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If you place a thing in the center of your life

that lacks the power to nourish

It will eventually poison everything that you are

And destroy you

A simple a thing as an idea

Or your perspective on yourself or the world

No one can be the source of your contempt,

It lies within, in the center.

Maxi Jazz

Voor Raoul: veni, vidi, vici cor
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General Introduction



Poor painted queen, vain flourish of my fortune!

Why strew’st thou sugar on that bottled spider,

Whose deadly web ensnareth thee about?

Richard III (Act I, Scene III)
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General Introduction

I
n the play Richard III by William Shakespeare, sugar is a prelude to death as the seduction

and “sugar-coated” words of the machiavellian Richard lead to an enigmatic course of

corruption and murder. Sugar is in this sense an object not far from reality as an elevated

plasma glucose level or hyperglycemia is associated with an increased risk of death (1).

The maintenance of glucose levels is a carefully regulated mechanism that restricts the

glucose concentration between 4-7 mmol/L in humans. Glucose homeostasis is a strict

balance of glucose-lowering and glucose-elevating mechanisms in which the liver plays a

central role (2). The most widely known disturbance of this mechanism is known as diabetes

mellitus (DM), which is characterized by hyperglycemia as a result from an absolute or

relative impairment of insulin action and/or secretion. The disease was first described in

early Egypt (about 3400 BC), but it was Aretaeus of Cappadocia from ancient Greece (about

150 AD) who first used the term diabetes that means “pass through”. The adjective mellitus

from the latin word for honey was added by William Cullen in 1776. There are 2 principle

forms of DM. In type 1 DM (DM1), the pancreas fails to produce insulin. Type 2 DM (DM2)

results from the body’s inability to respond properly to insulin due to defects in the insulin

signaling cascade. This form is much more common and accounts for about 90 % of all DM

cases worldwide.

Insulin

β cells in the pancreatic islets of Langerhans produce insulin. It consists of 51 amino acids

(5.8 kD) contained within 2 peptide chains in an A chain of 21 amino acids and a B chain

of 30 amino acids that are connected by disulphide bridges. The precursor of insulin,

preproinsulin (11.5 kD) is produced in the endoplasmic reticulum and rapidly cleaved by

microsomal enzymes to proinsulin (9.6 kD), which is transported to the Golgi apparatus

where it is stored into secretory granules. Maturation of these secretory granules is associated

with conversion of proinsulin to insulin and the C-peptide that originally connects the A

and B-chain of insulin. Mature secretory granules contain insulin and C-peptide in

equimolar quantities and in addition 2-6 % of proinsulin (3,4).

Elevation of the plasma glucose level is the main trigger for the pulsatile release of

insulin. Its elevation leads to the rapid influx of glucose into β cells via the facilitative

glucose transporter 2 (GLUT2) after which it is phosphorylated to glucose 6-phosphate by

glucokinase (hexokinase type IV) that determines the rate of glycolysis and pyruvate

generation. The resulting increase in the ATP/ADP ratio in the cytosol causes depolarisation

of the plasma membrane by closure of the ATP-sensitive K+ (K
ATP

) channels thus permitting

opening of voltage-dependent Ca2+ channels and an increase in cytosolic Ca2+ ([Ca2+]
i
).

This is the key trigger that makes insulin-containing secretory vesicles fuse with the plasma

membrane followed by the exocytosis of insulin. Other signals that increase [Ca2+]
i
 can

also release insulin, for example receptors that are coupled to heterotrimeric

guaninetriphosphate (GTP) binding proteins that stimulate phospholipase C (PLC) to

produce diacylglycerol (DAG) and inositol-1,4,5-trisphosphate (IP
3
). DAG activates protein

kinase C (PKC) partly by sensitizing it to Ca2+ and IP
3
 increases  [Ca2+]

i
 by mobilizing

endoplasmic reticulum Ca2+ stores. The release of insulin is supported by Ca2+/calmodulin

kinases and PKA. These signaling mechanisms can also be initiated by activation of the
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vagal nerve during swallowing, and the elevation of glucagon-like peptide I (GLP-I) and

gastric inhibitory polypeptide (or glucose-dependent insulinotropic polypeptide, GIP).

Improving insulin secretion by blocking the K
ATP

 channels by sulfonylurea derivatives has

become an important pharmacological strategy in the therapy of DM. Potential agents to

improve insulin secretion in the future are agonists of the GLP-1 and purinergic P2 receptor

and imidazolines (4-8).

The Impact Of Insulin Defects

Despite enormous efforts to cure DM and the dynamic development of pharmacological

strategies to treat the chronic hyperglycemia, the impact of the disorder remains

considerable. Insulin affects virtually every cell type in the human body with the most

pronounced effects on the so-called classical target-organ tissues that include the liver,

muscle and adipose tissue. The symptoms seen in DM do not only arise from disturbances

in these organs, but also from other tissues. A clear example is the vasculature in which

affected endothelial cells, leucocytes, monocytes and especially the presence of hyperactive

platelets contribute to the formation of athero-thrombotic complications that initiates

cardiovascular disease (CVD) in DM. Other examples include the central nervous system

and the kidneys.

CVD accounts for approximately 50 % of all deaths among subjects with DM in

industrialized countries. Risk factors for heart disease in subjects with DM include high

blood pressure, high serum cholesterol, obesity and smoking. Recognition and management

of these conditions may delay or prevent heart disease in subjects with DM. The most

common complication is diabetic neuropathy, because up to 50 % of subjects with DM are

affected by this complication to some degree. Major risk factors for this condition are the

level and duration of hyperglycemia. Neuropathy can lead to sensory loss and damage to

the limbs. Diabetic retinopathy is a leading cause of visual disability and blindness. After

15 years of DM, about 2 % of subjects become blind, while about 10 % develop severe

visual handicaps. DM is also among the leading causes of kidney failure, but its frequency

varies between populations and again is related to the severity and duration of the disease.

Diabetic foot disease, due to changes in blood vessels and nerves, often leads to ulceration

and subsequent limb amputation. DM is the most common cause of non-traumatic

amputation of the lower limb (www.who.int; 1).

Benefit Of Treatment

Primary preventive measures, which include a healthy diet and regular physical activity,

are aimed to protect susceptible individuals from developing DM. Their impact is the

reduction or delay of both the need for DM care and the need to treat DM complications.

Secondary preventive measures including early detection and optimal treatment of blood

glucose levels, high blood pressure and blood lipids can substantially reduce the risk of

developing complications and slow their progression. Due to its chronic nature, the severity

of its complications and the means required to control them, DM is a costly disease, not

only for the affected individual and his/her family, but also for the health authorities

(www.who.int; 9). The health care costs in 1999 for DM in the Netherlands amounted 431
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million euros (www.rivm.nl). With the prospect that the number of people with DM in the

Netherlands will increase by a third, the costs will certainly increase. The improvement of

DM prevention and care will save the authorities 160 million euros each year

(www.minvws.nl).

Outline Of Thesis

The research described in this thesis aims to increase our understanding of the development

of platelet-dependent complications in the arterial vasculature of subjects with DM. Platelet

defects such as high levels of the activation-dependent surface markers P-selectin have

been described in DM (10), but also in other disorders characterized by a prothrombotic

tendency (11). We postulate that among other factors like endothelial cell dysfunction and

atherosclerosis, defects in the insulin signaling pathway is the initial cause for this in vivo

activation of platelets.

After a presentation of our current insight in insulin signaling pathways (Chapter 2),

we addressed the following questions:

1. Do platelets from healthy individuals respond to insulin and which mechanisms

might transduce the signals generated by the insulin receptor? (Chapter 3)

2. Does signal generation by the insulin receptor affect the platelet adhesive properties

in flowing blood? (Chapter 4)

3. Is abnormal platelet behavior in patients with DM1 and DM2 caused by abnormalities

in the insulin signaling pathway? (Chapter 5)

4. As insulin induces inhibitory signals in platelets and activatory signals in other cell

types, how do these conflicting properties contribute to the regulation of glucose

uptake by platelets? (Chapter 6)

The results show that platelets have a complex signaling network initiated by activation

of the insulin receptor. The network has a direct effect on platelet adhesion and aggregation.

Platelets from DM1 and DM2 show defects in this mechanism that explain their abnormal

behavior in in vitro tests. In addition, this network of signaling cascades controls the uptake

of glucose, which is essential for optimal platelet functions. These results are discussed in

Chapter 7 in relation to current knowledge on insulin signaling in other cell types.
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Chapter 2

IRS-1 and Vascular Complications
in Diabetes Mellitus

I. Andrade Ferreira & J.W.N. Akkerman,

Vitamins and Hormones (2005) 70, 25-66



Abstract

The expected explosive increase in the number of patients with diabetes mellitus will
increase the stress on health care. Treatment is focussed on prevention of vascular
complications associated with the disorder. Since the beginning of the 21st century, our
insight in the molecular mechanisms that control cellular processes has increased vastly.
This chapter summarizes the current views on the insulin signaling pathway with emphasis
on intracellular signaling events associated with insulin resistance, which lead to the
prothrombotic condition in the vasculature of patients with diabetes mellitus.
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I
nsulin was discovered in 1922 by Banting and Best as a crucial regulator of metabolism

(1). Insulin is released into the bloodstream by β-cells of the islets of Langerhans in the

pancreas in response to increased concentration of blood glucose. Insulin primarily

targets adipocytes (fat cells), muscle, and the liver but also targets endothelial cells,

leukocytes, monocytes, and platelets. Insulin promotes the cellular influx of nutrients for

glycolysis and storage of glycogen and lipids as well as suppresses glycogenolysis and

gluconeogenesis. There are, however, many other responses induced by insulin, which

explains why a defect in insulin action affects so many functions in the body.

Diabetes mellitus (DM) is characterized by chronic hyperglycemia with disturbances

in carbohydrate, fat and protein metabolism resulting from a defect in insulin secretion,

insulin action or both (2). DM is roughly divided in two types. DM type 1 (DM1) results

from a genetic-susceptible, immune-mediated selective destruction of β-cells. DM type 2

(DM2) results from both an impaired insulin secretory response and insulin resistance.

Insulin resistance is defined as a decreased effectiveness of insulin due to defects in the

intracellular insulin signaling pathway. Insulin resistance is common, and most subjects

with insulin resistance do not develop DM because the body compensates with

hyperinsulinemia for the loss of sensitivity to insulin. DM2 develops when insulin secretion

fails and hyperglycemia develops. Insulin resistance is a risk factor for arterial disease as a

direct result of impaired insulin action and because it is often accompanied by obesity,

hypertension, dyslipidemia and DM2, which are independent risk factors for this disease.

There is an estimated 194 million adults who have diabetes worldwide as of the year 2004.

This is a rise of 44% from 1995, which illustrates the explosive increase in the number of

patients during the last few years. The World Health Organization estimates that a number

of 330 million adults will have DM by the year 2025 (3,4). The clinical course of DM is

complicated by the development of microvascular and macrovascular abnormalities.

Progression of these complications can be suppressed by strict metabolic control (5). The

pathophysiological consequences of hyperglycemia in DM have also been reviewed (6).

Insulin receptor substrate-1 (IRS-1) is the first and most important downstream

element in the insulin-signaling pathway. It took nearly 70 years after the discovery of

insulin for this crucial intermediate to be identified. A search on PubMed for IRS-1 reveals

an average of two papers published per week since its discovery in 1991. This review

focuses on the signaling pathways initiated by insulin, with special emphasis on the role

of IRS-1 and the abnormalities that form the basis of vascular complications.

Insulin receptor superfamily

Signal activation by insulin starts with binding to the specific insulin receptor (IR). The

insulin receptor superfamily includes the IR, insulin-like growth factor-I (IGF-I) receptor

and insulin-related receptor (IRR) (7). These receptor tyrosine kinases (RTKs) are expressed

at the cell surface as covalent homodimers composed of two identical alpha and beta (α/β)
monomers, α2β2. An illustration of their large degree of homology is their ability in expression

systems to form heterodimeric complexes with individual monomers from different parent

receptors. An example is a hybrid of the IR and the IGF-I receptor (8).
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The IR is a heterotetrameric transmembrane glycoprotein composed of two

extracellular α-subunits (135 kD each) and two transmembrane β-subunits (95 kD each)

that function as allosteric enzymes (Figure 1). Insulin binding relieves the inhibition of the

Tyr kinase activity of the β-subunit by the α-subunit. This is followed by autophosphorylation

and a conformational change of the β-subunits that increases the kinase activity by three

orders of magnitude, which enables the IR to phosphorylate a number of substrate proteins

that control growth and metabolic responses (7,9,10).

Figure 1. The insulin receptor

Shown here is a schematic of the IR isoforms A and B. The β-subunits of the IR are depicted in inactive and

active conformations.

The IR gene consists of 22 exons and 21 introns and is located on chromosome 19

(11). The receptors are synthesized as single-chain pre-pro-receptors with a 30-residue

signal peptide that is cotranslationally cleaved off. The molecular chaperones calnexin

and calreticulin facilitate glycosylation, folding, and dimerization of the precursor before

transport to the Golgi apparatus (12). The mature α2β2 receptor is produced in the Golgi

and translocates to the plasma membrane (13). Alternative splicing of exon 11 results in

two isoforms of the IR that differ by the absence (isoform A) and presence (isoform B) of

residues 717-729 at the carboxy (COOH) terminal of the α-subunit (14). The IR isoform A

(IR-A) is expressed in fetal tissues, cancer cells, brain tissue, spleen tissue, and

haematopoietic stem cells, whereas IR-B is predominantly present in differentiated cells.
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Both isoforms have been detected in fibroblasts, and placenta, liver, muscle, kidney, and

adipose tissues (14-17). This tissue-specific expression pattern suggests that the IR isoforms

play distinct roles in insulin signaling. IR-A binds insulin with a slightly higher affinity

than IR-B, and IR-B has stronger kinase activity than IR-A (18). IR-A is also more effective

in receptor endocytosis and insulin degradation than IR-B (19,20). Despite these differences,

both receptor subtypes initiate similar signaling sequences. IR-A can be distinguished from

IR-B with IGF-II that specifically activates the IR-A subtype (16). Interestingly, tissue-specific

expression of IR isoforms is changed in patients with DM, which might be one of the

causes for the development of insulin resistance (21). IR knockout mice are born with

normal features but develop early postnatal diabetes and die of ketoacidosis. In humans,

an IR null mutation leads to intrauterine growth retardation, failure to thrive, and

hypoglycemia (22). It seems that IGF-I receptor mediated signaling replaces many effects

of insulin in the absence of the IR (23).

The IGF-I receptor shares a high degree of homology with the IR. It is also an α2β2

heterotetrameric transmembrane glycoprotein. After ligand binding, both receptors activate

common intracellular signaling proteins including IRS-1 (24). This raises the possibility

that IGF-I can replace insulin. Clinical trials to assess the efficacy of IGF-I in the treatment

of DM show that cotherapy of IGF-I and insulin better improves glycemic control than

insulin alone. Unfortunately, IGF-I treatment is associated with unacceptable side effects

like edema, jaw pain and early worsening of retinopathy (25). IGF-I and agents that displace

IGF-I from its binding proteins in plasma have been successfully applied in the prevention

of neuronal damage after stroke in animal models (26). Furthermore, IGF-I has a growth-

promoting effect on many tumor cell lines. The use of IGF-I receptor antagonists and IGF-

I binding proteins are therefore promising tools in the treatment of patients with cancer

(27).

Ligands that activate the IR and the IGF-I receptor do not bind to the IRR. Studies

with a chimeric receptor combining the extracellular domain of the IR with the Tyr kinase

domain of the IRR show that the kinase domain acts similarly as its counterpart in the IR

with respect to autophosphorylation of the receptor and specificity of downstream signaling

elements (28). Even though the ligands of the IRR are still unidentified, one suggests that

IRR expression in tumor cells may predict a favorable prognosis. In patients with primary

neuroblastoma, there is a positive correlation between IRR expression and survival over a

period of 6 years (29).

The IGF-II receptor belongs to the insulin superfamily but is not a Tyr kinase. This

receptor is a monomeric receptor with a large extra-cellular domain with 15 repeat sequences

and a small region homologous to the collagen-binding domain of fibronectin (30). The

IGF-II receptor lacks a signaling domain and is thought to cycle between the plasma

membrane and intracellular compartments. IGF-II binding to its receptor serves to clear

circulating IGF-II. Failure to remove IGF-II from the circulation results in developmental

abnormalities (31,32). Apart from binding to its own receptor, IGF-II also activates the IR

and IGF-I receptor. This contrasts with the exclusive nature of insulin- and IGF-I binding to

their respective receptors.
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Insulin receptor substrates

Cellular docking and adaptor proteins mediate most of the signaling events initiated after

activation of the IR by insulin. They bind to autophosphorylation sites on the β-subunit

and become phosphorylated on multiple Tyr residues by the activated IR. Most intracellular

signals are generated through complexes that are assembled around Tyr-phosphorylated

(phospho-Tyr) kinases, which include the IRS proteins, Shc, Gab-1/2, downstream of kinase

(DOK) proteins, and Cbl. Each of these substrates recruits a distinct subset of signaling

proteins that contain Src homology 2 (SH2) domains that interact specifically with sequences

surrounding phospho-Tyr residues (33). In addition, these substrates are confined to distinct

locations in the cell by specific sequences that mediate interactions with other proteins or

lipids (34).

It is now apparent that many insulin responses, especially those associated with

metabolism, are mediated through two IRS proteins: IRS-1 and IRS-2. IRS-2 is often referred

to as complementing IRS-1, but animal knockout models show that it is more than just a

substitute for IRS-1. IRS-1 knockout mice are small and resistant to insulin, but they do not

develop DM (35,36). Obese mice with certain IRS-1 polymorphisms, however, develop

DM2 (37). IRS-2 knockout mice develop DM as a result of insulin resistance and a diminished

capacity to secrete insulin (38). Activation of these IRS proteins is not exclusive for the IR;

Figure 2. The IRS-1 protein

Shown here are the schematic and amino acid sequence of IRS-1. The major phosphorylation sites of IRS-1

are depicted in the schematic and amino acid sequence.
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receptors of IGF-I, IL-6 family members growth hormone and oncostatin (39,40), as well as

the interferons IFNα/β and IFNγ (41,42) can activate IRS-1 and IRS-2 (42). Receptors for

the IL-2 family members IL-2, IL-4, IL-9, and IL-13 can also activate IRS-1 (43,44). These

receptors activate signaling cascades that are distinct from those induced by the IR despite

the common use of IRS-1 and IRS-2. There must be a unique component in the insulin

signaling pathway that defines the insulin-specific actions of IRS-1 and IRS-2.

IRS-1 is by far the best-characterized IRS protein in the insulin signaling cascade.

The IRS-1 gene contains the entire 5’ untranslated region and protein coding region in a

single exon and is localized on chromosome 2q35-36.1 (45). The IRS-2 gene is mapped on

chromosome 13q34 (46). The open reading frames of IRS-1 and IRS-2 predict a molecular

weight of respectively 131 and 136 kD. Due to the high phosphorylation level, IRS-1 and

IRS-2 migrate slowly on SDS-PAGE, resulting in an apparent molecular weight of 160-190

kD. IRS-1 and IRS-2 have a highly conserved amino (NH
2
) terminal with a pleckstrin

homology (PH) domain and a phospho-Tyr binding (PTB) domain (Figure 2). The NH
2

terminal provides the molecular link to activated membrane receptors. There is a poorly

conserved COOH terminal with several Tyr phosphorylation motifs (47). IRS-1 and IRS-2

show about 35% similarity in the COOH terminal that is restricted to several Tyr

phosphorylation sites (48). These Tyr phosphorylation motifs are substrates for the IR kinase

and provide binding sites for signaling proteins with SH2 domains (49). IRS-1 contains 21

Tyr phosphorylation sites of which 14 are conserved in IRS-2. The remaining sites contain

either alternate surrounding sequences or are not found in IRS-2 (50).

Genes encoding human IRS-1, IRS-2, and IRS-4 have been cloned. A functional gene

product for IRS-3 has only been identified in rodents. The human genome contains two

potential IRS-3 matches in chromosome 7, but the human IRS-3 gene product does not

contain a PTB domain (51). In mice, IRS-3 is Tyr phosphorylated by the IR, but inactivation

of IRS-3 does not lead to a diabetic or insulin-resistant phenotype (52). In IRS-1 knockout

mice, IRS-3 replaces IRS-1 as the major substrate for the IR (53,54). Double IRS-1/IRS-3

knockout mice have a more severe glucose intolerance and insulin resistance compared to

IRS-1 knockout mice, highlighting the compensatory role of IRS-3 in IRS-1 signaling. Because

humans do not contain a functional IRS-3 gene, a mechanism to compensate for a defect in

the insulin pathway seems to have disappeared during evolution (51).

IRS-4 phosphorylates similar to other IRS proteins (55-57), but the effects are different.

For instance, IRS-4 does not promote cell survival in haematopoietic 32D cells in contrast

to IRS-1 and IRS-2 (55). Furthermore, IRS-3 and IRS-4 are negative regulators of IGF-I

signaling by suppressing the function of other IRS proteins (58). Tissue expression of human

IRS-4 is limited to heart and skeletal muscles. In these cells, IRS-4 does not function as a

substrate for the IR and IGF-I receptor but participates in stress-induced, receptor-

independent Tyr kinase signaling (59). The function of IRS-4 in these cells remains to be

elucidated.

The most recently cloned IRS-family members are IRS-5 and IRS-6. IRS-5 is

ubiquitously expressed and most abundant in the kidney and liver. IRS-6 is mainly expressed

in skeletal muscle. Both proteins are Tyr-phosphorylated in response to insulin and IGF-I.

IRS-5 activates mitogen-activated protein kinases (MAPK) and associates with cellular Tyr
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kinases but not with the adaptor and docking proteins normally involved in insulin signaling.

IRS-6 neither activates MAPK nor associates with kinases in the insulin signaling pathway

(60). Its function is still unknown.

Evidence shows that IRS-1 functions as the main on/off switch in insulin signaling

and that its activation is regulated by multiple mechanisms. IRS-1 and IRS-2 compose 14%

of serine (Ser) residues, 5% of threonine (Thr) and 3% of Tyr residues (47,48). More than

50 of the Ser and Thr (Ser/Thr) residues are in consensus motifs for the Ser/Thr kinases

casein kinase 2 (CK2), protein kinase C (PKC), cAMP dependent protein kinase A (PKA),

MAPK, glycogen synthase kinase 3 (GSK3), and protein kinase B (PKB). Basal Ser/Thr

phosphorylation of IRS-1 enhances the Tyr phosphorylation by the IR.

Hyperphosphorylation by Ser/Thr kinases reduces Tyr phosphorylation of IRS-1 (61-63).

Desensitization of IRS-1 via Ser/Thr phosphorylation is now recognized to be the major

mechanism for inactivation of insulin signaling (62-65) (See upcoming paragraphs for further

details).

A second means to interfere with insulin signaling via IRS-1 is illustrated by the

action of growth hormone (GH). The acute effects of GH administration are similar to the

action of insulin, for example glucose levels decrease, and glucose uptake and lipogenesis

are stimulated (66,67). In contrast, prolonged GH treatment antagonizes insulin by

preventing the translocation of IRS-1 from the cytosol to the plasma membrane after IR

activation. This blockade disrupts insulin signaling, leading to an increase in blood glucose

and a decrease in glucose uptake, gluconeogenesis, and lipolysis (39,68). These observations

illustrate that insulin signaling is tightly regulated and occurs at specific scaffolds in the

plasma membrane.

Signal generation by insulin is initiated in caveolae-enriched membrane domains

(69). Caveolae are small invaginations of the plasma membrane expressed in most terminally

differentiated cell types. They represent the invaginated type of glycolipid-enriched

microdomains or rafts. Invagination of the plasma membrane is driven by the abundant

expression of caveolin 1-3 and flotillin, which are specific markers for these membrane

domains (70). Binding of insulin to the IR is followed by signal generation and internalization

of the insulin-IR complex in these caveolae (71,72). IRS-1 is then recruited from the cytosolic

pool and Tyr-phosphorylated by the IR. Caveolae contain many insulin-sensitive signaling

proteins. There is an at least tenfold enrichment of IRS-1, Shc, growth factor receptor

binding protein-2 (Grb2), Sos, Syp, phosphatidylinositol 3-kinase (PI3-K), MAPK and the

heterotrimeric guanosine triphosphate (GTP)-binding protein (G-protein) G
i 
α (70).

Signaling pathways regulated by IRS-1

A. Phosphatidylinositol 3-kinase pathway

Tyr phosphorylation of IRS-1 is readily followed by activation of the PI3-K pathway.

Components of this pathway include PI3-K, protein kinase B (PKB), and nitric oxide synthase

(NOS). The PI3-K pathway is considered to be the major pathway that IRS-1 initiates because

it controls the activity of a wide spectrum of signaling elements.
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Phosphatidylinositol 3-kinase

PI3-K is central in the control of cell growth, proliferation, survival, migration, membrane

transport and secretion (Figure 3). It activates phosphoinositide-dependent kinase-1 (PDK-

1), PKB and the mammalian target of rapamycin (mTor) (73). PI3-K phosphorylates

phosphatidylinositol lipids (PtdIns) at the D3-hydroxy group of the inositol ring in response

to cell stimulation by growth factors and hormones. Different signaling proteins, including

Ser/Thr kinases, Tyr kinases and exchange factors for small GTPases have domains that

specifically bind to D-3 phosphorylated lipids. These signaling proteins are located in the

cytosol of unstimulated cells and are directed to the plasma membrane through their ability

to associate with the newly formed PtdIns followed by their activation. Hyperactivation of

the PI3-K pathway is associated with cancer and defects in the pathway, leading to DM2

(74).

The PI3-K family is divided into three classes based on the substrate specificity of

individual members. Members of class I consist of heterodimers of approximately 200 kD,

composed of a 50-100 kD adaptor subunit and a 110-120 kD catalytic subunit that

phosphorylates PtdIns, PtdIns(4)P, and especially PtdIns(4,5)P
2
. Their activation is controlled

by RTKs, receptors that recruit Tyr kinases and G-protein coupled receptors (GPCR).

Activation of IRS-1 results in rapid recruitment of a subset of class I PI3-Ks, called class Ia

enzymes that further propagate the insulin signal. Members of class Ib associate with a

distinct family of adaptor subunits unrelated to the class Ia adaptor subunits. These p101

adaptor subunits are activated by βγ-subunits of G-proteins (75,76), and there is no evidence

that they take part in insulin signaling. Class II members (170-210 kD) phosphorylate PtdIns

and PtdIns(4)P. They are widely expressed, and no adaptor molecules have been identified

so far. Even though they can be activated by insulin in vitro (77), it is unlikely that they

participate in insulin signaling because (i) they do not produce PtdIns(3,4,5)P
3
 (78), which

is a key intermediate in insulin signaling (79) and, (ii) they are resistant to PI3-K inhibitors

that inhibit many insulin responses. Class III members (150 kD) are homologous to the

vacuolar protein-sorting mutant (Vps34p) and are also known as PI4-K (80). They

phosphorylate PtdIns to PtdIns(3)P exclusively (81). Again, it is unlikely that class III

members play a role in insulin signaling, because insulin cannot raise the level of PtdIns(3)P

(79,80).

Activation of class Ia PI3-K is a key step in the activation of many pathways stimulated

by insulin. The PI3-K end product PtdIns(3,4,5)P
3
 forms a target for the binding of PDK-1,

PKC, and phospholipase C (PLC). Studies have suggested that the intrinsic Ser kinase activity

of p110 is involved in the regulation of IRS-1 activity (79). There are three mammalian

class Ia catalytic subunits named p110α, p110β, and p110δ that associate with either a 50,

55 or 85 kD adaptor subunit to form a heterodimer. The adaptors contain two SH2 domains

that recognize phospho-Tyr domains on IR and IRS-1 on which the catalytic subunits

translocate to the plasma membrane (82,83). How the lipid kinase is activated remains

unclear, but availability of the phospholipid substrate, conformational changes and Tyr

phosphorylation of the PI3-K complex are thought to be involved (84,85). Another class I

p110 catalytic subunit, p110γ, does not associate with either an RTK or a p85-like adaptor.
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Instead, it binds to the p101 adaptor subunit and is activated by βγ-subunits of G-proteins

(75). It is a member of class Ib PI3-K.

The importance of PI3-K for insulin signaling became apparent with the development

of selective inhibitors. Inhibition studies with wortmannin and LY294002 showed that

PI3-K is situated close to the top of the insulin signaling cascade. These compounds inhibit

many responses induced by insulin, albeit often in a tissue-specific manner. Examples are

the translocation of the insulin-responsive facilitative glucose transporter-4 (GLUT4) (86),

expression of the hexokinase gene (87), and activation of PKB and glycogen synthase (79).

Apart from transducing signals generated by the IR, PI3-K can act in feedback

inhibition. PI3-K leaves the Tyr kinase activity of the IR undisturbed but reduces the protein

content of IRS-1 and IRS-2 (88-90). IRS-1 and IRS-2 degradation takes place via the

proteasome degradation pathway, albeit in a tissue-specific manner (91-95). For instance,

disruption of cell proliferation with rapamycin prevents down-regulation of IRS-1 levels

in adipocytes but not in muscle cells (96). In contrast, degradation of IRS-2 is rapamycin-

sensitive in muscle cells (89).

IRS-1 and IRS-2 are targeted for proteasome-mediated degradation after enhanced

Ser/Thr phosphorylation that impairs their interaction with the IR and the subsequent Tyr

phosphorylation (61,63,89,97). Thereafter, IRS-1 and IRS-2 translocate to the cytosol where

they are ubiquitinated (61,63,89). Ubiquitination involves attachment of multiple monomers

of ubiquitin by a complex containing a ubiquitin-activating enzyme (E1), a ubiquitin-

conjugating enzyme, and a ubiquitin-protein ligase. Multiple cycles of ubiquitination finally

result in the synthesis and attachment of polyubiquitin chains that serve as a recognition

signal for the degradation of the target protein by the 26S proteasome (98).

Figure 3. PI3-K and PKB

Shown here are the phosphorylation patterns of the respectively PI3-Ks classes and the activation pattern

of PKB.
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Protein kinase B

PKB is the best characterized effector of PI3-K. It is also known as RAC or Akt kinase. PKB

is a 56 kD phospholipid-dependent Ser/Thr kinase belonging to the ABC superfamily of

protein kinases (it includes protein kinase A, B and C). This group shares a similar catalytic

domain and mechanism of activation. Activation of PKB involves many regulatory steps

that strictly control location, duration and intensity of the response (99,100). In general,

PKB prevents apoptosis, regulates glycogenesis by phosphorylation of glycogen synthase

kinase 3 (GSK3) and stimulates glucose uptake by translocating GLUT4 to the plasma

membrane (100).

IRS-1, the protein Tyr kinase Ras, PI3-K, and PDK-1 are upstream activators of PKB,

whereas the phosphatase and tensin homologue (PTEN) is an upstream inhibitor of

PKB(100). PTEN and SH2-containing Ins phosphatase (SHIP) are important regulators of

the products generated by PI3-K. PTEN catalyzes the dephosphorylation of PtdIns(3,4,5)P
3

and PtdIns(3,4)P
2
 to PtdIns(4)P at the D3 position, thereby reducing the pool of

phospholipids that are capable of binding to the PH domain of PKB (99,101). SHIP catalyzes

the dephosphorylation of PtdIns(3,4,5)P
3
 to PtdIns(3,4)P

2
 (102). PtdIns(3,4)P

2
 regulates the

phosphorylation of PKB because in its absence, PKB activity is markedly reduced even

though more PKB localizes to the plasma membrane (103). The actions of PTEN have

therefore a greater impact on PKB activation than those of SHIP.

The human genome encodes for at least three different PKB genes (α, β, γ) that display

more than 80% sequence homology. Each cell type contains at least one PKB subtype, but

the composition might differ (104,105). PKB is composed of three functionally distinct

regions with an NH
2
 terminal PH, a central catalytic domain, and a COOH terminal

hydrophobic motif (HM) (106). Two important regions regulate the activity and specificity

of the kinase. First, the PH domain provides a lipid binding module that directs PKB to

PtdIns(3,4,5)P
3
 and PtdIns(3,4)P

2
. Thus, a recruiting mechanism is started by agents that

increase the activity of PI3-K. Second, phosphorylation of the HM motif provides a binding

pocket that recruits and activates the upstream activating kinase PDK-1 (107,108), which

partly regulates the catalytic activity of PKB (108). Blockade of this interaction attenuates

the phosphorylation of PKB. Arginine (Arg) and lysine (Lys) residues are positioned opposite

to the phosphorylation sites of PKB in the binding pocket of the HM motif and are necessary

for the release of kinase inhibition (109,110).

Phosphorylation at two sites is necessary for full activation of PKB. The PKB subtypes

differ with respect to these sites. Activated PKBα contains a phospho-Thr at position 308

in the catalytic domain and a phospho-Ser at position 473 in the COOH terminal tail.

PKBβ is phosphorylated at positions Thr309 and Ser474, and PKBγ has only one

phosphorylation site at Thr405 due to truncation of the COOH terminal. Phosphorylation of

Thr308/9 depends on PI3-K and PDK-1. The precise mechanism for Ser473/4 phosphorylation

is not exactly known. Phosphorylation of Ser473/4 augments PKB activity and appears to

occur independently from PI3-K. By analoguey with PDK-1, the existence of a “PDK-2” that

targets Ser473/4 has been postulated. Integrin-linked kinase (ILK), p38 MAPK, MAP2K, and

MAP3K (111) (see upcoming paragraphs for further details) may serve a role as PDK-2.

