Bergisch Glad-
bach, Germany) and (ii) a double incubation of a concentrated platelet suspen-
sion (~15 × 108 platelets/mL) with a cocktail of anti-CD14 and anti-CD45 antibody 
coupled beads (15 min, 22°C, 35 mL anti-CD14 and 35 mL anti-CD45 beads per 
40 × 108 platelets) and magnetic separation. Contamination with monocytes was 
measured by RT-PCR of CD14 mRNA. To this end, total RNA was isolated us-
ing the kit from RNA-Bee (Tell Tech, Friendswood, TX, USA) and RT-PCR was 
performed using the forward primer 5’-AAAGCACTTCCAGAGCCTGC-3’ and the 
reverse primer 5’-TCGAGCGTCAGTTCCTTGAGG-3’ on a PTC-200 apparatus 
(MJ Research, Waltham, MA, USA). 

TF expression - An aliquot of platelet suspension (2 × 108 platelets) was incubated 
for static adhesion experiments in 6-wells plates (Corning Ultra-Low Attachment 
surface, Corning, Acton, MA, USA) or kept in suspension for the indicated times 
at 37°C. Wells were coated with 50 mg/mL horm collagen, 50 mg/mL collagen 
type I, 50 mg/mL collagen type III, 1 U/mL thrombin, 100 mg/mL fibrinogen and 10 
mg/mL VWF for 2 hrs at 37°C. For analysis of TF procoagulant activity, adhered 
platelets, collected in 250 mL HEPES/Tyrode buffer, or suspensions were lysed by 
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3 times freeze/ thawing and centrifuged (16200 × g, 2 min, 22°C). Pellet fractions 
were dissolved in 50 mL HEPES/Tyrode buffer. Samples were incubated with 2 
mg/mL anti-TFPI antibody (15 min, 22°C) and thereafter with 10 mg/mL FX, 5 U/
mL rFVIIa and 5 mmol/L CaCl2  (45 min, 37°C). FXa generation was measured 
in a fluorescence reader at 405 nm after addition of FXa substrate (Pentapharm, 
Basel, Switzerland). Procoagulant activity was determined based on a standard 
curve derived from serial dilutions of recombinant TF. 
For analysis of splicing of TF pre-mRNA, 12 × 108 platelets were adhered to a 
coated surface or kept in suspension, as indicated. Total RNA was isolated (RNA-
Bee, Tell Tech) and RNA levels adjusted for variations per sample (by measuring 
the optical density OD260 on a NanoDrop spectrophotometer) and RT-PCR was 
performed on a PCR apparatus (PTC-200, MJ Research, Waltham, MA, USA) 
using primers that overlapped intron four, with forward primer 5’-CTCGGACAGC-
CAACAATTCAG-3’ and reverse primer 5’-CGGGCTGTCTGTACTCTTCC-3’.    

Alkaline phosphatase assay –The number of adhered platelets was inferred from 
the content of alkaline phosphatase in collected samples, as published 18. Alka-
line phosphatase activity was related to platelet number using a serial dilution of 
platelets in suspension. 

Immunoprecipitation –To determine levels of TF protein and the Ser phosphory-
lation of SF2, aliquots of 2 × 108 platelets were adhered to a coated surface in 
6-wells plates or kept in suspension (1 hr, 37°C). Adhered platelets and suspen-
sions were collected in lysis buffer (1% NP40, 0.5% octylglucoside, 0.1% SDS, 
5 mmol/L EDTA in PBS) supplemented with 10% protease inhibitor cocktail, 1 
mmol/L NaVO3 and 10 mM cantharidin. Proteins were precipitated with protein 
G-sepharose in combination with 1 mg/mL anti-TF or anti-SF2 antibody overnight 
at 4°C. Precipitates were washed 3 times and  dissolved in reducing Laemmli 
sample buffer. 

SDS-PAGE and Western blotting - Proteins were analyzed by SDS-PAGE and 
Western blotting. After blocking with Odyssey buffer (1 hr, 22°C), membranes 
were incubated (16 hrs, 4°C) with 1 mg/mL anti-TF, anti-phospho-Ser or anti-SF2 
antibody. Immunoblots were visualized using the Odyssey infrared imaging sys-
tem (LI-COR Biosciences, Lincoln, NE, USA) and Alexa-labelled antibodies ac-
cording to the manufacturer’s instructions. The intensity of the bands was quanti-
fied with ImageJ software.
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Statistics - Data is expressed as mean ± S.E.M. with n observations and was 
analyzed with Student’s test for unpaired observations or Mann Whitney U test, 
as indicated. Differences were considered significant at p< 0.05.

RESULTS

Preparation of pure platelet suspensions 
The finding that platelets synthesize TF has been refuted in the past by critics 
who claimed that platelet suspensions are often contaminated with monocytes 
which have a many fold higher translation capacity 19-21. To address this issue, we 
searched for the monocyte-specific marker CD14-mRNA by RT-PCR in platelet 
preparations prepared by conventional centrifugation/resuspension 7,9 and found 
them positive (Fig. 1a, top panel). Also, an extra treatment with anti-CD45 mag-
netic beads was insufficient to remove all monocytes. Pure platelet preparations 
were obtained by a twice repeated incubation of a concentrated platelet suspen-
sion with a cocktail of anti-CD14 and anti-CD45 magnetic beads and monocyte 
removal by magnetic sorting. After 35 cycli, RT-PCR of CD14 was negative in 
the platelet preparation and positive in the elution (Fig. 1a, bottom panel). We 
found that suspensions containing CD14-mRNA that were allowed to adhere to 
fibrinogen responded to LPS with formation of TF activity detected in the Factor 
Xa assay (Fig. 1b). CD14-mRNA negative preparations did not. In order to ensure 
purity of the platelet suspension, a sample of adhered platelets incubated with 
LPS was therefore included in all experiments and samples showing LPS-induced 
TF synthesis were discarded. Addition of anti-TF antibody (0.5 mg/mL, 15 min, 
22°C) completely blocked TF activity in activated platelets confirming specificity 
of the FXa assay. 

Activated platelets express TF by splicing of pre-mRNA
The number of adhered platelets was determined by measuring alkaline phos-
phatase content and a standard curve relating enzyme activity to platelet num-
ber established in platelet suspensions (Fig. 1c). TF synthesis and TF pre-mRNA 
splicing were studied on fibrinogen- and collagen-coated surfaces. Platelets ad-
hering to a fibrinogen-coated surface (4 hr, 37°C) synthesized 0.24 ± 0.04 ng TF/ 
2 × 108 platelets (n=10). TF synthesis in adhered platelets was inhibited by the 
translation blockers cycloheximide (58 ± 2%, n=3) and puromycin (76 ± 6%, n=12) 
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and the splicing blocker Tg003 (51 ± 7%, n=6; Fig. 1d), confirming earlier work 
15,22. To demonstrate splicing of TF pre-mRNA, a RT-PCR with primers overlapping 
intron four was performed on platelets adhered to collagen type I (2 hr, 37°C). The 
result showed the expected band for spliced mRNA at 297 bp and for unspliced 
mRNA at 904 bp in the presence of Tg003 (Fig. 1e). Regulation of TF pre-mRNA 
splicing was examined by measuring the Ser phosphorylation of SF2, an effector 
of Cdc2-like kinase (Clk-1; Fig. 1f). The low levels of SF2-Ser phosphorylation 
in platelets in suspension were unchanged after stimulation with thrombin and 
increased when platelets had adhered to fibrinogen (4 hrs, 37°C). Tg003 reduced 
the phosphorylation, confirming its dependence on Clk1. These results confirm 
that adhering platelets synthesize TF through splicing of pre-mRNA. 

Different splicing at different adhesive surfaces
The question was addressed which adhesive surface induced the highest TF pre-
mRNA splicing. Platelets were incubated (4 hr, 37°C) on a surface coated with 
horm collagen, a mixture of 95% type I and 5% type III collagen, collagen I, which 
has strong platelet adhesive properties 23, immobilized thrombin, fibrinogen which 
binds to the damaged vessel wall, collagen III, which is present in the vascula-
ture and VWF which also binds to the sub-endothelium. Puromycin was used to 
separate translation-dependent TF activity from background TF. Compared with 
fibrinogen (set at 100%), TF synthesis on horm collagen, collagen I and thrombin 
was 143 ± 42, 132 ± 29 and 126 ± 20%, respectively. A lower TF activity was found 
on collagen III (71 ± 10%) and VWF (38 ± 14%) (n=4; Fig. 2a). Since different ad-
hesive surfaces induced different extents of adhesion/aggregation, bound plate-
lets were quantified on the basis of alkaline phosphatase content. The highest 
adhesion/aggregation was found with collagen I and horm collagen (~125 × 106 
platelets), whereas adhesion to thrombin, fibrinogen and VWF was about 30% 
lower (Fig. 2b). Expression per platelet and correction for background TF (defined 
as DTF activity), indicated that horm collagen, thrombin and collagen I induced 
the highest TF synthesis followed by fibrinogen (set at 100%), collagen III and 
VWF (Fig. 2c). We examined whether adhered platelets produce more TF than 
platelets in suspension. Collagen III-adhered platelets (4 hrs, 37°C) produced 600 
fold more TF than platelets in suspension stimulated with collagen III (0.17 ± 0.09 
and 0.0003 ± 0.0001 ng TF/ 2.0 × 108 platelets respectively, n=3), indicating that 
splicing of TF pre-mRNA is strongly facilitated by adherence to a surface (Fig. 2d), 
such in contrast with an earlier finding 15,22. 
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Figure 1. Platelet-specific splicing of TF pre-mRNA and TF synthesis 
(a) Detection of leukocyte-specific CD14 RNA (422 bp) in monocytes (lanes 1), platelet suspensions 
prepared by conventional centrifugation/resuspension (2), leukocyte-depleted platelet suspensions 
obtained by incubation with either anti-CD14 or anti-CD45 magnetic beads (3, top panel) or double 
incubation with anti-CD14 and anti-CD45 magnetic beads (3, bottom panel) and elution (4, leukocyte-
rich fraction).  Controls -RT and –RNA show the presence of genomic DNA and the specificity of the 
PCR (5,6). (b) Lack of LPS induced TF synthesis in CD14 mRNA-negative suspensions. CD14 mRNA-
positive and CD14 mRNA-negative platelet suspensions without (open bar) and with (closed bars) 1 
mg/mL LPS. Incubation with a blocking antibody against TF completely inhibited TF activity in CD14 
mRNA-negative suspensions. TF activity in fibrinogen-adhered platelets without LPS stimulation was 
expressed as 100%. (c) Relation between alkaline phosphatase level and platelet number used to 
quantify the number of adhered platelets. (d) TF activity in fibrinogen-adhered platelets (4 hr, 37°C; 
open bar) is inhibited by the translation blockers cycloheximide and puromycin and the splicing blocker 
Tg003 (in DMSO); closed bars. (e) Splicing by platelets adhering to collagen I (4 hr, 37°C) demonstrat-
ing a shift from pre-mRNA (904 bp) to mature mRNA (297 bp). (f) Negative SF2 phosphorylation in 
resting and thrombin-stimulated platelet suspensions and positive SF2 phosphorylation in fibrinogen-

adhered platelets which is inhibited by Tg003. Data are means ± SEM; n=3-12 (a), (c), (e).  
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Figure 2. Surface-dependent platelet TF activity 
(a) TF synthesis in platelets adhering to surface-coated horm collagen (horm), collagen I (col I), throm-
bin (thr), fibrinogen (fg), collagen III (col III) and VWF (4 hr, 37°C). TF activity in fibrinogen-adhered 
platelets was set at 100%. Pre-incubation with puromycin (15 min, 37°C) inhibited TF activity to back-
ground. (b) Platelets were adhered to different adhesive proteins and at different times alkaline phos-
phatase was measured and the number of adhered platelets determined. A representative example 
of n=4 is shown. (c) For different adhesive proteins surface-induced TF activity was expressed per 
platelet, corrected for background TF and defined as DTF activity. (d) Platelets adhering to collagen III 
(4 hr, 37°C) produce 600-fold more TF activity than the same platelet number in suspension stimulated 
with a same concentration of collagen III. (a) and (c) TF activity in fibrinogen-adhered platelets was 

expressed as 100%. Data are means ± SEM; n=3-4.

Inhibition of platelet TF synthesis
To examine the mechanisms that couple surface activation to TF synthesis, plate-
lets were adhered to collagen III without and with co-incubation with AR-C699331 
MX (which mimics blockade of the P2Y12-receptor by the active metabolite of 
clopidogrel), with indomethacin, an easily soluble COX-1 inhibitor which mimics 
the action of aspirin, or a combination. The inhibitors did not change platelet adhe-
sion during prolonged contact with collagen III (Fig. 3a). AR-C699331 induced a 
56 ± 16% decrease in TF synthesis, indicating that in its absence TF synthesis is 
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enhanced by ADP secretion and P2Y12 receptor-mediated signaling. Indometha-
cin induced an even steeper reduction and inhibited TF synthesis by 82 ± 9%. The 
combination of the two inhibitors reduced TF synthesis by 96 ± 2% (n=4, Fig. 3b). 
Thus, platelet TF synthesis strongly depends on the extracellular feed-back loops 
mediated by secretion of granule ADP and release of TxA2.
Since platelets adhered to different adhesive proteins synthesized different 
amounts of TF, intracellular pathways linking surface receptors with splicing regu-
lation were investigated. There was little effect of metabolic inhibitors on adhesion 
(Fig. 3c and not shown). The adenylyl cyclase activator forskolin and the stable 
prostacyclin mimetic iloprost raise cAMP and inhibited TF synthesis on collagen 
III by 51 ± 14 and 82 ± 6% respectively. BAPTA/AM, which lowers the cytosolic 
Ca2+ concentration and quenches Ca2+ increases in activated platelets, inhibited 
TF synthesis almost completely. Inhibitors of PI3-K (wortmannin, LY294002) and 
PKB (Akt inhibitor 1701-1, ML-9) decreased TF synthesis by 60% or more, in-
dicating that in the absence of inhibitors, the PI3-K/PKB pathway signals to TF 
pre-mRNA splicing (Fig. 3d). To investigate whether the inhibitors interfere with 
release of ADP/TxA2 and/or with signaling from ADP/TxA2 receptors to the spli-
ceosome, experiments were repeated in the presence of excess of ADP (50 mM) 
and of the stable TxA2 analog U-46619 (2 mM). Inhibition of TF synthesis by the 
metabolic inhibitors was preserved, indicating that in addition to the known sup-
pression of ADP/TxA2 release, these blockers interfere with the control of TF pre-
mRNA splicing (Fig. 3e). Western blot analysis confirmed that iloprost inhibited 
synthesis of TF protein (Fig. 3f). Together, these data reveal that surface-induced 
TF synthesis is inhibited by a rise in cAMP, strongly depends on cytosolic Ca2+ 
and is induced by signaling through the PI3-K/PKB pathway.