Alternatively, one has proposed that PKB is autophosphorylated at Ser473 in a manner similar
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to some kinases of the ABC family that are autophosphorylated at the HM motif (112-114).

Although Ser473/4 phosphorylation is independent of PI3-K and occurs independently from

Thr308/9, an intact Thr308/9 and recruitment to the plasma membrane are essential (112).

Isoforms of PKB are phosphorylated by insulin in a tissue-specific manner. For

instance, insulin activates mainly PKBα in hepatocytes, PKBβ in adipocytes, and PKBγ in
muscle cells (115). There is increasing evidence that not PKBα but PKBβ/γ isoforms mediate

the main effects of insulin. PKBβ redistributes from the cytosol to various membrane

compartments upon stimulation with insulin, in contrast to PKBα (116). PKBα− and PKBβ-

knockout mice, are phenotypically similar, but only PKBβ-knockout mice develop insulin

resistance. Interestingly, in male PKBβ knockout mice insulin resistance progresses to a

severe form of DM with pancreatic β−cell failure (27,117). In humans, IRS-1-associated

PI3-K activity is decreased in obese muscles and associated with decreased activation of

PKBβ/γ and normal activation of PKBα. Decreased phosphorylation of PKBβ/γ  coincides

with an impaired ability of insulin to stimulate glucose transport (118). In unstimulated

cells, PKBβ colocalizes with GLUT4, and the association increases upon stimulation with

insulin (116).

Nitric oxide synthase

Nitric oxide (NO) is a gaseous free radical that functions as an endogenous mediator. NO is

involved in the regulation of vascular tone, cardiac contractility, cell growth, vascular

remodeling, and the inhibition of platelet aggregation and adhesion of monocytes and

leukocytes to endothelial cells (119). In mammalian cells, the production of NO is catalyzed

by the NOS family: nNOS (NOS1), iNOS (NOS2), and eNOS (NOS3). The NOS isoforms

play distinct biological roles in different tissues (120). The NOS isoforms are classified

according to their dependence on Ca2+ for Ca2+-binding protein calmodulin (CaM) binding.

The inducible iNOS is primarily regulated at the posttranscriptional level. It irreversibly

binds CaM in a Ca2+-independent manner and exhibits the highest catalytic activity of the

three isoforms. The constitutively expressed eNOS and nNOS show Ca2+-dependent,

reversible CaM binding (121). NO production is changed in DM and atherosclerosis (122).

Each NOS polypeptide consists of an NH
2
 terminal oxygenase domain, a COOH

terminal reductase domain, and an intermediate binding domain for CaM. The oxygenase

domain has a core region that can bind heme, tetrahydrobiopterin (H4B), and L-arginine. It

also forms the active site where NO synthesis and cytochrome P450-like oxidations take

place. The NH
2
 terminal proximal from the oxygenase core participates in cellular targeting

and affects the catalytic activity of NOS. The COOH terminal reductase domain is

homologous to cytochrome P450 reductase and binds flavin mononucleotide (FMN), FAD,

and NADPH. All NOS isoforms are homodimers in their active form. The oxygenase domains

are necessary for dimer formation except for eNOS where the reductase domains and CaM

serve this role (123).

Insulin induces vasodilatation by activating eNOS and subsequent production of

NO. Activation of eNOS promotes transfer of electrons from the reductase domain to the

oxygenase domain, catalyzing the formation of NO from the terminal guanidine nitrogen

of L-arginine through an NG-hydroxy-L-arginine intermediate yielding L-citrulline.
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Regulation of eNOS involves mobilization of intracellular Ca2+, binding of Ca2+/CaM to the

enzyme, and displacement of caveolin-1, which inhibits eNOS in lipid rafts and caveolae

of the plasma membrane and the Golgi apparatus (124). However, eNOS can also be activated

via a Ca2+-independent manner. Inhibition of PI3-K/PKB or a mutation of the PKB binding

site on eNOS (Ser1177) prevents eNOS activation. Transfectants with a constitutively activated

Ser1177 enhance kinase activity and increase the sensitivity to Ca2+, inducing maximal activity

at subphysiological concentrations of Ca2+ (125-127). Activation of PKB is necessary but

not sufficient for insulin-stimulated NO synthesis, because when endothelial cells are

incubated with platelet-derived growth factor (PDGF), PKB becomes activated but NO is

not synthesized (127). The vasodilatative effects of insulin depend on the size of the blood

vessel. In microvessels, relaxation by insulin is not mediated via NO but through ATP-

sensitive potassium channels (128,129). Other mechanisms that account for insulin-

stimulated vasodilatation include interaction with the β-adrenergic pathway (130) and

release of adenosine (131).

One has suggested that regulation of the insulin-stimulated NO synthesis in

endothelial cells is similar to the control of glucose transport in adipocytes. The

protooncogene product Cbl and its adaptor subunit CAP bind via SH3 domains directly to

the IR. Upon the IRS-1-independent phosphorylation of CAP, the CAP-Cbl complex

translocates to a caveolin- and flotillin-rich lipid raft. In these membrane domains, CAP-

Cbl stimulates insulin-induced glucose transport as well as NO synthesis (132,133).

B. Mitogen-activated protein kinase

Eukaryotic cells possess multiple MAPK pathways each initiated by a wide variety of

receptor families. In general, MAPK pathways consist of a signaling module in which MAPK

is activated by concomitant Thr/Tyr phosphorylation in a Thr-X-Tyr motif by a specific

upstream MAPK kinase (MAP2K). In turn, MAP2K is regulated by Ser/Thr phosphorylation

by MAP2K kinase (MAP3K) (134). There are four major groups of MAPKs in mammalian

cells: extracellular signal regulated kinase (ERK), c-Jun NH
2
 terminal kinase (JNK, also

referred to as stress activated protein kinase or SAPK), p38 MAPK, and big MAPK-1 (BMK-

1 or extra-cellular signal regulated kinase-5; ERK-5). Each group has additional isoforms

generated by alternative splicing of the pre-mRNAs (135). Several MAPK cascades have

been described: the MAP2K1/2-ERK1/2, MAP2K3/4/6-p38, MAP2K4/7-JNK and MAP2K5-

ERK5 (136,137). The X in the phosphorylation motif is Pro, Glu, and Gly for ERK, JNK, and

p38 MAPK respectively (137,138). MAPK phosphorylates downstream signaling elements

such as nuclear transcription factors. IRS-1 mediates insulin signaling to ERK1/2, p38 MAPK,

and JNK but not BMK.

The precise mechanism for phosphorylation of p38 MAPK and JNK by insulin is

unclear. Insulin-stimulated ERK1/2 activation depends on Grb2. It is an adaptor protein

consisting of one SH2 and two SH3 domains and apparently devoid of enzymatic activity

(139). Through one of its SH3 domains, Grb2 forms a complex with Sos, a guanine nucleotide

exchange factor for Ras. Insulin induces the association of the Grb2-Sos complex with IRS-

1 as well as the subsequent binding of GTP to Ras. This results in activation of ERK1/2 via

c-Raf-1 (140,141). C-Raf-1 is a MAP2K and the main effector recruited by the GTP-bound
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Ras for activation of ERK1/2. The dimeric 14-3-3 protein is essential to keep Raf kinase

inactive in the absence of GTP-bound Ras. In addition, it stabilizes the active conformation

of Raf upon stimulation (140,142). Insulin also stimulates the Tyr phosphorylation of Shc

upon which it binds to the Grb2-Sos complex, leading to ERK1/2 activation (143). Insight

in the role of small GTPases and IRS-1/PI3-K in the control of JNK and p38 MAPK awaits

further studies.

Interestingly, IRS-1 activation alone is not sufficient for MAPK activation (144). In

addition, activation of the MAPK pathway is also regulated by PI3-K (145-147). Furthermore,

Gab-1 has been proposed as a unique intermediate in insulin signaling for induction of

gene expression and stimulation of mitogenesis without Tyr phosphorylation by IRS-1 (148).

Gab-1 shares functional and structural homology with the IRS family and serves as a

substrate and docking protein downstream in the signaling pathways of several RTKs,

including the IR and receptors for epidermal growth factor, fibroblast growth factor, and

various cytokines (148).

Although insulin resistance affects all metabolic actions initiated via IRS-1, the

mitogenic signals from the receptor are left intact (149). A naturally occurring S1200W IR

variant shows diminished insulin-dependent autophosphorylation, normal glucose

transport and glycogen synthesis, as well as deficient activation of Ras (150), ERK1/2 (151)

and DNA synthesis (152). Another IR mutant with two Tyr at the COOH terminal substituted

for phenylalanine shows strongly activated ERK1/2 but normal phosphorylation of IRS-1

and PI3-K (153). Thus, signals from the IR to IRS-1 and ERK2 are controlled by different

mechanisms.

The mechanism that mediates feedback inhibition of insulin signaling appears to be

the same in metabolic and mitogenic pathways. Insulin binding to the IR not only activates

IRS-1 but, in addition, starts a negative feedback loop that terminates its signal. Feedback

inhibition is based on a decreased capacity of the IR to Tyr phosphorylate IRS-1. Activation

of PKC, addition of the Ser/Thr phosphatase inhibitor okadaic acid, as well as activation of

cellular stress pathways by tumor necrosis factor α (TNFα) and other cytokines (62,63,154-

157) all induce a state of insulin resistance with impaired Tyr phosphorylation of IRS-1 by

insulin. Most of these conditions relate to the activation of Ser kinases. IRS-1 contains

several Ser phosphorylation sites in consensus motifs (Pro-x-Ser-Pro) recognized by MAPK

family members. These Ser residues are located adjacent to the Tyr phosphorylation sites

with Ser616 being close to the major PI3-K binding site Tyr612 (158,159). Inhibition of IRS-1

by PKC activation via phorbol 12-myristate-13-acetate (PMA) depends on Ser616 and

inhibition by PDGF depends on Ser312, Ser636/9, Ser666 and Ser736 (64,159). JNK inhibits IRS-

1 via Ser307 and Ser312, thereby preventing the association of IRS-1 to the IR and concurrently

facilitating IRS-1 degradation via the proteasome pathway (142,142,153). In addition, IRS-

1 is phosphorylated by casein kinase II on Ser99 and Thr502 (139).

Activation of the MAPK pathway not only mediates mitogenic signals, but also

controls glucose transport. There is an ongoing debate as to whether translocation of GLUT4

to the plasma membrane fully accounts for the insulin-stimulated glucose uptake.

Translocation of GLUT4 only accounts for as little as 30% of insulin-stimulated glucose

transport (160) with the remainder caused by changes in the intrinsic activity of GLUT4
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(161,163). Translocation of GLUT4 to caveolar invaginations in the plasma membrane

depends on PI3-K/PKB and G
q
α/G

11
α (164-167), but p38 MAPK is necessary for activation

of GLUT4. Inhibitors of p38 MAPK reduce insulin-stimulated glucose uptake without

affecting GLUT4 translocation (86,86,166,168-173). The p38β MAPK mediates GLUT4

activation in adipocytes (166) and p38α- and p38β MAPK in skeletal muscle (168).

C. Heterotrimeric GTP-binding proteins

G-proteins are members of a superfamily of GTPases that play diverse roles in many aspects

of cell regulation. The GPCR family has a unique composition, and there is structural and

functional diversity among each of the three polypeptide components. G-proteins consist

of an α subunit and a βγ dimer. Ligand-bound GPCRs promote activation of G-proteins by

stimulating release of GDP from the guanine nucleotide binding site of the α subunit. The

subsequent binding of GTP dissociates the α and βγ dimer. Hydrolysis of bound GTP to

GDP allows the subunits to reassociate. The GTPase activity of Gα and its association with

βγ dimers is tightly regulated by accessory proteins called regulators of G-protein signaling

(RGS) (174).

The activity of GPCRs can be varied by changing expression, phosphorylation, lipid

modification, and ADP ribosylation (174). Endocytosis of the GPCRs serves as a mechanism

to regulate cell-surface receptor density and thereby the regulation of hormone

responsiveness. The trafficking of GPCRs through the endocytic pathway involves three

main steps: recruitment of receptors to discrete endocytic sites, internalization, and

intracellular sorting (175). ADP ribosylation is a posttranslational modification that inhibits

the intrinsic GTPase activity of G-proteins. GPCRs can also be desensitized by

phosphorylation after which they bind β-arrestin-1 that causes decoupling of the G-protein

from its receptor (176), thus leading to their degradation.

The classification of G-proteins is defined by the α-subunits. The G
s
α class (G

s
α and

G
olf

α) activates adenylyl cyclase (AC) and is a substrate for ADP ribosylation catalyzed by

cholera toxin. The G
i
α/G

o
α class (G

i
α1−3, Gt

α1/2, Go
α1/2 and G

z
α) is a substrate for pertussis

toxin that ADP ribosylates this class of G-proteins and uncouples them from the activating

receptor. Members of the G
i
α/G

o
α subfamilies are involved in the regulation of ion channels

and AC activity, and PLC, whereas the function of G
z
α is not known. The G

q
α class (G

q
α,

G
11

α, and G
14-16

α) is not a target for ADP ribosylation by either cholera or pertussis toxin.

The G
q
α class mainly regulates the β-isoforms of PLC. Another class of Gα proteins consists

of G
12

α and G
13

α, which have been implicated in activation of MAPK and the small GTPase

Rho (174,177). Gβγ dimers also participate in signaling. These dimers regulate the activity

of phospholipase A
2
 (PLA

2
), PLCβ, and the p110γ catalytic subunit of PI3-K (178).

Members of the G
s
α (176), G

i
α (179-182) and G

q
α (164) class as well as Gβγ-dimers

(179,183) participate in the insulin signaling cascade. Insulin increases G
s
 signaling by

down-regulating β-arrestin-1 expression in adipocytes, thereby increasing G
s
-coupled-

signaling and decreasing the counter-active G
i
-coupled-signaing by the β

2
 adrenergic receptor

that is coupled to both G
s
 and G

i
 (176,184). G

s
, G

i
, and G

q
 also mediate GLUT4 trafficking in

insulin-stimulated adipocytes (164,185). The G
s
 inhibits and G

i
 enhances insulin-stimulated
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fusion of docked GLUT4 containing vesicles (185). The role of Gβγ dimers in insulin signaling

is unclear.

G
i
, especially G

i
α

2
, is a positive regulator of insulin signaling. G

i
α

2
 deficiency in

adipose tissue and liver affects glucose transport, lipolysis, and glycogenesis. Furthermore,

G
i
α

2
 deficiency increases protein Tyr phosphatase (PTPase) activity and attenuates insulin-

stimulated Tyr phosphorylation of IRS-1 (186). G
i
α

2
 deficiency produces a condition similar

to insulin resistance. IR/IRS-1 and G-proteins of the G
i
α-class interact with the IR in

phospholipid vesicles (187) and both are located in lipid rafts and caveolae (69,70,188-

190) together with the other signaling elements of the insulin pathway. Insulin modulates

the activity of G
i
α

2
 via Tyr phosphorylation of the G-protein via IRS-1 (180,191). The precise

phosphorylation sites of IRS-1 on G
i
α

2
 have not yet been identified, but the G

i
-protein can

be Tyr phosphorylated by Src on Tyr37 and Tyr377 (192).

IRS-1 and Insulin Resistance

Insulin resistance is a progressive disease with DM as the final stage. Insulin resistance is

characterized by the failure of insulin to generate a proper signal. The body responds with

hyperinsulinemia in an attempt to restore insulin signaling. When compensation fails and

hyperglycemia occurs, DM develops. Insulin resistance is caused by receptor and

postreceptor defects. Because abnormalities in this disease cannot be attributed to a defect

in a single pathway, research on the causes of insulin resistance is focused on the role of

IRS-1, a key factor in the insulin signaling pathway. Abnormalities in the IR gene lead to

syndromes of severe insulin resistance and only occasionally to DM2. In contrast,

polymorphisms in the IRS-1 gene lead to insulin resistance and DM2. Insulin resistance in

Western countries is quite common. It is often accompanied by obesity, hypertension,

hyperlipidemia, and coronary artery disease.

A. IRS-1 polymorphisms

Polymorphisms of the IRS-1 gene have been linked to insulin resistance and DM2. Even

though there are ethnic differences between certain polymorphisms, there is one common

variant that is a G972R mutation. The G972R variant is not associated with abnormal

expression of  IRS-1 protein  (193) but with impaired signaling. There is no consensus

about the significance of the G972R variant because the polymorphism is also found in

healthy individuals. More insight comes from studies with knockout mice showing that

IRS family members play different roles. IRS-1 has a major role in skeletal muscle and the

vasculature, whereas IRS-2 is a prime regulator of insulin signaling in liver cells and

development and survival of the β-cells in the pancreas (194).

The G972R variant is associated with an impaired ability of IRS-1 to recruit the p85

regulatory subunit of PI3-K and with diminished activation of the PI3-K/PKB pathway.

Since the G972R variant leads to apoptosis of human pancreatic islets, an intact PI3-K/PKB

pathway appears essential for the survival of these cells (195). The variant shows decreased

Grb2 binding to IRS-1 and insulin-stimulated ERK1/2 activity (196). Interestingly, a 2.8-

fold higher frequency of the G972R variant has been reported in patients with angiographic
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evidence of coronary artery disease compared with healthy individuals (197). Association

between the G972R variant and insulin resistance is a strong marker for atherosclerotic

risk in the offspring of DM2 patients (198). When the G972R variant is expressed in human

umbilical vein endothelial cells (HUVECs), insulin-stimulated NO-release is impaired,

which further contributes to the development of endothelial dysfunction and cardiovascular

disease (199). Recently, a combination of a positive family history and genome-wide scans

revealed susceptibility loci for coronary artery disease. Genome-wide linkage analysis shows

that abnormalities in the IRS-1 gene are linked to the combined processes of atherosclerosis,

plaque instability, and coronary thrombosis (200).

The IR does more than just activate IRS-1, and the described mutations of the IR

gene lead to more severe syndromes than DM. These mutations cause IR function loss and

syndromes of severe insulin resistance (e.g. leprechaunism, Rabson-Mendenhall syndrome

and type A insulin resistance). Leprechaunism is the most severe of these syndromes and

is characterized by intrauterine growth retardation and dysmorphic features. Rabson-

Mendenhall syndrome is characterized by different dysmorphic features and pineal

hyperplasia. Type A insulin resistance is associated with acanthosis nigrans, which is a

velvety hyperpigmentation of the skin due to chronic hyperinsulinemia. Survival of patients

with these syndromes is dependent on the residual binding capacity of the insulin receptor

(201). Type B insulin resistance results from circulating antibodies to the IR and is associated

with other autoimmune diseases.

B. Tumor necrosis factor ααααα
DM2 and obesity are associated with an increase in expression of proinflammatory cytokines

and other mediators implicated in inflammation. These processes may contribute to

atherogenesis (202,203). Patients with chronic inflammatory disease, such as rheumatoid

arthritis (RA), show signs of insulin resistance that correlate with the degree of inflammation.

Normally, corticosteroids worsen insulin sensitivity in healthy subjects, but they improve

the sensitivity to insulin in RA patients, which implies that inflammatory processes are an

important cause of insulin resistance (204). Indeed, certain inflammatory mediators

contribute to insulin resistance and their suppression often restores insulin sensitivity.

TNFα is a clear example of a proinflammatory cytokine implicated in insulin resistance.

TNFα is produced by macrophages, monocytes, adipocytes, and fibroblasts (205). It

is a 26 kD transmembrane precursor protein from which a 17 kD subunit is released by

proteolytic cleavage. The activating properties of TNFα are mediated via two distinct

receptors, called TNF receptor 1 (TNFR1, p60 in humans, and p55 in animals) and TNFR2

(p80 in humans and p75 in animals). TNFα is a potent paracrine and endocrine mediator

of inflammatory and immunological reactions. Its name is derived from its cytotoxic effects

on many tumor cell lines, either alone or in combination with interferon-γ (206). An elevated

concentration of TNFα induces insulin resistance in a variety of catabolic disease states,

such as cancer, sepsis, and trauma (207). One assumes that TNFα mediates obesity-linked

insulin resistance because (i) overexpression of TNFα is commonly observed in different

animal models of obesity, (ii) a TNFα receptor-blocking antibody improves IR signaling
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and insulin sensitivity in obese and insulin-resistant rats, and (iii) direct exposure of isolated

cells to TNFα inhibits insulin signaling (62,205,208).

TNFα signaling is regulated by the inhibitor κB (IκB) kinase (IκK). IκK or more

specifically the IκK complex consists of two catalytic subunits, IκK1 and IκK2, and a

regulatory subunit, IκKγ/NEMO. IκK is the major regulator of intranuclear nuclear factor-

κB (NF-κB)-mediated immune and inflammatory responses. In unstimulated cells, NF-κB

dimers are bound to inhibitory proteins, the IκBs, and are thereby retained in the cytoplasm.

In response to cell stimulation by proinflammatory cytokines such as TNFα, IκK is activated.

IκK phosphorylates two Ser residues in the NH
2
-termini of IκBs, thereby targeting IκB for

rapid degradation by the 26S proteasome. Degradation of IκB allows NF-κB dimers to

translocate to the nucleus and activate the transcription of target genes (209). Of the two

catalytic subunits of IκK, only IκK2 is necessary for NF-κB activation (Figure 4).

TNFα induces insulin resistance via two mechanisms. The first involves the

suppression of insulin responsive genes. Microarray technology shows that TNFα-induced

insulin resistance is associated with down-regulation of insulin responsive gene expression

(e.g. the genes for GLUT4, GLUT1, PI3-K and PKCε) (208,210). A second mechanism by

which TNFα induces insulin resistance involves activation of MAPKs that inhibit IRS-1

activity through Ser phosphorylation. IκK possibly mediates the effects of TNFα on IRS-1

via p38 MAPK (211). Overexpression of IκK attenuates insulin signaling, whereas IκK

inhibition by high doses of salicylates reverses insulin resistance (212). The effects of IκK

on insulin resistance are restricted to adipocytes. Disruption of IκK2 via Cre-LoxP-mediated

recombination in muscle failed to demonstrate signs of insulin resistance (213). Interestingly,

insulin has potent acute anti-inflammatory properties. Insulin increases IκB and reduces

markers of the inflammatory response, such as NF-κB, reactive oxygen species (ROS),

Figure 4. IRS-1 and TNFααααα
Shown here is the interaction between

IR- and TNFR-induced signaling.
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intercellular adhesion molecule-1 (ICAM-1), monocyte chemoattractant protein-1 (MCP-

1), and plasminogen activator inhibitor-1 (PAI-1) (214).

The role of IRS-1 in athero-thrombotic complications

Atherosclerosis is a progressive inflammatory disease characterized by the accumulation

of lipids and fibrous elements in the arteries. Early lesions of atherosclerosis consist of

subendothelial accumulations of cholesterol-loaded macrophages, called foam cells. Due

to differences in blood rheology, the formation of arterial lesions is restricted to certain

locations. In humans, such “fatty streaks” are found in the aorta starting from the first

decade of life, in coronary arteries from the second decade, and in cerebral arteries from

the third or fourth decade. Fatty streaks are characterized by a fibrous cap consisting of

smooth muscle cells (SMCs) and an extracellular matrix that encloses a lipid rich “necrotic

core”. Plaques can become increasingly complex with calcification, ulceration at the luminal

surface, and hemorrhage from small vessels that grow into the lesion. Although advanced

lesions can grow sufficiently large to block blood flow, the most important clinical

complication is rupture or erosion of the lesion due to the formation of a thrombus, resulting

in an acute occlusion and myocardial infarction or stroke (203,215).

A. Vascular dysfunction

Atherosclerotic complications are the main cause of morbidity and mortality in DM patients.

Hyperglycemia is a cause of atherosclerosis in DM. In the pre-diabetic state of insulin

resistance, atherosclerosis is already advanced (216). When corrected for cardiovascular

risk factors, glucose tolerance, adiposity, and fasting insulin levels, insulin resistance is

correlated with intimal media thickness of carotid arteries, which is a marker for

atherosclerosis (217). It appears that atherosclerosis in DM is mediated by both

hyperglycemia and insulin resistance. In addition, other abnormalities, such as

hyperlipidemia and hypertension, that often accompany insulin resistance and DM

contribute to the accelerated rate of atherosclerosis.

It is generally accepted that the endothelium, smooth muscle cells, leukocytes,

monocytes and platelets are involved in the vascular disarray in this disease (218).

Furthermore, the functions of these cells have changed in insulin resistance, showing the

importance of proper insulin signaling to prevent atherosclerotic complications. For

instance, endothelial cells normally form a single layer of cells on the inner surface of

blood vessels, providing an active interface between blood and tissue that modulates blood

flow, nutrient delivery, coagulation, thrombus formation, and leukocyte diapedesis.

Hyperglycemia and insulin resistance inhibits production of NO by blocking eNOS

activation in endothelial cells, thereby impairing NO-mediated vasodilatation and increasing

the production ROS, especially superoxide anion (O2-). The O2- quenches NO by forming

the toxic peroxynitrite ion, which uncouples eNOS by oxidizing H4B. Furthermore,

vasoconstriction is stimulated by the increased production of angiotensin, which stimulates

the generation of ROS and leads to endothelial dysfunction, growth, and inflammation

(6,218).
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Hyperglycemia and insulin resistance also increase the activation of NF-κB, which

regulates the expression of many mediators of atherogenesis, including leucocyte-cell

adhesion molecule on the endothelial surface, leucocyte-attracting chemokines such as

MCP-1, and proinflammatory mediators found in atheroma such as IL-1 and TNFα. The

result is an increase in migration of lymphocytes and monocytes into the intima (219).

This process is aggravated with the loss of plaque stability via the release of cytokines from

endothelial cells that decrease the de novo synthesis of collagen by SMCs. The production

of matrix metalloproteases that lead to collagen breakdown is also increased. Collagen

offers mechanical stability to the plaque’s fibrous cap. After collagen degradation, plaques

rupture more readily. In addition, the production of tissue factor in endothelial cells is

increased together with changes in coagulation and fibrinolytic proteins. Hyperglycemia

and insulin resistance have changed the atherosclerotic plaque in DM to a prothrombotic

surface that only needs a trigger to cause arterial thrombosis. Platelets are the triggers to

these atherothrombotic complications.

B. Platelets

The main function of blood platelets is to prevent excessive blood loss. Upon vascular

injury, circulating platelets come in contact with exposed matrix proteins and adhere. The

initial layer of adhered platelets becomes activated, and more platelets are recruited that

bind to adjacent platelets forming an aggregate (220). Activated platelets facilitate the

generation of thrombin, a key enzyme of the coagulation cascade, which leads to formation

of fibrin fibers and stabilization of the platelet plug. Clot retraction pulls the opposite sides

of the wound together and mediators secreted by platelets stimulate entry and growth of

endothelial cells, smooth muscle cells, and fibroblasts, ensuring proper wound healing.

Platelets contribute to the early phase of the development of atherosclerosis through

their proinflammatory properties. In pathological conditions, platelets form a platelet plug

in the absence of vascular trauma. Increased platelet reactivity is associated with early

phases of atherosclerosis and restenosis. Several reports have demonstrated hyperactive

platelets in DM. Platelets from patients with DM1 or DM2 have an increased thromboxane

production (221,222), P-selectin and α
IIb

β
3
 expression (223-225) and disturbed calcium

homeostasis (226), which are all signs of the presence of activated platelets in the circulation.

The effect of insulin on platelet functions is poorly understood. In age-matched, insulin-

resistant individuals, platelet activity is increased, suggesting that defects in insulin signaling

cause platelet hypersensitivity (227). Strict glycemic control with insulin normalizes platelet

functions (228). In contrast, there have been reports that insulin increases platelet activation

(229-231). Since the beginning of the 21st century our insight in the mechanisms through

which ADP activates platelets has increased considerably. This has led to the discovery

that insulin inhibits platelets via G-proteins. ADP plays a crucial role in haemostasis and

thrombosis, and its receptors are potential targets for anti-thrombotic drugs. Not only is

ADP an agonist with a well-characterized signal transduction pathway, it also participates

in activation routes by other agonists. Although ADP is a weak platelet agonist compared

with thrombin and collagen, its presence in granules from which it is released during

platelet activation makes it a crucial enhancer of platelet activation. In animal models,
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Figure 5. Platelet inhibition by insulin

Shown here is the inhibition pathway of insulin in platelets. Modified from (232) with permission.

ADP-removing enzymes have an antithrombotic effect, and patients with defects of ADP

receptors or who are deficient in granule content suffer from a bleeding diathesis (232).

The platelet ADP receptors are the P2 purinergic P2Y
12

 and P2Y
1
 receptors (232)

(Figure 5). Coactivation of both receptors is necessary for full platelet activation. Activation

of the G
i
-coupled P2Y

12
 receptor leads to inhibition of AC and blockade of the production

of cAMP (232,233). cAMP is a potent inhibitor of platelet responses. The half-life of cAMP

is short due to the presence of cAMP-phosphodiesterases (cAMP-PDEs). The production of
cAMP is in equilibrium with the degradation by PDEs thereby preserving a steady-state

level of about 5 nmol/1011 platelets (234). In addition to its control of cAMP production,

the P2Y
12

 receptor generates activating stimuli by releasing of βγ subunits from G
i
α

2
 and by

activation of the PI3-K/PKB pathway (235).

A second signaling pathway initiated by ADP is through the P2Y
1
 receptor that is

coupled to G
q
. Receptor activation activates PLC-β

2 
leading to production of PtdIns(4,5)P2,

1,2-diacylglycerol (DAG), and inositol(1,4,5)P
3
 (InsP

3
). A rise in DAG leads to the liberation

of arachidonic acid (AA) from phospholipids in the plasma membrane by diglyceride lipase.

Cyclooxygenase-1 (COX-1) and thromboxane synthase convert AA to thromboxane A
2
 (TxA

2
).

TxA
2
 diffuses through the plasma membrane and activates the G-protein-coupled TxA

2
-

receptor, thus creating a positive feedback loop similar to the action of released ADP. The
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transient increase of InsP
3
 mobilizes Ca2+ from internal stores. DAG and Ca2+ synergize to

activate the Ca2+-dependent isoforms of PKC. Activation of PKC leads to phosphorylation

of protein substrates on Ser/Thr residues and granule secretion, activation of the Na+/H+

exchanger, and an increase in the affinity of the α
IIb

β
3
 integrin complex, which is the receptor

for fibrinogen (236-238). The effects of the P2Y
1
 receptor are dependent on the activation

of the P2Y
12

 receptor because many signaling elements downstream of P2Y
1
 are inhibited

by cAMP (239).

The general concept is that insulin inhibits platelets (240). One report claims that

by analoguey with its effect on endothelial cells, insulin increases the production of NO in

platelets. This would lead to a rise in cGMP, and because cGMP inhibits cGMP-dependent

cAMP-PDE or PDE3b, there is also a rise in cAMP (241). Elevation of platelet cyclic

nucleotides interferes with platelet activatory signaling pathways and blocks cytoskeletal

rearrangements, fibrinogen receptor activation, degranulation, and expression of pro-

inflammatory signaling molecules (234). Because platelets are extremely sensitive to small

increases in cAMP (242), one would expect that insulin fully blocks platelet activation.

This is obviously not what happens. Insulin administration to DM patients is not known to

induce an increase in bleeding tendency. Thus, other explanations of platelet inhibition by

insulin are warranted. Recently, the authors of this review have demonstrated that when

insulin binds to platelets, there is a coassociation between IRS-1 and the α-subunit of G
i
,

G
i
α

2
. The binding is accompanied by Tyr phosphorylation of IRS-1 and G

i
α

2 
and induces

inactivation of the G-protein. The inhibition of ADP-induced Ca2+ mobilization and platelet

aggregation by insulin reaches the range induced by antagonists of the P2Y
12

 receptor such

as clopidogrel (180) (Figure 5). This compound is widely used for the prevention of

cardiovascular disease. Clopidogrel might even be a better drug than aspirin for reducing

the risk of cardiovascular complications in DM patients (243). Interestingly, epinephrine

inactivates the phospho-Tyr IR via PTPs, thus abolishing IRS-1 mediated G
i
α

2
 inactivation

by insulin (180).

Summary and future perspectives

The discovery of IRS-1 occurred in 1991, and its characterization was the start of a massive

research effort that marked the beginning of understanding the

signaling events downstream of the IR and the tissue-specific behavior of insulin. IRS-1 is

pivotal in the insulin signaling pathway, especially when mediating nonmitogenic stimuli.

Mainly mitogenic stimuli downstream of IRS-1 signal back, thus forming an inhibitory

feedback loop. It appears that in insulin resistance, this inhibition via mitogenic stimuli is

preserved and that nonmitogenic stimulation mediated via IRS-1 is impaired (Figure 6).

The dynamics of IRS-1 activation and degradation have been investigated primarily

in adipocytes and muscle cells. Only 21st century experiments have revealed a possible

relation between abnormalities in IRS-1 regulation and the pathophysiological changes in

blood and vessel walls related to thrombosis and atherosclerosis. Evidence suggests that

insulin has the property to suppress inflammation, vascular tone, and the reactivity of

platelets. This finding implies that a lack or defect in insulin-induced responses promotes
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Figure 6. Insulin signaling pathway

Shown here is a summary of all pathways discussed in this review.
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inflammation, endothelial dysfunction, and platelet functions thereby increasing the risk

for atherothrombotic events and vascular occlusion. But much more work is required in

this area.