Insulin inhibits collagen-induced TF synthesis in platelets
Earlier studies in platelets showed that insulin induces Tyr-phosphorylation of 
IRS-1, which is an upstream regulator of the Gi-mediated suppression of adenylyl 
cyclase and the PI3-K mediated activation of PKB 9. Since surface-induced TF 
synthesis was sensitive to agents that raise cAMP or inhibit the PI3-K/PKB path-
way, we addressed the question whether insulin interferes with adhesion-induced 
TF synthesis. Platelets were pre-incubated with 100 nM insulin (5 min, 37°C) and 
adhered to different adhesive surfaces. The degree of inhibition differed between 
adhesive proteins and reached 94 ± 6, 64 ± 27, 76 ± 27, 67 ± 14, 41 ± 7% (n=5) 
for horm collagen, thrombin, collagen I, fibrinogen and collagen III respectively. 
On VWF no inhibition by insulin was found (Fig. 4a). To elucidate whether insulin 
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Figure 3. Effect of inhibitors of signaling pathways on TF synthesis in platelets
(a,b) Platelets were pre-incubated with a mimetic of active clopidogrel metabolite (AR-C699331 MX, 
AR, 250 nM), the aspirin-like inhibitor indomethacin (Indo, 100 mM) or the combination (15 min, 37°C). 
AR-C699331 MX and indomethacin did not affect platelet adhesion but reduced surface-induced TF 
synthesis (4 hr, 37°C). (c,d). Platelets were preincubated with the adenylyl cyclase activator forskolin 
(40 mM), the stable prostacyclin mimetic iloprost (1 mg/mL), the Ca2+ quencher BAPTA/AM (25 mM), 
the PI3-K/PKB inhibitors wortmannin (0.5 mM) and LY294002 (10 mM), the Akt inhibitor 1701-1 (2 mM) 
and ML-9 (100 mM) (15 min, 37°C). The inhibitors did not change platelet adhesion but reduced the 
surface-induced TF synthesis (4 hr, 37 °C). (e) Platelets in the presence of excess of ADP and the 
TxA2 mimetic U-44619 were pre-incubated with iloprost, BAPTA/AM, wortmannin, LY294002, the Akt 
inhibitor 1701-1 and ML-9 before platelets were adhered to collagen III (4 hr, 37°C) and TF activity was 
determined. (f) Platelets were adhered to fibrinogen (4 hr, 37°C). The blot shows the 60 kD band (in 
presence of DTT) of monocyte TF, surface-induced platelet TF protein, the inhibition by puromycin and 
by the cAMP raising agent iloprost. (a), (c) and (f) representative examples for n=3. (b), (d) and (e) TF 
activity in collagen III-adhered platelets was expressed as 100%. Data are means ± SEM; n=3-4.
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interferes with splicing before or after release of ADP/TxA2, experiments were 
repeated in the presence of excess of ADP and TxA2 mimetic. Inhibition of col-
lagen III-induced TF synthesis was preserved, indicating that insulin inhibits TF-
synthesis by interfering with the control of pre-mRNA splicing induced by ADP 
and thromboxane A2 receptors (Fig. 4b). Collagen III-adhered platelets were used 
to further evaluate the inhibition by insulin. Adhered platelets showed a dose-de-
pendent inhibition between 1 and 100 nM insulin (Fig. 4c). Inhibition of pre-mRNA 
splicing by insulin was clearly detectable, showing decreased levels of mature 
mRNA compared to platelets in the absence of insulin (Fig. 4d). In type 2 diabe-
tes patients, inhibition by insulin was lost, resulting in higher levels of collagen 
III-induced TF activity (96 ± 12%, n=8) compared to matched controls (59 ± 12%, 
n=8; p<0.05 with Mann Whitney U test; Fig 4e).
  

DISCUSSION

Novel findings in the present study are (i) the identification of the extra- and intra-
cellular mechanisms that couple surface activation to initiation of TF synthesis in 
platelets, (ii) the inhibition of TF synthesis by insulin in normal platelets and, (iii) 
the loss of insulin inhibition in platelets from patients with type 2 diabetes resulting 
in a 1.6-fold higher TF synthesis. The increased TF synthesis might be a cause of 
the hypercoagulant state observed in type 2 diabetes patients and contribute to 
the increase in thrombotic risk. 
The critique that TF synthesis by platelets is caused by contaminating leukocytes 
appears unjust. The CD14 mRNA-free platelet suspensions showed no TF pre-
mRNA splicing upon stimulation with LPS, which is a potent inducer of TF syn-
thesis in monocytes 14. Apparently, splicing of TF pre-mRNA is not under control 
of the platelet LPS receptor which contrasts with other studies that show LPS-
induced splicing of IL-1b and COX-2 pre-mRNA in platelets 24.
Platelets adhering to surface-coated adhesive proteins start splicing of TF pre-
mRNA, synthesis of TF protein and induce the capacity to initiate coagulation, 
confirming earlier observations 15,22. The anucleate platelet has long been con-
sidered incapable of synthesizing proteins. Intron removal was thought to be 
confined to the nucleated megakaryocyte and platelet proteins to be the exclu-
sive result of transcription and translation in this progenitor cell 25. Unexpectedly, 
the platelet cytoplasm contains splicing factor 2 /alternative splicing factor (SF2/
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Figure 4. Insulin inhibits synthesis of platelet TF
(a) Platelets were pre-incubated with 100 nM insulin (5 min, 37°C) and adhered to surface- coated 
horm collagen, thrombin, collagen I, fibrinogen, collagen III and VWF (4 hr, 37°C) and TF activity was 
measured. (b) To the platelet suspension excess ADP and U-46619 were added and followed by pre-
incubation with insulin (5 min, 37°C) before platelets were adhered to collagen III (4 hr, 37°C) and TF 
activity was determined. (c) Dose-dependent inhibition by insulin (5 min, 37°C) of TF synthesis by 
collagen III-adhered platelets. (d) Splicing was demonstrated by the presence of either pre-mRNA or 
mature mRNA in platelets that were untreated or pre-incubated with insulin and allowed to adhere to 
collagen I (30 min, 37°C). A representative example of n=4 is shown. (e) Platelets from 8 type 2 dia-
betes patients and 8 matched controls were pre-incubated with insulin, allowed to adhere to collagen 
III (4 hr, 37 °C) and TF activity was measured. TF activity in adhered platelets without insulin from 
controls and type 2 diabetes patients were not significant different. (a), (b), (c) and (e) TF activity in 

fibrinogen or collagen III-adhered platelets was set at 100%. Data are means ± SEM; n=3-8.
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Table 1. Characteristics of the study population  	          
          
		                                              Control group      Type 2 diabetes patients        P
				                     (n= 8)                         (n= 8)

Age (years)			                   52 ± 3	                   58 ± 3                        0.2
BMI (kg/m2)		                                  25 ± 0.9                      28 ± 2                        0.2
Systolic blood pressure (mmHg)	               140 ± 7	                 131 ± 3                        0.2
Diastolic blood pressure (mmHg                        86 ± 4	                   80 ± 4                        0.3
HbA1c (%)			                  5.5 ± 0.0                    7.3 ± 0.5                   0.002
Cholesterol (mmol/l)	                                6.1 ± 0.                         4 ± 0.3                   0.001    
Triglycerides (mmol/l)	                                1.7 ± 0.3                    1.9 ± 0.4          	     0.6
HDL-cholesterol			                 1.3 ± 0.07                  1.1 ± 0.11          	     0.2 
Creatinine (mmol/l)		                  95 ± 6.4                   104 ± 6            	     0.3
Management with insulin                                         -                                 8	            	      -
Duration of diabetes (years)                                    -                            16 ± 2	             	      -
  

Data are expressed as mean ± SEM  

ASF), a regulator of constitutive and alternative splicing 26 together with a number 
of pre-mRNAs with message for IL-1b, B-cell lymphoma 3, plasminogen activator 
inhibitor-1, cyclo-oxygenase-2 (COX-2) and TF 27-29. Platelets stimulated with sol-
uble agonists or adhering to fibrinogen, start formation of mature RNAs and trans-
lation into functional proteins. Splicing of TF pre-mRNA results in formation of TF 
protein and the capacity to start coagulation and is under control of dual specificity 
Cdc2-like kinase (Clk)1, which contains an N-terminal region enriched in serine/
arginine dipeptides (SR) that interacts with SF2/ASF 30. Inhibition of splicing by 
Tg003 and of protein synthesis by puromycin confirm that platelets are capable of 
transcription/translation-dependent TF synthesis 15. However, the inhibition was 
incomplete, suggesting that platelets contain a small store of encrypted TF that 
becomes active when the cells adhere to an adhesive surface. 
Splicing of TF pre-mRNA was 600-fold more efficient in adhering platelets than in 
platelet suspensions, suggesting that close contact between platelets accelerates 
this process. In adhered platelets, the P2Y12-receptor blocker AR-C699331 MX 
inhibited TF synthesis by 56% and the COX-1 blocker indomethacin by 82%, illus-
trating that without inhibitors, TF synthesis is strongly enhanced by ADP secretion 
and TxA2 formation and subsequent activation of the P2Y12 receptor (ADP) and 
TPa/β receptors (TxA2). The combination of the blockers reduced TF synthesis 
almost by 100%. This observation might indicate that in vivo signaling to TF pre-
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mRNA splicing is inhibited by the active clopidogrel metabolite as well as aspirin 
and that the combination abolishes the major part of platelet TF production. Ap-
parently, there is little TF synthesis in the absence of feed back activation by re-
leased ADP and TxA2, indicating that surface receptors that trigger TF pre-mRNA 
splicing predominantly do so by inducing these positive feed back pathways. Col-
lagen I, horm collagen and thrombin had the strongest capacity to induce splicing 
of TF pre-mRNA. Fibrinogen and collagen III induced less splicing and VWF was 
the weakest activator. These differences might reflect the contribution of ADP/
TxA2 release in platelet activation by these agonists, which is strong in horm col-
lagen 31 and thrombin 32 activation, weak in activation by surface-coated fibrinogen 
33 and virtually absent in platelet activation by coated VWF 34.    
Iloprost, BAPTA-AM and inhibitors of PI3-K / PKB inhibited surface-induced TF 
synthesis, indicating that negative control through cAMP-dependent mechanisms 
and positive control through the PI3-K/PKB route determine the rate of TF syn-
thesis. In addition to a direct effect of these inhibitors on the release of ADP/TxA2, 
inhibition of TF activity also takes place after the released products start further 
signaling through the P2Y12- and TxA2 receptors. PKAa and PKAb are activated 
by an increase in cAMP concentration induced by forskolin or 8-CPT-cAMP and 
phosphorylate SR proteins in vitro and change splice site selection in vivo 35. PKB 
contributes to phosphorylation of SR proteins, specifically SF2 36, which potentiate 
their binding to recently transcribed mRNA and/or directly stimulate SR protein ac-
tivities. Interestingly, in monocytes TF expression is under negative control by the 
PKB pathway 14,37. Here PKB inhibits NF-kB activity 37, such in contrast to anucle-
ated platelets where PKB regulates the splicing mechanism. 
The induction of ADP/TxA2 release followed by signaling from ADP/TxA2 recep-
tors to the spliceosome is under control of insulin. In normal platelets, insulin in-
terferes with the P2Y12 pathway by inducing the association of IRS-1 with Gia-2, 
thereby blocking Gi-mediated cAMP suppression, which attenuates platelet func-
tions. In addition, insulin stimulates the PI3-K – PKB pathway, initiating glucose 
uptake through upregulation of GLUT3 transporters 7,11. Interference with cAMP 
suppression by insulin impairs agonist-induced Ca2+ rises, aggregation, secretion 
and the generation of a pro-coagulant surface and the interference with TF syn-
thesis presented here adds to the list of platelet functions under negative control 
by insulin. 
Platelet TF does not seem to play a role in acute injury, since it takes long to ex-
press active TF. An animal model of laser induced vessel wall injury 12 shows the 
first appearance of TF at about 100 sec after induction of vessel wall damage, 
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which is well before the first sign of platelet TF synthesis. Diabetes increases the 
risk of developing lower extremity arterial disease, which is one of the first signs 
of a generalized atherosclerotic disease 38. A key event in the pathogenesis of dia-
betes type 2 is loss of atherosclerotic plaque stability. When the fibrous cap is dis-
rupted, a platelet plug forms, which continuously increases in size until the lumen 
is completely obstructed. In the chronic process of arterial occlusive disease, the 
slow but consistent production of TF by platelets may well contribute to the propa-
gation and stabilization of a thrombus. Indeed, previous studies have detected TF 
antigen and activity in the atherosclerotic plaque 39. The elevated TF synthesis in 
platelets form type 2 diabetes patients might result in a more stable clot inducing 
occlusion of an artery at sites where atherosclerotic lesions have developed.

ACKNOWLEGDEMENTS

This work was supported by the Dutch Diabetes Research Foundation (no. 
2004.00.029) and the Netherlands Thrombosis Foundation (2006-1). The authors 
acknowledge the cooperation of the patients and control subjects.

REFERENCES

Grundy SM, Howard B, Smith S Jr, Eckel R, Redberg R, Bonow RO. Preven-1.	
tion Conference VI: Diabetes and Cardiovascular Disease: executive summa-
ry: conference proceeding for healthcare professionals from a special writing 
group of the American Heart Association. Circulation 2002; 105:2231-2239.
Collier A, Rumley A, Rumley AG, Paterson JR, Leach JP, Lowe GD, Small M. 2.	
Free radical activity and hemostatic factors in NIDDM patients with and without 
microalbuminuria. Diabetes 1992; 41:909-913.
McGill JB, Schneider DJ, Arfken CL, Lucore CL, Sobel BE. Factors responsible 3.	
for impaired fibrinolysis in obese subjects and NIDDM patients. Diabetes 1994; 
43:104-109.
Carr ME. Diabetes mellitus: a hypercoagulable state. J Diabetes Complications 4.	
2001; 15:44-54.
Lim HS, Blann AD, Lip GY. Soluble CD40 ligand, soluble P-selectin, interleu-5.	
kin-6, and tissue factor in diabetes mellitus: relationships to cardiovascular dis-

		  Chapter 3    79



ease and risk factor intervention. Circulation 2004; 109:2524-2528.
Sambola A, Osende J, Hathcock J, Degen M, Nemerson Y, Fuster V, Crandall 6.	
J, Badimon JJ. Role of risk factors in the modulation of tissue factor activity and 
blood thrombogenicity. Circulation 2003; 107:973-977.
Ferreira IA, Mocking AI, Feijge MA, Gorter G, van Haeften TW, Heemskerk JW, 7.	
Akkerman JW. Platelet inhibition by insulin is absent in type 2 diabetes mellitus. 
Arterioscler Thromb Vasc Biol 2006; 26:417-422.
Angiolillo DJ, Bernardo E, Ramirez C, Costa MA, Sabate M, Jimenez-Quevedo 8.	
P, Hernandez R, Moreno R, Escaned J, Alfonso F, Banuelos C, Bass TA, Maca-
ya C, Fernandez-Ortiz A. Insulin therapy is associated with platelet dysfunction 
in patients with type 2 diabetes mellitus on dual oral antiplatelet treatment. J 
Am Coll Cardiol 2006; 48:298-304.
Ferreira IA, Eybrechts KL, Mocking AI, Kroner C, Akkerman JW. IRS-1 medi-9.	
ates inhibition of Ca2+ mobilization by insulin via the inhibitory G-protein Gi. J 
Biol Chem 2004; 279:3254-3264.
Kim S, Jin J, Kunapuli SP. Akt activation in platelets depends on Gi signaling 10.	
pathways. J Biol Chem 2004; 279:4186-4195.
Ferreira IA, Mocking AI, Urbanus RT, Varlack S, Wnuk M, Akkerman JW. Glu-11.	
cose uptake via glucose transporter 3 by human platelets is regulated by pro-
tein kinase B. J Biol Chem  2005; 280:32625-32633.
Gross PL, Furie BC, Merrill-Skoloff G, Chou J, Furie B. Leukocyte-versus mi-12.	
croparticle-mediated tissue factor transfer during arteriolar thrombus develop-
ment. J Leukoc Biol 2005; 78:1318-1326.
Furie B, Furie BC. Thrombus formation in vivo. J Clin Invest 2005; 115:3355-13.	
3362.
Gerrits AJ, Koekman CA, Yildirim C, Nieuwland R, Akkerman JW. Insulin in-14.	
hibits tissue factor expression in monocytes. J Thromb Haemost 2009; 7:198-
205.
Schwertz H, Tolley ND, Foulks JM, Denis MM, Risenmay BW, Buerke M, Tilley 15.	
RE, Rondina MT, Harris EM, Kraiss LW, Mackman N, Zimmerman GA, Weyrich 
AS. Signal-dependent splicing of tissue factor pre-mRNA modulates the throm-
bogenicity of human platelets. J Exp Med 2006; 203:2433-2440.
Sodetz JM, Pizzo SV, McKee PA. Relationship of sialic acid to function and in 16.	
vivo survival of human factor VIII/von Willebrand factor protein. J Biol Chem 
1997; 252:5538-5546.
Hackeng TM, Hessing M, van 't Veer C, Meijer-Huizinga F, Meijers JC, de Groot 17.	
PG, van Mourik JA, Bouma BN. Protein S binding to human endothelial cells is 

80    Chapter 3



required for expression of cofactor activity for activated protein C. J Biol Chem 
1993; 268:3993-4000.
Onley DJ, Knight CG, Tuckwell DS, Barnes MJ, Farndale RW. Micromolar 18.	
Ca2+ concentrations are essential for Mg2+-dependent binding of collagen by 
the integrin alpha 2beta 1 in human platelets. J Biol Chem 2000; 275:24560-
24564.
Pillitteri D, Bassus S, Boller K, Mahnel R, Scholz T, Westrup D, Wegert W, 19.	
Kirchmaier CM. Thrombin-induced interleukin 1beta synthesis in platelet sus-
pensions: impact of contaminating leukocytes. Platelets 2007; 18:119-127.
Aye MT, Palmer DS, Giulivi A, Hashemi S. Effect of filtration of platelet con-20.	
centrates on the accumulation of cytokines and platelet release factors during 
storage. Transfusion 1995; 35:117-124.
Stack G, Snyder EL. Cytokine generation in stored platelet concentrates. 21.	
Transfusion 1994; 34:20-25.
Panes O, Matus V, Saez CG, Quiroga T, Pereira J, Mezzano D. Human plate-22.	
lets synthesize and express functional tissue factor. Blood 2007; 109:5242-
5250.
Santoro SA, Cunningham LW. Collagen-mediated platelet aggregation. Evi-23.	
dence for multivalent interactions of intermediate specificity between collagen 
and platelets. J Clin Invest 1977; 60:1054-1060.
Shashkin PN, Brown GT, Ghosh A, Marathe GK, McIntyre TM. Lipopolysac-24.	
charide is a direct agonist for platelet RNA splicing. J Immunol 2008; 181:3495-
3502.
Maniatis T, Reed R. An extensive network of coupling among gene expression 25.	
machines. Nature 2002; 416:499-506.
Denis MM, Tolley ND, Bunting M, Schwertz H, Jiang H, Lindemann S, Yost CC, 26.	
Rubner FJ, Albertine KH, Swoboda KJ, Fratto CM, Tolley E, Kraiss LW, McIn-
tyre TM, Zimmerman GA, Weyrich AS. Escaping the nuclear confines: signal-
dependent pre-mRNA splicing in anucleate platelets. Cell 2005; 122:379-391.
Lindemann S, Tolley ND, Dixon DA, McIntyre TM, Prescott SM, Zimmerman 27.	
GA, Weyrich AS. Activated platelets mediate inflammatory signaling by regu-
lated interleukin 1beta synthesis. J Cell Biol 2001; 154:485-490.
Weyrich AS, Denis MM, Schwertz H, Tolley ND, Foulks J, Spencer E, Kraiss 28.	
LW, Albertine KH, McIntyre TM, Zimmerman GA. mTOR-dependent synthe-
sis of Bcl-3 controls the retraction of fibrin clots by activated human platelets. 
Blood 2007; 109:1975-1983.
Brogren H, Karlsson L, Andersson M, Wang L, Erlinge D, Jern S. Platelets syn-29.	

		  Chapter 3    81



thesize large amounts of active plasminogen activator inhibitor 1. Blood  2004; 
104:3943-3948.
Colwill K, Pawson T, Andrews B, Prasad J, Manley JL, Bell JC, Duncan PI. The 30.	
Clk/Sty protein kinase phosphorylates SR splicing factors and regulates their 
intranuclear distribution. EMBO J 1996; 15:265-275.
Cho MJ, Liu J, Pestina TI, Steward SA, Thomas DW, Coffman TM, Wang D, 31.	
Jackson CW, Gartner TK. The roles of alpha IIb beta 3-mediated outside-in 
signal transduction, thromboxane A2, and adenosine diphosphate in collagen-
induced platelet aggregation. Blood 2003; 101:2646-2651.
Cho MJ, Pestina TI, Steward SA, Lowell CA, Jackson CW, Gartner TK. Role of 32.	
the Src family kinase Lyn in TxA2 production, adenosine diphosphate secre-
tion, Akt phosphorylation, and irreversible aggregation in platelets stimulated 
with gamma-thrombin. Blood 2002; 99:2442-2447.
Soriani A, Moran B, de Virgilio M, Kawakami T, Altman A, Lowell C, Eto K, 33.	
Shattil SJ. A role for PKCtheta in outside-in alpha(IIb)beta3 signaling. J Thromb 
Haemost 2006; 4:648-655.
van Lier M, Verhoef S, Cauwenberghs S, Heemskerk JW, Akkerman JW, Hei-34.	
jnen HF. Role of membrane cholesterol in platelet calcium signalling in re-
sponse to VWF and collagen under stasis and flow. Thromb Haemost 2008; 
99:1068-1078.
Kvissel AK, Orstavik S, Eikvar S, Brede G, Jahnsen T, Collas P, Akusjarvi G, 35.	
Skalhegg BS. Involvement of the catalytic subunit of protein kinase A and of 
HA95 in pre-mRNA splicing. Exp Cell Res 2007; 313:2795-2809.
Blaustein M, Pelisch F, Tanos T, Munoz MJ, Wengier D, Quadrana L, Sanford 36.	
JR, Muschietti JP, Kornblihtt AR, Caceres JF, Coso OA, Srebrow A. Concerted 
regulation of nuclear and cytoplasmic activities of SR proteins by AKT. Nat 
Struct Mol Biol 2005; 12:1037-1044.
Guha M, Mackman N. The phosphatidylinositol 3-kinase-Akt pathway limits 37.	
lipopolysaccharide activation of signaling pathways and expression of inflam-
matory mediators in human monocytic cells. J Biol Chem 2002; 277:32124-
32132.
American Diabetes Association. Peripheral arterial disease in people with dia-38.	
betes. Diabetes Care 2003; 26:3333-3341.
Marmur JD, Thiruvikraman SV, Fyfe BS, Guha A, Sharma SK, Ambrose JA, 39.	
Fallon JT, Nemerson Y, Taubman MB. Identification of active tissue factor in 
human coronary atheroma. Circulation 1996; 94:1226-1232.

82    Chapter 3



Insulin inhibits tissue factor expression in monocytes

AJ Gerrits1

CA Koekman1

C Yildirim1

R Nieuwland2

JW Akkerman1

1Thrombosis and Haemostasis Laboratory, Department of Clinical Chemistry and 
Haematology, University Medical Center Utrecht, Utrecht, the Netherlands
2Department of Clinical Chemistry, Academic Medical Center, Amsterdam, the Neth-
erlands

J Thromb Haemost 2009; 7:198-205

C
ha

pt
er

4



ABSTRACT

Objective Platelets from healthy subjects are inhibited by insulin but type 2 diabe-
tes mellitus (T2DM) platelets have become insulin-resistant which might explain 
their hyperactivity. In the present study we investigated whether monocytes are 
responsive to insulin. 
Research Design and Methods LPS-induced Tissue Factor (TF) upregulation was 
measured in human monocytes and monocytic THP-1 cells in a factor Xa genera-
tion assay. 
Results Insulin (0.1 – 100 nM) induced a dose-dependent inhibition in both cell 
types and in monocytes 100 nM insulin inhibited cytosolic, membrane-bound and 
microparticle TF by 32 ± 2, 27 ± 3 and 52 ± 4% (n=3). Insulin induced Tyr phos-
phorylation of the insulin receptor (INS-R) and formation of an INS-R – Gia-2 
complex, suggesting interference with LPS-induced cAMP control. Indeed, insulin 
interfered with LPS-induced cAMP decrease and TF upregulation in a manner 
similar to an inhibitor of Gi (pertussis toxin) and agents that raise cAMP (iloprost, 
forskolin, IBMX) reduced TF upregulation. Although LPS failed to raise cytosolic 
Ca2+, quenching of Ca2+ increases (BAPTA-AM) reduced and induction of Ca2+ 
entry (ionophore, P2X7 activation) enhanced upregulation of TF mRNA and pro-
coagulant activity. Insulin interfered with MCP-1 induced Ca2+ mobilization but not 
with ATP induced Ca2+ rises. Conclusion Insulin inhibits TF expression in mono-
cytes and monocyte-derived microparticles through interference with Gia-2 medi-
ated cAMP suppression which attenuates Ca2+ -mediated TF synthesis.

INTRODUCTION

Patients with diabetes mellitus (DM) have a 2-8 fold higher risk of cardiovascular 
morbidity and mortality compared to matched controls 1. Patients with type 2 DM 
(T2DM) show impaired insulin responsiveness or even complete insulin resis-
tance and suffer from atherothrombotic complications and disturbed regulation of 
haemostasis with endothelial activation, hyperactive platelets, hypercoagulability 
and hypofibrinolysis 2,3. The hypercoagulability in T2DM patients is accompanied 
by increased levels of plasma fibrinogen, factors VII, VIII, XI and XII, kallikrein 
and possibly von Willebrand Factor 4. Also levels of prothrombin fragment 1 + 2 
and thrombin-anti-thrombin complexes are elevated reflecting activation of the 
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coagulation cascade. Of specific interest are the elevated levels of Tissue Fac-
tor (TF) 5,6 explaining the hypercoagulability and the cardiovascular complications 
observed in DM.
Under physiological conditions, monocytes express little TF. Upon contact with 
lipopolysaccharide (LPS), C-reactive protein, CD40 ligand, oxidized LDL and an-
giotensin II, TF expression increases in the cytosolic compartment and TF trans-
locates to the plasma membrane where it becomes a source for TF-rich micropar-
ticles. These particles are vehicles for so called blood-born TF that in animal 
models for thrombosis initiates fibrin formation at the luminal site of the growing 
thrombus 7. LPS binds and activates the Toll-like receptor 4 (TLR4). TLR4 signals 
to the IkB-kinase pathway and three mitogen-activated protein kinase (MAPK) 
pathways leading to activation of transcription factors Egr-1, AP-1 and NF-kB 8. 
In addition to pathways that promote TF synthesis, LPS initiates pathways that 
attenuate its production. Activation of the phosphatidyl inositol 3-kinase (PI3-K) 
– protein kinase B (PKB) pathway interferes with MAPK and transcription factors 
AP-1 and Egr-1 and the nuclear translocation of the NF-kB 9,10. A second inhibitory 
route is formation of cAMP. The cAMP raising agents dibutyryl-cAMP, forskolin 
and 3-isobutyl-1-methylxanthine (IBMX) inhibit formation of TF mRNA, surface 
expression of TF protein and procoagulant activity due to interference with  NF-kB 
and gene transcription 11,12.   
Platelet functions are strongly enhanced by secreted ADP that binds to the P2Y12 
receptor which is coupled to the inhibitory G-protein of adenylyl cyclase, Gi.  Ac-
tivation of Gi initiates PI3-K-mediated activation PKBa,b (Akt1,2) contributing to 
platelet activation and inhibits adenylyl cyclase through Gi a which attenuates for-
mation of cAMP, which is a potent platelet inhibitor 13-15. In normal platelets insulin 
interferes with the P2Y12 pathway by signaling through its receptor (INS-R) and 
insulin receptor substrate-1 (IRS-1), inducing association of IRS-1 with the Gia-2 
subunit. Tyr-phosphorylation of Gia-2 blocks Gi-mediated cAMP suppression and 
attenuates platelet functions. Platelets from T2DM patients have lost sensitivity to 
insulin and better respond to inducers of aggregation, release of secretion gran-
ules and generation of a pro-coagulant surface 16-18.
In the present study we investigated whether insulin interferes with TF expression 
in monocytes and monocytic THP-1 cells. We show that insulin concentrations in 
the physiological range interfere with cAMP suppression and TF formation in cells 
and monocytes-derived microparticles, making insulin resistance seen in diabet-
ics a possible cause for the hyperactive monocytes seen in this disease. 
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METHODS

Materials - We obtained human recombinant insulin, Fura-2/AM, IBMX, ATP, 
wortmannin, protease inhibitor cocktail, sodium vanadate (NaVO3) and LPS (E. 
coli 0111:B4) from Sigma (St. Louis, MO, USA), prostacyclin from Schering AG 
(Berlin, Germany), H89 from Alexis Biochemicals (Lausen, Switzerland), protein 
G-Sepharose from Amersham (Uppsala, Sweden), forskolin, pertussis toxin from 
Bordetella pertussis, ionophore A23187, staurosporin and BAPTA(AM) from Cal-
biochem (La Jolla, CA, USA), LY294002 from Biomol (Plymouth Meeting, PA, 
USA) and MCP-1 from R&D Systems (Minneapolis, MN, USA). Factor X (FX) 
was purified from fresh-frozen plasma as described previously 19. Recombinant 
Factor VIIa (rFVIIa) was from Novo Nordisk (Bagsværd, Denmark) and Innovin 
from Dade Behring (Liederbach, Germany). All other chemicals used were of 
analytical grade. Antibodies against the INS-R, INS-R phospho-Tyr1150/1151, IRS-1 
and horseradish peroxidase-labeled anti-rabbit antibody were from Cell Signaling 
Technology (Danvers, MA, USA), polyclonal antibodies against Gia-2, Gsa, Gqa, 
Gza (T-19), PKBa,b total and PKBa phospho-Ser473 from Santa Cruz Biotechnol-
ogy (Santa Cruz, CA, USA), anti-phospho-Tyr monoclonal antibody 4G10 from 
Upstate Biotechnology (Bucks, UK), peroxidase-linked goat anti-mouse antibody 
from DAKO (Glostrup, Denmark), anti-annexin V-APC conjugated antibody from 
CALTAG laboratories (Burlingame, CA, USA) and anti-CD11b-PE conjugated an-
tibody from Becton, Dickinson and Company (Franklin Lakes, NJ, USA).

Monocytes, monocytic THP-1 cells and microparticles - Freshly drawn venous 
blood from healthy, medication-free volunteers was collected with informed 
consent into 0.1 volume of 130 mM trisodium citrate according to procedures 
approved by the local Medical Ethical Review Board. Peripheral mononuclear 
cells were isolated by density-gradient centrifugation on Ficoll-Paque columns 
and monocytes were recovered by magnetic separation with anti-CD14 antibody 
coupled beads (Miltenyi Biotec, Bergisch Gladbach, Germany). Cells were re-
suspended in RPMI 1640 culture medium. For analyses that required large cell 
numbers, monocytic THP-1 (ATCC, Teddington, UK) were grown in RPMI 1640 
culture medium (Invitrogen, Carlsbad, CA, USA) supplemented with 5% heat-
inactivated fetal calf serum, 100 U/mL penicillin, 100 mg/mL streptomycin and 50 
mM b-mercaptoethanol. For isolation of microparticles, monocytes were stimu-
lated with 1 mg/mL LPS for 5 h (37°C), centrifuged twice (350 g, 5 min, 22°), and 
the supernatant was collected. After a second centrifugation (17.000 g, 30 min, 
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4°C), the pellet was collected and dissolved in 100 mL tris-buffered saline (TBS). 
For quantification of microparticle numbers, 5 mL freshly prepared microparticle 
suspension was labelled with annexin V-APC or with CD11b-PE (15 min, 22°C, 
in darkness). Labelled particles were counted in a FACS Calibur (Becton, Dick-
inson and Company, Franklin Lakes, NY, USA) qualibrated for particles <1.5 mm. 
Supernatant of monocytes treated with 2 mM staurosporin (5 h, 37°C) served as 
positive control. 

TF expression - For analysis of TF procoagulant activity, monocytes and THP-1 
cells (1 × 106 cells) were stimulated for 5 h (37°C) with 1 mg/mL LPS, a condition 
used in all experiments. Suspensions were centrifuged (350 g, 5 min, 22°C) and 
the pellet dissolved in 100 mL TBS.  Lysates were prepared by 4 times freeze/ 
thawing and centrifuged (16100 g, 5 min, 22°C). Supernatant (cytosol fraction) 
and pellet (membrane fraction) were collected and incubated with 10 mg/mL FX, 
5 U/mL rFVIIa and 5 mM CaCl2. FXa generation was measured in a fluorescence 
reader at 405 nm after addition of FXa substrate (Pentapharm, Basel, Switzer-
land). Procoagulant activity was expressed as ng/107 cells based a standard curve 
derived from serial dilutions of recombinant TF (Innovin). The cytosol fraction was 
adjusted for variantions in protein content using the BCA assay.
For analysis of TF mRNA, 1 mL THP-1 suspension (5 × 106 cells/mL) was cul-
tured in 6-wells plates. Total RNA was isolated using the kit from Macherey-Nagel 
(Düren, Germany). cDNA was synthesized by reverse transcription on the PCR 
machine (PTC-200, MJ Research, Waltham, MA, USA). Quantitative real-time 
PCR was performed using TF primers 5’-CTC CCC AGA GTT CAC ACC TTA 
CC-3’ and 5’-CCG TTC ATC TTC TAC GGT CAC A-3’ and the fluorescent TF 
probe 5’-AGA CAA ACC TCG GAC AGC CAA CAA TTC A-3’. PBGD mRNA, which 
is constitutively expressed in cells, was measured for calibration. 

IL-1b measurements - Monocytes (1 × 106 cells) were stimulated with LPS (5 h, 
37 °C) and centrifuged (350g, 5 min, 22°C). Supernatant and pellet were isolated, 
pellet was dissolved in 250 mL TBS, and Interleukin (IL)-1b was determined by 
ELISA (PeliKine Compact, Sanquin, Amsterdam, the Netherlands). 