In the future, patients with insulin resistance and DM will form one of the largest

groups that will be treated in a hospital setting. Treatments will be focused on vascular

complications associated with these disorders. More insight in the control of IRS-1 in blood

cells and the vasculature will help the field of researcg to understand the etiology of vascular

complications in these patients and make room for the development of better treatment

regimens.
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Abstract

Platelet agonists initiate aggregation and secretion by activating receptors coupled to the

G-protein G
q
, thereby raising cytosolic Ca2+, [Ca2+]

i
. The rise in [Ca2+]

i
 is facilitated via

inhibition of cAMP formation by the inhibitory G-protein of adenylyl cyclase, G
i
. Since

insulin attenuates platelet activation, we investigated whether insulin interferes with cAMP

regulation. Here we report that insulin (0.5-200 nmol/L) interferes with agonist-induced

increases in [Ca2+]
i
 (ADP, thrombin), cAMP suppression (thrombin) and aggregation (ADP).

Insulin’s effects are (i) independent of the P2Y
12

 receptor, which mediates ADP-induced

cAMP lowering, (ii) not observed during G
s
-mediated cAMP formation, (iii) unaffected by

treatments that affect phosphodiesterases (IBMX), (iv) not changed by interfering with

NO-mediated regulation of cAMP degradation (L-NMMA). Hence, insulin might interfere

with G
i
. Indeed, insulin induces (i) tyrosine phosphorylation of the insulin receptor, the

insulin receptor substrate-1 (IRS-1) and G
i
α

2,
 (ii) co-precipitation of IRS-1 with G

i
α

2 
but not

with other G α subunits. Despite persistent receptor activation, the association of IRS-1

with G
i
α

2 
is transient being optimal at 5 minutes and 1 nmol/L insulin, which is sufficient

to suppress Ca2+-signaling by ADP, and at 10 minutes and 100 nmol/L insulin, which is

required to suppress Ca2+-signaling by thrombin. Epinephrine, a known platelet sensitizer

and antagonist of insulin, abolishes the effect of insulin on [Ca2+]
i
, tyrosine phosphorylation

of G
i
α

2
, and aggregation by interfering with the phosphorylation of the insulin receptor β-

subunit. We conclude that insulin attenuates platelet functions by interfering with cAMP

suppression through IRS-1 and G
i
.
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P
atients with diabetes mellitus (DM) have a 2- to 4-fold increased risk for coronary

artery disease (CAD). They suffer from both microvascular (nephropathy, retinopathy)

and macrovascular (peripheral artery disease, CAD) complications (1). Apart from

increased concentrations of certain coagulation factors (2), patients with DM type 1 and 2

have platelets that show increased adhesion, aggregation, thromboxane production and P-

selectin expression (3). The hyperactivity might be caused by the absence of insulin

inhibition, since intensive insulin treatment in diabetic patients reduced platelet aggregation

(4).

The insulin receptor is a heterotetrameric transmembrane glycoprotein composed

of two extracellular α subunits (135 kDa each) and two transmembrane β subunits (95 kDa

each) that function as allosteric enzymes in which the α subunit inhibits the tyrosine

kinase activity of the β subunit. Insulin binding to the α subunit relieves the inhibition of

the kinase activity in the β-subunit leading to autophosphorylation of the β-subunits and a

conformational change that further increases the kinase activity. The insulin receptor

tyrosine kinase phosphorylates proteins such as Shc and the insulin receptor substrates

IRS-1 (165-185 kDa) and IRS-2 (180-190 kDa). IRS-1 and IRS-2 have a highly conserved

amino terminus, which contains a pleckstrin homology (PH) domain, a phosphotyrosine

binding domain and a carboxyl terminus with several tyrosine phosphorylation sites. IRS-

1 and IRS-2 are complementary and act as “docking sites” to several Src-homology 2 (SH-

2) domains containing proteins, such as the regulatory subunits of phosphatidylinositol 3-

kinase (PI3-K)(5).

GTP-binding proteins (G-proteins) can also act as signal transducers for the insulin

receptor. G-proteins are guanine nucleotide-binding regulatory proteins that function as

molecular switches between a GTP-bound “on-state” and a GDP-bound “off-state”. These

proteins amplify, transmit and integrate signals. The major G-proteins involved in platelet

aggregation and secretion are G
q 
α, which mediates increases in cytosolic Ca2+ concentration,

[Ca2+]
i
, and G

i
α, which inhibits adenylyl cyclase thereby suppressing cAMP that is an

inhibitor of platelets (6). Receptors that couple to G-proteins are generally seven-

transmembrane proteins, but there are important exceptions. The insulin-like growth factor

(IGF) II receptor has a single transmembrane domain and couples directly to G
i2
 in a manner

similar to that of conventional G-protein coupled receptors (7). Studies have been reported

suggesting that the insulin receptor binds G
i
α

2
 (8,9).

The insulin receptor is present on muscle, liver and adipose tissue but also on

endothelial cells, lymphocytes, erythrocytes and platelets. A human platelet contains

approximately 570 insulin receptors (10). Insulin binding induces phosphorylation of the

β subunits (11,12), demonstrating that the receptor is functional. In insulin-resistant patients,

platelet inhibition by insulin is attenuated or absent (13,14), suggesting that in healthy

individuals insulin signals to mechanisms that suppress platelet functions.

Many platelet agonists initiate aggregation and secretion of granule contents via G
q

which induces Ca2+ release from intracellular storage sites and an increase in [Ca2+]
i
. A

rise in [Ca2+]
i
 is a key step in platelet activation. It triggers granule secretion thereby releasing

ADP, activates the fibrinogen receptor (integrin α
IIb

β
3
) forming aggregates and induces a

procoagulant surface that facilitates the formation of thrombin. One of the mechanisms
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that suppress platelet activation is an increase in cAMP. The inhibition is mediated by the

cAMP-dependent protein kinase A (PKA). This kinase interferes with multiple steps in

platelet activation cascades, such as receptor-ligand interaction, the activity of G-proteins

and the activation of phospholipase Cβ (PLCβ), protein kinase C, and mitogen activated

protein kinases. PKA also interferes with the elevation of [Ca2+]
i
 and inhibits actin binding

protein and caldesmon that are involved in cytoskeletal reorganization (15). Because a

small rise in cAMP already leads to a strong activation of PKA, platelet activating sequences

are extremely sensitive to increases in cAMP (16,17).

Optimal platelet functions require maximal stimulation of the G
q
 pathway and the

concomitant inhibition of cAMP production. cAMP is formed from ATP through the action

of adenylyl cyclase and is subsequently metabolized by phosphodiesterases (PDE’s).

Adenylyl cyclase is inhibited by G
i
, which makes this G-protein a key factor in the control

of cAMP formation. G
i
 is activated either by direct interaction with the agonist-receptor or

via secreted granule-ADP, which activates the P2Y
12

 receptor via an extracellular feedback

loop (18-21). Since G
i
 is involved in insulin signaling, we addressed the question whether

insulin inhibits platelet functions by interfering with the activity of G
i
.

Materials and Methods

Materials

Prosta-5,13-dien-1-oic acid, 6,9-epoxy-11,15-dihydroxy-, monosodium salt, [5Z, 9, 11, 13E,

15S] COOH (prostacyclin, PGI
2
 sodium salt) was obtained from Cayman Chemical (Ann

Arbor, MI, USA). Human recombinant insulin, Fura 2-AM, α-thrombin (thrombin in short),

3-isobutyl-1-methylxanthine (IBMX), epinephrine and protease inhibitor cocktail were

obtained from Sigma (St. Louis, MO, USA). Adenosin-5’-diphosphate (ADP) was purchased

from Boehringer Mannheim (Mannheim, Germany). NG-monomethyl-L-arginine (L-NMMA)

was supplied by Calbiochem (La Jolla, CA, USA). The ADP receptor P2Y
12

 antagonist, the

ATP analogue: N6-(2-methylthioethyl)-2-(3,3,3-trifluoropropylthio)-β,γ-dichloromethylene

ATP (AR-C69931MX) was a kind gift from Astra Zeneca (Loughborough, United Kingdom).

All other chemical reagents were of analytical grade.

Antibodies

4G10 anti-phoshotyrosine was obtained from Upstate Biotechnology (Lake Placid, NY, USA).

IRS-1 (C-20), G
z
α (I-20) and G

i
α

2
 (T-19) antibodies were purchased from Santa Cruz

Biotechnology (Santa Cruz, CA, USA). Peroxidase-conjugated goat anti-mouse

immunoglobulins (GAMPO) were obtained from DAKO A/S (Glostrup, Denmark). Anti-(α-

)rabbit horseradish peroxidase (HRP) was supplied by Cell Signaling Technology (Beverly,

MA, USA). Insulin receptor phospho-Tyr1158 antibodies were delivered by Biosource

(Camarillo, CA, USA). G
s
α and G

q
α antibodies were obtained from Calbiochem (San Diego,

CA, USA).
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Figure 1. Insulin inhibits ADP-induced calcium mobilization.

Fura 2-AM loaded platelets were incubated with and without insulin and stimulated with 10 µmol/l ADP at

20oC. (A) Curve (a) represents ADP-induced Ca2+ mobilization in the absence of insulin. Curve (b) represents

the Ca2+ mobilization after preincubation with 1 nmol/l insulin for 5 minutes. Insulin alone did not change

the basal [Ca2+]
i
 (19.4 ± 2.7 nmol/l). (B) Platelets were incubated with 1 nmol/l insulin for 0-15 minutes prior

to stimulation with ADP. The ADP-induced Ca2+ mobilization (218.0 ± 72.8 nmol/l) was expressed as 100 %

and taken as control. Insulin inhibited the ADP-induced Ca2+ mobilization optimally when incubated for 5

minutes (25 ± 6%, P<0.001). (C) Platelets were incubated for 5 minutes with different concentrations of

insulin prior to stimulation with ADP. Insulin inhibited dose-dependently the ADP-induced Ca2+ response

at 0.5 nmol/l and more (P<0.01). Data (means ± SD, n=5) are expressed as percentages of control. The

asterisk indicates a significant difference compared to controls (P<0.05).
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Platelet isolation

All healthy, non-diabetic volunteers claimed not to have taken any medication 10 days

prior to blood-collection. After obtaining informed consent, freshly drawn venous blood

was collected into 0.1 volume of 130 mmol/L trisodium citrate. Citrated blood was

centrifuged (150xg, 15 minutes, 20oC), and the platelet-rich plasma (PRP) was collected

and used for Ca2+ measurements in intact platelets with Fura 2-AM. For the preparation of

washed platelets, PRP was supplemented with 0.1 vol of ACD (2.5% trisodium citrate,

1.5% citric acid, 2% D-glucose) for acidification to pH 6.5 and 0.001 vol of PGI
2
 (10 ng/ml

final concentration), centrifuged again (330xg, 15 minutes, 20oC) and resuspended in HEPES/

Tyrode buffer (145 mmol/L NaCl, 5 mmol/L KCl, 0.5 mmol/L Na
2
HPO

4
, 1 mmol/L MgSO

4
,

10 mmol/L HEPES, pH 7.25) containing 5 mmol/L D-glucose. The final platelet concentration

was adjusted to 2.0x1011 cells/l. Prior to the experiments, platelets were kept at 20oC for 45

minutes to ensure a resting state. In some experiments platelets were incubated with AR-

C69931MX (50 nmol/L, 30 seconds), IBMX (1 mmol/L, 5 minutes) and L-NMMA (100 µmol/

L, 20 minutes) at 20oC.

Measurement of Ca2+ mobilization

PRP was incubated with 3 µM Fura 2-AM (45 minutes, 37oC, light-protected). After

incubation, PRP was acidified with ACD to pH 6.5 and centrifuged again (330xg, 15 minutes,

20oC) and resuspended in HEPES/Tyrode buffer (145 mmol/L NaCl, 5 mmol/L KCl, 0.5

mmol/L Na
2
HPO

4
, 1 mmol/L MgSO

4
, 10 mmol/L HEPES, pH 7.25) containing 5 mmol/L D-

glucose. The final platelet concentration was adjusted to 2.0x1011 cells/l. Fura-2-fluorescence

Figure 2. Effect of ADP receptor blockage on inhibition by insulin.

Fura 2-AM loaded platelets were incubated for 5 minutes with and without 100 nmol/l insulin prior to

stimulation with 10 µmol/l ADP in the absence and presence of 50 nmol/l AR-C69931MX, an inhibitor of the

P2Y
12

 receptor, at 20oC. The ADP-induced Ca2+ mobilization was expressed as 100%. AR-C69931MX decreased

the Ca2+ mobilization to 68 ± 13% (n=3, P<0.001) which is in the range of inhibition by insulin. A combination

of insulin and AR-C69931MX did not induce further inhibition. Further details as in Fig. 1.
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Figure 3. Insulin inhibits thrombin-induced calcium mobilization. Fura 2-AM loaded platelets were

incubated with and without insulin prior to stimulation with 0.25 U/ml thrombin at 20oC. (A) Curve (a)

represents thrombin-induced Ca2+ mobilization. Curve (b) represents Ca2+ mobilization after preincuba-

tion with 100 nmol/l insulin for 10 minutes. (B) Platelets were treated with 100 nmol/l insulin for 0-20

minutes. The Ca2+ response by thrombin (592.6 ± 69.4 nmol/l) was expressed as 100%. Insulin optimally

inhibited the thrombin-induced Ca2+ response after 10 minutes preincubation (25 ± 8%, P<0.001). (C)

Platelets were incubated for 10 minutes with different concentrations of insulin prior to stimulation with

thrombin. Insulin dose-dependently decreased the thrombin-induced Ca2+ mobilization at 100 nmol/l

and more (P<0.001). Further details as in Fig. 1.
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was recorded in 1.0 ml aliquots of platelet suspension without additional Ca2+ at 20oC in a

F-4500 fluorescence spectrophotometer (Hitachi Ltd., Tokyo, Japan) with excitation

wavelengths of 340 and 380 nm and emission at 510 nm. Changes in [Ca2+]
i
 were monitored

using the Fura-2 fluorescence ratio and calibrated according to the method of Grynkiewicz

et al. (22).

Measurement of cAMP

Washed platelets were incubated at 20oC. Samples were lysed in 0.33 vol of 7% perchloric

acid followed by centrifugation (11000xg, 10 minutes, 4oC). cAMP levels , [cAMP], were

determined in a cyclic AMP [3H] assay system (Amersham Pharmacia Biotech,

Buckinghamshire, United Kingdom).

Immunoprecipitation

Washed platelets were incubated at 20oC and samples were collected in 10x lysisbuffer

containing 1% w/v SDS, 5% w/v n-octylglucoside, 0.5 M EDTA and 10% v/v nonidet P-40,

with 10% v/v protease inhibitor cocktail and 1 mmol/L Na
3
VO

4
. Detergent insoluble material

was sedimented by centrifugation for 1 minute at 4oC. Immunoprecipitations were performed

with 4G10 anti-phosphotyrosine, G
i
α

2
 (T-19) or IRS-1 (C-20) antibodies. Immune complexes

were collected with protein A sepharose, washed, solubilized in 3x sample buffer, and

separated by SDS PAGE on 12 % gels.

Immunoblotting

Washed platelets were incubated at 20oC and samples were collected in 3x sample buffer.

Aliquots were subjected to SDS PAGE on 5% gels. Proteins were transferred from the gel to

nitrocellulose sheets and blocked in either 5% Protifar/TBST 0.1% or 4% PY-BSA/TBST

0.1%. Blots were probed separately with a primary antibody (4G10 anti-phosphotyrosine,

Figure 4. Effect of insulin on the thrombin-induced decrease of cAMP.

Platelet cAMP concentrations [cAMP] were measured at 20oC. (A) Washed platelets were treated with insulin

(1, 10 and 100 nmol/l) for 10 minutes without or with a subsequent stimulation with 0.25 U/ml thrombin for

5 minutes. Insulin did not change basal [cAMP] (6.7 ± 1.4 nmol/1011 platelets). Platelet activation with

thrombin decreased [cAMP] to 2.7 ± 1.4 nmol/1011 platelets (P<0.01). Simultaneous addition of 100 nmol/l

insulin and thrombin reduced the fall in [cAMP] and a preincubation of 10 minutes with insulin prevented

the fall in [cAMP] completely. Data are expressed as nmol cAMP/1011 platelets. (B) Washed platelets were

treated with insulin (1, 10 and 100 nmol/l) for 10 minutes prior to stimulation with 10 ng/ml PGI
2
 for 10

minutes. [cAMP] following stimulation with PGI
2
 (27.3 ± 2.0 nmol/1011 platelets) was expressed as 100%.

Insulin did not change the PGI
2
 induced increase in [cAMP]. (C) Washed platelets were incubated with 100

nmol/l insulin for 10 minutes and stimulated with thrombin in the presence of 1 mmol/l IBMX ( 5 minutes

preincubation). [cAMP] in the presence of IBMX (12.5 ± 2.9 nmol/1011 platelets) was expressed as 100 %.

Insulin did not change the raised [cAMP] by IBMX. Insulin abolished the thrombin-induced decrease of

[cAMP] (61.3 ± 9.1%). (D) Washed platelets were preincubated with 100 nmol/l insulin for 10 minutes,

followed by thrombin for 5 minutes and subsequently stimulated with 10 ng/ml PGI
2
 for 5 minutes in the

absence and presence of 100 µmol/l L-NMMA (20 minutes preincubation). [cAMP] in the presence of PGI
2

was expressed as 100%. Thrombin abolished the increase in [cAMP] stimulated by PGI
2
 (31 ± 8%, n=4,

P<0.0001). Insulin reversed the effects of thrombin on the PGI
2
 stimulated [cAMP] (50 ± 6%, asterisk indicates

P<0.001). Treatment with L-NMMA had no effect. “ns” indicates not significant. Further details as in Fig. 1.
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IRS-1 (C-20), G
i
α

2
 (T-19), G

z
α (I-20), G

s
α or G

q
α antibodies for immunoprecipitations and

anti-insulin receptor phospho-Tyr1158 for whole cell lysates) according to the

recommendations of the manufacturer. The proteins were detected by enhanced

chemiluminescence with horseradish peroxidase labeled secondary antibodies (respectively

GAMPO for 4G10 anti-phosphotyrosine, and α-rabbit HRP for all other antibodies). As

control for lane loading the blots were stripped by a 30 minutes incubation in TBST 0.1%

with 2% SDS at 80o. After extensive washing, the blots were subjected to the same procedure

as described above. Since the anti-insulin receptor phospho-Tyr1158 antibodies recognize

an aspecific band at 250 kD, this band was taken as a control for lane loading. The intensity

of the bands was quantitated with ImageQuant software.

Measurement of platelet aggregation

PRP was prepared as described above and the platelet concentration was adjusted to 2.0x1011

cells/l with platelet poor plasma. Aliquots of 0.5 ml were warmed to 37oC for 5 minutes,

followed by stimulation. Platelet aggregation was monitored continuously for 7 minutes

under 900 rpm in an aggregometer (model 570 VS, Chrono-Log Corporation, Havertown,

PA, USA).

Statistical analysis

Statistical analysis was performed using one way ANOVA with Tukey’s multiple

comparisons test as post-test for repeated measurements unless mentioned otherwise.

Results are expressed as means ± SD of n observations. Differences were considered to be

significant at P<0.05.

Results

Insulin inhibits agonist-induced Ca2+ mobilization

Fura 2-AM loaded platelets were incubated at 20oC with 1 nmol/L insulin and stimulated

with 10 µmol/L ADP. Insulin alone did not change the basal [Ca2+]
i
 (19.4 ± 2.7 nmol/L), but

a preincubation with insulin led to a 25 ± 6% reduction of the ADP-induced Ca2+

mobilization (Fig. 1A). Studies with different incubation times showed that optimal

inhibition was observed after 5 minutes preincubation. Simultaneous addition of insulin

and ADP or incubation times of 15 minutes or longer failed to reveal the inhibition by

insulin (Fig. 1B). To investigate the threshold above which insulin inhibited Ca2+

mobilization, platelets were incubated for 5 minutes with different concentrations of insulin

followed by stimulation with ADP. There was a dose-dependent increase in the inhibition

by insulin, which became significant at 0.5 nmol/L insulin and more (Fig. 1C).

ADP activates platelets via the P2Y
1
 receptor, which is coupled to G

q
 and signals to

[Ca2+]
i
, while concurrently suppressing cAMP formation via the P2Y

12

receptor and G
i
 (18). As shown in Fig. 2, the P2Y

12
 antagonist AR-C69931MX induced the

same degree of inhibition of ADP-induced Ca2+ mobilization as insulin (100 nmol/L). A

combination of AR-C69931MX and insulin did not inhibit Ca2+ signaling stronger than
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each of these factors alone. Thus, insulin appears to inhibit ADP-induced Ca2+ mobilization

by interfering with the regulation of G
i
.

Insulin also inhibited Ca2+ mobilization induced by thrombin. Stimulation with

0.25 U/ml thrombin induced a larger increase in [Ca2+]
i
 than 10 µmol/L ADP, and more

insulin was required to inhibit this response. When platelets were incubated with 100

nmol/L insulin prior to stimulation with 0.25 U/ml thrombin, a 25 ± 8% fall in the Ca2+

response was observed (Fig. 3A). Optimal inhibition required a preincubation of 10 to 15

minutes and again there was a tendency to normalize after longer incubation (Fig. 3B).

Insulin attenuated the thrombin-induced Ca2+ response dose-dependently leading to optimal

inhibition at 100 nmol/L or more after 10 minutes preincubation (Fig. 3C).

Effect of insulin on the thrombin-induced decrease of cAMP

To investigate whether insulin interfered with the regulation of adenylyl cyclase, platelets

were incubated with insulin and [cAMP] was determined. Insulin alone (1, 10 and 100

nmol/L) did not change the basal [cAMP] (6.7 ± 1.3 nmol/1011 platelets) during 10 minutes

incubation. Stimulation with thrombin (0.25 U/ml) induced a 60% decrease of basal cAMP,

Figure 5. Insulin increases the tyrosine phosphorylation of G
i
ααααα
2
.

Washed platelets were treated with 1 nmol/l insulin. At the indicated time periods, cells were lysed and

samples were collected for immunoprecipitation and western blotting. (A) G
i
α

2
 was immunoprecipitated

followed by immunoblotting with 4G10 anti-phosphotyrosine or anti-G
i
α

2
 antibody. The figures are

representative for three observations with similar results. (B) Tyrosine phosphorylated proteins were

immunoprecipitated with 4G10 anti-phosphotyrosine followed by immunoblotting with an antibody against

G
i
α

2
. (C) Bands were scanned and quantified with ImageQuant software. Data are expressed as percentage of

control. A dose of 1 nmol/l insulin increased the tyrosine phosphorylation of G
i
α

2
, being optimal at 2 to 5

minutes incubation (281 ± 106% and 276 ± 58% respectively, n=3). Further details as in Fig. 1.
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such in agreement with a previous publication (23). This reduction was smaller when

insulin (100 nmol/L) and thrombin were added simultaneously and completely disappeared

after 10 minutes preincubation with insulin (Fig. 4A). Addition of PGI
2
 (10 ng/ml) raised

[cAMP] to 27.3 ± 2.0 nmol/1011 platelets in 10 minutes. A similar rise was found when

platelets were preincubated for 10 minutes with insulin (1, 10 and 100 nmol/L). Thus,

insulin failed to interfere with the activation of adenylyl cyclase by PGI
2
 (Fig. 4B). To assess

whether insulin interfered with cAMP degradation, platelets were treated with IBMX, an

inhibitor of PDE’s. IBMX raised the basal [cAMP] to 12.5 ± 2.9 nmol/1011 platelets in 5

minutes and this effect was not disturbed by insulin. Again, thrombin interfered with the

rise in cAMP and insulin abolished the effect of thrombin. Thus, insulin only interfered

with cAMP regulation in the presence of an agonist that activates G
i
 (Fig. 4C). Earlier studies

with platelets suspended in plasma suggested that insulin inhibited platelets by raising

[cAMP] (24). This effect was attributed to insulin-induced formation of nitric oxide (NO)

Figure 6. IRS-1 co-precipitates with G
i
ααααα
2
.

(A) Washed platelets were treated with 1 and 100 nmol/l insulin. At the indicated time periods, cells were

lysed and samples were collected for G
i
α

2
 immunoprecipitation and western blotting for IRS-1. The figures

are representative for four observations with similar results. Data are expressed as percentage of control.

IRS-1 co-precipitated transiently with G
i
α

2
 upon incubation with insulin, being optimal after 5 minutes for

1 and 100 nmol/l insulin (321 ± 128% and 540 ± 187% respectively, n=4). Co-precipitation between IRS-1

and G
i
α

2
 was still present after 10 minutes incubation with 100 nmol/l insulin. (B) Washed platelets were

treated with 1 nmol/l insulin for 5 minutes, cells were lysed and samples were collected for IRS-1

immunoprecipitation and western blotting for G
i
α

2
, G

q
α, G

s
α

 
and G

z
α. The figures are representative for

three observations with similar results. G
i
α

2
 co-precipitated IRS-1 upon insulin incubation, whereas no

association of other Gα-proteins with IRS-1 could be detected. Further details as in Fig. 5.
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Figure 7. Insulin receptor and IRS-1 phosphorylation.

(A) Washed platelets were incubated with different concentrations of insulin for 15 minutes and cells were

lysed and subjected to western blotting for detection of insulin receptor phospho-Tyr1158. Since this antibody

recognizes an aspecific band at 250 kD, this band was taken as control for lane loading. The figure is

representative for 2 observations with similar results. The phosphorylation of the insulin receptor at Tyr1158

was dose-dependent. (B-C)  Unstirred platelet suspensions were incubated with 1 and 100 nmol/l insulin

and cells were lysed at the indicated time periods for western blotting for insulin receptor phospho-Tyr1158

and IRS-1 immunoprecipitation. IRS-1 immunoprecipitates were subjected to western blotting for 4G10

anti-phosphotyrosine. Bands were scanned and quantified, and curves were fitted with non-linear regression.

The intensity of the bands at 5 minutes incubation and 1 nmol/l insulin was expressed as 100 arbitrary units

(indicated with open square). Insulin receptor phospho-Tyr1158 was optimal after an incubation of 15 minutes

(1 nmol/l insulin) and 25 minutes (100 nmol/l insulin; not shown). Tyrosine phosphorylation of IRS-1 was

transient with an optimum at 5 minutes and 1 nmol/l insulin, and at 10 minutes and 100 nmol/l insulin.

Tyrosine phosphorylation of IRS-1 had disappeared completely after 15 minutes incubation. Further details

as in Fig. 5.

via NO synthase (NOS) and subsequent inhibition of PDE 3b. To investigate whether a

similar mechanism was present in isolated platelet suspensions, platelets were treated

with L-NMMA, an inhibitor of NOS. L-NMMA did not change the basal [cAMP] or the rise

induced by PGI
2
. Also the suppression of the [cAMP] increase by thrombin was left

undisturbed. Again, insulin interfered with the fall in cAMP induced by thrombin and this

effect was the same in the absence and presence of L-NMMA (fig. 4D). These data argue

against a role for NO-mediated cAMP control in the present studies.

Insulin increases the tyrosine phosphorylation of G
i
ααααα
2

To address the question whether insulin interfered with the regulation of cAMP formation

via G
i
, immunoprecipitation studies were performed using an anti-G

i
α

2
 antibody and the
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tyrosine phosphorylation of G
i
α

2
 on western blot was measured using a 4G10 anti-

phosphotyrosine antibody. Treatment of platelets with 1 nmol/L insulin induced a transient

increase in the tyrosine phosphorylation of G
i
α

2
, with an optimal effect between 2 to 5

minutes (Fig. 5A and C). Similar results were obtained in immunoprecipitates with 4G10

anti-phosphotyrosine antibody on blots with a G
i
α

2
 antibody (Fig. 5B). A 5 minute incubation

period with increasing concentrations of insulin (0.5, 1 and 10 nmol/L) showed a dose-

dependent increase in the tyrosine phosphorylation of G
i
α

2
 (see below). These results suggest

that insulin interfered with the fall in cAMP via tyrosine phosphorylation of G
i
α

2
.

IRS-1 co-precipitates with G
i
ααααα
2

To investigate whether IRS-1 played a role in insulin signaling to G
i
α

2
, platelets were treated

with insulin and immunoprecipitates of G
i
α

2
 were analyzed for IRS-1. As shown in Fig. 6A,

preincubation with 1 nmol/L insulin induced association of G
i
α

2
 with IRS-1 reaching a

maximum after 5 minutes. Thereafter was a rapid decline in the appearance of the IRS-1

band and after 10 minutes it had disappeared.  Increasing the insulin concentration to 100

nmol/L led to a stronger co-association between G
i
α

2
 and IRS-1 and a slower dissociation

of the two components. Here, complex formation was apparent between 5 and 10 minutes.

These findings suggest that IRS-1 takes part in insulin signaling to G
i
α

2 
by direct binding to

the G-protein subunit and demonstrate that the association depends on the insulin

concentration showing a weak and short interaction at 1 nmol insulin/l and a stronger and

more persistent interaction at 100 nmol insulin/l. The co-association between IRS-1 and

G
i
α

2
 found in G

i
α

2
 immunoprecipitates (Fig. 6A), was also present in immunoprecipitates

of IRS-1 analyzed with a G
i
 α

2
 antibody (Fig. 6B). A survey for the presence of G

q
α, G

s
α and

G
z
α was negative, indicating that the interaction between IRS-1 and a Gα subunit was

specific for G
i
α

2
.

Figure 8. Effect of epinephrine on insulin-induced platelet inhibition.

(A) Fura 2-AM loaded platelets were incubated for 5 minutes with 1 and 10 nmol/l insulin prior to stimulation

with 10 µmol/l ADP; 10 µmol/l epinephrine was added 1 minute prior to ADP stimulation. The Ca2+ response

induced by ADP was expressed as 100%. Epinephrine increased the ADP-induced Ca2+ response to 120 ±
11% (P<0.05) and completely abolished the effect of insulin on ADP-induced Ca2+ mobilization. Further

details as in Fig. 1. (B) Platelets were stimulated as indicated with insulin (100 nmol/l, 15 minutes); epinephrine

(10 µmol/l, 11 minutes) and/or thrombin (0.25 U/ml, 10 minutes), PGI
2
 (10 ng/ml, 5 minutes) prior to analysis

of [cAMP]. Epinephrine reduced [cAMP] by 74% as did thrombin. Epinephrine enhanced the effect of

thrombin on [cAMP]. Insulin did not reverse the effects of epinephrine on [cAMP]. (C) Washed platelets

were treated with insulin (0.5, 1, 10 nmol/l) for 5 minutes with or without 1 minute incubation with 10

µmol/l epinephrine, and cells were lysed. Tyrosine phosphorylated proteins were immunoprecipitated with

4G10 anti-phosphotyrosine, followed by immunoblotting with a G
i
α

2
 antibody. The blot is representative of

3 observations with similar results. Insulin dose-dependently increased the tyrosine phosphorylation of

G
i
α

2
. Epinephrine blunted the effects of insulin on the tyrosine phosphorylation of G

i
α

2
. (D) Platelets were

treated with 100 nmol/l insulin for 5 minutes with or without 1 minute incubation with 10 µmol/l epinephrine

in the presence or absence of sodium vanadate (100 µmol/l, 30 min). Cells were lysed in 3x sample buffer for

western blotting for insulin receptor phospho-Tyr1158. The blot is representative for 3 observations with

similar results. Insulin increased the tyrosine phosphorylation of the insulin receptor β-subunit. Epinephrine

abolished the tyrosine phosphorylation by insulin, and was partially reversed by sodium vanadate. Further

details as in Fig. 4.
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Figure 9. Effect of insulin on platelet

aggregation in PRP.

PRP was incubated with insulin (1 nmol/

l, 2 minutes) with or without 1 minute

preincubation with 10 µmol/l

epinephrine and stimulated with 10

µmol/l ADP at 37oC.  (A) The curve

shown is representative for 4

observations with similar results. (B)

Platelet aggregation induced by ADP was

expressed as 100%. Insulin reduced

platelet aggregation in PRP to 75 ± 8%

(P<0.05) and epinephrine enhanced

aggregation to 128 ± 12% (P<0.01).

Epinephrine abolished the inhibition by

insulin. Note that there was no

significant difference between platelets

treated with epinephrine in the presence

and absence of insulin. Further details

as in Fig. 1.

Phosphorylation of the insulin receptor and IRS-1

The transient nature of the tyrosine phosphorylation of G
i
α

2
 (Fig. 5) and the co-association

of IRS-1 with G
i
α

2
 (Fig. 6) suggested that signal generation by the insulin receptor was

equally transient. To clarify how the insulin receptor was activated, the phosphorylation

of the receptor β-subunit was measured with an antibody against phospho-Tyr1158 of the

insulin receptor. Treatment of platelets with increasing concentrations of insulin for 15

minutes induced a dose-dependent phosphorylation of the β-subunit (Fig. 7A). Time courses

over a 15 minute incubation period showed that 1 nmol/L insulin induced an increase in

β-subunit phosphorylation that reached a plateau after 5 minutes and that 100 nmol/L

insulin induced a 5 fold stronger phosphorylation that reached a plateau after 25 minutes

(Fig. 7B, 7C and not shown). Importantly, there was no indication of receptor

dephosphorylation during this period at either insulin concentration. Concurrent analysis

of IRS-1 showed a dose-dependent phosphorylation induced by insulin. Both at 1 and 100

nmol/L insulin, this phosphorylation was transient showing an optimum between 5 and

10 minutes and decreasing to pre-stimulating values after 15 minutes. Thus, the transient

phosphorylation of IRS-1 and G
i
α

2
 was not caused by receptor inactivation but the result of

interference with insulin signaling at a step downstream of receptor activation and upstream

of the formation of an IRS-1 - G
i
α

2
 complex.
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Figure 10. Sensitivity of Ca2+ increases to inhibition by cAMP.

Fura 2-AM loaded platelets were incubated with different concentrations of PGI
2
 (0.2 – 10 ng/ml) for 1

minute prior to stimulation with 10 µmol/l ADP, 0.08 U/ml (low dose) or 0.25 U/ml (high dose) thrombin.

Low dose thrombin raised [Ca2+]
i
 in the same range as 10 µmol/l ADP. Both responses were equally sensitive

to small increases in [cAMP] by PGI
2
 resulting in 75% inhibition at 1 ng/ml PGI

2
. The higher Ca2+ rises

induced by high dose thrombin were less sensitive to cAMP since only 10% inhibition was seen at 1 ng/ml

PGI
2
. Complete inhibition of high dose thrombin-induced Ca2+ mobilization was observed at 10 ng/ml PGI

2

(data not shown). Incubation with AR-C69931MX prior to stimulation with low dose thrombin inhibited

the Ca2+ mobilization with 45% (P<0.002; Figure insert). Further details as in Fig. 1-3.

Effect of epinephrine on insulin-induced platelet inhibition

Epinephrine is known to enhance the sensitivity of platelets to activating agents by reducing

the level of cAMP (23,25,26) and to antagonize the effect of insulin in rat skeletal muscle

by decreasing the IRS-1 associated activity of PI3-K (27). To investigate whether epinephrine

interfered with the effects of insulin on [Ca2+]
i
, platelets were incubated for 5 minutes with

insulin (1 and 10 nmol/L) and epinephrine (10 µmol/L) was added 1 minute prior to

stimulation with ADP. Epinephrine increased ADP-induced Ca2+ mobilization by about

20% (Fig. 8A). The lower Ca2+ increase in the presence of insulin (1 and 10 nmol/L),

completely normalized in the presence of epinephrine. Thus, epinephrine abolished the

inhibition by insulin. To investigate whether a similar neutralization was found at the

level of cAMP, platelets were treated with epinephrine and thrombin followed by PGI
2

with or without 5 minutes preincubation with insulin (100 nmol/L) (Fig. 8B). Epinephrine

alone or in combination with insulin abolished the rise in [cAMP] induced by PGI
2
. Since

insulin alone did not change PGI
2
-induced cAMP increases (Fig. 4B), these changes are

caused by epinephrine. Thrombin induced a 73% fall in [cAMP] and this fall increased

further in the presence of epinephrine. Again, the effect of insulin on the decrease in [cAMP]

induced by thrombin completely disappeared when epinephrine was present. Collectively,

these data illustrate that epinephrine abolishes the effect of insulin on the regulation of

cAMP. To investigate whether epinephrine interfered with insulin at the level of G
i
α

2
, an

immunoprecipitation was performed using a 4G10 anti-phosphotyrosine antibody and the
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tyrosine phosphorylation of G
i
α

2
 was measured on western blot. Insulin induced a dose-

dependent increase in G
i
α

2
 tyrosine phosphorylation. This increase was completely

abolished by epinephrine (Fig. 8C). To determine whether epinephrine interfered with

insulin signaling at the level of the insulin receptor, the tyrosine phosphorylation of the

insulin receptor β-subunit was measured. Insulin increased the tyrosine phosphorylation

of the β-subunit, which was abolished by the addition of epinephrine. Preincubation with

sodium vanadate, an inhibitor of protein-tyrosine phophatases (PTPases), partially reversed

the effects of epinephrine on the tyrosine phosphorylation of the insulin receptor (Fig. 8D).

These findings indicate that epinephrine neutralizes the inhibition by insulin by blocking

the tyrosine phosphorylation of both G
i
α

2
 and the insulin receptor β-subunit.

Effect of insulin on platelet aggregation in PRP

To address the question whether this mechanism was also functional in PRP, an aggregation

assay was performed at 37oC. PRP was preincubated for 2 minutes with 1 nmol/L insulin

and 10 µmol/L epinephrine was added one minute prior to initiation of aggregation with 10

µmol/L ADP. Epinephrine enhanced the aggregation response to ADP. Insulin inhibited

ADP-induced platelet aggregation without affecting the shape change response. The addition

of epinephrine neutralized the inhibiion of insulin such that the difference in platelet

aggregation proved not to be significant (Fig. 9). These results illustrate that platelet

inhibition by insulin is also present in PRP.

Sensitivity of Ca2+ increases to inhibition by cAMP

As illustrated in Figs. 1 and 3, ADP induced Ca2+ rises was inhibited following a short

(about 5 minutes) incubation with 1 nmol/L insulin. In contrast, inhibition of thrombin-

induced Ca2+ rises required a longer (about 10 minutes) incubation with a higher dose of

insulin (100 nmol/L). To investigate whether this difference was caused by a factor

downstream of the formation of cAMP, Ca2+ increases induced by ADP and thrombin were

measured in platelets preincubated with increasing concentrations of PGI
2
. As shown in

Fig. 10, Ca2+ rises induced by 10 µmol/L ADP were strongly inhibited by small increases in

PGI
2
 leading to complete inhibition at 1 ng/ml PGI

2
. In contrast, Ca2+ rises induced by 0.25

U/ml thrombin were resistant to these PGI
2
 concentrations although at higher concentrations

(10 ng/ml) complete inhibition was observed (data not shown). When the thrombin

concentration was lowered to the range where a similar Ca2+ increase was found as induced

by ADP, both responses were equally sensitive to PGI
2
. The presence of the P2Y

12
 receptor

blocker AR-C69931MX led to a 45% fall in Ca2+  response illustrating a major contribution

of secreted ADP in thrombin-induced Ca2+ rises. Collectively, these data indicate that the

differences in preincubation time and insulin concentration required for inhibition of Ca2+

rises reflect the weaker activation by ADP compared with a more persistent activation by

thrombin in combination with granule-released ADP.
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Discussion

The present study reveals a novel mechanism by which insulin inhibits the responsiveness

of platelets for activating agents. The decrease in responsiveness is illustrated by a 17%

lower ADP-induced Ca2+ mobilization (0.5 nmol/L insulin), and a 25% lower thrombin-

induced Ca2+ mobilization (100 nmol/L insulin). The Ca2+ mobilization induced by thrombin

is substantially larger than the ADP-induced Ca2+ mobilization and consequently more

insulin is required to inhibit the rise in [Ca2+]
i
. In addition, there is the release of ADP from

thrombin-stimulated platelets which contributes to the increase in [Ca2+]
i
. The effect of

insulin is transient and depends on association and tyrosine phosphorylation of IRS-1 and

G
i 
α

2
. Apparently, the result is loss of G

i
 activity as expressed by an impaired reduction of

cAMP and a weaker Ca2+ response than observed in the absence of insulin. Interestingly,

epinephrine, an activator of G
i
 proteins and inhibitor of IRS-1/PI3-K activity in rat skeletal

muscle (27), abolishes the effect of insulin on cAMP regulation, Ca2+ mobilization and

aggregation. It also abolishes the insulin-induced tyrosine phosphorylation of G
i
α

2
, again

suggesting that tyrosine phosphorylation of G
i
 leads to inhibition of the G-protein.

Epinephrine abolishes insulin signaling in platelets by interfering with the phosphorylation

of the insulin receptor β-subunit.

ADP is known to activate platelets via the P2Y
1
 receptor, which is coupled to G

q
 and

signals to Ca2+ mobilization, aggregation and secretion. These responses are facilitated by

concurrent binding of ADP to the P2Y
12

 receptor, which is coupled to G
i
 and suppresses

cAMP formation (18). Thrombin activates platelets by binding to members of the protease

activated receptors (PAR’s) 1 and 4. It is a potent inducer of secretion of dense granule

contents, leading to liberation of ADP and subsequent activation of the P2Y
12

 receptor (28).

Our present findings accord with this concept and show qualitatively similar effects of

insulin on Ca2+ mobilization by ADP and thrombin. The differences in dose-inhibition

studies of insulin for ADP- and thrombin-induced Ca2+ mobilization reflect the stronger

and more persistent activation by 0.25 U/ml thrombin compared to 10 µmol/L ADP.

Consequently, the fall in cAMP is also stronger with thrombin than with ADP, thus making

it possible to evaluate interference by insulin. It was impossible to analyze the effect of

insulin on cAMP in platelets stimulated with ADP or with the low thrombin (0.08 U/ml)

concentration, but in view of the similarities with the effects induced by the high thrombin

concentration a similar mechanism is likely to be operational.

For inhibition of ADP-induced Ca2+ mobilization a 5 minutes preincubation with 1

nmol/L insulin was sufficient. For inhibition of Ca2+ mobilization induced by a relatively

high thrombin concentration (to reveal insulin’s effect on cAMP) a longer preincubation

with a high insulin concentration was required. These differences are reflected in the co-

association of IRS-1 with G
i
α

2
. Under conditions that interfered with ADP signaling, IRS-1

- G
i
α

2
 interaction was optimal after 5 minutes and rapidly declined thereafter. Under

conditions that interfered with thrombin signaling the association was more pronounced

and lasted longer. Tyrosine phosphorylation of G
i 
α

2
 correlated with binding of IRS-1 to

G
i
α

2
. Thus, differences in Ca2+ inhibition were the result of differences in the binding of

IRS-1 to G
i
α

2
 and the resulting tyrosine phosphorylation of the Gα subunit caused by this

association.
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The catalytic loops within the tyrosine kinase domain of the insulin receptor contain

the three tyrosine motif Tyr1158, Tyr1162 and Tyr1163. The general concept is that

autophosphorylation within the activation loop of the insulin receptor involves the initial

phosphorylation of Tyr1162 followed by Tyr1158 and Tyr1163, upon which the insulin receptor

becomes fully active. Insulin induced a dose-dependent phosphorylation of the receptor

β-subunit, which reached a plateau after 5 (1 nmol/L insulin) to 25 (100 nmol/L insulin)

minutes. These kinetics differ strongly with the transient nature of the phosphorylation of

IRS-1, the formation of an IRS-1 - G
i
α

2
 complex and the phosphorylation of G

i
α

2
. Apparently,

there is a crucial role for a tyrosine phosphatase that dephosphorylates IRS-1. It is known

from animal studies that disruption of the gene encoding PTP1B leads to a state of increased

insulin-dependent tyrosine phosphorylation of the insulin receptor and IRS proteins (5),

suggesting that a single phosphatase controls the phosphorylation state of both proteins.

In addition, both the insulin receptor and IRS proteins undergo serine phosphorylation

which may attenuate signaling by decreasing the tyrosine phosphorylation. Several kinases

have been implicated in this process, including PI3-K, protein kinase B, protein kinase C,

glycogen synthase kinase-3 and mammalian target of rapamycin (5). Similar mechanisms

may operate in platelets with the important restriction that they leave receptor

phosphorylation undisturbed.

Trovati et al. reported earlier that platelets suspended in plasma are inhibited by

insulin through a rise in [cAMP] (24). Also cAMP production induced by the stable PGI
2

analog iloprost and the adenylyl cyclase activator forskolin were enhanced by insulin. The

effect was attributed to insulin-induced production of NO, which would activate guanylyl

cyclase and raise cGMP. In turn, cGMP would inhibit cAMP degradation by inhibiting PDE

3b. Our present studies based on platelets suspended in buffer do not support these

observations. First, inhibition of [Ca2+]
i
 increases by insulin is not affected by IBMX, an

inhibitor of PDE’s. Second, changes in [Ca2+]
i
 regulation and [cAMP] are unaffected by L-

NMMA, an inhibitor of NO-synthases. A further difference is that insulin does not change

[cAMP] increases caused by stimulation of cAMP production (PGI
2
) or inhibition of its

degradation (IBMX). Instead, inhibition by insulin only becomes apparent during agonist-

stimulated activation of G
i
, indicating that it is restricted to conditions where G

i
 is activated

by the P2Y
12

 receptor.

Other reports already indicated that G
i
 might play an important role in the signaling

effects by insulin. Studies in mice with genetically compromised G
i
α

2
 expression showed

hyperinsulinemia, impaired glucose tolerance and resistance to insulin, which are

characteristic for DM type 2. In addition, there was abolished counterregulation of lipolysis

by insulin, insulin-stimulated glucose transport and recruitment of GLUT-4, impaired

insulin-stimulated tyrosine phosphorylation of IRS-1, and an elevated cellular

phosphotyrosine phosphatase activity (29). In human adipocytes the synergistic activation

of NADPH-dependent H
2
O

2
 generation in vitro by Mn2+ and insulin was mediated by a co-

association of the insulin-receptor with G
i
 α

2
 (30).

Epinephrine enhances platelet activation by other agonists via binding to α
2a

adrenergic receptors and G
i
-mediated inhibition of adenylyl cyclase (31). The G

i
 α family

includes the ubiquitously expressed G
i
α

1,2,3
 as well as several members with a more restricted
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expression, such as G
z
α. There is ample evidence that G

i
α

2
 is a major mediator in

epinephrine-induced adenylyl cyclase inhibition (31,32), but recent evidence suggests that

also G
z
 contributes to cAMP control. In G

i
α

2
 knockout mice other G

i 
proteins can functionally

replace G
i
α

2
-mediated signal transduction (21). Comparisons between wild type and G

z
α

knockout mice reveal a role for both G
z 
and other G

i
 members in the regulation of cAMP

(33). Thus, it is important to establish the relative contributions of the G
i
 members in

cAMP regulation with respect to the inhibitory role of insulin. In rat skeletal muscle

epinephrine suppresses insulin-induced glucose uptake by decreasing the IRS-1 associated

activity of PI3-K (27). By analogy, IRS-1 might be a target for epinephrine in platelets

especially since IRS-1 can bind to G
i
-proteins via PH-domains (34). The present data show

that instead of interfering with IRS-1, epinephrine interferes with the phosphorylation of

the insulin receptor, thereby preventing tyrosine phosphorylation of G
i
α

2
 and attenuating

the rise in [Ca2+]
i
.

Patients with a defect in the P2Y
12

 receptor have an increased tendency to bleed,

indicating that suppression of cAMP is vital for normal haemostasis. The present study

reveals a similar, but transient modulation of cAMP regulation by insulin. The inhibition

of G
i
-activity by insulin is in the same range as found with a P2Y

12
 receptor antagonist and

results in a decrease in Ca2+ mobilization of about 20% (35) and reduced adhesion and

aggregation (18,19). Conversely, one might speculate that the hyperresponsiveness of

platelets in DM type I and II illustrates the absence of the platelet inhibition by insulin.

These findings illustrate the importance of G
i
-mediated suppression of cAMP accumulation

for optimal platelet function in vivo.
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Abstract

ADP-induced P2Y
12

 signaling is crucial for formation and stabilization of an arterial throm-
bus. We demonstrated recently in platelets from healthy subjects that insulin interferes
with Ca2+ increases induced by ADP-P2Y1 contact through blockade of the G-protein G

i
,

and thereby with P2Y
12

-mediated suppression of cAMP. Here we show in patients with
Diabetes Mellitus type 2 (DM2) that platelets have lost responsiveness to insulin leading to
increased adhesion, aggregation and procoagulant activity upon contact with collagen. In
addition, DM2 platelets show increased P2Y

12
-mediated suppression of cAMP and decreased

P2Y
12 

inhibition by the receptor antagonist AR-C69931MX. In DM2 platelets, P2Y
12

-medi-
ated support of Ca2+ regulation is intact, restricting the defect to the insulin signaling path-
way. The loss of responsiveness to insulin together with increased signaling through P2Y

12

might explain the hyperactivity of platelets in patients with DM2.
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Inhibition of Thrombus Formation by Insulin is absent in DM2

P
latelet activation leads to release of components that initiate formation of a thrombus

and start inflammatory responses that contribute to atherosclerosis (1). Signaling

through the P2Y
12

 receptor is crucial for formation and stabilization of a thrombus

(2,3). Inhibition of the P2Y
12

 receptor reduces collagen-induced adhesion, aggregation and

thrombin generation (3,4). Subjects with a P2Y
12

 deficiency have a bleeding tendency(3,5)

and individuals with an increased P2Y
12

 receptor copy number have hyperactive platelets,

and these subjects may suffer from peripheral arterial thrombosis (6). The CAPRIE-trial

shows that long term administration of the P2Y
12

 antagonist clopidogrel is more effective

than aspirin in reducing the combined risk of ischemic stroke, myocardial infarction or

vascular death in subjects with a prothrombotic condition as observed diabetes mellitus

type 2 (DM2) (7). These findings illustrate the crucial role of P2Y
12

 signaling in platelet

activation in vitro and in vivo.

The importance of P2Y
12

 signaling is explained by its capacity to initiate two pathways

that directly interfere with platelet activating or inhibiting mechanisms. First, there is the

activation of the G-protein subunit G
i
α, which inhibits adenylyl cyclase and thereby

formation of the platelet inhibitor cAMP (8). This property is particularly evident following

treatment with a cAMP raising agonist such as prostacyclin (9), but also in the absence of

cAMP elevating agents, there is a persistent cAMP production through adenylyl cyclase

and degradation through phosphodiesterases (PDEs)(10) under control of P2Y
12

-signaling

(11). cAMP effectively inhibits platelets by virtue of its activation of the catalytic subunit

of cAMP-dependent protein kinase (protein kinase A, PKA)(12). cAMP/PKA inhibits almost

all platelet functions as a result of interference with multiple steps in platelet activation

cascades including receptor activation, signaling through the mitogen-activated protein

kinases (MAPK) pathway, formation of thromboxane A
2
 (TxA

2
) and the activation of key

enzymes such as phospholipase C
?
 and protein kinase C (PKC)(13). Second, there is the

release of the G
i
βγ dimer leading to the activation of protein kinase B (PKB/Akt), and integrin

α
IIb

β
3
 via type 1B phosphatidylinositol 3-kinase (PI3-K)(14). In animal models type 1B PI3-

K is crucial for platelet activation and its absence protects against thromboembolic vascular

occlusion(15). In human platelets the role of  type 1B PI3-K is less well understood, because

while being activated by ADP-P2Y
12

 contact, it appears under negative control by ADP-

P2Y
1 
binding  and activation of Src and PKC (11,16).

A prime example of abnormal platelet responsiveness is observed in patients with

DM2 (DM2 subjects), who are characterized by an impaired responsiveness to insulin or

even complete insulin resistance. DM2 subjects have a two- to four-fold increased risk for

cardiovascular disease (CVD) and suffer from both micro-vascular (nephropathy,

retinopathy, neuropathy) and macro-vascular (peripheral artery disease) complications.

DM2 subjects have platelets that show increased adhesion, aggregation, TxA
2
 production

and P-selectin expression (17). In general, DM2 subjects have marked insulin resistance

mostly explained by their obesity (18). There is indirect evidence that this hyperactivity

may be caused by insulin resistance. In healthy individuals, platelets are inhibited by

insulin leading to reduced Ca2+ mobilization and aggregate formation (9,17). However, a

euglycemic hyperinsulinemic clamp fails to trigger platelet inhibition in obese insulin-

resistant subjects even in the absence of DM (19). The hyperactivity is likely to have
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Table 1. Baseline Characteristics of the Study Subjects

pathological consequences, because the increased adhesion and aggregation will (i)

accelerate the formation of a thrombus and (ii) enhance the pro-coagulant activity that

helps to stabilize the thrombus (20).

In the present study we investigated whether the increased platelet responsiveness

observed in DM2 is caused by a defect in P2Y
12

 signaling. We demonstrated recently in

healthy subjects that insulin interferes with ADP- and thrombin-induced platelet functions

through interference with the P2Y
12

-mediated regulation of G
i
 (9). Following receptor

binding, insulin activates the insulin receptor substrate-1 (IRS-1) through tyrosine

phosphorylation, which initiates association with G
i
α-subunit. The result is inhibition of

G
i
α activity and impaired suppression of adenylyl cyclase through P2Y

12
 introducing a

phenotype that resembles platelets with a congenital P2Y
12

 defect or platelets from normal

individuals who have been treated with the P2Y
12

 antagonist clopidogrel (9). Here we

demonstrate that platelet hyperactivity in DM2 is likely to be caused by a defect in the

mechanisms through which insulin interferes with signaling by the P2Y
12

 receptor.

Materials and Methods

Subjects

The healthy (n=14) and DM2 subjects, diagnosed according to the guidelines of the Expert

Committee on the diagnosis and classification of DM (21), without clinical signs of peripheral

arterial disease (n=14) recruited for the present study did not take any platelet-inhibiting

medication 10 days prior to blood-collection. All DM2 subjects were treated with oral

glucose lowering agents (biguanides or sulfonylurea derivatives). The physical and

biochemical characteristics are shown in Table 1. The DM2 subjects had a higher BMI than

healthy subjects. The biochemical characteristics also differed between the 2 study groups,

but were within normal reference values with the exception of fasting serum insulin and
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glucose for DM2 subjects. The degree of insulin resistance was estimated by homeostasis

model assessment (HOMA), which is an independent marker of CVD in DM2, by the

following formula: fasting plasma glucose (mmol/L) times fasting plasma insulin (mU/L)

divided by 22.5 (22). Low HOMA values represent a high insulin efficiency, whereas high

values represent insulin inefficiency or insulin resistance. HOMA was increased 2-fold in

DM2 subjects, thus reflecting the insulin resistant state in these subjects.

Exclusion criteria include a previous cardiovascular event, pregnancy, and the use

of insulin, anti-epileptic drugs, acetyl salicylic acid or other non-steroidal anti-inflammatory

drugs. Written informed consent was obtained after the purpose, characteristics, and

potential risks of the experiments had been explained to the subjects. No sex-based or

racial/ethnic-based differences were present. The study protocol was approved by the

Medical Ethics Committee of the University Medical Center Utrecht (UMCU, the

Netherlands) and the Academic Hospital Maastricht (the Netherlands). For logistic reasons

the patients group was divided in a group for adhesion analysis under flow  (n=7, University

of Maastricht) and a group for the other measurements (n=7, University Medical Center

Utrecht). The characteristics of the patient groups did not differ significantly.

Materials

We obtained collagen reagent Horm (collagen in short), as native collagen type I/III fibrils

from equine tendons, from Nycomed Pharma (Munich, Germany); D-Phe-Pro-Arg-

chloromethylketone (PPACK), heparin and the monoclonal phosphospecific vasodilator

phosphoprotein (VASP; Ser157) antibody from Calbiochem (San Diego, CA, USA);

prostacyclin (6,9α-epoxy-11 α,15S-dihydroxy-prosta-5Z,13E-dien-1-oic acid, sodium salt

or PGI
2
) from Cayman Chemical (Ann Arbor, MI, USA); 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 reach the stock concentration of 100 µmol/L),

adenosin-5’-diphosphate (ADP) and Fura 2-AM from Sigma (St. Louis, MO, USA); FITC

labeled annexin V from Nexus Research (Hoeven, the Netherlands); the

isoquinolinesulfonamide compound H89 (N-[2-(p-bromocinnamylamino)ethyl]-5-

isoquinolinesulfonamide) from Alexis Biochemicals (Lausen, Switzerland); P-selectin (C-

20) antibody from Santa Cruz Biotechnology (Santa Cruz, CA, USA); Goat anti-mouse

horseradish peroxidase (HRP) (GAMPO) and rabbit anti-goat HRP (RAGPO) from DAKO A/

S (Glostrup, Denmark). The ADP receptor P2Y
12

 antagonist, the ATP analogue N6-(2-

methylthioethyl)-2-(3,3,3-trifluoropropylthio)-β,γ-dichloromethylene ATP (AR-C69931MX)

was a kind Gift from Astra Zeneca (Loughborough, UK). The PGI
2
 analog iloprost was a

kind Gift from Schering AG (Berlin, Germany). All other chemical reagents were of analytical

grade.

Preparation of Washed Platelets

Freshly drawn venous blood was collected into 0.1 volume of 130 mmol/L trisodium citrate.

Citrated blood was centrifuged (150xg, 15 minutes, 20oC), and the platelet-rich plasma

(PRP) was collected. The remaining blood was centrifuged (800xg, 10 minutes, 20oC) to

obtain platelet-poor plasma (PPP; see below). PRP was supplemented with 0.1 vol of ACD
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(2.5% trisodium citrate, 1.5% citric acid, 2% D-glucose) for acidification to pH 6.5 and

centrifuged (330xg, 15 minutes, 20oC). The supernatant was removed and the platelet pellet

was resuspended in HEPES/Tyrode buffer (145 mmol/L NaCl, 5 mmol/L KCl, 0.5 mmol/L

Na
2
HPO

4
, 1 mmol/L MgSO

4
, 10 mmol/L HEPES, pH 6.5) containing 5 mmol/L D-glucose.

Prior to centrifugation (330xg, 15 minutes, 20oC), 0.001 vol of PGI
2
 (10 ng/mL final

concentration) was added. The platelet pellet was resuspended in HEPES/Tyrode buffer

(pH 7.25) containing 5 mmol/L D-glucose. The final platelet concentration was adjusted to

2.0x1011 cells/L. Prior to the experiments, platelets were kept at 20oC for 45 minutes to

ensure a resting state. Where indicated, cells were incubated with AR-C69931MX for 30

seconds, 10 µmol/L H89 for 10 minutes or different concentrations insulin (1-100 nmol/L)

or 10 ng/mL PGI
2
 for 5 minutes followed by stimulation with 2.5 µg/mL collagen or 10

µmol/L ADP unless stated otherwise.

Measurement of Ca2+ Mobilization

PRP was prepared as described above and incubated with 3 µmol/L Fura 2-AM (45 minutes,

37oC, light-protected). Then PRP was acidified with ACD to pH 6.5 and centrifuged again

(330xg, 15 minutes, 20oC) and resuspended in HEPES/Tyrode buffer (pH 7.25) containing 5

mmol/L D-glucose without extracellular Ca2+. The final platelet concentration was adjusted

to 2.0x1011 cells/L. Fura-2-fluorescence was recorded in 1.0 mL aliquots of stirred platelet

suspension without additional Ca2+ at 20oC in a F-4500 fluorescence spectrophotometer

(Hitachi Ltd., Tokyo, Japan) with excitation wavelengths of 340 and 380 nm and emission

at 510 nm. Changes in Ca2+ levels were monitored using the Fura-2 fluorescence ratio and

calibrated according to the method of Grynkiewicz et al. (23).

Measurement of Platelet Aggregation

PRP was prepared as described above and the platelet concentration was adjusted to 2.0x1011

cells/L with PPP. Aliquots of 0.5 mL were warmed to 37oC for 5 minutes, followed by

stimulation. Insulin was incubated for 3 minutes to account for the higher temperature of

these experiments. Platelet aggregation was monitored continuously for 7 minutes at 900

rpm in an optical aggregometer (model 570 VS, Chrono-Log Corporation, Havertown, PA,

USA).

Platelet Adhesion under Flow Conditions

Whole blood perfusion experiments were performed at 20oC as described previously (24).

In short, glass coverslips were coated with collagen (12.5 µg/cm2) and blocked with Hepes

buffer pH 7.45 containing 1% BSA. Venous blood was freshly drawn in 0.1 vol of PPACK

(40 µmol/L). Where indicated, blood was preincubated for 1 minute with insulin and

perfused for 4 minutes over the coverslip through a 50 µm deep chamber using a pulse-free

pump at a shear rate of 1000 s-1 after which flow chambers were rinsed at the same shear

rate for 4 minutes with Hepes buffer pH 7.45 supplemented with 1 U/mL heparin and 2

mmol/L CaCl
2
. High resolution microscopic bright-field images were subsequently recorded

in real-time with a Visitech digital imaging system (Sunderland, United Kingdom). Exposure

of phosphatidylserine (PS) was detected by postperfusion with the heparinized rinsing
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Figure 1. Disturbed Ca2+ Homeostasis in Diabetes Mellitus type 2

Fura2-AM loaded platelets were stimulated with collagen with or without insulin at 20oC. (A) The curves

represent typical collagen-induced Ca2+ traces in platelets from healthy and DM2 subjects in the absence of

insulin. (B) Basal [Ca2+]
i
 in resting platelets from healthy subjects (27.2±5.9 nmol/L) was lower than in DM2

platelets (64.4±21.8 nmol/L; P<0.01). (C) The time following collagen addition to reach a peak [Ca2+]
i
 was

longer in healthy (103.6±13.5 seconds) than in DM2 platelets (80.7±18.4 seconds; P<0.03). (D) Inhibition

of collagen-induced [Ca2+]
i
 by insulin in platelets from healthy subjects was dose-dependent (83±5% at 1

nmol/L, P<0.05; 66±11% at 100 nmol/L, P<0.001). Inhibition by insulin was absent in DM2 subjects. An

asterisk indicates a significant difference between groups (P<0.05). n=7H/7D.
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Figure 2. Absent Inhibition of Collagen- and ADP-induced Platelet Aggregation by Insulin in DM2

PRP was incubated with insulin and aggregation was initiated with collagen (A-C) or ADP (D-F). The curves

are typical for the effect of insulin on aggregation observed in platelets from healthy (A/D) and DM2 subjects

(B/E). (C/F) Platelet aggregation induced by collagen and ADP was inhibited by 1 nmol/L insulin in healthy

(76±11% and 75±8%  respectively; P<0.05) but not in DM2 subjects. n=7H/7D. Further details as in Fig. 1.

buffer containing Annexin V-FITC (0.5 µg/mL). Phase contrast and fluorescence microscopic

images were captured for concurrent monitoring of two independent parameters of thrombus

formation, i.e. surface coverage of deposited platelets and procoagulant PS-expressing

platelets stained with annexin V-FITC. Changes in surface coverage of platelets in the phase

contrast and fluorescent images were obtained from at least 10 different collagen-containing

microscopic fields chosen at random and analyzed off-line using ImagePro software (Media

Cybernetics, Silver Spring, MD, USA) and Quanticell software (Visitech International,

Sunderland, UK) respectively.

Immunoblotting

Washed platelets were incubated with insulin or PGI
2
 and samples were collected in 3x

Laemmli-based sample buffer. Aliquots were subjected to SDS PAGE on 10% gels. Proteins

were transferred from the gel to nitrocellulose sheets and blocked in 5% PY-BSA/TBST

0.1%. Blots were divided in two at 75 kD and probed separately with a primary antibody

for phosphorylated VASP (50 kD) and P-Selectin (140 kD) as a control for lane loading. The
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Figure 3. Inhibition of Collagen-induced Thrombus Formation by Insulin

PPACK-anticoagulated whole blood was perfused at an intermediate shear rate (1000 s-1) over a surface

covered with collagen. (A) Shown are two typical phase contrast images of blood from healthy subjects

perfused over collagen in the absence (upper panel) and presence (lower panel) of 100 nmol/L insulin. The

arrow depicts the flow direction in the perfusion chamber. (B) Surface coverage with platelets measured in

phase contrast images following perfusion with blood was higher in DM2 subjects (18.8±1.3%) compared

to healthy subjects (14.5±1.3%, P<0.001). Insulin inhibits surface coverage in a dose-dependent manner in

healthy (12.3±1.4% at 1 nmol/L, P<0.05; 10.7±1.4% at 100 nmol/L, P<0.001) but not in DM2 subjects. (C)

Surface coverage with annexin V-FITC staining platelets following perfusion was higher in DM2 subjects

(20.5±3.4%) than healthy subjects (12.9±2.0%, P<0.001). Insulin inhibited PS exposure in platelets from

healthy subjects dose-dependently (9.6±1.9% at 1 nmol/L, P<0.05; 6.2±2.1% at 100 nmol/L, P<0.001) but

not in DM2 subjects. n=7H/7D. Further details as in Fig. 1.

proteins were detected by enhanced chemiluminescence with horseradish peroxidase

labeled secondary antibodies (respectively GAMPO and RAGPO). The intensity of the bands

was quantitated with ImageQuant-TL software (Amersham Biosciences, Uppsala, Sweden).

Measurement of cAMP levels

PRP was incubated at 37oC with 20 µg/L iloprost for 1 minute followed by ADP for 3 minutes

as described earlier (6). Samples were lysed in 0.33 vol of 7% perchloric acid followed by

centrifugation (11000xg, 10 minutes, 4oC). cAMP levels, [cAMP], were determined in a

cyclic AMP [3H] assay system (Amersham Pharmacia Biotech, Uppsala, Sweden).
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Statistical Analysis

Statistical analysis was performed using one-way ANOVA with Tukey’s multiple

comparisons test as post-test for repeated measurements unless stated otherwise. Results

are expressed as means±SD of observations in 7 healthy (7H) and 7 DM2 (7D) subjects

unless stated otherwise. Differences were considered significant at P<0.05.