Insulin signaling - Aliquots of 1 × 106 THP-1 cells or monocytes were incubated 
with insulin (37°C), collected in lysis buffer and analyzed for Tyr phosphoryla-
tion of INS-R, IRS-1, Ga-proteins, associations between these proteins and Ser 
phosphorylation of PKBa using appropriate antibodies, as previously described 16. 
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Band intensities were semi-quantified with ImageJ software.

cAMP and cytosolic Ca2+ - Monocytes (1 × 106 cells) were incubated with insulin 
as indicated and stimulated with LPS for 15 min (37°C). Samples were acetylated 
according to manufacturer instructions and cAMP levels were measured using the 
cAMP-EIA kit (Cayman Chemical, Ann Arbor, MI, USA). THP-1 cells (10 ×106 cells) 
were loaded with Fura-2/AM in the dark (1 h, 37°C). Fluorescence was measured 
and changes in cytosolic Ca2+ content, [Ca2+]i , were analyzed as described 16.

Statistics - Data are expressed as means ± S.E.M. with number of observations n 
and were analyzed with the Student’s test for unpaired observations. Differences 
were considered significant at p< 0.05.

 

RESULTS

Insulin inhibits LPS-induced TF procoagulant activity in monocytes, THP-1 
cells and monocyte-derived microparticles
In initial experiments, conditions were sought that optimally revealed interference 
with TF expression by insulin. Simultaneous addition of insulin and LPS showed 
no effect but a 15 min pre-incubation time induced maximal inhibition by insulin. 
In the absence of LPS, insulin failed to change the basal TF procoagulant activity 
(data not shown). LPS-induced an increase of 84 ± 6% in cytosolic-TF and of  67 ± 
2 % in membrane-TF, which is equivalent to 42 ± 10 to 226 ± 39 and from 354 ± 30 
to 1075 ± 139 ng/107 cells respectively (n=3). Insulin induced a dose-dependent 
inhibition, resulting in 32 ± 2% and 27 ± 3% (n=3) fall in these fractions at 100 nM 
insulin (Fig. 1A). THP-1 cells showed a similar sensitivity to insulin with a 40 ± 9% 
fall in cytosolic TF at 100 nM insulin (Fig.1B). LPS raised TF pro-coagulant activ-
ity in the microparticles from from 97 ± 26 to 311 ± 55 ng/107 monocytes which 
was inhibited by 31 ± 8 and 52 ± 4% (n=3) at 0.1 nM and 100 nM insulin respec-
tively (Fig. 1C). Control studies confirmed that insulin treatment left the number 
of annexin V-positive (Fig. 1D) and CD11b-positive (data not shown) particles 
unchanged whereas staurosporin increased the number of microparticles with 40 
± 25%  compared to untreated cells. Thus insulin decreased the TF pro-coagu-
lant activity of microparticles derived from LPS-treated monocytes. To investigate 
whether inhibition by insulin was restricted to TF expression, the LPS-induced 
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Figure 1. Insulin inhibits LPS-induced upregulation of TF
Human monocytes and THP-1 were treated with 1 mg/mL LPS without and with pre-incubation with 
insulin (15 min, 37°C). TF-procoagulant activity was measured in monocytes (A), THP-1 cells (B) and 
monocytes-derived microparticles (C). The number of microparticles was measured as annexin V-
positive events using 2 mM staurosporine (5 h, 37°C) treatment as positive control (D). IL-1b surface 
expression and secretion were measured in monocytes (E). In the absence of LPS, insulin neither 
changed TF levels in monocytes (354 ± 30 ng/107 cells), THP-1 cells (82 ± 24 ng/107 cells ) and 
monocytes-derived microparticles (97 ± 26 ng/107 monocytes) nor cell-associated  and secreted  IL-
1b levels (583 ± 119 and 7626 ± 562 pg/107 cells). Data are percentages of controls (means ± SEM, 
n=4, * p <0.05 versus controls). 
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surface appearance and secretion of IL-1b were measured. Both responses were 
inhibited by insulin (Fig.1E). Thus, a physiological relevant concentration of 1 nM 
insulin or more inhibits the generation of TF-procoagulant activity as well as IL-1b 
secretion suggesting that insulin triggers a general reduction in the responsive-
ness of monocytes to stimulation by LPS.
A					         B

C					         D

E



Insulin signaling in THP-1 cells and monocytes
Having established that insulin reduced LPS-induced TF upregulation, we charac-
terized the signaling pathways involved. In platelets, insulin affects INS-R, IRS-1 
and a specific isoform of the Gi family, Gia-2, through a series of Tyr phospho-
rylations and transient formation of an IRS-1 - Gia-2 complex. Similar studies in 
monocytic THP-1 cells revealed that insulin induced a dose- and time dependent 
phosphorylation of the INS-R (Fig. 2A) and IRS-1 (Fig. 2B). Phosphorylation of 
the receptor was detected after 5 min, persisted for one h and was maximal at 
500 nM insulin. In contrast, IRS-1 phosphorylation was maximal after 15 min and 
returned to pre-stimulation values after 30 min. Thus, activation of INS-R and 
signal generation occurred under conditions where insulin interfered with TF syn-
thesis. In platelets, phosphorylation of IRS-1 induces association with Gia-2 but 
attempts to demonstrate a similar complex in monocytes had no success. In a 
search for alternative means for Gi inactivation we found that the INS-R associ-
ates directly with Gia-2 in THP-1 cells (Fig. 2C). These findings suggest that 
insulin activates pathways in monocytes through direct receptor - Gia-2 contact. 
Immunoprecipitates of the activated INS-R failed to show co-association of Gsa, 
Gqa and Gza (data not shown). These findings indicate that activation of INS-R 
triggers the exclusive association with Gia-2. Complex formation was maximal 
after 15 min stimulation and thereafter declined (Fig. 2C). Similar results for the 
transient binding between the INS-R and Gia-2 after insulin stimulation were 
seen in monocytes (Fig. 2D). This explains the 15 minutes pre-incubation time 
required for optimal inhibition of TF expression by insulin.  

A
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Figure 2. Insulin signaling to Gi-a2
THP-1 cells and monocytes were incubated with insulin at the indicated conditions (37°C). For THP-1 
cells phosphorylated and total INS-R was measured on Western blots (A) and immunoprecipitates of 
Tyr-phosphorylated proteins analyzed on Western blots show Tyr-phosphorylation of IRS-1 (B, repre-
sentative example of n=3). The insulin-induced association between INS-R and Gia-2 in THP-1 cells 
(C) and monocytes (D) in immunoprecipitates of Gia-2 are shown on Western blots. Band intensities 
were semi-quantified with ImageJ software and expressed as percentages of untreated cells (means 
± SEM, n=3).

Control of cAMP by insulin
To confirm that interaction between INS-R and Gia-2 leads to inactivation of the 
G-protein, studies were repeated with pertussis toxin, a known inhibitor of the Gi 
family 20. As observed with insulin, pertussis toxin inhibited LPS-induced upregu-
lation of TF procoagulant activity leading to a 49 ± 6% decrease (Fig. 3A). The 
cAMP level in monocytes is 14 ± 0.7 pmol/107 cells and decreased further to 4 ± 
0.6 pmol/107 cells  upon stimulation with LPS (p<0.01, n=10). Thus, LPS activates 
Gi thereby inhibiting adenylyl cyclase and formation of cAMP. Pertussis toxin (Fig. 
3A) and insulin (Fig. 3B) both interfered with the fall in cAMP induced by LPS, 
suggesting that insulin signaling to Gi inactivates the G-protein. To confirm that 
changes in cAMP directly interfered with TF synthesis, monocytes were treated 
with a stimulator of Gs (the prostacyclin analog iloprost), a stimulator of adenylyl 
cyclase (forskolin) and an inhibitor of phosphodiesterases (IBMX). All treatments 
inhibited LPS-induced TF synthesis and induced the expected increases in cAMP, 
confirming the role of cAMP as an inhibitor of TF upregulation (Fig. 3C). In plate-
lets, cAMP exerts its inhibition through cAMP dependent protein kinase A. As 
expected, in the presence of the proten kinase A blocker H89, the effect of insulin 
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had disappeared (Fig. 3D) 
Earlier studies showed that TF expression is under negative control by the PI3-
K-PKB pathway 9,10. Since also in monocytes insulin is an activator of PKB (insert 
Fig. 3D), it is feasible that inhibition of TF upregulation by insulin is caused by 
stimulation of the PKB pathway. To evaluate this possibility, monocytes were incu-
bated with wortmannin and LY294002, both potent inhibitors of PI3-K. The inhibi-
tors induced a 1.5 to 2.0 fold increase in TF upregulation, illustrating the strong 
suppression of TF upregulation through this pathway in untreated monocytes. In 
the presence of wortmannin and LY294002, insulin reduced TF expression by 27 
± 3% and 37 ± 7% (n=3) respectively, confirming an inhibitory role independent of 
the PI3-K–PKB pathway (Fig. 4D).

Ca2+ rises contribute to TF expression
In platelets, rises in cAMP levels attenuate aggregation and secretion through in-
hibition of Ca2+ mobilization and influx 16. We investigated whether a similar mech-
anism controlled TF synthesis in THP-1 cells. Stimulation with LPS alone failed to 
change [Ca2+]i in agreement with earlier observations (Fig. 4A, insert and 21). The 
Ca2+ chelating agent BAPTA-AM abolished the rise in LPS-induced TF procoagu-
lant activity almost completely, both in the cytosol and the membrane fraction (Fig. 
4A). Incubation with BAPTA-AM alone did not change basal TF activity. AM-free 
BAPTA did not change TF expression, reflecting its incapability to cross mem-
branes and demonstrating that these compounds left the Ca2+-dependent factor 
Xa generating assay undisturbed (data not shown). 
When [Ca2+]i  was raised by ionophore A23187 in the presence of extracellular 
Ca2+, TF expression was 33.3 ± 0.03% of the rise induced by LPS, indicating that 
a rise in Ca2+ alone is a poor activator of TF expression. Together with LPS, this 
treatments raised TF expression by 240 ± 13%, illustrating strong stimulation by 
increases in [Ca2+]i (Fig. 4B). ATP activates the P2X7 receptor and Ca2+ influx. 
In the absence of LPS, ATP had little effect, again illustrating the poor capacity 
of rises in [Ca2+]i to induce TF expression. Together with LPS, ATP induced an 
increase of 68 ± 17% (Fig. 4B). 	
These results show that Ca2+ is required for LPS-induced upregulation of TF pro-
coagulant activity and that increases in [Ca2+]i strongly enhance this process. To 
investigate whether Ca2+ stimulated TF expression at the level of transcription 
or the post-transcriptional activation known as de-encryption 22, TF mRNA levels 
were measured. The slight rise in TF expression by ATP alone, the higher in-
crease by LPS and especially the strong potentation by the combination of LPS 
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Figure 3. Role of Gi/cAMP pathway in LPS-induced TF expression
Monocytes were pre-incubated at 37°C with PTX (1 mg/mL, 2h), insulin (0-100 nM, 15 min), iloprost 
(1 mg/mL), forskolin (50 mM) and IBMX (10 mM, 15 min each), wortmannin (50 nM, 30 min), LY294002 
(10 mM, 15 min), H89 (10 mM, 15 min) before stimulation with LPS (1 mg/mL; A-D). cAMP levels in 
untreated cells and TF procoagulant activity induced by LPS were set at 100% (controls). Addition of 
inhibitors without LPS did not change basal TF levels, nor did cells treated with only vehicle change 
LPS-induced TF levels (data not shown). Lysates of THP-1 cells show increased Ser473 phosphoryla-
tion of PKB after stimulation with insulin (D, insert). Data are expressed as percentages of control 
(means ± SEM, n=3, for C n=5; * p<0.05 of controls).

and ATP seen at the level of TF pro-coagulant activity was paralleled by similar 
changes in TF mRNA expression. Also the inhibition TF pro-coagulant activity by 
BAPTA/AM was accompanied by inhibition of TF mRNA (Fig. 4C). Together, these 
data indicate that Ca2+ supports the signaling pathways that control transcription 
of the TF gene, independent from changes in the TF protein.
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Figure 4. LPS-induced TF upregulation depends on [Ca2+]i 
THP-1 cells were incubated with Fura-2/AM at 37° and changes in [Ca2+]i  were measured after stimu-
lation with LPS (1 mg/mL, A, insert). THP-1 cells were pre-incubated at 37°C with BAPTA/AM (50 mM, 
15 min, A), Ca2+ ionophore A23187 (1 mM, 15 min) with CaCl2 (1 mM, B) or ATP (10 mM, 15 min) with 
CaCl2 (1 mM, B) and stimulated with LPS (1 mg/mL LPS). TF procoagulant activity was measured 
after 5 h incubation. TF mRNA was measured by quantitative real-time PCR analysis at the conditions 
indicated after 2 h stimulation with LPS (C). 

Insulin inhibits MCP-1- induced Ca2+ mobilization
To investigate whether the inhibition of TF upregulation by insulin was caused by 
attenuation of Ca2+ rises, THP-1 were stimulated  with ATP after pre-incubation 
with increasing concentrations of insulin. Without insulin, this treatment raised 
[Ca2+]i to 206 ± 12 nM (n=4). The increase remained unchanged in the presence 
of insulin, which argues against inhibition by insulin through interference with the 
P2Y7 receptor (Fig. 5A,B). To assess an effect by insulin on Ca2+ mobilization, 
THP-1 cells were stimulated with 10 ng/mL MCP-1 which induced a rise to 36 ± 10 
nM (n=3). Insulin induced a dose-dependent inhibition leading to a fall of 39 ± 7% 
at 100 nM insulin (Fig. 5C,D). Apparently, pathways that control the mobilization 
of Ca2+ from internal stores are sensitive to inhibition by insulin.  
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Figure 5. Insulin inhibits MCP-1-induced Ca2+ mobilization
In THP-1 cells rises in [Ca2+]i were measured at 37° upon stimulation with ATP (10 mM, A,B) and MCP-1 
(10 ng/mL, C,D). Curve (a) represents Ca2+ mobilization in the absence of insulin. Curves (b,c,d,e) rep-
resent the Ca2+ mobilization after pre-incubation with  insulin (15 min, A,C). Agonist-induced increase 
in [Ca2+]i was expressed at 100% (control) (B,D). Insulin alone did not change basal [Ca2+]i (19 ± 2 nM). 

(Futher details as in Fig.3).