Results

Disturbed Ca2+ Homeostasis in Diabetes Mellitus type 2

In healthy subjects, the increase in cytosolic Ca2+, [Ca2+]
i
, by release from internal stores

that accompanies platelet activation is easily disturbed by factors that interfere with P2Y
12

signaling such as insulin (9). To detect possible abnormalities in this mechanism in DM2

subjects, Ca2+  regulation was measured in platelets from healthy subjects and from DM2

subjects in the absence of extracellular Ca2+. The mean [Ca2+]
i
 in unstimulated platelets

from DM2 subjects was about 2-fold higher than in normal controls (Figure 1). Following

stimulation with collagen, peak [Ca2+]
i
 levels were not significantly different between the

two groups (378.2±139.0 and 305.4±208.2 nmol/L, P>0.05) respectively, but the time to

peak was shorter in platelets from DM2 subjects than normal platelets (80.7±18.4 and

103.6±13.5 seconds, P<0.05). In platelets from healthy subjects, addition of insulin failed

to change the basal [Ca2+]
i
 but led to a dose-dependent inhibition of collagen-induced Ca2+

mobilization. This agrees with earlier findings in platelets stimulated with ADP and

thrombin (9). In contrast, inhibition by insulin was absent in DM2 platelets. These results

indicate that DM2 platelets have a disturbed Ca2+ homeostasis which is unresponsive to

inhibition by insulin.

Absent Inhibition of Collagen- and ADP-induced Platelet Aggregation by Insulin in DM2

Aggregation studies were performed to investigate whether the unresponsiveness to insulin

observed in the regulation of Ca2+ had an effect on the function of platelets. Platelets were

treated with 1 nmol/L insulin and aggregation was initiated with collagen and ADP. In

healthy subjects, 1 nmol/L insulin inhibited collagen- and ADP-induced aggregation by

about 25%. The inhibition by insulin was completely absent in platelets from DM2 subjects

(Figure 2). Thus, DM2 platelets are unresponsive to insulin.

Inhibition of Collagen-induced Thrombus Formation by Insulin

Apart from the formation of aggregates, adhesion and generation of a pro-coagulant surface

by exposure of phosphatidylserine (PS) are important steps in thrombus formation. Earlier

studies revealed an important role  of P2Y
12

 signaling in these processes (3). We determined

platelet deposition and binding of annexin V-FITC to PS-exposing platelets after perfusion

over a collagen-coated surface at a shear rate of 1000 s-1. Normal platelets rapidly adhered

to collagen, and formed aggregates (Figure 3A). The basal surface coverage by DM2 platelets

was higher than by normal platelets, which is in agreement with the hyperactivity of DM2

platelets observed in stirred suspensions (Figure 1B and (25)). Insulin inhibited surface

coverage by normal platelets in a dose-dependent manner, whereas inhibition by insulin
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Figure 4. Inhibition of Collagen-induced Platelet Activation by Insulin via a PKA Sensitive Pathway

(A) PRP was incubated with the PKA-inhibitor H89 and aggregation was initiated with collagen with or

without insulin at 37oC. Further details as in Figure 2. (B) Washed platelets have been incubated with

insulin for 5 minutes or PGI
2
 for 1 minute. Reactions were stopped with 3x Sample buffer and samples were

subjected to SDS-PAGE. The phosphorylation of VASP Ser157 and the presence of P-selectin as a control for

lane loading were detected by immunoblotting. The data shown is representative for 3 observations with

similar results (n=7H/7D).

was absent in DM2 platelets (Figure 3AB). Also binding of annexin V-FITC in perfusates

with DM2 platelets was higher than in controls, probably as a result of the increased

adhesion by DM2 platelets. In platelets from healthy subjects insulin reduced the binding

of annexin V-FITC, but in DM2 platelets no effect of insulin could be detected (Figure 3C).

Together, these results indicate that DM2 platelets have an increased responsiveness to a

collagen-coated surface under flow and that this property in insensitive to the presence of

insulin.

Inhibition of Collagen-induced Platelet Activation by Insulin via a PKA Sensitive Pathway

In platelets from healthy subjects, insulin interferes with the P2Y
12

-mediated suppression

of cAMP formation thereby attenuating Ca2+ increases and reducing aggregation induced

by ADP and thrombin (9). As shown in the present study, a similar inhibition is observed

upon stimulation by collagen. H89 is a specific inhibitor of PKA (26). Pretreatment with

H89 fully abolished the inhibition by insulin, confirming that insulin reduced platelet

aggregation via interference with the cAMP-dependent activation of PKA (Figure 4A). To

address the question whether insulin alone changed the level of cAMP in the absence of

activators or inhibitors of adenylyl cyclase, resting platelets were incubated with different

concentrations of insulin followed by analysis of the phosphorylation of vasodilator-

stimulated phosphoprotein (VASP), a major substrate of PKA (13). No phosphorylated VASP

could be detected in platelets treated with insulin. In contrast, addition of PGI
2
 which

through the IP receptor and G
s
 activates adenylyl cyclase induced a rapid  increase in

phosphorylated VASP (Figure 4B). Thus, although it interferes with the regulation of cAMP
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Figure 5. Increased P2Y
12

-signaling in DM2

Platelets were stimulated with ADP in the presence

or absence of iloprost. (A) Healthy and DM2 PRP was

incubated for 1 minute with iloprost and stimulated

with different concentrations of ADP (1-10 µmol/L)

for 3 minutes. Iloprost-induced cAMP accumulation

was expressed as 100%. ADP inhibits iloprost-

induced cAMP accumulation dose-dependently. The

fall in cAMP by ADP was steeper in DM2 platelets

than in healthy (H) platelets (80.3±10.3% and

93.3±6.2% at 1 µmol/L ADP, ns; 65.8±14.8% and

90.6±11.4% at 2 µmol/L ADP, P<0.05; 53.1±9.6%

and 82.9±13.3% at 5 µmol/L ADP, P<0.01;

48.8±11.1% and 68.1±8.5% at 10 µmol/L ADP,

P<0.001; respectively) (B) Healthy platelets were

incubated with different concentrations of the P2Y
12

antagonist AR-C69931MX (0.1-500 nmol/L), and Ca2+

mobilization was induced by ADP. AR-C69931MX

inhibits ADP-induced Ca2+ mobilization in healthy

platelets in a dose-dependent manner. (C) Healthy

and DM2 platelets were incubated with 1, 10 and 50

nmol/L AR-C69931MX, and stimulated with ADP.

Inhibition of Ca2+ mobilization was smaller in DM2

platelets than in healthy platelets at 10 nmol/L

(23.6±4.3 and 39.3±11.9%, P<0.05). n=7H/7D.

Further details as in Fig. 1.

and PKA, insulin is unable to change these signaling molecules in the absence of platelet

agonists and antagonists.

Increased P2Y
12

-signaling in DM2 platelets

Since in normal platelets insulin interferes with platelets functions through inhibition of

P2Y
12

 signaling, the unresponsiveness to insulin in DM2 platelets might be caused by absent

or strongly impaired signal transduction from P2Y
12 

to cAMP. To address this issue, platelets

were incubated with the stable PGI
2 
analog iloprost to raise cAMP and thereafter treated

with increasing concentrations ADP to induce different extents of P2Y
12

 signaling.. In normal

platelets, ADP induced a dose-dependent fall in cAMP leading to a 31.9±8.5% decrease at

10 µmol/L ADP (Figure 5A). The fall was significantly steeper in DM2 platelets which

showed a reduction of 51.2±11.1% at the same ADP concentration. These results suggest

that P2Y
12

 signaling is increased in DM2 subjects compared with normal platelets. To
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investigate whether this abnormality affected the sensitivity to the P2Y
12

 receptor antagonist

AR-C69931MX , the dose-inhibition studies were performed in normal platelets. To this

end, Ca2+ mobilization was induced by ADP-P2Y
1
 contact and different concentrations AR-

C69931MX were added to interfere with the P2Y
12

-mediated support of [Ca2+]
i
 increases

(Figure 5B). Optimal inhibition was observed at about 100 nmol/L AR-C69931MX where

the inhibition amounted to about 70%. Using two suboptimal concentration of AR-

C69931MX  that induced about 50% (50 nmol/L) and 25% inhibition, studies were repeated

in DM2 platelets. As illustrated in Figure 5C, at 50 nnol/L AR-C69931MX normal and DM2

platelets showed a similar inhibition of ADP-P2Y
1
 Ca2+ mobilization, but at 10 nmol/L AR-

C69931MX the inhibition in DM2 platelets was significantly lower than in normal controls

(23.6±4.3% and 39.3±11.9% respectively, P<0.05). These findings suggest that in DM2

the ADP-P2Y12-mediated support of ADP-P2Y1 induced Ca2+ rises has a decreased

sensitivity to the P2Y12 receptor antagonist AR-C69931MX.

Discussion

The present data show that platelets from DM2 subjects have lost their responsiveness to

insulin. In the presence of insulin, platelets from DM2 subjects show increased collagen-

induced Ca2+ mobilization in stirred suspensions and increased adhesion to surface-coated

collagen under flow with a concomitant increased binding of annexin V-FITC reflecting

exposure of PS. In normal platelets inhibition by insulin is abolished by the PKA inhibitor

H89 indicating that interference with P2Y
12

 signaling to cAMP/PKA is fully responsible for

insulin’s effect. In platelets from DM2 subjects blockade of P2Y
12

 signaling inhibits collagen-

induced Ca2+ mobilization indicating that the P2Y
12

 pathway is present and functional.

G
i
α

2
-signaling via the P2Y

12
 receptor in DM2 platelets is increased and less sensitive to

inhibition by AR-C69931MX. Together, these findings indicate that the mechanism through

which insulin interferes with the control of PKA in platelets from healthy volunteers when

stimulated with collagen is similar as in platelets stimulated with ADP and thrombin (9).

They also indicate that the cause for the loss of insulin sensitivity in platelets from DM2

subjects must be sought in a defect in the pathway that connects the insulin receptor with

the inactivation of G
i
α

2
.

The insulin receptor is a heterotetrameric protein tyrosine kinase that is activated

when insulin binding to the α subunits releases the intrinsic inhibition of the tyrosine

kinase activity of the β subunits. A human platelet contains approximately 570 insulin

receptors (27). After receptor activation, IRS-1 is recruited and phosphorylated on tyrosine

residues leading to the activation of the phosphatidylinositol 3-kinase (PI3-K)-, protein

kinase B (PKB)- and MAPK-pathways and the inhibition of G
i
?

2
 (9,18,28). P2Y

12
 signaling to

[Ca2+]
i
 is intact in DM2 platelets implying that receptor activation and subsequent activation

of G
i
α

2
 are functional. Hence, the cause of unresponsiveness of DM2 platelets to insulin

must be sought in the different signaling steps through which insulin inhibits G
i
α

2
 and

interferes with the regulation of cAMP (9).

Candidates for abnormal platelet responses in DM2 are the insulin receptor, IRS-1,

the tyrosine residues of G
i
α

2
, the phosphorylation of which leads to inactivation, together
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with the different tyrosine kinases and phosphatases that control these processes. The

insulin receptor is not a likely candidate, because defects in the receptor are associated

with syndromes of severe insulin resistance that include growth disorders, lipodystrophy

and acanthosis nigrans, e.g. leprechaunism and Rabson-Mendenhall syndrome. Instead,

the loss of insulin sensitivity in DM2 platelets might be due to a defect in IRS-1 regulation.

The IRS-1 gene G972R variant is known to be associated with impaired insulin activation

of PI3-K and PKB in transfected cells (29) and in humans with DM2 in the presence of

obesity (30). Furthermore, the G972R variant is associated with an increased risk of

cardiovascular disease (31) although it is also observed in a normal population (32). Which

regulation defect in IRS-1 leads to loss of responsiveness to insulin remains to be elucidated

but it is apparent that is has a great effect on the control of G
i
α. Gain- and loss-of- function

defects of G
i
α

2
 have been described in bipolar affective- and bleeding disorders respectively

(3,33), whereas defects in tyrosine phosphorylation patterns have been described in

congenital thrombocytopenia, Wiscott-Aldrich and the Scott syndrome (34-36).

Platelet adhesion to collagen via GPIb-vWF interaction at high shear is followed by

α
2
β

1
 integrin-mediated firm adhesion, which halts platelet translocation and allows collagen

interaction with GPVI (37,38). Signaling mediated via GPVI increases (i) the binding affinity

of α
2
β

1
 to collagen, and (ii) platelet activation via intracellular phosphorylation events and

the release of ADP (39,40). Adhesion to collagen of platelets deficient of the P2Y
12

 receptor

is more than 20% lower than seen with normal platelets, illustrating the potent enhancement

by P2Y
12

 signaling initiated through released ADP (3). The binding of GPVI to collagen is

not modulated by intracellular events in contrast to the binding of α
2
β

1
. Hence, changes in

adhesion by intracellular events would therefore be mediated via α
2
β

1
 (39).

Apart from unresponsiveness to insulin, platelets from DM2 subjects show a 2-fold

higher [Ca2+]
i
 than normal platelets prior to stimulation with collagen. Abnormal Ca2+

homeostasis in platelets in DM2 has been reported earlier, showing an increased basal

[Ca2+]
i
 in DM2 subjects (25) and in DM2 subjects with a poorly controlled glycemic level

(25,41,42). The increased basal [Ca2+]
i
 did not lead to a higher Ca2+ response after collagen

stimulation. However, the time to reach a peak Ca2+ level was significantly shorter, but did

not lead to faster aggregation responses in platelet suspensions. In contrast, platelet adhesion

to collagen under flow was higher with DM2 platelets than with normal platelets suggesting

that abnormalities in Ca2+ regulation made the platelets more sensitive to activation by a

collagen-coated surface. The increase in [Ca2+]
i
 induced by thapsigargin, an inhibitor of

sarco/endoplasmatic Ca2+-ATPase (SERCA), reflects the constant release from and re-uptake

of Ca2+ by the endoplasmatic reticulum (43). Apparently, in platelets from DM2 subjects

these processes have reached a new steady-state with a 2-fold higher [Ca2+]
i
 than platelets

from healthy volunteers. Whether or not this condition is related to the loss of insulin

sensitivity remains to be elucidated.

Another abnormality found in DM2 platelets is the increased signaling capacity of

the P2Y
12

 pathway. DM2 platelets induced a much steeper fall in cAMP in iloprost-treated

platelets than their normal counterparts. A similar enhancement of ADP-induced P2Y
12

signaling has been found in carriers of the P2Y
12

-H2 haplotype which is characterized by

increases in P2Y
12

 number at the plasma membrane (6). Carriers of the P2Y
12

-H2 haplotype
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are characterized by peripheral arterial disease due to the presence of hyperresponsive

platelets that are less sensitive to pharmacological strategies that inhibit P2Y
12

 signaling,

such as clopidogrel (6). Vascular complications in DM2, such as peripheral arterial disease,

are partly due to the presence of hyperresponsive platelets. DM2 platelets also showed a

decreased responsiveness to a suboptimal concentration of the P2Y
12

 antagonist AR-

C69931MX. However, at optimal concentrations of inhibitors the difference disappeared.

Clopidogrel resistance has been described in a patient population with a general high risk

for recurrent vascular events, but was not selective for DM alone (44). Our results obtained

from our patient population implicate that when the presence of clopidogrel resistance is

expected, it can be overcome by increasing the pharmacological dose.

Platelet hyperactivity in DM2 correlates with an increased risk of athero-thrombotic

complications (45). In addition to hyperactive platelets, the coagulation mechanism shows

abnormalities in DM2 subjects. It has been reported that the levels of coagulation factors

factor VII, VIII, XI and XII are increased in DM, which enhances the possibility of

atherosclerotic plaque rupture or erosion leading to a thrombotic occlusion of the artery

(46). The enhanced adhesion of platelets in DM2 with a concomitant increase in PS-exposure

might contribute to the hypercoagulable state observed in this disease.
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Abstract

Hyperresponsive platelets contribute to the athero-thrombotic state in diabetes mellitus
(DM). To identify signaling defects that cause this abnormality, we measured Ca2+ regula-
tion and aggregation in relation to insulin signaling in platelets from subjects with DM
type 1 and 2 (DM1,2). Basal and ADP-induced Ca2+ levels

 
were similar in normal and DM1

platelets but increased in DM2 platelets. Reconstitution of normal platelets in DM2-plasma
(but not in DM1 plasma) increased ADP-induced aggregation, indicating a plasma abnor-
mality that increased aggregation. Substitution of DM2-plasma by normal plasma did not
normalize responsiveness of DM2 platelets, indicating an additional defect in the plate-
lets. Insulin inhibited ADP-induced Ca2+ mobilization in normal platelets, but not in DM
platelets. Repeated stimulation of normal platelets with insulin induced repeated suppres-
sion of Ca2+ mobilization ruling out receptor desensitization as cause for loss of insulin
sensitivity. Using Ser473 phosphorylation of protein kinase B as output for insulin signal-
ing, a two-fold increase was found in insulin-stimulated normal platelets, but in DM plate-
lets there was no significant response. We conclude that disturbed Ca2+ regulation by im-
paired insulin signaling contributes to abnormal platelet responses in DM. Abnormalities
in DM2 plasma might add to these platelet abnormalities resulting in more severe vascular
complications in DM2.
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D
iabetes mellitus (DM) is associated with the development of atherosclerosis and

vascular thrombosis. DM platelets are hyperresponsive to activating agents which

explains the need for platelet inhibitory strategies to decrease the risk of

cardiovascular disease (CVD)(1). A major defect in DM platelets is disturbed Ca2+

homeostasis (2). The intracellular Ca2+ level is essential for platelet activation and increases

are proportional to the degree platelet responses are executed (3). Abnormal Ca2+ regulation

in DM has been related to diminished platelet inhibition by endothelial cells (4), increased

levels of thrombin-generating microparticles (5) and hyperglycemia which activates protein

kinase C and accelerates the polyol pathways in platelets (6;7). These observations imply

that extracellular factors induce platelet abnormalities. DM is primarily characterized by

impaired insulin signaling. A platelet contains about 570 insulin receptors (8) and in healthy

subjects receptor activation results in inhibition of platelet responses. However, inhibition

of platelets by insulin is absent in obese subjects with insulin resistance (9), which is

thought to reflect a signaling defect in insulin receptor substrate-1 (IRS-1) and downstream

pathways (10). This indicates that an intracellular abnormality is the cause for platelet

hyperresponsiveness in DM.

Under  in vitro conditions, insulin attenuates platelet functions by regulating the

level of the cyclic nucleotide cyclic AMP, which is a potent inhibitor of activating pathways

initiated by agonists that trigger aggregation and secretion (11;12). Recently, we proposed a

mechanism through which insulin interferes with platelet aggregation. Platelets contain

virtually all elements of the classical insulin signaling pathway as desribed in muscle cells

and adipocytes with the exception of the facilitative glucose transporter 4 (GLUT4).

Examples are IRS-1, type IA phosphatidylinositol 3-kinase (PI3-K) and protein kinase B

(PKB) (10). We demonstrated that addition of insulin to platelets triggers tyrosine

phosphorylation of the receptor and IRS-1. Then, IRS-1 binds to the α-subunit of the

inhibitory GTP-binding protein (G-protein) of adenylyl cyclase G
i
α

2
,
 
thereby inactivating

the subunit through phosphorylation. G
i
 is an intermediate in the signaling pathway of the

purinergic P2Y
12

 receptor for ADP (11). Ligated P2Y
12

 receptors constitute a critical element

in platelet signaling by supporting multiple steps in the activation pathways after vascular

injury (13). Administration of thienopyridines such as clopidogrel directed against P2Y
12

is effective in preventing cardiovascular disease in DM as demonstrated by the CAPRIE,

MATCH and CURE trials (14-16). Ligation of P2Y
12

 results in the activation of G
i
α

2
 which

reduces formation of cyclic AMP, and the release of the Gβγ dimer which activates type IB

PI3-K and facilitates irreversible platelet activation (17). The inhibition of G
i
α

2
 by insulin

interferes with the control of cyclic AMP levels and attenuates platelet aggregation (11;18).

One has hypothesized that ineffective signaling through the insulin receptor/IRS-1

complex is associated with and may even precede the development of DM2 and DM1

(10;19;20) although for DM1 evidence is scarce. Defects in insulin signaling have been

demonstrated in primary cultures of muscle cells from insulin-resistant subjects and were

linked to abnormalities in glucose transport (21). The most common defects in insulin

resistance are the G972R polymorphism of IRS-1 that is accompanied with a decreased

ability of IRS-1 to associate with PI3-K, and serine (Ser) phosphorylation of IRS-1 by tumor
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necrosis factor α (22;23). In the present study we investigated whether abnormalities in

insulin signaling contribute to the platelet abnormalities observed in DM.

Materials and Methods

Study Subjects.

Healthy (n=8), DM1 (n=7) and DM2 (n=8) subjects, diagnosed according to the guidelines

of the Expert Committee on the diagnosis and classification of DM (24;25), without clinical

signs of peripheral arterial disease were recruited for the present study; they did not take

any platelet-inhibiting medication 10 days prior to blood-collection. All DM1 subjects were

treated with insulin, while all DM2 subjects were only treated with oral glucose lowering

agents (biguanides or sulfonylurea derivatives). Their physical and biochemical

characteristics are shown in Table 1. The DM2 subjects had a higher body mass index

(BMI) than healthy and DM1 subjects. The hematological and biochemical characteristics

were within normal reference values with the exception of fasting serum insulin and glucose

for DM1 and DM2 subjects. The degree of insulin resistance was estimated by homeostasis

Table 1. Characteristics of study subjects. nd indicates not determined. An asterisk indicates a significant

difference between groups.
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model assessment (HOMA), which is a multiplication of fasting plasma glucose (mM) times

fasting serum insulin (mU/L) divided by 22.5; HOMA is an independent marker of CVD in

DM2 (26). Low HOMA values represent high insulin efficiency, whereas high values

represent insulin inefficiency or insulin resistance. HOMA was increased in DM2 subjects,

thus reflecting the insulin resistant state in these subjects. HOMA was not determined in

DM1 subjects as fasting serum insulin levels were not reliable due to the application of

insulin.

Exclusion criteria included signs of spontaneous platelet aggregation, a cardiovascular

event, pregnancy, and the use of anti-epileptic drugs, acetyl salicylates or other non-steroidal

anti-inflammatory drugs. Written informed consent was obtained after the purpose,

characteristics, and potential risks of the experiments had been explained to the subjects.

No sex-based or racial/ethnic-based differences were present. The study protocol was

approved by the Medical Ethics Committee of the University Medical Center Utrecht, the

Netherlands).

Materials

We obtained prostacyclin (6,9α-epoxy-11 α,15S-dihydroxy-prosta-5Z,13E-dien-1-oic acid,

sodium salt or PGI
2
) from Cayman Chemical (Ann Arbor, MI, USA); human recombinant

insulin (solubilized according to the recommendations of the manufacturer in 10 mM acetic

acid, 100 mM NaCl, and 0.01 % BSA to a stock concentration of 100 µM), adenosin-5’-

diphosphate (ADP) and Fura 2-AM from Sigma (St. Louis, MO, USA). The fibrinogen derived

peptide GRDGS was kindly provided by the Centre of Biomembranes and Lipid Enzymology

(CBLE) (Utrecht University, The Netherlands). All other chemical reagents were of analytical

grade.

Antibodies

We obtained the phosphospecific protein kinase B Serine 473 (P-PKB-Ser473) and P-selectin

(C-20) antibodies from Santa Cruz Biotechnology (Santa Cruz, CA, USA), goat anti-rabbit

HRP from Cell Signaling Technology Inc. (Beverly, MA, USA) and rabbit anti-goat antibody

from Amersham Biosciences (Uppsala, Sweden).

Preparation of washed platelets

Freshly drawn venous blood from fasting donors was collected into 0.1 volume of 130 mM

trisodium citrate. Citrated blood was centrifuged (150xg, 15 minutes, 20oC), and platelet-

rich plasma (PRP) was collected. The remaining blood was centrifuged (800xg, 10 minutes,

20oC) to obtain platelet-poor plasma (PPP). PRP was supplemented with 0.1 volume of

ACD (2.5 % trisodium citrate, 1.5 % citric acid, 2 % D-glucose) for acidification to pH 6.5

and centrifuged (330xg, 15 minutes, 20oC). The supernatant was removed and the pellet

resuspended in HEPES/Tyrode buffer (145 mM NaCl, 5 mM KCl, 0.5 mM Na
2
HPO

4
, 1 mM

MgSO
4
, 10 mM HEPES, pH 6.5) containing 5 mM D-glucose. Prior to a second centrifugation

step (330xg, 15 minutes, 20oC), 0.001 vol of PGI
2
 (10 ng/mL final concentration) was added

to prevent isolation artefacts. The pellet was resuspended in HEPES/Tyrode buffer (pH

7.25) with D-glucose to a final platelet concentration of 2.0x1011 cells/L. Prior to the
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experiments, platelets from healthy, DM1 and DM2 subjects (normal, DM1 and DM2 platelets

respectively) were kept at 20oC for 45 minutes to ensure a resting state. Where indicated,

cells were incubated at 22oC with 1 and 100 nM insulin for 10 minutes followed by

stimulation with 10 µM ADP.

Measurement of Ca2+ mobilization

PRP was prepared as described above and incubated with 3 µM Fura 2-AM (45 minutes,

37oC, light-protected). Then PRP was acidified with ACD to pH 6.5, centrifuged again (330xg,

15 minutes, 20oC) and resuspended in HEPES/Tyrode buffer (pH 7.25) containing 5 mM D-

glucose. The final platelet concentration was adjusted to 2.0x1011 cells/L. For desensitization

experiments, Ca2+ was measured in the presence of the GRGDS peptide that blocks

fibrinogen binding to integrin α
IIb

β
3
 and thereby aggregation (27). The first Ca2+ measurement

was followed by addition of ACD (0.02 volume), centrifugation (330xg, 15 minutes 20oC)

and resuspension in Hepes/Tyrode pH 7.25 followed by a second Ca2+ measurement. Fura-

2-fluorescence was recorded in 1.0 mL aliquots of stirred platelet suspension without

additional Ca2+ at 22oC in a F-4500 fluorescence spectrophotometer (Hitachi Ltd., Tokyo,

Japan) with excitation wavelengths of 340 and 380 nm and emission at 510 nm. Changes in

Ca2+ levels were monitored using the Fura-2 fluorescence ratio and calibrated according to

the method of Grynkiewicz et al. (28).

Measurement of platelet aggregation after plasma reconstitution

PRP was acidified with ACD and centrifuged (330xg, 10 minutes, 22oC). Supernatant was

removed and the platelet pellet resuspended in PPP form healthy, DM1 or DM2 subjects

(normal, DM1 and DM2 PPP respectively) to a final count of 2.0x1011 cells/L. Aliquots of

0.5 mL were warmed to 37oC for 5 minutes, followed by stimulation. Platelet aggregation

was monitored continuously for 7 minutes at 900 rpm (37 °) in an optical aggregometer

(model 570 VS, Chrono-Log Corporation, Havertown, PA, USA).

Immunoblotting

Washed platelets were incubated with 100 nM insulin for 15 minutes at 22 °C. Then, samples

were fixed in 1% formaldehyde (15 minutes, 4oC), centrifuged (8000xg, 30 seconds) and

resuspended in 1x Laemmli-based sample buffer. Aliquots were subjected to SDS PAGE on

10% gels. Proteins were transferred from the gel to nitrocellulose sheets and blocked in 5%

PY-BSA/TBST 0.1%. Blots were probed separately with a primary antibody for

phosphorylated PKB (P-PKB-Ser473) and P-selectin (as a control for lane loading). The proteins

were detected by enhanced chemiluminescence with horseradish peroxidase labeled

secondary antibodies. The intensity of the bands was quantitated with ImageQuant-TL

software (Amersham Biosciences, Uppsala, Sweden).

Statistical analysis

Experiments were performed on all study subjects. The number of study subjects was of

sufficient power (p=1.00) to detect a significant difference of 20% (calculated on

www.health.ucalgary.ca/~rollin/stats/ssize/n1.html). The non-parametric Kruskal-Wallis test
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with Dunn’s multiple comparisons test as post-test for repeated measurements or non-

parametric Mann-Whitney t-test was used where appropriate. Results are expressed as

means±SD. Differences were considered significant at P<0.05.

Results

Abnormalities in Ca2+ homeostasis

An increase in cytosolic Ca2+, [Ca2+]
i
, is essential to initiate platelet responses such as

aggregation, secretion and thrombus formation and easily disturbed by factors that interfere

with P2Y
12

 signaling such as clopidogrel (29) and insulin (11). To detect possible

abnormalities in this mechanism in DM, [Ca2+]
i
 was measured in platelets from healthy,

DM1 and DM2 subjects. The mean basal [Ca2+]
i
 in unstimulated platelets from DM2 subjects

was about 1.7-fold higher than in healthy controls. Basal [Ca2+]
i
 in DM1 platelets was not

significantly different from normal platelets (Figure 1A). Following stimulation with ADP,

peak [Ca2+]
i
 in DM2 platelets (353.3±163.9 nM) was higher than in normal platelets

(171.0±53.1 nM). ADP-induced Ca2+ levels in DM1 platelets (206.7±118.4 nM) were in the

range found in normal platelets (Figure 1B). These results indicate that basal Ca2+

homeostasis in DM2 platelets is disturbed leading to a higher response to ADP.

Effect of DM plasma on platelet responsiveness

The cause for the increased responsiveness of DM platelets has been sought in a change in

plasma composition (6). To investigate the role of plasma in more detail, exchange

experiments were performed using DM platelets resuspended in normal plasma and normal

platelets resuspended in DM plasma together with appropriate controls. When DM1 and

DM2 platelets were reconstituted in normal plasma, no change in  ADP-induced aggregation

was observed and there was also no change when normal platelets were reconstituted in

DM1 plasma (figure 2A,B). In contrast, normal platelets resuspended in DM2 plasma showed

Figure 1. Abnormalities in Ca2+ homeostasis.

[Ca2+]
i
 was measured in Fura-2AM loaded platelets before and after stimulation with 10 µM ADP at 22oC. A)

Shown are ADP-induced Ca2+ traces representative for platelets from healthy (normal), DM1 and DM2

platelets. B) Basal [Ca2+]
i 
in resting, unstimulated platelets was similar in healthy (29.1±5.5 nM) and DM1

platelets (41.0±19.8 nM, ns). Basal [Ca2+]
i 
in DM2 platelets was higher (50.3±11.8 nM; P<0.01). C) Peak

[Ca2+]
i
 in healthy (171.0±53.1 nM) and DM1 platelets (206.7±118.4 nM) did not differ (ns). Peak [Ca2+]

i
 in

DM2 platelets was higher than in controls (353.3±163.9 nM; P<0.05). ns indicates a non-significant difference.

Further details as in Table 1.
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Figure 2. Effect of plasma on platelet responsiveness.

Platelets (Plt) from healthy, DM1 and DM2 subjects were resuspended in PPP from healthy and DM subjects

and aggregation was initiated with ADP. Aggregation of cells resuspended in endogenous PPP was expressed

as 100 %. A/B) The aggregation response of DM1 and DM2 platelets did not change when cells were

resuspended in normal plasma (94±16 % and 93±8 % respectively; ns). A) DM1 plasma did not change the

aggregation response of normal platelets (111±16 %, ns). B) DM2 plasma increased the aggregation response

of normal platelets to ADP (140±29 %, P<0.03). Further details as in Fig. 1.

Figure 3. Absent platelet inhibition by insulin in DM.

Fura-2AM loaded platelets were incubated with 1 and 100 nM insulin (Ins) followed by induction of Ca2+

mobilization with ADP. A) Shown is a representative ADP-induced Ca2+ trace from normal platelets

preincubated with 100 nM insulin. B) ADP-induced Ca2+ mobilization in individuals was expressed as 100

%. Insulin inhibited Ca2+ mobilization in normal platelets (79.1±11.2 % at 1 nM, P<0.05; 74.1±9.8 at 100

nM, P<0.01). Inhibition by insulin was absent in DM1 (89.4±10.4 % at 1 nM, ns; 93.8±6.4 at 100 nM, ns)

and DM2 platelets (96.9±8.3 % at 1 nM, ns; 97.0±4.7 at 100 nM, ns). Further details as in Fig. 2.
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a 1.4 fold increase in ADP-induced aggregation, illustrating the presence of aggregation

enhancing factors in DM2- but not in DM1 plasma. Replacement of DM2 plasma by normal

plasma failed to decrease the responsiveness of these cells. Thus, in addition to plasma

factors, an intrinsic platelet defect causes an increased responsiveness of DM2 platelets.

These results indicate that both extra- and intracellular factors contribute to disturbances

in platelet responsiveness in DM2.

Absent platelet inhibition by insulin in DM

In normal platelets, insulin interferes Ca2+ mobilization by blockade of P2Y
12

 signaling

that supports the rise in Ca2+ (11). To investigate this pathway in DM, washed platelets

Tyrode were incubated with 1 and 100 nM insulin followed by induction of Ca2+ mobilization

by ADP. Treatment with insulin did not change the basal [Ca2+]
i
 (results not shown). In

platelets from healthy subjects insulin reduced ADP-induced Ca2+ mobilization to 74.1±9.8

% at 100 nM confirming earlier observations (11). Inhibition by insulin was absent in

platelets from DM1 and DM2 subjects (Figure 3). These results suggest that DM1 and DM2

platelets are unresponsive to insulin.

Absent desensitization of insulin signaling in normal platelets

An explanation for the absent responsiveness of DM2 platelets prior to insulin addition is

the chance that prior contact in vivo leads to desensitization of the insulin receptor or

Figure 4. Lack of desensitization of the insulin signal.

ADP-induced Ca2+ mobilization was measured in Fura-2AM loaded platelets in the presence of GRGDS.

After determination of Ca2+ levels, platelets were washed and subjected to a second set of ADP stimulation.

Platelets were preincubated with insulin for 5 minutes in the first and/or second set of experiments. ADP-

induced Ca2+ mobilization was expressed as 100 %. Incubation of insulin in the first set of experiments

inhibited Ca2+ mobilization to 74.7±2.8 % (P<0.05). In the second set of experiments, a second incubation

with insulin inhibited Ca2+ mobilization to 72.9±1.1 % (P<0.05). Incubation with insulin in only the second

set of experiments inhibited Ca2+ mobilization to 72.6±9.9 % (P<0.05). Further details as in Fig. 2.
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downstream steps in the signaling cascade. This is a likely possibility since compared

with normal subjects the insulin concentration in plasma from DM1 and DM2 patients is

respectively 2.3 and 1.7 fold higher (Table 1).  To investigate this, normal platelets were

exposed to two sets of experiments with an interval of 20 minutes. First, platelets cells

were preincubated with insulin after which Ca2+ mobilization was stimulated by ADP in

the presence of GRDGS to prevent aggregation. Then, platelets were washed in the presence

of ACD to prevent washing artefacts and again treated with insulin and ADP. The first

stimulation induced a higher [Ca2+]
i
 peak than the second stimulation (198.0±33.9 nM

and 147.5±20.5 nM respectively). This agrees with observations by Baurand et al. who

explained the difference by partial internalization of the P2Y
1
, but not the P2Y

12
 receptor

for ADP (30). In contrast, insulin inhibited ADP-induced Ca2+ mobilization in the first and

second stimulation to the same extent resulting in 25.7±2.8 % and 27.4±9.9 % inhibition

respectively (both P<0.05). When platelets were first incubated with insulin, and then

washed and incubated with insulin for a second time, ADP–induced Ca2+ mobilization

was again inhibited leading to a fall of 27.9±1.1 % (Figure 4). Together these data show

that the absent inhibition by insulin observed in DM platelets is not due to desensitization

of the insulin signaling pathway.

Downstream signaling of the insulin receptor/IRS-1 complex

In adipocytes, ineffective insulin signaling or insulin resistance has been attributed to

abnormalities in IRS-1 activation (10). To investigate whether the loss of insulin signaling

to Ca2+ regulating mechanisms in DM platelets was accompanied by abnormal signaling in

a second pathway initiated by the insulin receptor/IRS-1 complex, the phosphorylation of

Ser473 on PKB was measured. Platelets were incubated with insulin for 15 minutes and

Figure 5. Downstream signaling of the insulin receptor/IRS-1 complex.

Platelets were incubated with insulin for 15 minutes and subjected to SDS-PAGE. Blots were probed with P-

PKB-Ser473. (A) Shown are representative blots of 4 experiments. (B) The basal phosphorylation of individuals

was expressed as 100 %. Insulin increased the phosphorylation of PKB in normal platelets to 192.0±70.3 %

(P<0.03) but not in DM1 platelets 148.6±46.7 % (ns), and in DM2 platelets to 97.1±12.0 (ns). Insulin-

induced PKB phosphorylation in normal platelets did not differ from DM1 platelets (ns), but differed from

DM2 platelets (P<0.05). Further details as in Fig. 2.
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samples were subjected to SDS-PAGE. In normal platelets, insulin increased the

phosphorylation of PKB-Ser473 by 2-fold. PKB phosphorylation by insulin in DM1 platelets

was lower and not significantly different from normal platelets. DM2 platelets showed a

complete lack of PKB phosphorylation. (Figure 5). Together with the absent interference

with Ca2+, probably reflecting impaired signaling to G
i
α

2
, the absent activation of PKB

suggests that a common step in the insulin signaling machinery is affected.

Discussion

The present study shows that DM2 platelets have (i) an increased level of [Ca2+]
i
 in the

resting state together with a rise in [Ca2+]
i
 after stimulation with ADP that is higher than in

normal platelets, (ii) unidentified factors in plasma that contribute to the increased

responsiveness of DM2 platelets after stimulation with ADP, (iii) absent inhibition of Ca2+

signaling by insulin and, (iv) absent phosphorylation of PKB. To a lesser extent, the same

abnormalities are present in DM1 platelets. They also show impaired responsiveness to

insulin at the level of Ca2+ increases but Ca2+ regulation in the absence of insulin and PKB

phosphorylation induced by insulin are not significantly different from controls. In addition,

abnormalities in plasma that increase the aggregation of normal platelets are absent in

DM1 plasma.

A step wise increase in basal Ca2+ correlates with a step-wise increase in platelet

responses (3) and it is therefore conceivable to assume that the increased basal [Ca2+]
i 
is

one of the factors that make diabetic platelets hyperactive. In addition, there is the higher

mobilization of Ca2+. In the present study we show that intra- and extracellular factors

associated with DM2 increase the responsiveness of normal platelets to ADP. Studies in

vitro have shown that glucose concentrations in the range between 8 and 16 mM increase

the activation of platelets via protein kinase C-β (PKC-β) (7;31), while higher concentrations

activate platelets by hyperosmolarity via PKC-independent mechanisms (31;32). Although

these levels are reached in DM subjects, hyperglycemic DM1 plasma does not change the

responsiveness of normal platelets to ADP. Thus, the identity of the components in DM2

plasma that increase platelet responsiveness remain to be identified. One candidate is low

density lipoprotein (LDL) (33). We showed recently that exposure of platelets to LDL activates

p38MAPK, resulting in the production of thromboxane A
2
 that sensitizes platelets to activating

stimuli (33). However, total cholesterol did not significantly differ between our study groups.

Evidence for an effect of advanced glycation endproducts (AGE) on platelet responses is

not abundant, but is thought to involve glycation of integrin α
IIb

β
3
 leading to increased

aggregation (34).

One of the mechanisms that control [Ca2+]
i
 is signaling via the P2Y

12
 receptor upon

activation by ADP (35). Regulation of P2Y
12

 activity is crucial in maintaining haemostasis.

P2Y
12

 deficient platelets have a decreased responsiveness to ADP and an increased tendency

to bleed (35). Individuals with the P2Y
12

-H2 haplotype have platelets with an increased

responsiveness to ADP and an increased cardiovascular risk (36). Since also DM2 platelets

have an increased responsiveness to ADP one might expect it to be caused by abnormal

P2Y
12

 function. At present there is little evidence for abnormal P2Y
12

 signaling in DM.
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Although the P2Y
12

-H2 haplotype has indeed been described in subjects with DM, it is not

specific for the disease as abnormalities in P2Y
12

 expression are also present in subjects

with hypercholesterolemia and hypertension (36).

In normal platelets, P2Y
12

 mediated ADP signaling is under control of insulin (11).

The absence of platelet inhibition by insulin in DM2 platelets is therefore a new example

of insulin resistance. It is possible that insulin unresponsiveness in vitro is the result of

receptor desensitization in vivo, since DM2 subjects have increased fasting serum insulin

levels. However, repeated stimulation with insulin failed to affect the inhibition of [Ca2+]
i

rises, suggesting that the abnormality in DM2 platelets reflects an intrinsic platelet defect.

Interestingly, we found this abnormality in both DM1 and DM2 platelets. Evidence for

insulin resistance in DM1 is scarce but has been associated with the development of DM1

in first-degree relatives of subjects with DM1 (19;20). Interestingly, Westerbacka et al. showed

that platelets in insulin resistant, obese subjects without DM do not display

hyperresponsiveness to ADP (9). The development of DM must therefore trigger additional

events to increase platelet responsiveness.

The loss of insulin signaling to Ca2+ regulating mechanisms in DM2 platelets was

accompanied by a defect in a second signaling cascade initiated by the insulin receptor/

IRS-1 complex. Insulin failed to induce PKB phosphorylation in DM2 platelets whereas in

normal platelets it induced a 2-fold increase in phosphorylation. The finding that DM2

platelets have lost responsiveness to insulin in terms of inhibition of Ca2+ increases and

phosphorylation and thereby activation of PKB points to a common defect in the insulin

signaling pathway. A first candidate is the insulin receptor but defects are scarce and

accompanied with severe abnormalities such as leprechaunism, the Rabson Mendehall

Syndrome and the type A syndrome of insulin resistance (10). A more likely candidate is

IRS-1 as it is the center of multiple and independent signaling pathways initiated by insulin.

The G972R polymorphism of IRS-1 that abolishes IRS-1 activity is the most common defect

associated with insulin resistance in DM2. The polymorphism is also associated with an

increased athero-thrombotic risk (37), which might be attributed to the impaired regulation

of [Ca2+]
i 
 observed in the present study. Which defect in IRS-1 causes the abnormalities in

DM2 platelets remains to be elucidated.
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Abstract

In insulin-responsive tissues, insulin is a potent activator of protein kinase B (PKB)-medi-
ated glucose uptake through the facilitative glucose transporter GLUT4. In platelets, glu-
cose uptake is mediated through GLUT3 which is present in plasma- (15%) and intracellu-
lar α-granule (85%) membranes. Here we report the PKB-mediated glucose uptake by plate-
lets by agents that do (thrombin) or do not (insulin) induce α-granule translocation to the
plasma membrane. Both thrombin and insulin activate PKB and induce glucose uptake
albeit with different kinetics. Inhibition of PKB by the pharmacological inhibitor ML-9
decreases thrombin-induced α-granule release and thrombin- and insulin-induced glu-
cose uptake. At low glucose (0.1 mM) both agents stimulate glucose uptake by lowering the
K

m

 for glucose (thrombin and insulin) and increasing V
max

 (thrombin). At high glucose (5
mM), stimulation of glucose uptake by insulin disappears, and insulin becomes an inhibi-
tor of thrombin-induced glucose uptake via mechanisms independent of PKB. We con-
clude that in platelets glucose transport through GLUT3 is regulated by changes in surface
expression and affinity modulation, which are both under control of PKB.
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P
latelet aggregation and secretion depend on plasma glucose as a source for anaerobic

resynthesis of metabolic ATP (1). The facilitative glucose transporter 3 (GLUT3) is

the major GLUT subtype in human platelets. At resting conditions, approximately

85% of GLUT3 is located intracellular in α-granule membranes while the remainder is

present in the plasma membrane (PM)(2). Upon platelet activation, GLUT3 containing α-

granules fuse with the PM and glucose uptake increases two-fold (2,3). GLUT3 is

predominantly expressed in neuronal cells and platelets, but has also been found in

granulocytes, monocytes, fibroblasts, pancreatic, endothelial, myocardial and skeletal

muscle cells. (4-8). GLUT3 has a K
m
 for glucose of 1.5 mM and this parameter appears

constant in different cell types (4-9). This implicates that under normal (about 5 mM glucose)

and pathological conditions (up to 15 mM glucose) this transporter functions near saturation.

Platelets also contain GLUT1 (2), which is a ubiquitously expressed PM transporter with a

K
m
 for glucose of 29 mM, which is well above (patho)physiological levels (10,11).

GLUT3 belongs to the same subclass of facilitative glucose transporters as the insulin-

responsive GLUT4 sharing a dual cellular location and a low K
m
 for glucose (12). In L6

muscle cells, glucose uptake via GLUT3 and GLUT4 is stimulated by the serine-threonine

(Ser/Thr) protein kinase B (PKB; also known as Akt kinase) (13). Glucose transport by

GLUT4 is determined by copy number at the PM and phosphorylation state, which affects

its affinity for glucose (14). Little is known about the regulation of GLUT3.

A key element in insulin responsive tissues is insulin receptor substrate-1 (IRS-1),

which controls the signal transduction pathways from the insulin receptor to

phosphatidylinositol 3-kinase (PI3-K) (15). In platelets, activation of IRS-1 leads to different

responses. After receptor binding, insulin triggers the tyrosine (Tyr) phoshorylation of IRS-

1, inducing binding to the ?
2
 subunit of the heterotrimeric GTP-binding protein (G-protein)

G
i 
(16). This G-protein is under control of the purinergic P2Y

12
 receptor of adenosine

diphosphate (ADP) that supports platelet activation by thrombin by inhibiting adenylyl

cyclase and accumulation of cAMP, which is a potent platelet inhibitor (17,18). The result

of Tyr-phosphorylation of G
i
?

2
 is inactivation of the G-protein, preventing the decrease in

cAMP and attenuating the mobilization of Ca2+ ions and platelet aggregation (16).

An important signaling element in insulin-responsive tissues is PKB, which

participates in insulin-induced glucose-uptake (15). Platelets contain the PKB
?
 and PKB

?

isoforms which contribute to platelet aggregation (19). Animal models show that both PKB-

subtypes are crucial for the formation and stabilization of a thrombus in an arterial injury

model (20,21), suggesting that PKB is a critical component of PI3-K supported platelet

activation. The activity of PKB depends on its phosphorylation at Ser473/4 and Thr308/9 for

PKB
?
 and PKB

?
 respectively (22), and is fine regulated by PI3-K-independent mechanisms

that include Ca2+-sensitive PKC (19), integrin linked kinase (23), phosphatidylserine

translocation (24) and the Src-family kinase Lyn (25).

By analogy with insulin responsive tissues one would expect that platelets respond

to insulin with an increase in glucose uptake via a mechanism controlled by PKB.

Upregulation of glucose uptake requires an increase in surface expression of GLUT3 (2,3).

Since this process depends on the fusion of α-granule membrane with the PM, and because



96

Chapter 6

secretion depends on an increase in cytosolic Ca2+, one would expect that insulin supports

secretion by enhancing Ca2+ mobilization. This appears not to be the case (16).

The present study was undertaken to understand the apparent contradiction in insulin

responses inflicted in platelets. The results show that insulin indeed triggers PKB activation

as well as glucose uptake despite its capacity to inhibit thrombin-induced Ca2+ mobilization.

Whether insulin acts as an activator or inhibitor of PKB-mediated glucose uptake depends

on the extracellular glucose concentration, which shifts the balance between activation

and inhibition of platelets by insulin.

Materials and Methods

Materials

We obtained prostacyclin (PGI
2
) from Cayman Chemical (Ann Arbor, MI, USA); α-thrombin

(thrombin in short), human recombinant insulin, Fura 2-AM, 2-deoxy-D-glucose (DOG), 1-

[5-Chloronaphthalene-1-sulfonyl]-1H-hexahydro-1,4-diazepine (ML-9), LY-294002,

SQ22536, cytochalasin B, phloretin, 1,2-Bis[2-aminophenoxy]ethane-N,N,N’,N’-tetraacetic

acid tetrakis[acetoxymethyl ester] (BAPTA-AM) and primers from Sigma (St. Louis, MO,

USA); SB203580 from Alexis Corporation (San Diego, CA, USA); 2-deoxy-[1-3H]-D-glucose

Figure 1. ML-9 inhibits thrombin- and insulin-induced PKB phosphorylation

Platelets were stimulated with thrombin (Thr) or insulin (Ins). (A) PKB Ser473/4 phosphorylation was monitored

for 30 minutes. Thrombin- and insulin-induced PKB phosphorylation. The blot depicted in the upper

panel was developed with the P-selectin antibody for lane loading control. The blot depicted in the lower

panel was developed with the P-PKB Ser473/4 antibody. (B) Platelets were treated with ML-9, followed by

stimulation by thrombin and insulin. Insulin- and thrombin-induced phosphorylation of PKB at Ser473/4 was

inhibited by ML-9. The blots shown are representative for 3 observations.
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(3H-DOG) with a specific radioactivity of 37 MBq/mL from Amersham Biosciences (Uppsala,

Sweden); D-glucose (glucose in short) from BDH laboratory supplies (Poole, England); the

micro bicinchoninic acid (BCA) protein assay kit from Pierce (Rockford, IL, USA). The

ADP receptor P2Y
12

 antagonist AR-C69931MX was a kind gift from Astra Zeneca

(Loughborough, UK). All other chemicals were of analytical grade.

Antibodies

We obtained antibodies for P-selectin, PKBα/β (Akt1/2) and the phospho-specific p-PKBα/β/γ

(Akt
1/2/3

) Ser473/4 from Santa Cruz Biotechnology (Santa Cruz, CA, USA); P-selectin/RPE (CD-

62P) and goat anti-rabbit antibodies were from New England Biolabs (Beverly, MA, USA);

Rabbit anti-goat from Amersham Pharmacia (Uppsala, Sweden).

Preparation of washed platelets

All healthy volunteers claimed not to have taken any medication 10 days prior to blood

collection. After obtaining informed consent, freshly drawn venous blood was collected

into 0.1 volume of 130 mM trisodium citrate. Citrated blood was centrifuged (150xg, 15

minutes, 20oC), and platelet-rich plasma (PRP) was collected and used in part for Ca2+

measurements with Fura 2-AM (see below). For the preparation of washed platelets, PRP

was supplemented with 0.1 vol of ACD (2.5% trisodium citrate, 1.5% citric acid, 2% glucose)

and centrifuged again (330xg, 15 minutes, 20oC). The platelet pellet was resuspended in

HEPES/Tyrode buffer (145 mM NaCl, 5 mM KCl, 0.5 mM Na
2
HPO

4
, 1 mM MgSO

4
, 10 mM

HEPES, pH 6.5) containing 5 mM glucose. Then, 10 ng/mL PGI
2
 was added prior to a second

centrifugation step (330xg 15 minutes, 20oC). The platelet pellet was resuspended in HEPES/

Tyrode buffer pH 7.25 containing 5 mM glucose. The final platelet concentration was

adjusted to 2.0x1011 cells/L. Prior to the experiments, platelets were kept at 20oC for 45

minutes to ensure a resting state. In some studies the following metabolic inhibitors were

added (with the indicated pre-incubation times and final concentrations): BAPTA-AM (30

minutes, 10 µM), SQ22536, LY294002 or ML-9 (15 minutes, 100 µM) or cytochalasin B (30

seconds, 0.2 µg/mL), phloretin (30 seconds, 10 µM) or AR-C69931MX (30 seconds, 50 nM).

Platelets were pre-incubated or stimulated with insulin (10 minutes, 100 nM) or thrombin

(10 minutes, 0.25 U/mL) at 20oC, unless stated otherwise.

Immunoblotting

Samples of washed platelets were collected in 3x sample buffer, and separated by SDS

PAGE on 10 % gels. Proteins were transferred from the gel to nitrocellulose sheets and

blocked in 4% PY-BSA/TBST 0.1%. Blots were probed separately with the primary antibody

p-PKBα/β/γ Ser473/4 for PKB detection at 57 kD. The proteins were detected by enhanced

chemiluminescence with horseradish peroxidase labeled secondary antibodies. For analysis

of lane loading, the blots were reprobed with anti-PKBα/β.

Flow cytometry

Incubations of platelets were stopped by placing aliquots of 100 µL in 700 µL Hepes/Tyrode

buffer pH 7.25 at different time intervals. Aliquots were pre-incubated with P-selectin/RPE
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(CD-62P) for 30 minutes and samples were fixed with 1% formaldehyde. Fixed RPE-labeled

platelets were analyzed in a FACScan (Becton Dickinson Immunocytometry Systems, San

Jose, CA, USA). The samples were gated for single platelets based on forward and side

scatter profiles and 10.000 events were recorded. The results were analyzed using CellQuest

software (Becton Dickinson) and expressed as percentage of thrombin-induced P-selectin

expression (set at 100 %).

Measurement of platelet aggregation

Aliquots of 0.5 ml washed platelets were warmed to 37oC for 5 minutes, followed by

stimulation with 0.25 U/mL thrombin. Platelet aggregation was monitored continuously

for 7 minutes at 900 rpm in an optical aggregometer (model 570 VS, Chrono-Log Corporation,

Havertown, PA, USA).

Reverse transcriptase polymerase chain reaction (RT-PCR)

The megakaryocytic cell lines MEG-01, DAMI and CHRF-288-11 resembling immature (26),

intermediate (27) and mature megakaryocytes (28) respectively were cultured as described

(29). mRNA was isolated with the RNeasy mini kit from Qiagen (Hilden, Germany) and

converted to cDNA using the SuperScript II Reverse Transcriptase (RT) kit from Invitrogen

Life Technologies (Carlsbad, CA, USA) according to the manufacturer’s instructions. cDNA

from human umbilical vein endothelial cells (HUVECs), Wistar rat brain and 3T3-L1

adipocytes was kindly provided by R. T. Urbanus (Department of Hematology, UMCU,

Utrecht, the Netherlands), I. W. M. Bos (Rudolf Magnus Institute of Neuroscience, UMCU,

Utrecht, the Netherlands) and M. Bazuine (Department of Molecular Cell Biology, Leiden

University Medical Center, Leiden, The Netherlands) and used as positive control for GLUT1,

GLUT3 and GLUT4 respectively. To identify the distribution of GLUT subtypes the following

degenerated oligonucleotide primers from conserved regions of human GLUT1, human

and rat GLUT3 and human and mouse GLUT4 were designed: GLUT1 – 5’-

Figure 2. PKB regulates surface expression of P-selectin and platelet aggregation

(A) Platelets were pre-incubated with ML-9 and stimulated with thrombin and expression of P-selectin was

determined by flow cytometry. Thrombin-increased P-selectin expression was defined as 100 %. ML-9

inhibited thrombin-induced P-selectin expression to 62.7 ± 3.1 % (P<0.001). (B) Incubation with different

concentrations ML-9 inhibited thrombin-induced aggregation to 87 ± 15 % at 25 µM (ns), 66 ± 14 % at 50 µM

(P<0.05) and 22 ± 13 % at 100 µM (P<0.001). n=5.
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TCACTGTGCTCCTGGTTCTG-3’ (sense, positions human: 1489-1506) and 5’-

CCTGTGCTCCTGAGAGATTCC-3’ (antisense, positions human: 1702-1721); GLUT3 – 5’-

AGTCGGTTGAAATGCTGAT-3’ (sense, positions human: 481-499 and rat: 428-446) and 5’-

TAGAACACAGCATTGATCCC-3’ (antisense, positions human: 986-1006 and rat: 934-953);

GLUT4 – 5’-ATAGGAGCTGGTGTGGTC-3’ (sense, positions human: 1124-1141 and mouse:

986-1003) and 5’-GCAAATAGAAGGAAGACGTA-3’ (antisense, positions human: 1487-1506

and mouse: 1349-1368). The resulting PCR products were 233 base pairs (bp) for GLUT1,

526 bp for GLUT3 and 383 bp for GLUT4.

The reaction was performed in 20 µl containing 2 µL 10x PCR buffer II, 4 µL MgCl
2

(25 mM), and 0.2 µL AmpliTaq DNA polymerase (5 U/µL) from the GeneAMP kit obtained

from Applied Biosystems (Foster City, CA, USA), 1 µL dNTP (dATP, dCTP, dGTP and dTTP

of each 25 µM) obtained from Amersham Biosciences, 6.8 µL distilled water (9.8 µL for

GLUT1), 2 µL of both sense and antisense primers (10 µM; 1 µL of each primer for GLUT1),

and 2 µL cDNA for GLUT3 and GLUT4 (1 µL for GLUT1).

After heating at 94oC for 2 minutes, amplification proceeded for 43 (GLUT1) or 40

(GLUT3/4) cycles, with denaturation for 30 seconds at 94oC, annealing of primers for 1

minute at 62oC (GLUT1) or 56oC (GLUT3/4), and extension for 1 minute at 72oC. This was

followed by a final extension step at 72oC for 5 minutes. After the RT-PCR, 1 0  µl of the

products was separated on a 2% agarose gel for GLUT1, and a 1% agarose gel for GLUT3
and GLUT4.

Uptake of  3H-DOG by platelets

Washed platelets were resuspended in HEPES/Tyrode buffer pH 7.25 with or without 5

mM glucose, which is referred to as low and high glucose, respectively. Glucose uptake by

platelets was initiated by addition of  3H-DOG in the indicated concentrations prior to or

after treatment with insulin or thrombin as outlined in the “Results “ section. Glucose

transport was stopped by adding 5 mL stop buffer (phosphate buffered saline, PBS, with 10

µM cytochalasin B) as described previously (2,3). Samples were centrifuged (3000g, 10

minutes, 20oC) and the supernatant was replaced by 5 mL stop buffer. After 3 washing

steps, the supernatant was replaced with 500 µL 0.1 M NaOH. The platelet pellet was

dissolved overnight and total protein content was determined to correct for variations in

cell number. 3H-DOG uptake was determined in a liquid scintillation counter and expressed

as arbitrary units (AU) defined as disintegrations per minute (DPM) corrected for protein

content (DPM/µg protein). Kinetic parameters for glucose transport were determined by a

Hofstee plot with weighted linear regression analysis (30).

Measurement of Ca2+ mobilization

PRP was pre-incubated with 3 µM Fura 2-AM (45 minutes, 37oC, light-protected). After

incubation, PRP was supplemented with ACD and PGI
2
, centrifuged again (330xg, 15

minutes, 20oC), and resuspended in HEPES/Tyrode buffer (pH 7.25) containing 5 mM

glucose. The final platelet concentration was adjusted to 2.0x1011 cells/L. Fura-2-fluorescence

was recorded in 1.0 mL aliquots of platelets without additional Ca2+ at 20oC in a F-4500

fluorescence spectrophotometer (Hitachi Ltd., Tokyo, Japan) with excitation wavelengths
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of 340 and 380 nm and emission at 510 nm. Changes in [Ca2+]
i
 were monitored using the

Fura-2 fluorescence ratio and calibrated according to the method of Grynkiewicz et al.

(31).

Statistical analysis

Statistical analysis was performed using one-way ANOVA with Tukey’s multiple

comparisons test as post-test for repeated measurements unless stated otherwise. Results

are expressed as means±SD of n observations; ns indicates not significant. Differences

were considered significant at P<0.05. An asterisk indicates a significant difference with

controls.

Results

ML-9 inhibits thrombin- and insulin-induced PKB phosphorylation

As illustrated in Figure 1A, thrombin induced a rapid phosphorylation of Ser473/4 confirming

earlier observations (19). Interestingly, stimulation with insulin also initiated the

phosphorylation of Ser473/4 illustrating that, in addition to inhibition of Ca2+ mobilization

by interfering with P2Y
12

 signaling (16), insulin has potential activating properties by

triggering the activation of PKB. ML-9 is a diazepine derivative that has been shown to

inhibit PKB phosphorylation in adipocytes and myoblasts without interfering with the

upstream PI3-K (32,33). Figure 1B shows that ML-9 also interfered with the phosphorylation

of PKB Ser473/4 induced by thrombin and insulin and thereby with the activity of PKB (19).

Hence, ML-9 is an effective inhibitor of PKB in platelets.

Figure 3. Glucose transport supports platelet aggregation

Platelets were pre-incubated with cytochalasin B (CB) or phloretin (Phl) and aggregation was initiated with

thrombin.  (A) Shown is a typical aggregation curve. (B) Cytochalasin B and phloretin inhibited thrombin-

induced aggregation to 72.7±2.5 % (P<0.001) and 71.7±7.6 % (P<0.001) respectively. Shown is a

representative example for 3 experiments.
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PKB regulates surface expression of P-selectin and platelet aggregation

Earlier studies showed that the uptake of glucose by platelets depends on an increase in

GLUT3 surface expression which accompanies the secretion of α-granules (2,3). To address

the question whether PKB participates in the translocation of α-granules and thereby in

the surface expression of GLUT3, the expression of P-selectin was measured, which is a

second component of the α-granule membrane. There was a slight P-selectin expression on

non-stimulated platelets, which was unaffected by ML-9. In thrombin-stimulated platelets,

ML-9 (100 µM) reduced P-selectin expression by 37.3±3.1 % (Figure 2A). These results

suggest that PKB contributes to the secretion of α-granules thereby increasing surface-

expression of GLUT3.

The secretion of α-granules is part of the release reaction that accompanies platelet

activation by thrombin. A second secretion response is the extrusion of dense granule

contents, leading to liberation of ADP which facilitates aggregation by signaling through

the P2Y
12

 receptor (17). ML-9 (100 µM) reduced thrombin-induced aggregation by 78±13 %

(Figure 2B,C). Thus ML-9 was a better inhibitor of aggregation than of secretion suggesting

that apart from indirectly modulating aggregation via ADP release, PKB directly participates

in the regulation of the aggregation response.

Glucose transport supports platelet aggregation

Apart from anaerobic and aerobic degradation of glucose as sources for resynthesis of

metabolic ATP, platelets can maintain their energy content through oxidative

phosphorylation of lipids (1). To assess the importance of glucose uptake in aggregation,

platelets were pre-incubated with cytochalasin B and phloretin, which inhibit glucose

Figure 4. GLUT subtypes in

megakaryocytes

mRNA isolated from the megakaryocytic

cell lines MEG-01, DAMI, CHRF-288-11

was subjected to RT-PCR analysis using

degenerate primers corresponding to

common sequence motifs of GLUT1,

GLUT3 and GLUT4. The PCR products

were size-fractionated on an agarose gel.

Bands for GLUT1 and GLUT3 were found

in all megakaryocytic cell lines. No band

for GLUT4 was found. Shown are

representative examples for 5 experiments.
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transport by interfering with the intra- and extracellular glucose binding sites respectively.

These treatments induced a 30% fall in aggregation responses, illustrating that glucose

transport is necessary for optimal platelet aggregation (Figure 3A,B).

GLUT subtypes in megakaryocytes

Platelets contain virtually all important elements of the insulin signaling pathway such as

the insulin receptor, IRS-1, PI3-K and PKB. It is unclear, however, if in addition to GLUT1

and -3 platelets contain GLUT4, which is the major glucose transporter under control of

insulin. To address this issue, GLUT subtype distribution was determined by RT-PCR in

the megakaryocytic cell lines MEG-01, DAMI and CHRF, which represent different stages

in the maturation of normal megakaryocytes (26-28). Degenerated oligonucleotide primers

against conserved sequence regions in GLUTs were used together with cDNA from the

megakaryocytic cell lines, HUVECs, Wistar rat brain and 3T3-L1 adipocytes. The primer

combinations resulted in amplification of products with the expected sizes for GLUT1,

GLUT3 and GLUT4. All megakaryocytic cell lines expressed GLUT1- and GLUT3-mRNA.

No message was found for GLUT4 in the megakaryocytic cell lines in contrast to the positive

controls (Figure 4). These results indicate that platelets contain GLUT1 and GLUT3 but not

GLUT4.

Figure 5. Glucose uptake by platelets in medium with low glucose

Platelets were isolated in a low glucose medium to investigate glucose uptake. (A) Platelets were pre-incubated

with 3H-DOG followed by stimulation with thrombin or insulin. The insert in Figure A depicts thrombin-

and insulin-induced glucose uptake corrected for basal uptake. Basal glucose uptake increased for 10 minutes

after which it leveled off. Thrombin and insulin increased basal glucose uptake to 84.3±40.7 AU (P<0.01)

and 94.0±33.2 AU (P<0.001) after 30 minutes and correction for basal levels. Thrombin-induced glucose

uptake was faster than that induced by insulin. Insulin-induced glucose uptake showed a delay of 10 minutes.

(B) Platelets were pre-incubated with 3H-DOG followed by stimulation with thrombin and/or insulin for 30

minutes. Platelets were pre-incubated with insulin for 10 minutes prior to stimulation with thrombin. Basal

glucose uptake after 30 minutes was expressed as 100 %. Thrombin and insulin increased basal glucose

uptake to 195.0±19.0 % and 188.1±19.0 % (P<0.001). Co-treatment of thrombin and insulin did not further

increase glucose uptake (200.0±10.0 %; ns). (C) Platelets were pre-incubated with ML-9 and stimulated with

thrombin or insulin for 30 minutes. Thrombin and insulin increased basal glucose uptake to 212.7 ± 35.0 %

(P<0.001) and 188.1±39.4 % (P<0.01) respectively. ML-9 inhibited basal, thrombin- and insulin-induced

glucose uptake to 66.5±16.4 % (P<0.01), 149.1±17.2 % (P<0.01) and 115.4±36.1 % (P<0.05) respectively.
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Gucose uptake by platelets in medium with low glucose

To investigate the involvement of PKB in glucose transport, platelets were pre-incubated in

medium containing either 0 mM glucose or 5 mM glucose (defined as low and high glucose,

respectively). Subsequent addition of 0.1 mM 3H-DOG would reveal the regulation of both

GLUT1 (K
m
 for glucose 29.1 mM) and GLUT3 (K

m
 for glucose 1.5 mM) under conditions of

low glucose and predominantly of GLUT1 alone under conditions of high glucose

concentration. Although the kinetic parameters of GLUTs in platelets have not been

established, current literature data show these characteristics to be constant among the

different cell types (4-11). To study glucose transport at low glucose, platelets were isolated

in a glucose-free medium and pre-incubated with 3H-DOG for 3 minutes. Subsequently,

thrombin, insulin or vehicle were added and glucose uptake was measured during a

subsequent 30 minutes incubation. Basal glucose transport increased during the first 10

min following addition of vehicle and then reached a plateau (Figure 5A). Thrombin

increased the glucose uptake almost two-fold and reached a plateau after 30 minutes. A

similar increase was found following addition of insulin but there was a clear delay of

about 10 minutes before glucose uptake increased. A plot emphasizing the increase induced

by thrombin and insulin revealed the rapid stimulation by thrombin in contrast to the

slow enhancement by insulin (Figure 5A, insert). These data show that both thrombin and

insulin stimulate glucose transport in platelets albeit with different kinetics.