DISCUSSION

Insulin inhibits dose-dependently the upregulation of TF procoagulant activity in 
monocytes and THP-1 cells stimulated with LPS. The inhibition is caused by a 
mechanism that interferes with the regulation of cAMP and [Ca2+]i, and has a great 
impact on the expression of TF. Since this property also affects TF expression 
on monocyte-derived microparticles, it is likely to interfere with the contribution 
of blood-born TF to thrombus formation. Insulin also reduces surface expression 
and secretion of IL-1b consistent with earlier findings 23 and might therefore act  as 
a general suppressor of monocyte activation.   
Inhibition by insulin is the result of activation through Tyr phosphorylation of the 
INS-R (on residues 1150/1151) inducing a transient INS-R – Gia-2 complex. It is 
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difficult to confirm that insulin inhibits the GTPase activity of a Ga protein 24, but 
the observation that it aborts the suppression of cAMP synthesis by LPS is proof 
for interference with a Gia subunit. Since Gia-2, but not Gsa, Gqa, Gza interacts 
with the INS-R after stimulation with insulin, blockade of this G-protein subunit is 
the cause for inhibition of TF expression.
The cause for the inhibition by insulin must be sought in the control of cAMP. 
Agents that stimulate cAMP production or inhibit cAMP degradation raise cAMP 
and induce a fall in TF procoagulant activity. The observation that LPS reduces 
cAMP thereby inducing optimal upregulation of TF expression implies that the 
LPS receptor signals to a Gia subunit, possibly Gia-2. Previous studies 11,12 and 
our own data show that elevated cAMP levels inhibit TF expression in mono-
cytes. cAMP induces the expression of several genes mediated by protein kinase 
A through the phosphorylation of the cAMP response element-binding protein 
(CREB) and the subsequent recruitment of the co-activator CREB-binding protein 
(CBP). Besides association with CREB, CBP binds to p65 in vitro and in vivo. 
Functional assays suggest that a competition occurs between CREB and p65 for 
limiting amounts of CBP, which can lead to a decrease in association of CBP with 
p65, thus inhibiting NF-kB-dependent transcription 25.  In addition to direct interfer-
ence with TF transcription, cAMP might inhibit TF expression by suppressing rises 
in [Ca2+]i. In THP-1 cells LPS does not trigger a rise in [Ca2+]i, but the importance 
of basal [Ca2+]i and rises in [Ca2+]i induced by entry and mobilization is evident. 
Previous studies support a role for [Ca2+]i in the activation of the transcription fac-
tor NF-kB in RAW 264.7 cells 26 and dendritic cells 27. A similar mechanism might 
be operational in monocytes.	
T2DM patients suffer from atherothrombotic complications. Their atheroslerotic 
plaques contain high levels of apoptotic microparticles 28. They are mainly of 
monocytic and lymphocytic origin and retain almost all TF activity, suggesting a 
direct link between shed microparticles and plaque thrombogenicity 28. Indeed,  
active TF has been identified within thrombi formed in coronaries 29,30. The ob-
servation that insulin suppresses TF expression in monocytes from healthy in-
dividuals raises the possibility that insulin-resistance in T2DM patients leads to 
hyperactivity of monocytes, increased TF expression and microparticles enriched 
in TF. This would increase the risk for cardiovascular disease. 
In healthy individuals, insulin suppresses the activity of platelets through inter-
ference with  cAMP suppression by the P2Y12 receptor 16. In T2DM patients, 
platelets have lost their responsiveness to insulin and show hyperactivity upon 
stimulation. The clopidogrel-like inhibitor AR-C69931 MX makes T2DM platelets 
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equally responsive as normal platelets in the presence of insulin, suggesting that 
clopidogrel is a suitable target to normalize the function of T2DM platelets 17. 
Monocytes lack the P2Y12 receptor and alternative approaches must be sought 
to normalize the function of T2DM monocytes, if these cells have indeed become 
insulin-resistant. Preliminary experiments with periodate-oxidized ATP show that 
such a correction is feasible through interference with the P2X7 receptor, thereby 
suppressing the stimulation by Ca2+ without interfering with the basal TF expres-
sion.  
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ABSTRACT

Objective Type 2 diabetes patients are insulin resistant and suffer from thrombotic 
complications caused by hypercoagulable plasma. Coagulation is initiated by Tis-
sue Factor (TF), which is predominantly produced in activated monocytes. We 
investigated whether insulin resistance affects TF production in monocytes.
Research Design and Methods LPS-induced TF activity was measured in the ab-
sence and presence of insulin in monocytes and monocyte-derived microparticles 
from type 2 diabetes patients and matched controls. Association of the insulin 
receptor (INS-R) with Gia-2, which inactivates the G-protein, raises cAMP and 
inhibits TF production, was investigated by immunoprecipitation/blotting.
Results In controls, insulin inhibited TF production in monocytes to 64 ± 13% and 
reduced TF in microparticles to 71 ± 12% (means ± SEM, n=9) but not in patients 
(104 ± 8, 109 ± 10% respectively). Formation of an [INS-R - Gia-2] complex was 
reduced in patients compared to controls.
Conclusions Contact with insulin suppresses TF production in monocytes in con-
trol subjects but not in type 2 diabetes patients.  This might explain the increased 
risk of atherothrombotic complications observed in these patients.

INTRODUCTION

Type 2 diabetes is associated with accelerated atherosclerosis 1,2 and a 2-8 fold 
increased risk of cardiovascular and thrombotic complications 3. Eighty percent of 
the patients will die of atherothrombotic-related disorders that affect the coronary 
and cerebral circulation and peripheral arteries in the lower limbs 4. Plasma from 
type 2 diabetes patients shows the characteristics of a hypercoagulable state with 
elevated levels of coagulation factors and activation of the coagulation cascade 
5. Proper regulation of Tissue Factor (TF) production is important, since TF is the 
prime initiator of blood coagulation. Type 2 diabetes patients have elevated plas-
ma levels of TF antigen 6,7 and circulating TF-procoagulant activity 8,9. In addition, 
there is increased TF expression in circulating monocytes 10,11 and an elevated 
level of TF-positive microparticles 12. A positive association between soluble TF 
and microvascular complications has been found, suggesting that soluble TF is 
a predictive marker of thrombotic complications in type 2 diabetes patients 13.  
Interestingly, improvement of glycemic control induces a 1.5-fold reduction in cir-
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culating TF 14. 
In healthy individuals, stimulation of monocytes with lipopolysaccharide (LPS) 
induces TF surface expression and procoagulant activity and insulin interferes 
with these processes 15. Insulin induces autophosphorylation of the insulin recep-
tor (INS-R). The activated receptor binds the G-protein Gia-2 forming an INS-R 
- Gia-2 complex. The association inactivates Gia-2 and interferes with the sup-
pression of cAMP, an inhibitor of TF synthesis. Thus, contact between insulin and 
monocytes inhibits TF synthesis. Inhibition by insulin also reduces TF expression 
on monocyte-derived microparticles, without affecting the number of micropar-
ticles shed from the cells 15.
A main feature of type 2 diabetes is the loss of the capacity to respond to insulin 
of many cell types, including platelets. We hypothesized that in type 2 diabetes 
also monocytes lose responsiveness to insulin and thereby the negative control of 
TF synthesis. In the presence of insulin, this would result in higher TF production 
than in normal individuals and might explain the hypercoagulable state in type 2 
diabetes patients. To test this hypothesis, levels of LPS-induced TF activity were 
measured in monocytes and monocyte-derived microparticles in type 2 diabetes 
patients and matched control subjects. 

METHODS

Materials - We obtained human recombinant insulin (solubilized according to the 
recommendations of the manufacturer in 10 mmol/L acetic acid, 100 mmol/L NaCl, 
and 0.01% BSA to a stock concentration of 100 μmol/L), lipopolysaccharide (LPS, 
E. coli 0111:B4), protease inhibitor cocktail and sodium vanadate (NaVO3) from 
Sigma (St Louis, MO, USA) and protein G-Sepharose from Amersham (Uppsala, 
Sweden). Factor (F) X was purified from fresh-frozen plasma 16. Recombinant 
FVIIa (rFVIIa) was from Novo Nordisk (Bagsværd, Denmark) and Innovin from 
Dade Behring (Liederbach, Germany). Antibodies against the INS-R, and horse-
radish peroxidase-labeled anti-rabbit antibody were from Cell Signaling Technol-
ogy (Danvers, MA, USA), polyclonal antibody against Gia-2 from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA) and antibody against F-actin from Abcam 
(Cambridge, UK). All other chemicals used were of analytical grade. 

Subjects - Type 2 diabetes patients were recruited from the out-patient clinics of 
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the Utrecht Medical University Hospital, Utrecht, the Netherlands. Their charac-
teristics are given in Table 1. The study was approved by the Medical Ethical Re-
view Board. Patients and matched control subjects gave their informed consent 
prior to participation in the study.

Monocytes and microparticles - Freshly drawn venous blood was collected into 
0.1 volume of 130 mmol/L Na3citrate. Peripheral mononuclear cells were isolat-
ed by density-gradient centrifugation on Ficoll-Paque columns and monocytes 
recovered by magnetic separation with anti-CD14 antibody coupled beads, as 
described 15. For isolation of microparticles, monocytes were stimulated with 1 
mg/mL LPS for 5 h (37°C), centrifuged twice (350 g, 5 min, 22°C), and the super-
natant was collected. After a second centrifugation (17.000 g, 30 min, 4°C), the 
pellet was collected and dissolved in 100 mL tris-buffered saline (TBS).

TF procoagulant activity - Monocytes (1 × 106 cells) were pre-incubated for 15 
min at 37°C with different concentrations insulin. Cells were stimulated for 5 h 
(37°C) with 1 mg/mL LPS (E. coli 0111:B4). Suspensions were centrifuged (350 
×g, 5 min, 22°C) and the pellet dissolved in 100 mL TBS. Lysates were prepared 
by four times freeze/thawing and centrifuged (16100 ×g, 5 min, 22°C). Superna-
tant (cytosol fraction) was collected and adjusted for variations in protein content 
using the BCA assay. Cytosol and membrane fraction showed the same interfer-
ence by insulin (15). Lysate was incubated with 10 mg/mL FX (purified from fresh-
frozen plasma 16), 5 U/mL rFVIIa (from Novo Nordisk, Bagsværd, Denmark) and 5 
mmol/L CaCl2. FXa generation was measured in a fluorescence reader at 405 nm 
after addition of FXa substrate (Pentapharm, Basel, Switzerland). Procoagulant 
activity was expressed as ng per 107 cells, based on a standard curve derived 
from serial dilutions of recombinant TF (Innovin from Dade Behring, Liederbach, 
Germany). 

Insulin signaling - Aliquots of 1 × 106 monocytes were incubated with insulin (100 
nM, 15 min, 37°C), collected  in lysis buffer (1% NP40, 0.5% octylglucoside, 0.1% 
SDS, 5 mmol/L EDTA in PBS) supplemented with 10% protease inhibitor cocktail, 
1 mmol/L NaVO3, kept on ice for 15 min and analyzed for association between 
INS-R and Gia-2 by precipitating proteins with G-sepharose in combination with 
1 mg/mL anti-Gia-2 antibody overnight at 4°C. Precipitates were washed 3 times 
with lysis buffer supplemented with 1 mg/mL leupeptin, 1 mmol/L phenylmeth-
ylsulfonyl fluoride (PMSF), 1 mmol/L NaVO3 and  dissolved in reducing Laem-
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mli sample buffer. Proteins were analyzed by SDS-PAGE and Western blotting. 
After blocking with 4% BSA in TBS or Odyssey buffer (1 hr, 22°C), membranes 
were incubated (16 hrs, 4°C) with 1 mg/mL INS-R or F-actin antibodies. Immuno-
blots were visualized using secondary antibodies labelled with HRP by enhanced 
chemiluminescence (for INS-R) or using the Odyssey infrared imaging system 
(LI-COR Biosciences, Lincoln, NE, USA) and Alexa-labelled antibodies according 
to the manufacturer’s instructions (for F-actin). The intensity of the bands was 
quantified with ImageJ software. 
Statistics - Data is expressed as mean ± S.E.M. with n observations and was 
analyzed with Student’s test for unpaired observations or Mann Whitney U test, 
as indicated. Differences were considered significant at P< 0.05.

RESULTS

LPS-induced TF-procoagulant activity in monocytes from healthy subjects was 
inhibited by 0.1 nM insulin or more, indicating that insulin is a negative regulator 
of TF synthesis (Fig. 1). 

Figure 1. Insulin inhibits TF expression in monocytes
A representative graph of FXa formation in time in monocytes from healthy individuals. Monocytes 
were unstimulated (-) or stimulated with LPS (control) and pre-incubated without or with different con-

centrations of insulin (0.1, 1, 10 or 100 nM) for 15 min at 37°C.

In the absence of insulin, LPS increased TF expression from 76 ± 56 to 128 ± 
38 ng/107 cells (means ± SEM, n=9), an 83 ± 7% increase. In monocytes from 
type 2 diabetes patients, the increase was from 42 ± 3 to 192 ±  48 ng/107 cells, 
a 98 ± 1% increase. Pre-incubation with insulin reduced TF production in control 
monocytes to 64 ± 13% (P=0.02, n=9), but in patient monocytes there was no 
effect (104 ± 8%, P=0.6 by Student’s test; Fig. 2a). To investigate whether these 
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differences also showed up in the microparticles, monocytes were stimulated with 
LPS and microparticles were isolated. Microparticles shed from 107 monocytes 
showed an increase from 118 ± 42 to 686 ±  94 ng TF in controls, a 70 ± 12% rise, 
and from 116 ± 22 to 690 ± 134 ng in patients, a 76 ± 6% rise. Thus, LPS induced 
a similar increase in TF-procoagulant activity in microparticles as in monocytes. 
When monocytes were pre-treated with insulin, TF activity in microparticles was 
reduced to 71 ± 12% (P=0.04, n=9) in controls but remained unchanged in pa-
tients (109 ± 10%, P=0.4 by Student’s test; Fig 2b).
In monocytes from healthy subjects, insulin interferes with LPS signaling through 
receptor binding, association with Gia-2 and inactivation of the G-protein subunit. 
This inhibitory G-protein of adenylyl cyclase attenuates formation of cAMP, which 
is an inhibitor of TF synthesis 15. To investigate this step in insulin signaling to TF 
production, monocytes were incubated with insulin and formation of an INS-R - 
Gia-2 complex detected by immunoprecipitation with anti-Gia-2 antibody coupled 
to G-sepharose. Semi-quantification and correction for differences in lane loading 
based on F-actin revealed a significantly reduced complex formation of INS-R and 
Gia-2 in type 2 diabetes patient compared to controls (Fig 2c,d). Therefore, the 
finding that insulin fails to suppress TF synthesis in monocytes from type 2 diabe-
tes patients is caused by a defect in IRS-R association with Gia-2.   

DISCUSSION

Here we show that the inhibition of TF synthesis in monocytes by insulin has 
disappeared in type 2 diabetes patients. The cause is impaired formation of an 
INS-R - Gia-2 complex, which is normal monocytes interferes with the Gi-mediat-
ed suppression of cAMP, an inhibitor of TF synthesis 15. A similar loss of sensitivity 
to insulin is observed in platelets. In healthy subjects, insulin suppresses agonist 
induced platelet aggregation, secretion and the generation of a procoagulant sur-
face 17,18. Platelets from type 2 diabetes patients have become insulin resistant 
and lack the reduction in platelets functions seen when normal platelets make 
contact with insulin. Here, the cause of impaired insulin signaling is a defect in 
IRS-1 regulation since the downstream activation of protein kinase B is disturbed. 
Interestingly, suppression of cAMP formation in monocytes is independent of 
IRS-1, which points at a second defect that disturbs insulin signaling to cAMP in 
type 2 diabetes patients. 
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Figure 2. Insulin resistant monocytes in type 2 diabetes patients
(a) TF synthesis induced by LPS is inhibited by insulin in normal but not in type 2 diabetes mono-
cytes. Monocytes from healthy individuals or type 2 diabetes patients were pre-incubated with insulin 
(100 nmol/L, 15 min, 37°C). TF activity was measured by FXa assay. LPS-induced TF activity was 
expressed as 100% and was not significantly different between controls and type 2 diabetes patients. 
(b) Monocyte-derived microparticles show the same changes in TF activity as the cells. Incubations 
were as in (a), but after 5 hrs stimulation with LPS, microparticles were isolated and TF activity was 
measured. (c) Monocytes from 9 healthy individuals and type 2 diabetes patients were incubated with 
insulin (100 nmol/L, 15 min, 37°C) and complex formation of INS-R and Gia-2 was quantified and 
corrected for F-actin. (d) A representative blot of n=4 for both groups is shown. Data is expressed 
as mean ± SEM with n=9 and was analyzed with Student’ test (a,b) and Mann Whitney U test (c). * 

denotes a significant difference (P<0.05).

Recent findings demonstrate that platelets adhering to a thrombotic surface are 
capable of synthesizing TF 19. The anucleate platelet has long been considered 
incapable of synthesizing proteins, but the presence of a splicing machinery to-
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gether with pre-mRNAs for a number of proteins including TF make them a source 
for TF synthesis. Consistent with the data found in monocytes, we found that type 
2 diabetes is accompanied by a loss of insulin’s inhibitory effect on TF production 
in platelets (submitted for publication: Enhanced platelet tissue factor synthesis in 
type 2 diabetes patients, A.J.G., C.A.K., T.W.H., J.W.A., 2009). 
Monocytes participate in plaque formation at the inner lining of arteries, and in 
atherogenesis by supporting coagulation and inflammation 20-22. Acute athero-
thrombotic complications are caused by rupture of advanced atherosclerotic le-
sions, thereby exposing TF and initiating coagulation. Insulin also reduces TF 
expression in monocyte-derived microparticles, which are vehicles for so called 
blood-born TF that supports the propagation of the thrombus. 
Together these observations reveal different sources for TF production, each be-
ing inhibited by insulin in healthy subjects but not in the patients. Together with the 
disappearance of suppression of platelet functions, the upregulated TF synthesis 
might contribute to the atherothrombotic complications observed in type 2 diabe-
tes patients.    