Since we reported earlier that insulin inhibits thrombin-induced increases in Ca2+,

which would slow down secretion and thereby the surface expression of GLUT3 (16), a

possible inhibition of thrombin-induced glucose uptake by insulin was investigated. Platelets

were pre-incubated with insulin for 5 minutes, stimulated with thrombin, and glucose

uptake was assessed 30 minutes later. Separate addition of thrombin and insulin increased

basal glucose uptake to a similar degree. Insulin did not inhibit the thrombin-induced

glucose uptake (Figure 5B). These data suggest that the decrease in GLUT3 expression

caused by the expected inhibition of thrombin-induced Ca2+ signaling by insulin was

compensated by a second mechanism that enhanced the uptake of glucose.

To understand the role of PKB in thrombin- and insulin-induced glucose uptake,

platelets in the presence of 100 µM ML-9 were pre-incubated with 3H-DOG for 3 minutes

and thereafter stimulated with thrombin or insulin for 30 minutes. Inhibition of PKB reduced

basal glucose uptake by about 30%. In thrombin-stimulated platelets ML-9 induced a 30%

decrease that is 60% of the extra glucose uptake induced by thrombin. In insulin-treated

platelets the inhibition was stronger and fully abolished the extra glucose uptake induced

by insulin. (Figure 5C). Together, these results indicate that PKB contributes to glucose

uptake both in resting platelets and in platelets stimulated with thrombin or insulin.

We reported earlier that in thrombin-stimulated platelets activation of PKB is

mediated via Ca2+ dependent protein kinase C subtypes (19). This property together with

the Ca2+ dependent secretion of α-granules would make the surface expression of GLUT3

strongly dependent on an increase in Ca2+. Figure 6A shows that the Ca2+ chelator BAPTA-

AM reduced the basal uptake by about 70%, illustrating that in resting platelets glucose

uptake is Ca2+-dependent. The additional uptake induced by thrombin was completely

blocked by Ca2+ chelation. Concurrent analysis of P-selectin expression showed a 50% fall
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induced by BAPTA-AM, such in agreement with a previous publication (34) (Figure 6B).

Thus, in addition to supporting secretion, Ca2+ contributes to glucose uptake via a second

mechanism possibly reflecting the regulation of PKB.

Having established that Ca2+ was important for PKB-signaling to secretion and glucose

uptake, the possibility that PKB had an effect on the regulation of Ca2+ was investigated.

Treatment with ML-9 did not change the Ca2+ level in resting platelets and also the thrombin-

induced increase in Ca2+ was left undisturbed. (Figure 6C). These data suggest that Ca2+

homeostasis is insensitive to changes in PKB activity.

The observation that both thrombin, an inducer of GLUT3 surface expression through

α-granule release, and insulin, known not to induce α-granule release, stimulate glucose

uptake indicated that changes in surface expression and in affinity of the transporter for

glucose contribute to uptake regulation. Kinetic analysis of the uptake of 3H-DOG in

concentrations ranging between 0.1 and 2 mM revealed a K
m
 for glucose of about 1.2 mM

under conditions that both GLUT1 and GLUT3 were functional (Figure 7 and Table 1).

Initial velocities were determined and plotted against substrate concentrations according

to Wools as advocated by Hofstee (30). Treatment with thrombin and insulin decreased the

K
m
 for glucose transport to about 0.5 mM, indicating that both agonists induced a strong

increase in the affinity of the transporter for glucose. In addition, thrombin induced a 1.5

fold increase in V
max

, probably reflecting the increase in surface expression of GLUT3. In

contrast, insulin did not change the V
max

 in agreement with its inability to trigger secretion.

Since GLUT1 is known to have a constant surface expression and is insensitive to regulation

by intracellular signaling (35), the changes in kinetic parameters are likely to reflect the

properties of GLUT3 (4-11).

Figure 6. Thrombin-induced glucose transport in medium with low glucose

Platelets were isolated in a low glucose medium. (A) Platelets were pre-incubated with BAPTA-AM. Glucose

transport was initiated by 3H-DOG addition followed by stimulation with thrombin. Thrombin-induced

glucose uptake was expressed as 100 %. BAPTA-AM inhibited basal glucose uptake (15.0±7.5 % and 47.9±11.4

% respectively; P<0.05), and thrombin-induced glucose uptake (49.0±0.8 %, P<0.001). (B) Platelets were

pre-incubated with BAPTA-AM and stimulated with thrombin. Expression of P-selectin was determined by

flow cytometry. BAPTA-AM did not modulate basal P-selectin expression compared to control (6.3±3.2 %

and 6.1±3.5 % respectively, ns). BAPTA-AM inhibited thrombin-induced P-selectin expression to 49.2±4.4

% (P<0.001). (C) Platelets were pre-incubated with different concentrations ML-9. ML-9 (100 µM) did not

change basal Ca2+ levels (35.5±2.1 nM and 32.5±3.5 nM respectively; ns) or thrombin-induced Ca2+

mobilization (101.2±10.8 % of control; ns).
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Glucose uptake by platelets in medium with high glucose

To further separate the regulation of GLUT1 and GLUT3, platelets were pre-incubated in a

medium with 5 mM glucose. This is approximately 4 times the K
m
 for glucose of GLUT3

making this transporter less susceptible to affinity regulation without disturbing the control

of surface expression.

Platelets were pre-incubated with 3H-DOG for 3 minutes, stimulated with thrombin

and insulin and glucose transport was monitored during a subsequent 30 minutes incubation

(Figure 8A). Basal glucose transport was constant throughout this period and remained the

same upon addition of insulin. In contrast, thrombin increased induced about 3-fold increase

in 3H-DOG uptake. These results support the concept that an increase in glucose uptake at

physiological glucose concentration is mainly mediated through an increase in surface

expression of GLUT3. ML-9 and BAPTA-AM reduced glucose uptake by resting platelets as

observed in a low glucose medium. In thrombin-stimulated cells both inhibitors completely

blocked the extra glucose uptake induced by thrombin (Figure 8B). These date illustrate

the major role of PKB and Ca2+ in thrombin-induced surface expression of GLUT3.

To evaluate a possible inhibition by insulin under conditions that kept affinity changes

in GLUT3 to a minimum, platelets were pre-incubated with insulin for 10 minutes to induce

maximal inhibition of thrombin-induced Ca2+ increases (16). Again this treatment did not

change the basal glucose uptake in a high glucose medium. Subsequent stimulation with

thrombin increased 3H-DOG uptake to 190.1±7.0 %. This increase was dose-dependently

inhibited by insulin reducing thrombin-stimulated glucose transport to 18.8±14.4 % at

100 nM insulin (Figure 8C).

To confirm that the reduced glucose uptake following pre-incubation with insulin

was caused by inhibition of surface expression mediated via α-granule release, the

expression of P-selectin was determined. As expected, insulin inhibited thrombin-induced

Figure 7. Effect of thrombin and insulin on glucose uptake

Platelets were isolated in a glucose-free medium. Shown is a representative Hofstee plot of 3H-DOG transport

of four experiments in platelets.  A summary of all experiments of this type is presented in Table 1.



106

Chapter 6

Figure 8. Glucose transport by platelets in medium with high glucose

Platelets were isolated in a medium containing 5 mM glucose. (A) Glucose transport was initiated with 3H-

DOG and platelets were stimulated with thrombin and insulin. Glucose transport was monitored for 30

minutes. Basal glucose uptake was constant and not increased by insulin (21.8±12.0 AU and 10.4±4.4 AU

respectively; ns). Thrombin increased basal glucose uptake (57.8±7.3 AU; P<0.05). (B) Platelets were pre-

incubated with ML-9 or BAPTA-AM and stimulated by thrombin for 10 minutes. Basal glucose uptake was

expressed as 100 %. ML-9 and BAPTA-AM inhibited basal glucose uptake to 58.2±8.0 %, P<0.05 and 62.7±3.0

%, P<0.01, respectively. Thrombin increased basal glucose uptake to 173.8±19.8 % (P<0.001). ML-9 and

BAPTA-AM inhibited thrombin-induced uptake to 95.8±10.1 % and 115.3±12.2 (P<0.001). (C) Platelets

were pre-incubated with insulin and stimulated by thrombin. Basal glucose uptake was expressed as 100 %.

Insulin did not change basal glucose-uptake (100.7±13.2 %, ns). Thrombin increased basal glucose uptake

to 190.1±7.0 % (P<0.001). Insulin inhibited thrombin-induced glucose uptake to 163.1±24.8 % at 0.1 nM,

139.2±20.6 % at 0.5 nM, 131.9±17.1 % at 1 nM, 121.9±37.7 % at 10 nM, and 118.8±14.0 % at 100 nM

(P<0.001). (D) Platelets were pre-incubated with insulin and stimulated by thrombin, and the expression of

P-selectin was determined by flow cytometry. Thrombin-induced P-selectin expression was set as 100 %.

Insulin alone did not increase basal P-selectin expression (7.5±4.6 % and 7.9±3.4 % respectively; ns). Insulin

inhibited thrombin-induced P-selectin expression to 82.1±4.2 % (P<0.001). n=6.
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P-selectin expression reaching 17.9±4.2 % inhibition at 100 nM insulin (Figure 8D). Together,

these data show that at physiological glucose levels glucose uptake is mainly regulated via

changes in surface expression as a result of α-granule release. They also demonstrate that

relative small changes in surface expression can be accompanied by large changes in glucose

uptake.

PKB does not regulate platelet inhibition by insulin

The inhibition of thrombin-stimulated glucose uptake by insulin at physiological glucose

concentration (Figure 8C) agrees with the inhibition of Ca2+ mobilization and aggregation

by interference with signaling through P2Y
12

 (16). Since insulin is also an activator of PKB,

we investigated whether PKB plays a role in insulin’s effect on P2Y
12

 signaling. Figure 9A

shows that the adenylyl cyclase inhibitor SQ22536 fully blocks the inhibition by insulin,

an effect also seen with the P2Y
12

 antagonist ARC69931MX (16,36) illustrating the

importance of cAMP regulation through P2Y
12

. Direct analysis of Ca2+ changes in thrombin-

stimulated platelets confirmed the decrease induced by pre-incubation with insulin. This

inhibition was unaffected by ML-9 (Figure 9B). Thus, both thrombin-induced Ca2+ changes

(Figure 8C) and the effect of insulin on that response (Figure 9) are unaffected by PKB.

Discussion

The present study shows that platelet stimulation with thrombin and insulin activate PKB,

an enzyme intimately involved in the regulation of glucose uptake by insulin responsive

tissues, such as adipocytes and muscle cells (15).  Both agonists also stimulate the uptake

of glucose by platelets. This has been demonstrated earlier for thrombin and shown to be

caused by translocation of GLUT3 from α-granule membranes to the platelet surface upon

induction of secretion (2,3). The finding that also insulin increases glucose uptake is

Figure 9. PKB does not regulate platelet inhibition by insulin

(A) Platelets were pre-incubated with the adenylyl cyclase inhibitor SQ22536, and insulin and aggregation

was initiated with thrombin. The aggregation curves shown are representative for 3 similar observations.

Inhibition of thrombin-induced aggregation by insulin was absent in the presence of SQ22536. (B) Platelets

were prepre-incubated with insulin and ML-9, and Ca2+ mobilization was initiated with thrombin. Insulin

inhibited Ca2+ mobilization to 75.2 ± 9.3 % (P<0.05). ML-9 did not affect Ca2+ mobilization in the absence

(106.8±6.5 %; ns) or presence of insulin (68.8 ± 19.4 %; P<0.01). n=5.
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therefore surprising, because it is incapable of inducing α-granule release. On the other

hand, these findings agree with observations in many insulin-responsive tissues where

insulin triggers a strong, PKB-mediated, glucose uptake via signaling through PI3-K (15).

In adipocytes, glucose uptake by GLUT4 is upregulated by an increase in surface expression,

together with an increase in affinity for glucose (14).

Data in resting platelets reveal a role for PKB in basal glucose transport. The PKB

inhibitor ML-9 induces a 30 % reduction suggesting that the basal activity of PKB-Ser473/4

phosphorylation is important for glucose uptake by resting platelets. In theory, this uptake

is the result of glucose transport through both GLUT1, a ubiquitously expressed transporter

in the PM, and through GLUT3 of which about 15% of the cellular pool is present in the

PM. Since GLUT1 is insensitive to control by PKB (35), the inhibition induced by ML-9

probably reflects the participation of GLUT3. Furthermore, the low K
m
 of basal glucose

transport is also an indication for the predominant role of GLUT3 in glucose uptake by

platelets.

The rapid increase in glucose uptake following stimulation by thrombin agrees with

rapid activation of PKB and the immediate induction of α-granule secretion induced by a

relatively high thrombin concentration (0.25 U/mL). Again it is likely to reflect changes in

the activity of GLUT3. The slower stimulation of glucose uptake by insulin agrees with the

slower activation of PKB. Since insulin does not induce secretion, the increased uptake

must reflect an affinity change in GLUT3. Indeed, insulin induced a 2-fold decrease in the

K
m
 for glucose without changing the V

max
. Apparently, insulin increases the GLUT3 affinity

in platelets via a similar mechanism that induces the increase in GLUT4 affinity in

adipocytes (14). GLUT3 is a 12-transmembrane (TM) spanning protein and one has proposed

that changes in key TM helices modulate glucose transport (37).

Studies on insulin-induced glucose transport in platelets are complicated by the

fact that insulin is an inhibitor of Ca2+ mobilization through interference with P2Y
12

 signaling

which supports platelet activation upon release of ADP. Interference by insulin is absent in

the absence of a secretion-inducing agents and insulin alone neither changes the basal

cAMP level nor Ca2+ homeostasis (16). In experiments with co-stimulation by thrombin

and insulin, one might therefore expect inhibition of thrombin-induced glucose uptake. In

low glucose medium such an inhibition is absent suggesting that a possible decrease in

GLUT3 surface expression is compensated by an increase in transport affinity. In high

glucose medium, such an inhibition by insulin is apparent leading to a dose-dependent

reduction in thrombin-induced glucose uptake. At this condition GLUT3 functions near

saturation, indicating that the fall in glucose uptake reflects a fall in GLUT3 surface

expression.

The question whether in addition to an increase in GLUT3 expression thrombin

induces an affinity change was addressed by incubating platelets in a low glucose medium

where glucose uptake depends both on  GLUT1 and GLUT3. Kinetic analysis in thrombin-

stimulated platelets revealed both an increase in V
max

, and a decrease in the K
m
 for glucose.

Again, these properties likely reflect changes in GLUT3 since GLUT1 is not known to change

its subcellular localization or its affinity to glucose (10,11). Assuming that the surface

expression of P-selectin is a reliable marker for expression of GLUT3 located in the α-
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granule membrane, one might expect that changes in P-selectin expression and glucose

transport go hand in hand. This appears not to be the case. Compared with resting platelets,

thrombin induced a 12-fold increase in P-selectin expression and only a 2-fold increase in

glucose transport. Insulin inhibited thrombin-glucose uptake to levels of resting platelets

while decreasing P-selectin expression by not more than 20 %.  A similar discrepancy

between glucose uptake and GLUT expression has been observed for GLUT4 in muscle

cells, which has been explained by assuming that additional factors modulate the full

functional expression of GLUTs at the cell surface (14).

The characteristics of GLUT3 regulation in platelets resemble those of GLUT4 in

adipocytes and muscle cells. In addition to being stimulated by insulin, GLUT3 and GLUT4

share the soluble N-ethylmaleimid-sensitive attachment protein receptors (SNARE’s) that

mediate the fusion of GLUT3 and GLUT4 with the PM (34,38). These SNARE proteins are

located in lipid rafts, which are detergent-resistant, cholesterol- and sphingolipid-rich

membrane domains involved in important cellular processes such as signal transduction

and intracellular trafficking (39). Interestingly, a major part of the proteins described in

this study such as GLUT3 (39), the IR/IRS-1 complex (40), G
i
 (39) and PKB (41) are associated

with lipid rafts revealing a highly organized signaling complex that regulates glucose uptake.

Even though PKB is crucial in insulin-induced glucose uptake, inhibition of the

kinase does not abolish the inhibitory properties of insulin. The PKB inhibitor ML-9 left

thrombin-induced Ca2+ mobilization and its interference by insulin undisturbed. The

inhibition of P2Y
12

 signaling through inactivation of G
i
α

2
 by insulin accords with the anti-

lipolytic effect of insulin in 3T3-L1 adipocytes. Both effects are independent of signaling

through PI3-K but the result of G
i
α

2
 inactivation by the IR/IRS-1 complex (16,42). Thus, the

signaling events triggered by insulin can be separated in those directed at the maintenance

of glucose homeostasis, in which activation of PKB is crucial, and those directed at the

regulation of platelet activity, in which the activity of G
i
 plays a vital role.

A comparison between the effects of ML-9 on the different platelets responses learns

that in addition to glucose uptake, PKB plays a role in α-granule release and aggregation.

However, a concentration that induces complete inhibition of PKB (100 µmol/L), leads to

complete inhibition of aggregation but incomplete inhibition of glucose uptake and P-selectin

expression. It is clear that in addition to roles in secretion response and glucose uptake,

which are both important for aggregation, PKB has other effects that directly contribute to

the aggregation response. Examples are a role in regulation of integrin β
3
 activity (43) and

re-assembly of the actin cytoskeleton (44). The fact that insulin activates PKB without

inducing aggregation, illustrates that PKB activation alone is an insufficient stimulus to

induce platelet-platelet interaction.

A response that is clearly independent of PKB is the mobilization of Ca2+ induced by

thrombin. PKB is activated via PI3-K and Ca2+-dependent PKC subtypes (19). Recent studies

show that inhibition of PI3-K with LY294002 inhibited Ca2+ mobilization (36) and that PI3-

K regulates the entry of Ca2+ in the endoplasmatic reticulum (45). Further studies are

therefore required to clarify the roles of PKB and its upstream regulators in more detail.
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General Discussion



‘The diabetic patient dies of his complications and not of his disease.’

Elliott Procter Joslin, MD (1869 – 1962)



115

General Discussion

A
fter the discovery of insulin in 1912, the celebrated diabetes specialist dr. E. P.

Joslin was one of the first to prescribe the hormone. Insulin treatment was greeted

as a cure for diabetes mellitus (DM), however, today we know that it can only

control the disease and with extended life comes a long list of complications. Dr. Joslin

could not foresee how this simple quote still affects patients with DM today. Before the

discovery of insulin, patients with DM usually died of metabolic complications that include

diabetic ketoacidosis. The improved treatment regimens of metabolic complications has

enormously increased the life expectancy of patients with DM. In 1897, the average life

expectancy for a 10-year-old child diagnosed with diabetes was 1.3 years. Diagnosis at age

30 carried a life expectancy of 4.1 years, while a 50-year-old with a new diagnosis could

expect to live 8 more years. By 1945, a newly diagnosed 10-year-old had a 45-year life

expectancy, a 30-year-old had 30.5 more years, and a 50-year-old 15.9 more years to live.

Today’s life expectancy for people with diabetes is still about 15 years lower than that of

the general population, but better control is leading to longer and healthier lives

(www.diabetes.org).

Diabetes and Cardiovascular Disease

With the increase in age, another aspect of life with DM emerged called cardiovascular

disease (CVD). CVD is the leading cause of disability and premature mortality in DM. In

addition to an increased risk for CVD, patients with DM have a poorer prognosis than

patients without DM when experiencing a major ischemic event. Both atherosclerosis and

thrombosis contribute greatly to the increased CVD risk in DM. The majority of ischemic

vascular events is caused by vascular occlusion by the formation of a thrombus after

adhesion and aggregation of platelets to the damaged vessel wall. Data show that in addition

to defects in the anti-thrombotic properties of the endothelium in DM, platelets are

hyperresponsive to activating agents leading to an increased rate of activation (1). The

defects in platelets have been attributed to changes in the blood glucose concentration that

modulate cellular functions (2). Of interest is the presence of insulin receptors in the plasma

membrane (PM) of platelets, suggesting that insulin modulates platelet functions. With the

current interest in the cellular mechanisms of insulin resistance, which is ineffectiveness

of insulin to induce intracellular signaling mechanisms (3), we set out to explore the effect

of insulin signaling on the intracellular mechanisms that define platelet responsiveness.

Insulin and Platelets: Data from Literature

The insulin signaling cascade in platelets has been the focus of study by a number of

research groups. This research has resulted in a number of conflicting reports that emphasize

the complexity of the matter. Some reports have suggested that insulin activates platelet

responses without supplying a biochemical mechanism to explain this finding (4). Other

reports have suggested that insulin inhibits platelets by increasing the cellular levels of the

cyclic nucleotide cAMP, which is the most potent endogenous inhibitor of platelet responses

(5). A two-fold increase in cAMP levels is sufficient to effectively inhibit platelets (6)(Chapter

3). One has suggested that insulin increases the cAMP level four-fold (5). This would induce

complete inhibition of platelet functions leading to a bleeding tendency. Thus with respect
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to platelets, there have been observations that are not in agreement with the wide clinical

experience with insulin obtained since its discovery.

Insulin has been widely used to treat patients with DM1 and DM2 to prevent

metabolic complications and the complications of CVD. The Diabetes Control and

Complications Trial (DCCT) demonstrated that strict glycemic control delays the onset of

CVD in DM (7). Thus, one might expect that insulin has anti-thrombotic properties that

affect the cells directly involved in the regulation of vascular integrity. Indeed, platelets

respond to insulin leading to phosphorylation of the insulin receptor and insulin receptor

related-substrate-1 (IRS-1), which is one of its major downstream signaling elements

(Chapter 3). Furthermore, the activity of phosphatidylinositol 3-kinase (PI3-K), which is

associated with IRS-1, increases upon incubation with insulin leading to the

phosphorylation of protein kinase B (PKB)(Chapter 6). Platelets contain virtually all elements

of the insulin signaling pathways observed in the classical experimental models of DM

research such as 3T3-L1 adipocytes and L6 muscle cells. The major exception is the absence

of the facilitative glucose transporter 4 (GLUT4)(Chapter 6) through which insulin induces

the uptake of glucose in adipocytes, muscle and liver cells, thereby lowering the blood

glucose levels. Hence GLUT4 is known as the insulin-responsive glucose transporter.

Platelet Inhibition by Insulin

The effect of insulin on adipocytes, muscle and liver cells differs functionally, but not

biochemically from the effect on platelets. Insulin increases glucose uptake in adipocytes

and muscle cells, and inhibits hepatic glucose production, thus serving as the primary

regulator of blood glucose production. Furthermore, insulin stimulates cell growth and

differentiation, and promotes the storage of substrates in adipocytes, muscle and liver

cells by stimulating lipogenesis, glycogen and protein synthesis, and inhibiting lipolysis,

glycogenolysis and protein breakdown. The most important effect of insulin is the uptake

of glucose through activation and translocation of GLUT4 containing vesicles to the PM

(8). A similar mechanism is present in activated platelets. Upon activation by an agonist,

platelets transform to cells with protruding filopodia, release granule content, and reorganize

the PM to expose phosphatidylserine (PS). An important step that facilitates these changes

in platelets is an increase in cytosolic Ca2+.

The level of Ca2+ in platelets is a strictly regulated process. At resting conditions,

Ca2+ is stored in the dense tubular system in platelets from which it leaks continuously.

The Sarco/Endoplasmic Reticulum Ca2+/ATPase (SERCA) pumps Ca2+ back into the DTS.

Ca2+ release into the cytosol is under control of IP
3
 that is produced by phospholipase β

and γ (PLCβ/γ) after activation of the platelet. IP
3
 receptors are also under the control of

cAMP, which mediates platelet inhibition via protein kinase A (PKA) (9). Platelet responses

such as Ca2+ elevation, translocation of α-granules, and integrin activation are under control

by cAMP (6). The level of cAMP is held in equilibrium by a basal production and breakdown

rate through adenylyl cyclase and phosphodiesterases (PDEs) respectively. Adenylyl cyclase

is under control of the heterotrimeric GTP-binding proteins G
i
 and G

s
 that inhibit and

promote its activity respectively. Treatment of platelets with inhibitors of PDEs will result

in an increase in cAMP (10). The control of cAMP levels is crucial in platelets. An important
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receptor that regulates cAMP in platelets is the recently cloned G
i
-coupled P2Y

12
 receptor

of ADP. Patients with defective P2Y
12

 signaling have a bleeding tendency, due to the absence

of inhibition of adenylyl cyclase by G
i
α

2
 (11).

It has been demonstrated that insulin modulates Ca2+ levels in a number of cells.

For instance, insulin affects Ca2+ in adipocytes to facilitate the translocation of GLUT4

containing vesicles to the PM after which these fuse with the PM (8). Of interest is that

exocytosis of insulin from the pancreatic β-cells is also Ca2+-dependent (12). Insulin inhibits

the increase in Ca2+ in platelets via a mechanism similar to the inhibition of lipolysis in

liver cells (13). After stimulation by insulin, IRS-1 associates with and phosphorylates G
i
α

2

resulting in the stabilization of cAMP levels. The activity of G
i
α

2
 is near zero at resting

conditions that is confirmed in our studies, because insulin does not affect cAMP on itself

(Chapter 3). The absence of a drop in cAMP levels during platelet activation prevents IP
3

receptors from releasing Ca2+ into the cytosol. This mechanism is a major cause for platelet

inhibition by insulin (Chapter 3).

Platelet inhibition by insulin can be abolished by inhibitors that affect the activity of

adenylyl cyclase or PKA such as SQ22536 or H89 respectively (Chapter 4 and 6). This

indicates that platelet inhibition by insulin depends on intact cAMP/PKA signaling. Another

mechanism to abolish platelet inhibition by insulin is by incubating platelets with

epinephrine, which is the natural antagonist of insulin action (Chapter 3). It has already

been demonstrated that epinephrine prevents insulin-stimulated glucose uptake in muscle

cells. The effect of epinephrine was attributed to a decrease in IRS-1 associated PI3-K

activity, but the mechanism through which epinephrine inhibits insulin signaling remained

unknown (14). We made similar observations in platelets. Epinephrine abolished the activity

of IRS-1 and thereby the phosphorylation of G
i
α

2
. Epinephrine abolished the

phosphorylation of the insulin receptor β-subunit, illustrating the loss of the tyrosine kinase

activity of the insulin receptor and its ability to phosphorylate of IRS-1. Our results suggested

further that epinephrine inhibited the phosphorylation of the insulin receptor via activation

of tyrosine phosphatases (Chapter 3).

Trovati et al. attributed platelet inhibition by insulin to the NO/cGMP pathway.

Insulin would increase the activity of nitric oxide synthase (NOS) probably by a

phosphatidylinositol 3-kinase (PI3-K) mediated mechanism. Insulin would thereby increase

the cellular levels of NO resulting in an increased level of cGMP. The cyclic nucleotide

cGMP would inhibit PDE-3B leading to an  increase in cAMP (5). Interestingly, Trovati et

al. described at first that insulin decreases intracellular levels of cAMP in platelets (15),

but never explained this discrepancy in other reports. Our studies argued against the

contribution of NO in platelet inhibition by insulin, because an inhibitor of NOS did not

abolish the effects of insulin on the stabilization of cAMP (Chapter 3).

Platelets in Patients with DM

With the full characterization of the ADP signaling pathway, it became clear that signaling

pathways of a number of agonists depend on ADP. Furthermore, the central role of the

P2Y
12

 receptor in the ADP signaling pathway was identified. P2Y
12

 antagonism modulates

platelet activation in vitro, ex vivo and in vivo. Thienopyridines are prodrugs of which the
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metabolites antagonize P2Y
12

. Clopidogrel is the most successful example of this drug class

(16). The platelet inhibiting properties and decrease in cardiovascular risk induced by

clopidogrel have been compared with acetylsalicic acid, which to this day is still the golden

standard of platelet inhibiting therapy. In DM, the use of clopidogrel is preferred over

acetylsalicic acid as demonstrated by large clinical trials such as the CAPRIE, MATCH and

CURE trials (17-19). Insulin and clopidogrel have a similar effect in the sense that both

agents prevent the activation of G
i
α

2
 by ADP. Indeed, our studies showed that co-treatment

of healthy platelets with insulin and clopidogrel does not  increase the degree of platelet

inhibition (Chapter 3). A complicating factor in the treatment of patients with DM is

resistance or biochemical ineffectiveness of platelet inhibitors such as acetylsalicic acid or

clopidogrel. We investigated this phenomenon in DM2 patients. We found low

concentrations of a P2Y
12

 antagonist to be less effective in inhibiting ADP-induced Ca2+

mobilization in DM2-platelets than in platelets from healthy subjects. This ineffectiveness

was abolished by higher concentrations of the P2Y
12

 antagonist (Chapter 4). By analogy,

when one suspects clopidogrel resistance in a DM2 patient, one should consider application

of a higher dosage.

Patients with DM are in need of adequate inhibition of platelet responses. There is

increasing evidence that DM platelets are hyperresponsive to activating agonists (1). We

also observed in our studies that DM2, and in a much lesser degree DM1 platelets show

signs of hyperactivity, which was partly caused by an abnormal Ca2+ homeostasis. DM2

platelets have an increased basal Ca2+ level. The Ca2+ level was correlated with the pattern

of platelet activation in DM, which is in concert with an earlier observation (20). DM2

platelets showed a higher rate of activation compared to healthy controls. Higher Ca2+

levels were reached with ADP, and peak Ca2+ levels were reached faster with collagen in

DM2 platelets. The higher rate of activation led to increased adhesion and aggregation of

platelets to collagen resulting in an increased thrombus formation. This indicates that

Ca2+-dependent platelet responses are activated once a certain Ca2+ threshold is reached.

Furthermore, the increased rate of platelet activation in DM may contribute to the ischemic

events observed in the disorder (Chapter 4 and 5).

The effect of changes in plasma in DM on platelet responsiveness has been widely

debated. The reported changes in DM plasma may very well increase platelet responsiveness.

The main factors in DM plasma that affect platelet responsiveness are glucose, reactive

oxygen species (ROS), and low density lipoproteins (LDL) (2). Indeed, reconstituting healthy

platelets in DM2 plasma increased their responsiveness. One would expect that correction

of DM2 plasma by healthy plasma would “normalize” platelet responsiveness in DM2.

Reconstituting DM2 platelets in healthy plasma, however, did not correct platelet

responsiveness. This indicates that DM2 platelets have undergone constitutive changes

that have influenced the signaling mechanisms responsible for the regulation of platelet

activity (Chapter 5).

Insulin Resistance in Platelets

The official definition of insulin resistance is the inability of insulin to induce glucose

transport (3), but its unofficial definition is biochemically more correct . Insulin resistance
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renders insulin ineffective to induce intracellular signaling (2). Insulin resistance

predisposes individuals to develop DM, but has also been accepted as an independent risk

factor to develop CVD. Westerbacka et al. demonstrated that platelets responsiveness was

increased in subjects with insulin resistance (21), which we confirmed in our studies on

platelets from patients with DM. The insulin signaling pathway is functional in healthy

controls. Insulin inhibits P2Y
12

-mediated platelet responses, such as Ca2+ mobilization,

adhesion and aggregation (Chapter 3). Interestingly when compared to healthy controls,

insulin was less effective in inhibiting platelet responses in patients with DM1, but its

effects were completely absent in DM2 (Chapter 4 and 5). The loss of the insulin effect was

not due to the absence of P2Y
12

 signaling. In DM2 platelets, ADP inhibited iloprost-stimulated

cAMP levels, and the P2Y
12

 receptor was susceptible to antagonism by AR-C69931MX.

However, P2Y
12

 signaling was increased in DM2 platelets. Compared to healthy controls,

downregulation of cAMP was increased, and P2Y12 was less susceptible to AR-C69931MX

antagonism, which was overcome by increasing the antagonist concentration (Chapter 4).

It has been demonstrated that insulin resistance is caused by abnormalities of IRS-

1 activity (2). The phosphorylation and thereby the activation of PKB is commonly used as

a marker for downstream signaling of the insulin receptor/IRS-1 complex. Insulin

phosphorylates PKB in healthy controls. In DM1 platelets, insulin was less effective in

phosphorylating PKB. In DM2 platelets, the effect of insulin on PKB phosphorylation was

absent (Chapter 5). This indicates that the loss of the insulin effect on platelet responses

was dependent on the loss of IRS-1 activity. IRS-1 polymorphisms have already been

identified and have been associated to DM. However, the IRS-1 polymorphism has also

been detected in a healthy population without any signs of glucose intolerance or insulin

resistance (22).