Table 1. Characteristics of the study population  
			           
			                         Control group            Type 2 diabetes patients          P
				                 (n=9)                                (n=9)

Age (years)			              53 ± 3	                    58 ± 3	                       0.2
BMI (kg/m2)		                             25 ± 0.7	                    28 ± 1                        0.17	
Systolic blood pressure (mmHg)                 134 ± 6	                  131 ± 3		       0.6	
Diastolic blood pressure (mmHg)                  81 ± 3	                    78 ± 4		       0.6
HbA1c (%)			             5.4 ± 0.07                         7.2 ± 0.4                  0.0005
Cholesterol (mmol/L)	                           6.2 ± 0.4                              4 ± 0.3                  0.0003
Triglycerides (mmol/L)		            1.6 ± 0.3	                   1.9 ± 0.3	                      0.5
HDL-cholesterol		                           1.3 ± 0.07                         1.1 ± 0.1  	     0.06
Creatinine (mmol/L)	                          100 ± 5.1	                  102 ± 6		        0.8
Management with insulin                                    -	                         9		          -	  

Duration of diabetes (years)	                 -	                    15 ± 2		          -
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In a recent issue of this journal, Rauchfuss and colleagues addressed the ques-
tion whether human platelets possess a functional insulin receptor (INS-R) that 
changes platelet behavior 1. 
In this report, the authors refute the conclusions of our earlier work 2-4 on this issue 
and conclude that although platelets have INS-R protein, there is little evidence 
for receptor-mediated signaling that interferes with aggregation, secretion and 
pro-coagulant activity. The concept that platelet hyperreactivity in type 2 diabetes 
mellitus patients is caused by impaired insulin signaling is equally discredited. 
Since the study by the Rauchfuss group appears work performed with great care, 
a reaction from our group is appropriate.
In the published work, we claim that human platelets respond to insulin with sig-
naling to insulin receptor substrate-1 (IRS-1) inducing the association between 
IRS-1 and Gia-2, the most abundant member of the family of G-proteins that in-
hibits adenylyl cyclase and thereby production of cAMP. The evidence for signal-
ing is based on a series of consecutive Tyr phosphorylations and the assumption 
that Tyr phosphorylated Gia-2 is inactive 2. The result is interference of P2Y12-
mediated suppression of cAMP production with a final effect very much alike in-
terference at the receptor level by clopidogrel.  
Interference of insulin with signaling to cAMP is the crux to this story. Only when 
during the isolation procedure platelets have preserved responsive P2Y12-Rs, 
insulin shows this effect (Fig. 1). In vivo, this condition is met since mice lack-
ing either Gia-2 or P2Y12-R show greatly diminished thrombus formation 5,6. In 
vitro, the interference by insulin is a transient phenomenon and depends on the 
association of IRS-1 with Gia-2. Association is optimal at 5 min (1 nM insulin) to 
10 min (100 nM insulin) and followed by dissociation 20 min later. It follows that 
simultaneous addition of insulin and platelet activators has no effect and that after 
20 min incubation interference by insulin has disappeared.
This relative narrow window of insulin interference with cAMP control under in 
vitro conditions is an obvious handicap for studies of insulin’s impact on platelet 
functions. Conditions that determine the optimum of IRS-1 with Gia-2 association 
greatly depend on the platelet isolation procedure and may vary between labo-
ratories. Chances to miss an effect of insulin in vitro are greater than chances to 
see inhibition of platelets
A complete list of methodological differences between the studies of the two labo-
ratories is a boring read but a few discrepancies deserve attention. We found 
it important to use 1, an isolation procedure with prostacyclin to prevent ADP 
secretion and not more than 10 mM glucose to keep its activating properties to 
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a minimum, 2, a stock solution of 100 mM insulin in 10 mM acetic acid, 100 mM 
NaCl, 0.01% BSA from which dilutions were prepared immediately before use,

 

Figure 1. cAMP concentration in platelets isolated according to refs. 2-4 (method I) and ref 1 
(method II) 
Maximal reduction of the cAMP concentration during platelet isolation (white bars) limits a further 
reduction by ADP addition (10 mM, final concentration) through P2Y12-R signaling (black bars). For 
method I: blood from healthy, non-diabetic medication-free volunteers was collected with informed 
consent into 0.1 volume of 130 mM Na3 citrate. Platelet-rich plasma (PRP) was prepared by centrifu-
gation (150 x g, 15 min, 20 °C), supplemented with 0.1 volume of ACD (80 mM citric acid, 120 mM 
Na3 citrate, 110 mM D-glucose) for acidification to pH 6.5 and centrifuged (330 x g, 15 min, 20 °C). 
Platelets were resuspended in HEPES/Tyrode buffer (145 mM NaCl, 5 mM KCl, 0.5 mM Na2HPO4, 1 
mM MgSO4, 10 mM HEPES, pH 6.5) containing 5 mM D-glucose and 10 ng mL-1 PGI2. After a sec-
ond centrifugation (330 x g, 15 min, 20 °C), platelets were resuspended in PGI2-free HEPES/Tyrode 
buffer, pH 7.25 containing 5 mM D-glucose to a final concentration of 2 x 1011 cells L-1. Prior to the 
experiments, platelets were kept at 20 °C for 45 min to ensure a resting state. For method II: blood 
was collected under the same conditions into ACD (12 mM citric acid, 15 mM sodium citrate, 25 mM D-
glucose, final concentrations). PRP was prepared by centrifugation (330 x g, 15 min, 20 °C). Platelets 
were pelleted (400 x g, 5 min, 20 °C), washed in citrate-glucose-saline buffer (120 mM NaCl, 12.9 mM 
Na3 citrate, 30 mM D-glucose, pH 6.5), and resuspended in HEPES buffer (150 mM NaCl, 5 mM KCl, 
1 mM MgCl2, 10 mM D-glucose, 10 mM HEPES, pH 7.4) to a final concentration of 2 x 1011 cells L-1. 
Prior to the experiments, platelets were kept at 37 °C for 60 min to ensure a resting state.100% = 20.0 
± 4.2 nmol 1011 platelets. Data are means ± SEM, n=6; differences were analysed by t-test.

3, pre-incubation times based on an optimal association between IRS-1 and 
Gia-2 , 4, antibodies against phosphorylated INS-R Tyr1158 (Biosource) and pro-
tein kinase B Ser473 (Santa Cruz), 5, blots prepared with exposure times for cells 
with low INS-R copy number, 6, Ca2+ mobilization without concurrent influx as 
an indicator of cAMP changes, 7, inhibition by the clopidogrel-like inhibitor AR-
C69931MX as a control for the presence of fully sensitized P2Y12-R signaling. 
Unfortunately, the study by Rauchfuss and colleagues lacks these requirements 
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and controls.    
ADP liberated during blood handling will not only desensitize ADP receptor func-
tion, but also lower cAMP through P2Y12-R signaling and, hence, inactivate this 
part of Gi-mediated signaling 7-9. This is why prostacyclin which prevents ADP 
secretion and the ADP-removing enzyme apyrase are often included in platelet 
isolation procedures 2-4,7-9. The state of sensitization of P2Y12-Rs and the actual 
cAMP concentration determines signaling to Ca2+ 9,10 and is a decisive factor in 
rate and extend of platelet aggregation 7,11,12.
The presence of INS-R on platelets which is Tyr-phosphorylated upon ligand bind-
ing 2 triggering IRS-1 mediated signaling to Gia-2 2, protein kinase Ba,b 3,4, an 
affinity increase in the glucose transporter GLUT3 3  and apoptosis suppression 
13 are common features of many cell types and explains the requirement for in-
sulin in megakaryocyte cultures 14. The upregulation of P2Y12 signaling in type 2 
diabetics seen in vitro, which goes together with reduced responsiveness to phar-
macological blockade 4, translates to increased platelet responses ex vivo 15 and 
impaired sensitivity to clopidogrel in a large cohort of type 2 diabetics 16.   
There remains the issue whether the relative weak effect of insulin significantly 
contributes to the control of platelet responsiveness in the circulation. The post-
prandial rise of insulin in healthy individuals ranges between 0.2 and 1.0 nM and 
lasts 3-4 h after intake of a meal 17,18. This is a period in which the glucose con-
centration rises to 7-8 mM in healthy individuals and higher in diabetics. A high 
glucose concentration enhances agonist-induced aggregation 19. Under these 
conditions, activation of platelets may well be suppressed by insulin interference 
with the P2Y12-mediated fall in cAMP.
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The aim of the various studies described in this thesis was to elucidate the cause 
of the prothrombotic state in type 2 diabetes patients. The studies demonstrate 
that in type 2 diabetes patients platelets and monocytes, which both play an im-
portant role in arterial thrombosis, are insulin-resistant. This results in hyperactive 
platelets and increased levels of Tissue Factor (TF) produced by both platelets 
and monocytes. In this chapter these findings are discussed in a broader perspec-
tive. 

ADIPOKINES INDUCE INSULIN RESISTANCE
About 80 to 85% of all type 2 diabetes patients are overweight or obese. An 
excess of visceral adipose tissue plays an important role in the pathogenesis of 
this disease. Adipocytes and inflammatory cells such as macrophages present 
in adipose tissue produce and secrete adipokines, and in overweight or obese 
subjects levels of most adipokines are increased compared to lean subjects. More 
than 50 adipokines have been identified so far with a wide range of physiological 
functions, such as in body weight homeostasis, inflammation, coagulation, fibrin-
olysis, insulin sensitivity and angiogenesis. In the obese subjects, de-regulation of 
secretion of adipokines is the basis of the increased risk for diseases.

Adipokines and phosphorylation of IRS-1
Of specific interest are the effects of adipokines on insulin sensitivity, since they 
are related to the increased risk for type 2 diabetes and cardiovascular diseases 
(CVD) in obese subjects. Insulin sensitivity is determined by IRS-1 functioning. 
Tyr phosphorylation of the insulin receptor (INS-R) and IRS proteins play a role 
in insulin sensitivity. Protein-tyrosine phosphatase 1B (PTP1B) dephosphorylates 
Tyr residues in the INS-R and possibly in IRS-1. PTP1B is widely expressed and 
has an important role in the negative regulation of insulin signaling. A general 
deficiency of PTP1B or a deficiency restricted to myocytes results in increased 
insulin sensitivity and protection against adipokine-induced insulin resistance 1,2. 
This suggests that PTP1B is an attractive target for prevention and treatment of 
type 2 diabetes. However, our study described in Chapter 2 shows that restoration 
of Ser phosphorylation with the Ser phosphatase inhibitor cantharidin completely 
restores insulin sensitivity in human megakaryocytes, making this protein an even 
better target in megakaryocytes. In general, it is unclear whether phosphorylation 
of IRS-1 on Ser residues enhances or suppresses insulin signaling. Ser phospho-
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rylation sites are involved in both negative and positive feedback loops. Insulin 
induces phosphorylation of Ser307 making this site an important regulator of IRS-1 
activity. In mouse embryo fibroblasts, 3T3-L1 adipocytes and 32DIR cells, Ser307 
of IRS-1 is phosphorylated by a negative feed-back loop through Jun NH2-termi-
nal kinase (JNK). This reduces IRS-1 interaction with the INS-R and impairs insu-
lin signaling 3. In Chinese hamster ovary cells TNF-a activates JNK and thereby 
induces Ser307 phosphorylation of IRS-1 and inhibition of insulin-stimulated Tyr 
phoshorylation of IRS-1 4. In contrast and consistent with our findings in Chapter 
2, in Rat hepatoma Fao cells and CHO cells overexpressing the INS-R, insulin-
induced Ser307 phosphorylation protects active IRS-1 against Tyr phosphatases. 
In human adipocytes, phosphorylation of Ser307 appears to be part of a positive 
feed back loop.   
Although disturbances in phosphorylation of IRS-1 can induce insulin resistance, 
it is clear that the effect lasts only for a short time and does not explain persistent 
insulin resistance. Other mechanisms are responsible for insulin resistance for a 
longer period. Signal downregulation can occur through internalization and loss 
of the INS-R from the cell surface and degradation of IRS proteins. Members of 
the suppressor of cytokine signaling (SOCS) family of proteins participate in IRS 
protein degradation through an ubiquitin-proteosomal pathway, as described in 
Chapter 2. Mutations in the conserved SOCS box of SOCS-1 abrogate the inter-
action with the elongin BC ubiquitin-ligase complex and ubiquitination and deg-
radation of IRS-1 and -2 was prevented, illustrating that the importance of SOCS 
proteins in insulin resistance 1. 

Direct effect of adipokines on platelet activation?
In addition to changing the insulin sensitivity, our study shows that incubation 
with adipokines for two hours or more has an effect on megakaryocytes as dem-
onstrated by the increased aggregation in the presence of resistin (Chapter 2). 
Other studies with leptin and adiponectin show that these adipokines have di-
rect effect on platelets and megakaryocytes. Leptin promotes agonist-induced 
platelet aggregation 6,7 and leptin-induced platelet activation requires activation 
of a signaling cascade that includes Ob-R, JAK2, PI3-K, PKB, IRS-1 and cAMP 
phosphodiesterase 3A 8. Others claim that downstream elements of JAK2 sig-
naling include phospholipase Cg2, PKC as well as p38 MAPK-phospholipase A2 
9. In the megakaryocytic cell line MEG-01, leptin enhances ADP-induced [Ca2+]i 
increases via JAK2 and Tyr kinases 10.  A study with globular adiponectin showed 
that it binds to GPVI and stimulates Tyr kinase-dependent platelet aggregation 11. 
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This result seems counterintuitive, because adiponectin has anti-diabetic, anti-in-
flammatory and vascular protective properties and levels are decreased in obesity 
12. Consistent with this latter idea, Kato et al showed that adiponectin deficiency 
leads to enhanced thrombus formation and platelet aggregation, revealing a role 
of adiponectin as endogenous antithrombotic factor 13.  
Opposite to findings that leptin increases platelet reactivity is the failure of a four-
days leptin infusion in healthy volunteers to change aggregation 2. In addition, the 
observation that leptin deficient subjects show increased aggregation by platelets 
suggests that leptin does not change platelet behaviour through direct interaction 
3. Findings with adiponectin are equally contradictory. Studies in knockout mice 
suggest that adiponectin is an antithrombotic factor in wild-type mice 4, but adhe-
sion and aggregation of human platelets are not changed upon incubation with a 
supra-physiological adiponectin concentration 16.

Visceral versus subcutaneous adipose tissue    
Subcutaneous and visceral obesity are epidemiologically associated with differ-
ent relative risks of the metabolic syndrome and diabetes. Increased prevalence 
of excessive visceral obesity is closely associated with rising incidence of CVD 
and type 2 diabetes. It has been suggested that the unique location of the visceral 
adipose tissue plays an important role. Visceral adipose tissue releases secreted 
factors directly into the portal vein and may thereby affect synthesis of coagula-
tion factors in the liver and induce insulin resistance in hepatocytes. Studies with 
transplantation of either subcutaneous or visceral fat from donor mice into either 
subcutaneous or visceral regions of recipient mice suggest that subcutaneous fat 
is intrinsically different from visceral fat. Mice with subcutaneous fat transplanted 
into the visceral region lost body weight, total fat mass, while plasma glucose and 
insulin levels were decreased and insulin sensitivity was improved 17. Apparently 
one or more products from the subcutaneous fat tissue has beneficent effects on 
obesity and on insulin sensitivity presumably via an action on the liver. Identifica-
tion of these factors may provide new targets for the prevention and/or treatment 
of obesity-related complications. However, these data must be interpreted with 
caution. There are differences in visceral fat between human and mice. A large 
proportion of human visceral fat is omental, a depot that is insignificant in mice 
and in turn in man no fat tissue corresponding to mouse epididymal fat has been 
uncovered 18.  
Functional differences between subcutaneous and visceral adipose tissue have 
been observed, for example in the expression of leptin which is mainly produced 
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by human subcutaneous adipose tissue. More macrophages infiltrate into visceral 
adipose tissue during the development of obesity than into subcutaneous adipose 
tissue 19. Visceral fat is the main contributor of plasma IL-6 as observed in a study 
in extremely obese patients 20. IL-6 is an inducer of C-reactive protein (CRP) and 
proteins involved in hemostasis (PAI-1, fibrinogen, tissue plasminogen activator) 
and production of visceral IL-6 directly affects the expression of proteins in the 
liver. 