Glucose Transport in Platelets

Insulin has multiple functions in each cell type. These effects of insulin concern different

parts of the insulin signaling pathway. The mechanism of platelet inhibition by insulin

does not involve the entire insulin signaling pathway. Our studies have shown that platelet

inhibition by insulin is independent of PKB, although insulin phosphorylates PKB in

platelets (Chapter 6). In adipocytes and muscle cells, PKB mediates insulin-induced glucose

transport. In these cells, insulin induces glucose transport by increasing the surface

expression and affinity of GLUT4 (8). Our studies demonstrated that although GLUT1 is

present in platelets, glucose transport is predominantly mediated by GLUT3. GLUT4 was

absent. Glucose transport is crucial for platelet responses, because inhibition of glucose

transport inhibited platelet aggregation. At low glucose conditions, insulin increases basal

glucose transport by increasing the affinity of GLUT3 in a PKB-dependent manner. Insulin,

however, does not increase the GLUT3 number at the PM. Due to the low K
m
 of GLUT3 (1.2

mmol/L) glucose transport will not increase by affinity changes at physiological glucose

concentrations of 5 mmol/L. At these conditions, glucose transport via GLUT3 depends

more on GLUT3 copy number at the PM than affinity changes. Indeed, at these conditions

insulin does not increase glucose transport. In contrast to insulin, thrombin increases the

GLUT3 surface expression at the PM, thereby increasing glucose transport at physiological
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glucose conditions. Of interest is that thrombin also increases the affinity of glucose

transport. As for insulin, PKB regulates thrombin-induced changes in affinity, but also

GLUT3 surface expression. Our studies showed that GLUT3 has the same transport

properties as GLUT4 (Chapter 6). Glucose transport via GLUT3 and GLUT4 have a K
m
 of

1.2 and 1.5 mmol/L respectively. Furthermore, glucose uptake via GLUT3 and GLUT4 can

be increased by changes in affinity for glucose and surface expression. GLUT3 and GLUT4

belong to the same subclass of facilitative glucose transporters and share therefore similar

properties (23). It seems that the definition of GLUT4 as the insulin-responsive glucose

transporter is not correct, because insulin also induces glucose transport via GLUT3. We

suggest that the definition of GLUT4 as the only insulin-responsive glucose transporter

needs to be redefined. The phosphorylation of PKB by insulin is in conflict with the platelet

inhibiting properties of insulin, because animal models have shown that PKB is crucial for

platelet activation (24,25). Our studies, however, show that the activation of PKB, per se

does not result in platelet activation. Insulin does not induce integrin activation, P-selectin

expression or Ca2+ elevation.

Conclusion

Our studies show that the complex signaling network initiated by activation of the insulin

receptor and observed in adipocytes, liver and muscle cells is present and operational in

platelets. The main effect of insulin on platelets does not fit the concept of insulin as a

mere regulator of glucose and lipid metabolism. Insulin inhibits platelet responses, but

also stimulates the uptake of glucose. Since insulin does not activate platelets and thereby

does not increase the glycolytic flux, the excess of intracellular glucose is most likely

converted into glycogen.

The absence of insulin signaling as observed in patients with DM, renders platelets

without a central regulating mechanism of platelet responses. The observed platelet changes

in DM lead to an increased rate of thrombus formation. The presence of hyperactive platelets

in the circulation of patients with DM contribute to the increased risk of CVD in these

patients. Platelet hyperactivity warrant the application of pharmacological strategies that

inhibit platelet responses.
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Summary

T
he aim of the studies described in this thesis is to explain the disturbances in platelet

responsiveness in diabetes mellitus (DM), which lead to platelet-dependent

complications in the vasculature. At first, the mechanism by which insulin affects

platelet responsiveness was investigated to test whether defects in this mechanism are

responsible for platelet abnormalities in DM. In addition, glucose transport in platelets

was investigated.

Our studies demonstrated that insulin inhibits the formation of a platelet plug by
inhibiting ADP- and thrombin-induced Ca2+ levels. An increase in cytosolic Ca2+ is an
essential step in platelet activation. The Ca2+ level in platelets is under control of the cyclic
nucleotide cAMP that is a potent endogenous platelet inhibitor. ADP and thrombin lower
the level of cAMP in platelets by activating the heterotrimeric G-protein G

i
α
2
. After insulin

binding, the insulin receptor becomes activated and phosphorylates the insulin receptor
substrate-1 (IRS-1). Insulin alone does not change the level of Ca2+ or cAMP. Upon activation
IRS-1 associates with and inactivates G

i
α
2
 by tyrosine phosphorylation. G

i
α
2
 is coupled to

the P2Y
12

 receptor of ADP that has been shown to support platelet responses by a number
of platelet agonists such as thrombin and collagen. The insulin-induced inactivation of
G

i
α
2
 results in the stabilization of cAMP levels in the presence of ADP and thrombin and

thereby to inhibition of platelet responsiveness.
By interfering with a central regulating mechanism of platelet responsiveness, by

analogy insulin would interfere with platelet responses that are under control of cAMP or
its effector protein kinase A (PKA). Inhibition of PKA or adenylyl cyclase that produces
cAMP, abolishes insulin-induced inhibition. The most profound effect of cAMP is the
regulation of platelet adhesion to collagen, which is exposed to the circulation after vascular
injury. The adhesion of platelets to collagen is the first phase of hemostasis, followed by
platelet aggregation resulting in the formation of a platelet plug. Our studies demonstrated
that insulin inhibits the formation of the platelet plug, but also the exposure of
phosphatidylserine (PS) that propagates the coagulation cascade. Thus insulin regulates
thrombus formation.

Our studies confirmed the reported platelet hyperresponsiveness to activating stimuli
in DM2. DM2 platelets were more rapidly activated by collagen, which resulted in an
increased thrombus formation. Interestingly, thrombus formation of DM2 platelets was
unresponsive to insulin. Furthermore, DM2 platelets showed a decreased sensitivity to
antagonism of the G

i
α
2
-coupled P2Y

12
 receptor of ADP, and an increased down-regulation

of cAMP by ADP. DM2 platelets show signs of increased P2Y
12

 signaling. DM2 platelets,
and in a lesser extent DM1 platelets, are characterized by a disturbed Ca2+ homeostasis.
Basal Ca2+ levels are increased, and reach higher levels at a faster rate after stimulation by
ADP and collagen respectively. Ca2+ levels in DM1 and DM2 platelets are unresponsive to
insulin. Insulin unresponsiveness has been described in cell models of insulin resistance
and has been attributed to a reduced IRS-1 activity. Indeed, IRS-1 activity in platelets was
impaired in DM1 and DM2 platelets. We suggest that the loss of regulation of G

i
α
2
 activity

by impaired insulin signaling via IRS-1 in contributes to the development of platelet-
dependent complications in DM.

IRS-1 associated PI3-K activity and the resulting phosphorylation of PKB potently

upregulates glucose transport in several cell lines by predominantly the facilitative glucose

transporter GLUT4. In platelets, glucose uptake is mediated through GLUT3 (K
m
 of about

1.4 mM), which is present in plasma- and intracellular α-granule membranes and GLUT1



126

Summary

(K
m
 of about 29 mM). RT-PCR analysis reveals the absence of GLUT4. Inhibition of glucose

transport inhibits platelet responses. Insulin induces PKB-dependent glucose uptake by

lowering the K
m
 for glucose without increasing the GLUT3 copy number at the plasma

membrane. At physiological glucose conditions (5 mM), stimulation of glucose uptake by

insulin disappears. Glucose uptake at this condition depends on a Ca2+- and PKB-dependent

increase in GLUT3 copy number at the PM, of which all are initiated by thrombin. However,

insulin inhibits thrombin-induced via mechanisms independent of PKB. Our studies suggest

that glucose transport through GLUT3 in platelets is regulated by changes in surface

expression and affinity modulation, which are both under control of PKB.
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I
nsuline is een hormoon dat door de alvleesklier wordt uitgescheiden ten gevolge van

verhoging van het glucosegehalte in het bloed na het nuttigen van een glucosehoudende

maaltijd. Insuline verlaagt het bloedglucose door de opname in weefsels te bevorderen.

Het lever-, vet- en spierweefsel dienen als voornaamste locatie voor glucose opslag. Deze

weefseltypen worden derhalve getypeerd als de “doelorganen” van insuline. Glucose is

onmisbaar, want het geeft het lichaam energie om een goede functie van organen te

waarborgen.

Diabetes Mellitus

De aandoening Diabetes Mellitus (DM), die in de volksmond ook wel suikerziekte wordt

genoemd, wordt gekenmerkt door een verhoogd bloedglucose. Dit wordt veroorzaakt door

het onvermogen van de alvleesklier om insuline te produceren en/of uit te scheiden, of

door een ongevoeligheid van weefsels voor insuline. De vetstofwisseling blijkt ook vaak

verstoord te zijn. Bij deze aandoening heeft het lichaam moeite om de glucose uit het bloed

in weefsels te laten opnemen, waardoor nu afvoer van glucose enkel via de nieren kan.

Hierbij treden de klassieke symptomen van diabetes op: onlesbare dorst en veel plassen.

De energie die normaal uit glucose wordt gehaald, moet nu ergens anders vandaan komen.

Het lichaam spreekt daarvoor alle reservevoorraden aan in de “doelorganen” van insuline,

met als gevolg gewichtsverlies. Als het bloedglucose extreem hoog wordt, raakt het lichaam

vergiftigd met als gevolg bewusteloosheid en coma dat uiteindelijk kan leiden tot de dood.

De aandoening wordt verdeeld in twee hoofdgroepen: type 1 (DM1) en type 2 Diabetes

(DM2). Patiënten met DM1 hebben een absoluut tekort aan insuline. Dit wordt veroorzaakt

door de afbraak van de alvleesklier door het eigen afweersysteem. Deze patiënten moeten

insuline inspuiten. Patiënten met DM2 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 om het  bloedglucose te verlagen. Door defecten in de alvleesklier zal

de productie van insuline in het verloop van DM2 dalen. Patiënten met DM2 worden in

40% van de gevallen behandeld met tabletten, die de werking van insuline versterken, of

de alvleesklier aanzetten tot een hogere productie van insuline. Patiënten met DM2 moeten

na verloop van tijd ook insuline gaan spuiten. DM2 is in de volksmond ook wel bekend als

ouderdomsdiabetes of ouderdomssuiker, omdat in het verleden vooral ouderen deze

aandoening kregen. Nu krijgen mensen van in de dertig er al mee te maken. In de Verenigde

Staten zijn zelfs al kinderen die het hebben.

Ongevoeligheid voor insuline kan ontstaan door jarenlang te vet te eten, weinig te

bewegen en overgewicht. Deze ongevoeligheid wordt “Insuline Resistentie” genoemd. Uit

onderzoek blijkt dat familieleden van patiënten met DM1 of DM2 met insuline resistentie

een grote kans hebben op het ontwikkelen van DM. Insuline resistentie wordt veroorzaakt

door een defect in een eiwit genaamd IRS-1, dat zich in cellen bevindt en belangrijk is voor

het functioneren van insuline. Onderzoek heeft echter aangetoond dat een genetisch defect

in IRS-1 voorkomt bij gezonden zonder dat deze DM ontwikkelen. Dit doet de aanwezigheid

vermoeden van een ander defect van een nog ongeïdentificeerde factor.
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Hart- en Vaatziekten

In het verleden heeft onderzoek aangetoond dat schommelingen in het bloedglucose in

DM een onafhankelijke risico factor is voor het ontstaan van hart- en vaatziekten. DM gaat

dikwijls gepaard met aandoeningen van de kleine en grote bloedvaten. Bij stoornissen van

de kleine bloedvaten, micro-angiopathie genoemd, worden met name ogen, zenuwen en

nieren aangedaan. Stoornissen van de grote bloedvaten, macro-angiopathie genoemd, uiten

zich in hart- en herseninfarcten, en perifeer vaatlijden. Deze leiden dikwijls tot amputaties

van ledematen. Hart- en vaatziekten zijn de voornaamste doodsoorzaak van patiënten met

DM. Voor de prognose van de patiënt is het dus belangrijk om maatregelen te nemen om

deze complicaties te voorkomen.

De integriteit van het vaatstelsel wordt in stand gehouden door endotheelcellen die

de binnenkant van de vaatwand bekleden en door cellen die in het bloed circuleren, zoals

witte bloedcellen en bloedplaatjes (plaatjes in het kort). Afwijkingen in één van deze celtypen

kunnen derhalve leiden tot hart- en vaatziekten. Een makkelijk te behandelen celtype is

het plaatje of trombocyt. Aspirine is veruit het meest gebruikte medicijn om plaatjes te

remmen. Aspirine therapie is momenteel de gouden standaard om de kans op hart- en

vaatziekten te verlagen. Elke dag worden in het menselijk lichaam ongeveer 35 miljard

plaatjes gevormd uit megakaryocyten in het beenmerg. De gemiddelde levensduur van een

plaatje is 7-10 dagen. Het speelt een belangrijke rol bij het dichten en herstellen van

bloedingen uit beschadigde bloedvaten. Hierbij komen onderliggende lagen zoals collageen

in contact met het bloed. Plaatjes die in contact zijn gekomen met collageen gaan hier via

een eiwit genaamd von Willebrand Factor aan hechten, en worden geactiveerd. Ze

veranderen van vorm, stoten stoffen uit zoals ADP die andere plaatjes kunnen activeren en

veranderen de membraan waardoor een negatief geladen phospholipide phosphatidylserine

(PS) in contact komt met plasma waardoor de bloedstolling wordt bevorderd. Uiteindelijk

wordt de bloeding gestopt door het samenklonteren van plaatjes waardoor een bloedprop

ontstaat. Deze wordt vervolgens gestabiliseerd door de bloedstolling. Het blijkt dat plaatjes

in DM zo verhoogd reactief zijn, dat ze reeds bij kleine vaatwandbeschadigingen een

bloedprop vormen dat een bloedvat kan afsluiten, trombose genoemd.

Al in de 20e eeuw is aangetoond dat de reactiviteit van plaatjes kan worden beïnvloed

in positieve en negatieve zin. Het wordt algemeen aangenomen dat bij DM de reactiviteit

van plaatjes wordt verhoogd door verhoogde concentraties glucose en low-density

lipoproteïnen (LDL) in het bloed. LDL is een eiwit dat vet vervoert door het lichaam en is

ook wel bekend als slecht vet. In personen met insuline resistentie is echter aangetoond

dat de reactiviteit van plaatjes veranderd is zonder dat deze een verhoogd bloedglucose of

verstoorde vetstofwisseling hebben. Dit suggereert dat de reactiviteit van plaatjes ook

beïnvloed kan worden door een derde factor die tevens verstoord is in DM.

Doel van het onderzoek

Het doel van het in dit proefschrift beschreven onderzoek is het verklaren van de verstoorde

plaatjes-reactiviteit in DM. Door de mogelijke oorzaken te achterhalen kan de ontwikkeling

van plaatjesafhankelijke complicaties in DM beter worden verklaard. Doordat er

aanwijzingen zijn dat plaatjes-reactiviteit verstoord is voordat een verhoogd bloedglucose
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of verstoorde vetstofwisseling aanwezig is, onderzochten we het effect van insuline

resistentie op plaatjes. Opzet van het onderzoek was om eerst het mechanisme te

identificeren hoe insuline de reactiviteit van plaatjes beïnvloedt, om vervolgens te

onderzoeken of hier afwijkingen in voorkomen in patiënten met DM. Getracht werd de

vraag te beantwoorden of defecten in de werking van insuline in DM plaatjes reactiviteit

beïnvloedt. Tevens werd onderzocht of glucose transport aanwezig is in plaatjes.

Het mechanisme van plaatjesremming door insuline

Uit eerdere studies is gebleken dat aktivatoren van plaatjes, zoals ADP, collageen of trombine,

binden aan het oppervlak en signalen de cel insturen. Deze signalen verhogen de

concentratie calcium (Ca2+) in de cel. Hierdoor worden andere aktivatie stappen

vergemakkelijkt zoals de aktivatie van het enzym PKB, het uitstoten van activerende stoffen,

en de mogelijkheid van plaatjes om samen te klonteren om een bloedprop te vormen. ADP

is tevens in staat om de balans tussen de produktie en afbraak van een natuurlijke

plaatjesremmer genaamd cAMP te verstoren, wat resulteert in verlaging van de cAMP

concentratie. De Ca2+ concentratie in plaatjes staat onder controle van cAMP. Een nieuwe

generatie plaatjesremmer genaamd AR-C69931MX kan de binding van de activator ADP

aan plaatjes voorkomen en verhindert daarmee de aktivatie van het enzym G
i
α

2 
dat door

aktivatoren gebruikt wordt om cAMP te verlagen. Dit heeft als indirect gevolg dat Ca2+ niet

voldoende verhoogd wordt om volledige aktivatie van plaatjes te induceren.

Wij vonden dat insuline zelf geen invloed heeft op Ca2+ of cAMP. Insuline remde de

vorming van een bloedprop door de verhoging van Ca2+ in plaatjes door ADP en trombine

te verhinderen. Dit effect bleek zijn basis te hebben in de regulatie van cAMP produktie.

Insuline verhinderde de daling in cAMP door trombine. Hiervoor is binding van insuline

Figuur 1. Schematisch model van de invloed van insuline op plaatjesfunkties.
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aan plaatjes nodig. De binding van insuline aan een specifieke insuline receptor induceerde

de aktivatie van een voor insuline signalering belangrijk eiwit, IRS-1. IRS-1 ligt direct onder

de insuline receptor en bleek na aktivatie het enzym G
i
α

2
 te remmen. Het effect van insuline

bleek gelijk te zijn aan de plaatjesremmer AR-C69931MX (Hoofdstuk 3). Hieruit bleek dat

insuline aangrijpt op een centraal mechanisme in plaatjes.

Het effect van insuline op plaatjes in DM1 en DM2

De invloed van insuline op plaatjes werd nader onderzocht in een experimenteel model

dat vaatwandbeschadiging nabootst. Hierbij stroomt bloed door een kunstmatig bloedvat

dat aan de binnenkant bekleed is met collageen. In dit model kan de mate van binding en

aktivatie van plaatjes onder natuurlijke omstandigheden worden onderzocht. In dit model

konden tevens de stollingsbevorderende eigenschappen van plaatjes worden onderzocht

door de mate van PS expositie te meten. Bij controle experimenten bleek dat plaatjes van

patiënten met DM2 beter aan collageen binden dan plaatjes van gezonden. Hiermee werd

aangetoond dat de aktiviteit van plaatjes in DM2 hoger is dan normaal. Insuline bleek de

binding van gezonde plaatjes aan collageen te remmen en daarmee de mate van PS expositie.

Insuline bleek hierdoor niet enkel plaatjes te kunnen remmen, maar ook de vorming van

een bloedprop en de bevordering van de stolling tegen te gaan. Het effect van insuline kon

niet worden aangetoond in bloed van patiënten met DM2. Het mechanisme van ADP om

G
i
α

2
 in werking te stellen bleek intact te zijn in patiënten met DM2. Dit wees erop dat de

oorzaak van afwezige insuline signalering wel specifiek in de insuline route moet liggen

(Hoofdstuk 4).

In de gebruikte experimentele modellen kwam naar voren dat insuline de Ca2+

concentratie in plaatjes reguleert, en dat het mechanisme afwezig is in personen met insuline

resistentie zoals in DM. Hierop werd het Ca2+ metabolisme in plaatjes van patiënten met

DM1 en DM2 onderzocht. De basale Ca2+ concentratie in plaatjes van personen met DM2

was tweemaal hoger dan in plaatjes van gezonde personen. In DM1 was de basale Ca2+

concentratie slechts licht verhoogd. De hogere basale Ca2+ concentratie resulteerde in een

snellere en hogere verhoging van Ca2+ bij aktivatie door collageen en ADP (Hoofdstuk 4 en

5). Bij gezonde plaatjes gaat insuline de verhoging van Ca2+ tegen waardoor plaatjesfunkties

worden geremd. In DM1 en DM2 kon insuline de verhoging van Ca2+ door aktivatoren in

plaatjes van patiënten met DM niet verlagen. De verminderde werking van insuline werd

veroorzaakt door een verminderde werking van IRS-1. In plaatjes van patiënten met DM1

kon insuline PKB verminderd aktiveren via IRS-1. PKB aktivatie door insuline was afwezig

in plaatjes van patiënten met DM2 (Hoofdstuk 5).

Glucose transport in plaatjes

Insuline heeft een complexe rol in plaatjes. Enerzijds remt het de reactiviteit van plaatjes,

anderzijds kan het PKB in plaatjes aktiveren dat belangrijk is voor door insuline

gestimuleerde glucose opname. Glucose wordt langs specifieke kanalen, die door de

celmembraan gaan, de cel ingevoerd. Deze kanalen zijn noodzakelijk, omdat transport zonder

deze kanalen zo traag zou gaan dat de energievoorziening in ernstig gevaar zou zijn. In de

doelorganen stimuleert insuline de opname van glucose middels PKB door middel van een
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glucose kanaal, GLUT4. Plaatjes bevatten echter geen GLUT4 maar wel GLUT3. Glucose is

een belangrijke brandstof voor plaatjes omdat plaatjesfunkties veel energie kosten. Remming

van glucose transport remt de vorming van een bloedprop. Insuline bevordert de opname

van glucose in plaatjes door de transportcapaciteit van het glucose kanaal te reguleren via

PKB. Insuline verhoogt echter niet het GLUT3 aantal aan het oppervlak om zodoende glucose

transport te bevorderen. Insuline induceert veranderingen in GLUT3 waardoor meer glucose

over de celmembraan kan worden getransporteerd. De plaatjesaktivator trombine verhoogt

glucose transport middels een zelfde mechanisme als insuline. Doordat trombine tevens

Ca2+ verhoogt, neemt het GLUT3 aantal aan het oppervlak toe ten gevolge van secretie van

α-granulae. Het GLUT3 aantal aan het oppervlak van plaatjes blijkt ook gereguleerd te

worden door PKB (Hoofdstuk 6). PKB staat centraal in de regulatie van glucose transport.

PKB heeft echter wel een complexe rol, omdat het geaktiveerd wordt door zowel een

plaatjesremmer als insuline en een plaatjesaktivator als trombine.

Hypothese

In hoofdstuk 7 worden alle resultaten op een rijtje gezet en wordt beschreven hoe het

onderzoek bij heeft gedragen tot onze kennis van plaatjesafhankelijke complicaties in

patiënten met DM. Onderzoek naar insuline resistentie in diermodellen heeft diverse

defecten op cellulair niveau aangetoond. Door gebruik te maken van de gebruikte

experimentele modellen kon insuline resistentie goed worden geïllustreerd in mensen op

een cellulair niveau. Onze hypothese is dat insuline ongevoeligheid de reactiviteit van DM

plaatjes verhoogt. We suggereren dat het wegvallen van het centrale regulatiemechanisme

van insuline plaats vindt voordat factoren zoals een verhoogde bloedglucose het beeld

compliceren.
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I
k zit hier al enige tijd achter mijn laptop om de juiste woorden te kiezen om de personen

te bedanken die me hebben geholpen dit proefschrift te voltooien. Ik begin te beseffen

dat het klaar is. Ik moet bekennen dat dit project niet makkelijk was. Het heeft vrij veel

van me gevergd. In het begin van mijn werkzaamheden wist ik namelijk niet wat ik precies

aan het doen was. Ik heb me totaal moeten omvormen van (basis)arts naar biochemicus. Ik

moest leren begrijpen dat het voorschrijven van een recept iets anders was dan het bedenken

van een recept. Echter nu ik aan het einde van een periode van mijn leven aangekomen

ben, besef ik enkel hoezeer ik geboft heb. Om niet te vervallen in krachttermen: zonder

hulp zou ik dit nooit kunnen doen. Laat staan dit laatste anderhalf jaar (promoveren, huis

kopen, trouwen, kindje, retour arts-zijn).

Jan-Willem, als een ware hooggeleerde heer heb je me opgevangen, begeleid en geholpen

waar ik het nodig had om de wetenschapper te worden zoals ik nu ben. Pas als ik jou kon

overtuigen wist ik dat ik geen onzin aan het uitkramen was. De taalstrijd die we wel eens

voerden heb jij met verve gewonnen toen je eens in Houthalen moeiteloos het Engels met

het Nederlands verweefde in een aantal doorlopende zinnen. Ik sta er nog steeds versteld

van.

Timon, als de clinicus in het gezelschap heb ik je pas leren kennen in de tweede helft van

mijn promotie-onderzoek. Je hebt me naast de praktische promotie-tips, de ins en outs

geleerd van de METC en het werken met patiënten. Naast het in vitro werk was je een

welkome link met de realiteit.

Christine, het draakje boven me was een soelaas voor jouw afwezigheid. Met jou

samenwerken was een geweldige ervaring en gaf me trek naar meer. Pas aan het eind heb ik

het werk dat je achterliet gedeeltelijk kunnen voortzetten. Je hebt me de kans gegeven om

te laten zien wat ik kan en ik hoop dat ik je niet teleur heb gesteld.

Astrid, mijn lieve paranimf… Als er roze pinguïns bestonden, zou ik er één voor je halen.

Al hebben we maar relatief kort samengewerkt, heb je me met alles enorm geholpen. Met

het werk, mijn huis en de kleine. Naast de hulp, heb je me ook veel geleerd. (Het PCR-en

moet je me wel nog 1 keer uitleggen.) Onder de wirwar van roze flarden, zit een mooi, lief

en zeer geordend mens.

Semir, mijn beste paranimf. Bij wijze van uitdaging had ik het aangedurfd om net als jij te

gaan promoveren. We zijn alweer even ver en binnenkort is het ook jouw beurt om je

boekje uit te brengen. Omdat ik het zo nodig in Utrecht moest zoeken (en door een slechte

sollicitatiebrief), heb ik veel minder met je kunnen optrekken dan ik zou willen. Je bent

vroom, in alle betekenissen van het woord.

Bas, mijn blanke broeder die meer “black vibe” in zich heeft dan ik. Je sprong in hetzelfde

schuitje als ik: van de geneeskunde naar de biochemie. Het is heerlijk om tegelijk met een

soulmate te promoveren. Je hebt me van alle promotie-stress afgeholpen. Jij weet als geen
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ander hoe ontspannend het is om met hoge snelheid door de bochten te scheuren (virtueel

uiteraard, anders gaan de mensen denken:)).

Menno, de verlossing van de experimenteer-stress waar we naar verlangden, heeft ons

geleid van grote hoogten naar virtuele werelden. Ik maak vrij veel grappen, maar ik waardeer

wel iets heel specifieks van je: je tong. Dat is namelijk van harder leer getrokken dan de

mijne, zoals we ondervonden bij de Indiër in Engeland.

In het drukke verkeer van de laboratorium straten ben ik tevens geholpen door een flink

aantal personen (in volgorde van de oude lab-indeling): Gertie, je hebt talloze AIO’s zoals

mijzelf met geduld (met name muzikaal gezien) bijgestaan in raad en daad. Het enige wat

me ontzettend spijt is dat ik door mijn verstrooide hoofd niet bij je afscheid was. Kurt, mi

amigo latino. De 200 km van Nijmegen was het koninklijk kruisje waard. Suzanne, ik moet

helaas zeggen dat medische consulten (inclusief cosmetische) vanaf nu in rekening worden

gebracht. Marjolijn, mijn favoriete hockeymeid: Go get’em girl! Rolf, of liever gezegd Rodolfo

aka Mr. Daddy Cool aka Mr. Smooth Suave. Being cool is never out of style. Ik geloof dat ik

niet meer hoef te zeggen. Ronan, if we would have met earlier, I would have a much more

successful party life. There’s no doubt about that in my mind. Maarten, je moet me toch

eens vertellen hoe je drang naar Mokum en het Jordaan-gevoel samen kan gaan met Metal.

Patricia, miss MSN 2004. Dit jaar heb je helaas de titel verloren omdat je gemerkt hebt dat

MSN-en en promoveren niet goed samengaan. Veel succes verder!!! Chantal, Janine en

Carina, hoe heerlijk was het om jullie regelmatig even lastig te vallen. Ik kwam er helaas te

laat achter dat jullie vaak koekjes hadden. Gemeen, hoor. Martin, bedankt voor het regelen

van alles. Zo zie je maar: soepel op het ijs, soepel in de lucht. Richard, hoe je dingen

gedaan krijgt moet ik nog leren. Ik weet nog dat je in Rotterdam voor de Rijnmond Loop een

verkoopster lief aankeek en voila, we konden onze spullen kwijt. Annet, niet schrikken,

maar je hebt ballen. Dat wilde ik enkel zeggen. Ik heb respect voor je.

Ik mag natuurlijk mijn lieftallige studentes Marleen, Monika en Samantha niet vergeten. Ik

weet niet hoe, maar ik heb er altijd wel geluk mee gehad. Hopelijk begrepen jullie waar ik

het over had. Van één weet ik het zeker; deze spreek ik immers dagelijks nog.

Ik vind toch even dat ik enkele stafleden van het TH-Lab moet bedanken die me tevens

gestimuleerd hebben. Allereerst de professoren Jan Sixma en Flip de Groot, de eerste

vragenronde vergeet ik nooit. Ton Lisman, op de goede weg naar meer. Een goede set vraagt

om een afsluiter. Harry Heijnen, hoe een beetje suiker ons bezig kan houden. Vooral nadat

we een nieuwe GLUT-defect hadden gedefinieerd. Als die arts maar eens begon te sequensen

waar we het suggereerden.

Ik heb een flink aantal proeven gedaan in het lab van Johan Heemskerk in Maastricht.

Johan, het was me een genoegen om daar te kunnen werken met en leren over plaatjes. Ik

voelde me zeer welkom. Marion, bedankt voor al je hulp. De Limburgse methode werkt en

is geweldig. Paola, laat me weten wanneer je een ZX hebt. Kunnen we lachen… Imke, ook
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jij bedankt voor je vrolijkheid en de hulp bij het FIMS-en. Verder nog de heren Kris en

Jeffrey, in al mijn tijd daar heb ik jullie nooit een proef zien doen. Hoe doen jullie het??

Mijn voorliefde voor onderzoek was reeds in mijn studententijd begonnen. Dr. Mirjam van

Weissenbruch, je enthousiasme heeft me aangestoken om zelf het onderzoek in te gaan. Als

een jong broekie zat ik derhalve maar al te graag in al die statussen te snuffelen. Dr.

Groeneveld, nu begrijp ik pas de intellectuele uitdaging in de Geneeskunde.

Mijn collega’s in het St. Antonius Ziekenhuis, daar kwam ik dus aan vanuit een lab naar een

klinische afdeling. Mijn aanpassingstijd is soepel verlopen door al jullie tips. Ik wil echter

wel een paar specifieke mensen noemen. Martine, een plezanter begin heb ik me niet kunnen

voorstellen. Mohammed, ik heb je in het begin zo vaak opgepiept, dat je op den duur je sein

aannam met: Hallo Ferreira. Ook al rijd je op een BMW, werken met een biker is altijd

prettig. Atila, bedankt voor de tips voor mijn eerste dienst. Het blijft mooi om een professional

aan het werk te zien. Klaar, bedankt voor de ruimte die je me gaf. Ik heb mijn proefschrift

daarom goed kunnen afmaken.

Ken, hoe je me mijn zorgen laat vergeten. Je onafwendbare trouw is roerend tot aan het bot.

Je gevierde schreeuw is iets waar ik naar blijf verlangen.

Kalam en Cüneyt, ziehier een boekje. De helft van de Rat-Pack is het onderzoek ingedoken

en de andere helft de kliniek. Ik ondervind nu zelf hoe het daar aan toe gaat. Respect!!!

Johan en Adri, jullie hulp en gezelligheid is mijn gezinsleven ten goede gekomen. Vooral de

laatste anderhalf jaar is jullie begeleiding en oppaskunsten onmisbaar gebleken.

Mama, je volhardendheid door alle ellende inspireert me om te excelleren in de tijd die jij

me gegund hebt. Ik probeer dagelijks ertegen aan te gaan zoals jij dat deed voor Albino en

mij. Je geloof en steun hebben me door alle fasen in mijn leven getrokken. Jij hebt voor mij

een basis gelegd, waaruit ik onbeperkt kan voeden.

Albino, my lovely man. Weet je nog vroeger, hoe je me leerde lezen en schrijven toen jij net

op de basisschool zat… Je hebt me altijd geholpen. Altijd. Weet je wat ik het mooiste vind

wat je gedaan hebt voor me. Je hebt onze boom terug gevonden. Ik weet nog dat je me

erheen bracht. We stonden onderaan de heuvel en liepen ernaartoe. We keken elkaar aan

en we waren weer kinderen. Als ik me weer goed wil voelen, denk ik aan dat moment. My

lovely man.

Marleen, zoals afgesproken zal ik niet al teveel uitweiden over hoe je me vertraagd hebt of

lief hebt. Ik zal proberen om een betere echtgenoot voor je te zijn. Zeker nu als ik het een

stuk minder druk zal hebben. Je bent een enorme steun voor mij en Raoul. Hij vertelt het

me dagelijks. Ik hou van je.
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Raoul, voor jou begint het allemaal nog, meu pequeno caro. Met elke dag is er voor jou een

nieuwe wereld dat ontdekt dient te worden. Love and happiness, meu querido filho. Love

and happiness. Love and happiness.
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Curriculum Vitae

D
e schrijver van dit proefschrift werd geboren op 23 december 1974 te Zaandam. Na

het behalen van het VWO diploma aan het Reformatorisch College Blaise Pascal te

Zaandam, begon hij in 1993 met de studie Geneeskunde aan de Vrije Universiteit te

Amsterdam. In september 1997 behaalde hij het doctoraal examen en in april 2000

promoveerde hij tot arts. Direct aansluitend begon hij als assistent in opleiding (AIO) in

het Trombose en Hemostase Laboratorium van de afdeling Hematologie van het Universitair

Medisch Centrum Utrecht onder leiding van Prof. dr. J.W.N. Akkerman en dr. T.W. van

Haeften. Het onderzoek verricht in dit instituut van mei 2000 tot januari 2005 is beschreven

in dit proefschrift. De schrijver is momenteel werkzaam als arts-assistent op de afdeling

Interne Geneeskunde van het St. Antonius Ziekenhuis te Nieuwegein.
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