TISSUE FACTOR EXPRESSION IN PLATELETS

New platelet proteins with a role in haemostasis 
For decades, platelets have been considered incapable of protein synthesis be-
cause they lack nuclei. However there were several investigators that indepen-
dently demonstrated the opposite. Already in the late 1960's it was shown that 
platelets incorporate amino acids, which was blocked by the protein synthesis 
inhibitor puromycin 21,22. In the following years, studies were expanded and the 
presence of ribosomes and other constituents necessary for protein synthesis 
was demonstrated 23,24. Due to lack of techniques that completely eliminate leu-
kocytes from platelets suspensions and mechanisms of protein synthesis by 
platelets were not elucidated, it took until the last decade for this topic to bloom 
again. New proteins (and their function) were identified with the characterization 
of mechanisms that regulate synthesis and their function. One could argue that 
protein expression in platelets does not contribute to processes such as throm-
bosis because it is rather slow and limited in quantity. Nevertheless, an example 
of a protein produced by platelets is B-cell lymphoma 3 (Bcl-3), which binds the 
SH3 domain of Fyn and thereby regulates platelet-dependent clot retraction 25,26. 
Synthesis of Il-1b protein in platelets increases the adhesiveness of endothelial 
cells for polymorphonuclear leukocytes 27. In addition, PAI-1 and COX-1 synthesis 
in platelets have been reported 28,29, which play a role in fibrinolysis and the pro-
duction of TxA2 respectively. In 2006 the mechanism of TF expression in platelets 
was discovered. Schwertz et al 30 demonstrated that TF pre-mRNA splicing was 
controlled by Clk1, which induces phosphorylation of the splicing factor SF2. Fur-
ther characterization of the extra- and intracellular signaling pathway described 
in Chapter 3 gives more insight in TF expression in platelets. AR-C699331 MX, 
which mimics blockade of the P2Y12-receptor by the active metabolite of clopi-
dogrel and indomethacin (an easily soluble COX-1 inhibitor which mimics the 
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action of aspirin) strongly inhibits TF expression and the combination of these 
two results in an almost complete inhibition. This suggests that a combination of 
aspirin and clopidogrel might be beneficial in patients suffering from CVD due to 
increased platelet TF levels. 

Interference by contaminating monocytes
The discussion whether human platelets are capable of regulated protein syn-
thesis has been ongoing for over half a century. Pillitteri et al suggest that any 
IL-1b synthesis detected is a by-product of leukocytes contaminating the platelet 
preparations and that platelets do not produce IL-1b 31. In contrast, more reports 
of different research groups on platelet protein expression appear, thereby inde-
pendently confirming this process. Most studies take great care in elimination of 
monocytes and demonstrate pure platelet suspension (27,30, Chapter 3). Therefore, 
the critique that TF synthesis by platelets is caused by contaminating leukocytes 
appears to be unjustified. 
In our studies, the CD14 mRNA-free platelet suspensions showed no TF pre-mR-
NA splicing upon stimulation with LPS, which is a potent inducer of TF synthesis in 
monocytes (Chapter 3). Recent studies show that platelets and megakaryocytes 
express the receptor for LPS, Toll-like receptor 4 (32,33). Although LPS did not gen-
erally activate platelets (no increase in P-selectin expression), platelets bind to 
fibrinogen under flow conditions in a TLR4-dependent manner, which indicates 
that LPS signals to aIIbb3 

32. Shashkin et al 33 showed that LPS initiated splicing 
of IL-1b and COX-2 pre-mRNA in platelets resulting in accumulations of these 
proteins. Yet, they mention that LPS induced COX-2 expression was extremely 
variable. Likely, splicing of TF pre-mRNA is regulated differently from that of IL-1b 
(and COX-2). 

Elevated levels of platelet TF in type 2 diabetes patients
The question whether elevated levels of platelet TF play a role in a pathological 
situation needs further examination. Platelets produce less TF than monocytes 
(0.24 ± 0.04 ng TF/ 2  ×  108 fibrinogen adhered platelets versus 1075  ± 139 ng 
membrane associated TF 10-7 LPS-induced monocytes, Chapter 3, 4) and it takes 
4 hours for platelets to express TF protein. An animal model of laser induced ves-
sel wall injury 35 shows the first appearance of TF at about 100 sec after induction 
of vessel wall damage, which is well before the first sign of platelet TF synthesis. 
It is therefore not very likely that platelet TF plays a role in acute injury where 
it would have to start the coagulation cascade. However, one could argue that 
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platelet TF could contribute to the stability of a platelet plug due to its location 
at the inside of the thrombus. In addition, slowly expressed TF might contribute 
to the formation of a platelet plug over a longer period and might play a role in 
chronic pathological conditions, such as atherosclerosis. Diabetes increases the 
risk of developing lower extremity arterial disease 2-5 fold 36,37, which is one of 
the first signs of a generalized atherosclerotic disease. It is a major risk factor for 
lower-extremity amputation and cardiovascular events such as myocardial infarc-
tion, stroke and death. A key event in the pathogenesis of vascular complications 
of type 2 diabetes is loss of atherosclerotic plaque stability. When the fibrous 
cap is disrupted, proaggregatory substances in the subintima are exposed and 
a platelet plug forms. When the platelet plug is firmly attached to the vessel wall 
it can continuously increase in size until the lumen is completely obstructed by 
the platelet-rich thrombus. In other cases, it detaches before it occludes the ves-
sel and flows downstream to peripheral vessels causing clinical events such as 
stroke. In the chronic process of arterial occlusive disease, the slow but consistent 
production of TF by platelets may well contribute to the propagation and stabi-
lization of a thrombus. Indeed, previous studies have detected TF antigen and 
activity in the atherosclerotic plaque 38, which may be derived from platelets. The 
elevated TF synthesis in platelets from type 2 diabetes patients might result in a 
more stable clot, inducing occlusion of an artery at sites where atherosclerotic le-
sions have developed.

TISSUE FACTOR EXPRESSION IN MONOCYTES

Disturbed INS-R – Gia-2 complex formation in type 2 diabetes patients
In megakaryocytes, the induction of insulin resistance by adipokines was studied. 
These studies indicated that specific adipokines were capable of either disturbing 
phosphorylation or inducing degradation of IRS-1. 
In contrast to previous literature 39, IRS-1 was detected in monocytic THP-1 cells 
and Tyr phosphorylated after stimulation with insulin, but no insulin-induced com-
plex formation between IRS-1 and Gia-2 was found. In response to insulin, the 
INS-R and Gia-2 directly associated, with an optimum after 15 minutes. This find-
ing suggests that insulin regulates cAMP control in monocytes through direct re-
ceptor - Gia-2 contact 40. Other studies demonstrate in addition a direct associa-
tion between INS-R and Gia-2. In adipocytes and rat hepatoma cell membranes, 
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heterotrimeric G-proteins, typical transducers of seven-helix receptors, are asso-
ciated with the INS-R and involved in insulin signaling 41-43. 
Complex formation was optimal after 15 minutes incubation with insulin and dis-
turbed in monocytes from type 2 diabetes patients (Chapter 5). These findings 
suggest that the cause of insulin resistance in monocytes must be found in dis-
turbed INS-R – Gia-2 association. SOCS proteins are a family of proteins capable 
of inhibiting JAK-STAT signaling in various tissues. Eight members have been 
identified so far. They have a central SH2 domain and SOCS-1 and SOCS-3 
contain a kinase inhibitory region. SOCS-1 and -3 mediate downregulation of cy-
tokine-induced JAK-STAT signaling. In addition to the JAK-STAT pathway, SOCS 
proteins also inhibit other signaling pathways, such as insulin signaling. SOCS 
proteins might present the link between elevated levels of adipokines and insulin 
resistance. Besides targeting IRS proteins for ubiquitination and degradation via 
the proteasomal complex, SOCS-1 and -3 interact with the phosphorylated INS-R, 
thereby preventing binding and activation of the IRS proteins (Figure 1). 

Figure 1. (a) Cytokine (adipokine)-induced activation of the JAK-STAT pathway results in expres-
sion of the family of SOCS proteins.  (b). SOCS-1 and -3 inhibit insulin signaling. Adipokine-induced 
SOCS-1 and -3 interact with the phosphorylated INS-R, thereby preventing binding and activation of 
the IRS proteins. Moreover, the SOCS proteins target IRS-proteins for ubiquitination (Ub) and deg-
radation via the proteasomal complex. Insulin signaling is thereby inhibited and insulin resistance 

induced (Source: Ronn et al, Diabetes, 2007).

SOCS-3 binds Tyr 960 on the INS-R, which is important for IRS-1 binding 44. In-
hibition by SOCS-1 is probably mediated through binding to the kinase domain 
of the INS-R, preventing further phosphorylation 45. SOCS-1 and -3 expression in 
monocytes and macrophages has been reported 46,47, although not in relation with 
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insulin resistance. Because monocytes express functional Ob-R 48 it is likely that 
in these cells leptin induces SOCS expression, which disturbs the insulin-induced 
binding between the INS-R and Gia-2. 

 
Obesity, adipokines and TF expression
Recent studies show that adipokines interfere with TF expression in monocytes 
and endothelial cells 49,50. Incubation of monocytes with leptin for 6 hours induces 
TF activity and antigen in a dose-dependent fashion. In addition, in obese pa-
tients, plasma levels of TF and TF expression in resting and LPS-induced mono-
cytes were increased compared to healthy donors. The effect was reversible; loss 
of body weight resulted in decreased leptin levels, which was accompanied by a 
reduction in plasma TF and TF expression in monocytes 49. TF expression by lep-
tin was mediated through JAK2 and PI3-K and involved TNF-a 51. In endothelial 
cells, adiponectin inhibits TNF-a-induced TF expression which is accompanied 
by cAMP accumulation and blocked by PKA inhibition 50,52. This suggests that a 
similar mechanism could be present in monocytes, but it has not been studied so 
far.  In addition, leptin induces the production of proinflammatory cytokines, sug-
gesting that adipokines induce hyperactivity observed in other responses than TF 
synthesis 48.  
In addition to monocytes and platelets, other tissues could contribute to increased 
TF levels. Samad et al showed that TF gene expression was elevated in the brain, 
lung, kidney, heart, liver and adipose tissue of obese mice (ob/ob and db/db mice) 
compared to lean counterparts 53,54. It is likely that under normal conditions insulin 
inhibits TF expression in these tissues by a similar mechanism as in platelets and 
monocytes and that in insulin-resistant subjects loss of insulin inhibition results 
in higher TF levels. Gi protein and cAMP are expressed in kidney epithelial cells, 
hippocampus and frontal cortex, lung fibroblasts, adipocytes, heart and liver and 
these proteins might regulate TF expression in reponse to insulin 55-59.  However, 
the increase in TF expression by extravascular cells does not contribute to a pro-
thrombotic condition.
In the study described in Chapter 4 and 5, LPS is used as agonist to induce TF 
expression. In general, stimulation of monocytes with LPS induces TF surface 
expression and procoagulant activity. However, studies should be extended with 
other agonists, which play a role in the complications of diabetes. The effect of 
advanced glycosylation end products (AGEs) on TF expression and its mecha-
nisms were studied by Ichikawa et al 60. Incubation of human macrophage-like 
U937 cells and monocytes with AGE-albumin induced TF in a dose-dependent 
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manner. TF expression in monocytes from diabetes patients with increased lev-
els of circulating AGEs was higher than in normal controls. This suggests that in 
vivo AGEs induce TF expression in monocytes in diabetes patients and thereby 
promote thrombosis. 

DIFFERENCES IN TISSUE FACTOR REGULATION IN PLATELETS AND MONO-
CYTES

Differences in inhibiton by insulin
The regulation of TF synthesis by insulin differs between platelets and monocytes. 
In platelets, insulin regulates the splicing of TF pre-mRNA (Chapter 3), whereas in 
monocytes inhibition is regulated at the level of transcription (Chapter 4).
In platelets, insulin regulates the inhibition of TF pre-mRNA splicing by two dif-
ferent mechanisms. In addition to a direct effect of insulin on the release of ADP/
TxA2, inhibition of TF activity also takes place after the released products start fur-
ther signaling through the P2Y12- and TxA2 receptors, mediated through cAMP. 
Regulation of splicing by cAMP has been described, which could suggest a mech-
anism for insulin inhibition. PKAa and PKAb, which are activated by an increase 
in cAMP concentration, phosphorylate SR proteins in vitro and change splice site 
selection in vivo 61. More specifically, PKA phosphorylates polypyrimidine-tract 
binding (PTB) protein, an important regulator of alternative pre-mRNA splicing 
and mRNA localization, but so far the presence of PTB in platelets has not been 
described.
In monocytes, PKA induces the expression of several genes by phosphorylation 
of the cAMP response element-binding protein (CREB) and the subsequent re-
cruitment of the co-activator CREB-binding protein (CBP). Besides association 
with CREB, CBP bind to the NF-kB subunit p65 in vitro and in vivo. Functional 
assays suggest that a competition occurs between CREB and p65 for limiting 
amounts of CBP, which can lead to a decrease in association of CBP with p65, 
thereby inhibiting NF-kB-dependent transcription 62. In addition, insulin inhibition 
of TF in monocytes might be mediated through lowering of [Ca2+]i, while Ca2+ plays 
a role in the activation of NF-kB in RAW 264.7 cells and dendritic cells 63,64.  

Differences in regulation by PKB 
PKB contributes to phosphorylation of SR proteins, specifically SF2 65, which 
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potentiate their binding to recently transcribed mRNA and/or directly stimulate 
SR protein activities. Interestingly, in monocytes TF expression is under negative 
control by the PKB pathway 66,67. Here PKB inhibits NF-kB activity 67, such in con-
trast to anucleated platelets where PKB activates the splicing mechanism. 

CLINICAL IMPLICATIONS AND FUTURE DIRECTIONS

The results in this study show that platelets and monocytes from type 2 diabetes 
patients are insulin-resistant, which might explain the prothrombotic situation in 
these patients. Type 2 diabetes patient have hyperactive platelets and increased 
levels of TF expressed by platelets and monocytes compared to healthy controls. 
The mechanism by which insulin resistance in platelets and monocytes develops 
has been characterized. Yet, the link between insulin resistance and hyperactivity 
remains unclear.  
This study demonstrates that several adipokines play a role in the insulin resis-
tance and hyperactivity of platelets. This suggests that in obese subjects, who 
have high adipokine levels, platelets are hyperactive. Indeed, obesity is associ-
ated with an elevated risk of cardiovascular morbidity and mortality due to athero-
thrombotic events 68,69. Subjects affected by obesity and insulin resistance are at 
high risk of coronary, cerebrovascular and peripheral artery disease 70. Prevention 
and treatment of cardiovascular events are a major challenge in these patients. 
Antiplatelet drugs could be of great benefit in these patients, but a decreased sen-
sitivity to the platelet inhibitory effect of aspirin and clopidogrel in type 2 diabetes 
patients has been described.
Therefore the focus should be at changes of lifestyle habits, such as diet and 
physical exercise. This reduces visceral adipose tissue and improves insulin re-
sistance and prevents or at least delayes the onset of type 2 diabetes, arterial 
hypertension and CVD 71-74. Weight loss reduces chronic inflammation, oxidative 
stress and platelet activation 75,76. 
The effects of adipokines on monocytes were not studied yet, but it is possible 
that insulin resistance and hyperactivity in monocytes from type 2 diabetes pa-
tients is caused by increased levels of adipokines. Interestingly, improvement of 
glycemic control, for example by weight reduction, induces a 1.5-fold reduction 
in circulating TF 77. Therefore, weight loss in obese patients can be considered a 
very effective strategy to improve the platelet and monocyte abnormalities linked 
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to insulin resistance. 
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ACHTERGROND

Diabetes mellitus
Diabetes mellitus, ook wel suikerziekte genoemd, is een chronische stofwisselings-
ziekte die wordt gekenmerkt door hoge bloedglucosewaarden. De alvleesklier is 
niet langer in staat om insuline te produceren (type 1) of de weefsels en cellen van 
diabetes patiënten worden ongevoelig voor insuline – insuline resistentie (type 
2).  Patiënten met type 1 hebben een absoluut tekort aan insuline, veroorzaakt  
door de afbraak van de beta cellen van de alvleesklier door het eigen afweer-
systeem. Patiënten met type 2 maken meestal in het begin van hun aandoening 
nog zelf insuline aan, maar door een ongevoeligheid van weefsels voor insuline 
is het hormoon niet in staat het bloedglucose te verlagen. Type 2 diabetes is ook 
wel bekend als ouderdomsdiabetes, maar tegenwoordig zijn er al kinderen die 
te maken hebben met deze vorm van diabetes. Insuline resistentie kan onstaan 
door obesitas en weinig te bewegen. Andere typen van diabetes zijn zwanger-
schapsdiabetes en specifieke vormen die een erfelijke achtergrond kunnen heb-
ben zoals MODY (Maturity Onset Diabetes of the Young).
Diabetes wordt een epidemie; wereldwijd zijn er momenteel 246 miljoen diabetes 
patiënten en de verwachting is dat er in 2025 totaal 380 miljoen patiënten zijn, een 
stijging van 7 miljoen patiënten per jaar. In Nederland zijn er 740.000 mensen die 
diabetes hebben en met nog minstens 250.000 mensen bij wie diabetes nog niet 
is geconstateerd komt het totale aantal diabetes patiënten boven de miljoen uit. 
Negen op de tien mensen hebben type 2 diabetes. Obesitas is een grote risico-
factor voor type 2 diabetes. Met de toename van het aantal mensen met obesitas 
neemt daarom ook het aantal diabetes patiënten toe. De Wereldgezondheidsor-
ganisatie schat dat er momenteel  400 miljoen mensen met obesitas zijn en dat in 
2015 dat aantal is gestegen naar 700 miljoen.  
Insuline speelt een belangrijke rol in diabetes. Insuline is een hormoon dat door 
de alvleesklier wordt uitgescheiden ten gevolge van verhoging van het glucosege-
halte in het bloed na het eten van een maaltijd. Insuline verlaagt het bloedglucose 
doordat het de opname van glucose in weefsel bevordert. Glucose  is onmisbaar, 
want het geeft het lichaam energie om een goede functie van organen te waar-
borgen. Door het tekort aan insuline en/of de insuline resistentie heeft het lichaam 
moeite om glucose uit het bloed in de weefsels te laten opnemen. 
Diabetes gaat veelal gepaard met aandoeningen van de kleine en grote bloed-
vaten. Bij stoornissen van de kleine bloedvaten worden met name ogen, zenuwen 
en nieren aangedaan. Stoornissen van de grote bloedvaten uiten zich in hart- 
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en herseninfarcten, en perifeer vaatlijden. Dit laatste leidt dikwijls tot amputaties 
van ledematen. Hart- en vaatziekten zijn de voornaamste doodsoorzaken van 
patiënten met diabetes. 

Trombose
Door te sterk schommelende bloedglucosewaarden en het verminderd werkzaam 
zijn van insuline in diabetes patiënten kan de bloedstroom belemmerd worden; 
trombose. In diabetes is de balans tussen handhaving van de bloedstroom en 
trombose verstoort, waardoor de cellen die verantwoordelijk zijn voor deze balans 
gemakkelijker bijdragen aan trombose. Deze betrokken cellen zijn bloedplaatjes 
die na activatie wondjes kunnen afdichten, endotheelcellen die de binnenkant van 
bloedvaten bekleden en monocyten die een belangrijke bron van het stollingseiwit 
‘weefselfactor’ (tissue factor) zijn. Als plaatjes en stolling actief worden zonder dat 
er sprake is van een wond spreekt men van trombose. Trombose kan leiden tot 
acute verstopping van een bloedvat. Bekende voorbeelden hiervan zijn het hart- 
en herseninfarct.
Bloedplaatjes zijn kleine cellen die in het bloed circuleren en belangrijk zijn bij 
het stelpen van een bloeding na een beschadiging van een bloedvatwand. Ze 
worden geproduceerd door megakaryocyten. Bloedplaatjes hebben geen kern 
en zijn in rustende toestand schijfvormig. Door activatie verandert de schijfvor-
mige gedaante van het bloedplaatje in een vorm met uitsteekels. Onder normale 
omstandigheden circuleren ze in de bloedbaan zonder vast te plakken aan de 
cellen van de wand. Wanneer een bloedvat beschadigd raakt, wordt de binnen-
kant van het bloedvat blootgesteld aan de bloedstroom. Bloedplaatjes hechten 
zich aan het vat, raken in geactiveerde toestand, en kunnen vervolgens andere 
bloedplaatjes in het bloed aantrekken en binden. Dit leidt tot verklontering van 
de bloedplaatjes en resulteert in de vorming van een prop die de wond dicht 
en bloedverlies voorkomt. Bloedplaatjes worden geholpen door stollingseiwitten. 
Bloedstolling komt op gang door weefselfactor, een eiwit dat op de buitenkant 
van witte bloedcellen, monocyten, zit of uit de vaatwand naar buiten lekt. Dit eiwit 
start de stolling en het eindproduct is fibrine, een polymeer dat door de bloed-
plaatjesprop geweven wordt voor versteviging. Zowel bloedplaatjes verklontering 
als bloedstolling zijn belangrijk voor de vorming van een bloedprop (trombus). 

Dit proefschrift - samenvatting en conclusies
In een voorgaand project is er een nieuw mechanisme ontdekt waarbij insuline de 
aktiviteit van bloedplaatjes remt. Bloedplaatjes worden geaktiveerd door stoffen 
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die vrijkomen na beschadiging van de vaatwand. Insuline remt dit proces door 
een eiwit (Gi) te remmen, waardoor de aktivatie prikkel minder wordt en de bloed-
plaatjes minder snel verklonteren. Bloedplaatjes van patiënten met diabetes type 
2 zijn ongevoelig geworden voor de remming door insuline en daardoor hyperac-
tief, wat eerder leidt tot verklontering.
In dit proefschrift beschrijven we hoe de ongevoeligheid voor insuline in bloed-
plaatjes kan ontstaan en onderzoeken we welke gevolgen insuline resistentie in 
bloedplaatjes en monocyten hebben. 

Verlies van gevoeligheid van insuline door stoffen uit vet
Een groot percentage van type 2 diabetes patiënten heeft overgewicht of is 
obees. Vetweefsel produceert en geeft stoffen en hormonen af genaamd adi-
pokines. Inmiddels zijn er al meer dan 50 adipokines bekend. Adipokines heb-
ben onder normale omstandigheden verschillende functies in het lichaam. Bij 
verhoogde waarden van deze adipokines, in overgewicht of obesitas, hebben ze 
ook effecten op andere celtypen en kunnen ze daarbij de functie van de cel veran-
deren. Incubatie van sommige adipokines leidt tot verlies van insuline gevoelig-
heid (insuline resistentie) in cellen. We hebben een aantal adipokines getest om 
te onderzoeken of ze insuline resistentie kunnen induceren in megakaryocyten. 
Er zijn er een aantal die wel (leptine, resistine, PAI-1 en RBP4) en niet (visfatin, 
IL-6 en TNF-a) insuline resistentie induceren in megakaryocyten. Na een korte 
incubatietijd veranderen leptine of resistine de activatiestatus van een belangrijke 
eiwit in de insuline signaleringsweg genaamd IRS-1, waardoor de insuline weg 
‘uit’ staat. Na een lange incubatietijd met leptine of resistine blijkt het eiwit IRS-1 
in megakaryocyten afgebroken te zijn. En consistent met deze resultaten vinden 
we dat in bloedplaatjes van type 2 diabetes patiënten waarden van IRS-1 ver-
laagd zijn vergeleken met bloedplaatjes van gezonde personen. Deze resultaten 
suggereren dat in obese, type 2 diabetes patiënten megakaryocyten verkeerde, 
insuline resistente bloedplaatjes produceren, die te snel actief worden.

Insuline resistentie in bloedplaatjes
Voorheen werd gedacht dat bloedplaatjes geen eiwitten konden produceren 
omdat ze een kern missen. Echter, kortgeleden is gebleken dat bloedplaatjes 
weefselfactor aanmaken doordat ze de codering voor het eiwit (messenger RNA) 
mee-krijgen van de megakaryocyt. Als bloedplaatjes actief worden, wordt deze 
codering omgezet in het eiwit weefselfactor.  Op deze manier kunnen bloedp-
laatjes die de wond in een vaatwand dichten, er zelf voor zorgen dat de stolling 
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actief blijft en de stollingsvezels de trombus blijven verstevigen. We hebben 
de productie van weefselfactor in bloedplaatjes onderzocht en bevestigen dat 
bloedplaatjes inderdaad weefselfactor aanmaken. Toevoeging van bloedplaatjes 
remmers die de werking van de medicijnen aspirine en clopidogrel nabootsen 
remmen de hoeveelheid weefselfactor. Dit wijst erop dat we kunnen interfereren 
met de hoeveelheid weefselfactor. Experimenten met remmers van belangrijke 
signaleringswegen in bloedplaatjes wijzen erop dat het eiwit genaamd cyclic AMP 
betrokken is in de synthese van weefselfactor. Insuline verhoogt de hoeveelheid 
cyclic AMP in bloedplaatjes, daarom hebben we het effect van insuline op weef-
selfactor bestudeerd. In gezonde personen remt insuline de hoeveelheid weefsel-
factor, echter in bloedplaatjes van type  2 diabetes patiënten is de remming door 
insuline verdwenen, wat resulteert in verhoogde waarden van weefselfactor in 
bloedplaatjes van type 2 diabetes patiënten. Dit is een mogelijke verklaring voor 
het verhoogde risico op trombose in type 2 diabetes patiënten. Omdat het lang 
duurt voordat weefselfactor wordt gemaakt door bloedplaatjes suggeren we dat 
dit een rol speelt in trombose geinduceerd door chronische processen, die met 
name plaats vinden in de vaten van de benen.      

Insuline resistentie in monocyten 
Naar aanleiding van de bevindingen dat insuline de activiteit van  bloedplaatjes 
remt en deze remming is verdwenen in bloedplaatjes van type 2 diabetes patiënten, 
zijn we gaan onderzoeken of een belangrijke bron van weefselfactor, monocyten, 
ook geremd kan worden door insuline en of deze remming is verdwenen bij diabe-
tes type 2 patiënten. Monocyten maken bij activering een eiwit aan, weefselfactor. 
Insuline remt de productie van weefselfactor in monocyten. Na verder onderzoek 
blijkt dat het effect van insuline is veroorzaakt door binding van insuline aan een 
specifieke receptor. Deze receptor bindt aan het Gi eiwit en remt de activiteit hier-
van. Remming van Gi zorgt ervoor dat het niveau van cyclic AMP, een mediator 
in monocyten, verhoogd wordt, dat vervolgens resulteert in een remming van de 
hoeveelheid weefselfactor. Verder heeft het calcium niveau in de cel een effect op 
de hoeveelheid weefselfactor. Door een verlaging van het calcium niveau zien we 
een remming van de hoeveelheid weefselfactor. Deze resultaten laten zien dat in 
monocyten van gezonde personen insuline een remming geeft van weefselfactor 
synthese. In type 2 patiënten is de remming door insuline verloren wat resulteert 
in hogere waarden van weefselfactor in monocyten vergeleken met die van ge-
zonde personen. Een verklaring van de insuline resistentie is de verminderde 
associatie tussen de receptor waar insuline aan bindt en het Gi eiwit. 
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Insuline remt bloedplaatjes activatie
In een respons op een artikel waarin wordt beweerd dat insuline geen directe 
effecten op bloedplaatjes heeft, laten we zien dat het belangrijk is hoe de bloed-
plaatjes worden geïsoleerd in het laboratorium en weerleggen we deze bevind-
ingen. Als je bloedplaatjes op de juiste manier isoleert remt insuline de activatie 
van bloedplaatjes.

Conclusies
Type 2 diabetes patiënten hebben een verhoogd risico op hart- en vaatziekten. 
Tachtig procent van alle patiënten overlijdt aan de gevolgen van trombose. Dit kan 
verklaard worden door insuline resistente bloedplaatjes en monocytes in type 2 
diabetes patiënten die sneller actief worden. Stoffen uit vet spelen een belangrijke 
rol bij het insuline resistent worden van bloedplaatjes en vermoedelijk ook van 
andere cellen. Insuline resistentie in bloedplaatjes en monocyten kan leiden tot 
hogere waarde van weefselfactor, waardoor er eerder stolling plaatsvindt in type 
2 diabetes patiënten.  
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Graag wil ik hierbij iedereen bedanken die op welke manier dan ook heeft bijge-
dragen aan dit proefschrift. Van een opmerking tijdens een werkbespreking of 
zomaar in de gang dat leidde tot nieuwe inzichten of praktische tips tot sociale 
activiteiten waardoor ik juist eens de materie van diabetes, plaatjes en tissue fac-
tor kon vergeten. De volgende mensen wil ik met name noemen:

Jan-Willem, onze dinsdagochtend-werkbesprekingen waren elke week weer een 
feestje. Waar ik in het begin nog ietwat verlegen je kamer binnenstapte, was ik 
op het eind niet te stoppen in discussies die menigmaal bijna de lunch haalden. 
De onderwerpen gingen alle kanten op, van een half uurtje nonsense verhalen tot 
bijna niet te bevatten signaleringswegen. Behalve filosoferen over in vivo situaties 
en discussies over experimenten heb ik dikwijls dubbel gelegen van het lachen. 
Dank dat je me hebt laten zien hoe leuk wetenschap kan zijn. 
Timon, wat was uw hulp welkom en wat ging ons onderzoek als een trein opeens. 
Dank voor al uw patientenwerk, kennis en snelle correcties. En uw grote enthou-
siasme.
Flip, dank voor een plek op je afdeling.

Collega’s van de afgelopen 4 jaren, dank voor al jullie hulp en gezelligheid. Be-
ginnend op lab II waar ik voluit meezong op de cd’s van K’s Choice, heb leren 
meezingen met Queens of the Stone Age en tussen het pipetteren door bakkies 
op de bench dronk! Het heen en weer gesjouw naar lab III met alle blotapparatuur, 
waardoor ik toch besmet werd met het plaatjeswerk. En eindigend in de AIO-
kamer met zijn kwart voor 3 theepauzes en het oude computertje dat ik me mocht 
toe-eigenen omdat toch niemand er meer op wilde werken. 
Mijn paranimfen Arnold en Eelo. Arnold, gezien het feit dat je naam op elk artikel/
manuscript staat heb ik het gevoel dat het meer onze promotie is dan alleen 
de mijne. Feilloos kon je switchen tussen de projecten en het bleef niet alleen 
bij het praktische werk. Met jouw denkwerk heeft menig project een flinke boost 
gekregen. Dank voor het altijd rustig blijven terwijl ik heel ongeduldig -en dat heel 
duidelijk liet merken!- over je schouder meekeek  En voor; regeren is vooruitzien!! 
of is het nu: vooruitzien is regeren?? Eelo, tijdens je stage werd het me al snel 
duidelijk dat we meer aan het samenwerken waren dan ik jou aan het begeleiden. 
Het project ging als een trein en is nu een pareltje in dit  proefschrift. Dank voor je 
talloze  Ca2+ metingen op dat oude beestje. 
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Naast Eelo mijn andere studenten; Cansu, dank voor je vele monocyten-blotjes, 
en Ellen, ik heb je het een-en-ander moeten afleren, maar vond onze samenwerk-
ing leuk en je zelfstandigheid groot en ik geloof nog steeds in je studentenpro-
ject! 

Joost, dank voor de dikke mannetjes!  

Ester, vriendinnetje van het eerste uur, dankjewel voor je correcties! 

Zomaar een hele bijzonder familie erbij krijgen lijkt wel een groot kado. Marga, 
Amanda en Lennart, wat fijn dat ik jullie in mijn leven heb. En wat was het heerlijk 
ontspannen met champagne in de zon zo vlak voor mijn grote deadline!

Henri en Simone, dank voor een fijn thuisfront en de grootste schatten die ik ken; 
Silvan en Robine.

Lieve zus, altijd een groot voorbeeld. Ik ben je gevolgd naar het VWO, de piano-
lessen, maar met de studie hield ik op. Nu ben je mij gevolgd. Samen als Gerrits-
zusjes naar de EASD. Ik vind je heel bijzonder; jouw kracht en doorzettingsver-
mogen zijn onvoorstelbaar groot, dat heb je laten zien en nog steeds. 

Mijn lieve ouders. Onvoorwaardelijk, dat woord komt in me op als ik aan jullie 
denk. Dat jullie er altijd voor me zijn. Al vroeg in mijn leven werd me dat duidelijk 
toen ik de keuze moest maken voor de middelbare school. En het is nooit meer 
anders geweest. Dank voor het altijd meeleven en jullie steun!

Lieve Ivar, niemand anders weet hoeveel ik echt kan praten. Dat zegt alles over 
hoe fijn ik me voel bij jou, maar ik besef me dat getetter over tissue factor, adipo-
kines en submissies anders kan overkomen. En als ik maar even denk dat je niet 
oplet, kun je me feilloos herhalen. Dank voor je luisterend oor!
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