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SUMMARY 

The pancreas is the key organ for the maintenance of euglycemia. This is regulated in 

particular by α-cell-derived glucagon and β-cell-derived insulin, which are released in 

response to nutrient deficiency and elevated glucose levels, respectively. Although 

glucose is the main regulator of insulin secretion, it is significantly enhanced by various 

potentiators. 

Platelets are anucleate cell fragments in the bloodstream that are essential for 

hemostasis to prevent and stop bleeding events. Besides their classical role, platelets 

were implemented to be crucial for other physiological and pathophysiological 

processes, such as cancer progression, immune defense, and angiogenesis. Platelets 

from diabetic patients often present increased reactivity and basal activation. 

Interestingly, platelets store and release several substances that have been reported 

to potentiate insulin secretion by β-cells. For these reasons, the impact of platelets on 

β-cell functioning was investigated in this thesis. 

Here it was shown that both glucose and a β-cell-derived substance/s promote platelet 

activation and binding to collagen. Additionally, platelet adhesion specifically to the 

microvasculature of pancreatic islets was revealed, supporting the hypothesis of their 

influence on glucose homeostasis. Genetic or pharmacological ablation of platelet 

functioning and platelet depletion consistently resulted in reduced insulin secretion and 

associated glucose intolerance. Further, the platelet-derived lipid fraction was found 

to enhance glucose-stimulated insulin secretion, with 20-hydroxyeicosatetraenoic acid 

(20-HETE) and possibly also lyso-precursor of platelet-activating factor (lysoPAF) 

being identified as crucial factors. However, the acute platelet-stimulated insulin 

secretion was found to decline with age, as did the levels of platelet-derived 20-HETE. 

In addition to their direct stimulatory effect on insulin secretion, specific defects in 

platelet activation have also been shown to affect glucose homeostasis by potentially 

influencing islet vascular development. Taking together, the results of this thesis 

suggest a direct and indirect mechanism of platelets in the regulation of insulin 

secretion that ensures glucose homeostasis, especially in young individuals. 
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ZUSAMMENFASSUNG 

Der Pankreas ist das Schlüsselorgan für die Aufrechterhaltung der 

Glukosehomöostase. Diese wird insbesondere durch das von α-Zellen stammende 

Glukagon und von β-Zellen stammende Insulin reguliert, die als Reaktion auf 

Nährstoffmangel beziehungsweise erhöhte Glukosespiegel freigesetzt werden. 

Obwohl Glukose der Hauptregulator der Insulinsekretion ist, wird sie durch 

verschiedene Potentiatoren erheblich gesteigert. 

Thrombozyten sind kernlose Zellfragmente im Blutkreislauf, die für die Hämostase 

unerlässlich sind. Neben ihrer klassischen Funktion sind sie auch an anderen 

physiologischen und pathophysiologischen Prozessen beteiligt, etwa an der 

Tumorentwicklung, der Immunabwehr und der Angiogenese. Thrombozyten von 

Diabetikern weisen häufig eine erhöhte Reaktivität und basale Aktivierung auf. 

Außerdem speichern und sekretieren sie Substanzen, von denen bekannt ist, dass sie 

die Insulinsekretion durch β-Zellen verstärken. Aus diesen Gründen wurde in dieser 

Arbeit der Einfluss von Thrombozyten auf die Funktion von β-Zellen untersucht. 

Es konnte gezeigt werden, dass sowohl Glukose als auch eine aus β-Zellen 

stammende Substanz/en die Thrombozytenaktivierung und die Bindung an Kollagen 

fördern. Darüber hinaus wurde eine spezifische Thrombozytenadhäsion an der 

Mikrovaskulatur der pankreatischen Inseln festgestellt, was die Hypothese ihres 

Einflusses auf die Glukosehomöostase unterstützt. Eine genetische oder 

pharmakologische Ablation der Thrombozytenfunktion sowie eine Depletion von 

Thrombozyten führten zu einer verminderten Insulinsekretion und einer damit 

verbundenen Glukoseintoleranz. Hierbei erwies sich die Lipidfraktion von 

Thrombozyten als essentieller Potentiator für die glukosestimulierte Insulinsekretion, 

wobei 20-Hydroxyeicosatetraensäure (20-HETE) und die Lyso-Vorstufe des 

Plättchen-Aktivierenden Faktors (LysoPAF) als entscheidende Faktoren identifiziert 

werden konnten. Weiterhin wurde festgestellt, dass sowohl der direkte stimulierende 

Effekt von Thrombozyten auf die Insulinsekretion, als auch deren 20-HETE Sekretion 

mit zunehmendem Alter abnimmt. Thrombozyten beeinflussten außerdem die 

Inselvaskularisierung, welche mutmaßlich zusätzlich zu Glukoseintoleranz führt. 

Insgesamt deuten die Ergebnisse dieser Arbeit auf einen direkten und indirekten 

Mechanismus der Thrombozyten bei der Regulierung der Insulinsekretion hin, der die 

Glukosehomöostase insbesondere bei jungen Menschen gewährleistet.



 INTRODUCTION  

1 
 

1 INTRODUCTION 

1.1 The pancreas 

1.1.1 Pancreas morphology and functions 

The pancreas is a composite, glandular organ that affects the functioning of the entire 

body due to its exocrine and endocrine functions. In humans, the pancreas weighs 

about 90 g, whereas in mice its mass ranges from 0.2-0.4 g1,2. From a macro 

perspective, it can be divided into the head, which is connected with the intestine, the 

body, and the tail extending across the midline close to the spleen. It is crossed by a 

pancreatic duct, which enters the duodenum through the greater papilla3.  

The pancreas can be further divided into the exocrine and endocrine pancreas. The 

exocrine part consists of acinar cells, that form so-called acinus units, which are 

connected to the ductal system. They produce and secrete pancreatic juice through 

the pancreatic duct into the intestine. This iso-osmotic, alkaline pancreatic juice 

contains enzymes that digest carbohydrates, proteins, fats, and nucleic acids essential 

for food digestion. The secretion is regulated by food consumption and resulting 

hormonal and neurohormonal mechanisms4. The endocrine pancreas is organized in 

pancreatic islets, also called islets of Langerhans, which are located between the 

clusters of acinar cells and are evenly distributed within the pancreas5. The mouse 

pancreas contains a couple of thousand islets, whereas humans possess a few million 

islets, making only 1-2 % of the total mass of the pancreas2,6. They are mainly 

composed of insulin-secreting β-cells and glucagon-secreting α-cells, but additionally 

contain δ-cells and pancreatic polypeptide (PP)-cells, which release somatostatin and 

pancreatic polypeptide, respectively7-10. The released polypeptide hormones execute 

the principal function of the endocrine pancreas, which is the control of cellular 

mobilization and storage of glucose, amino acids, and triglycerides. Thus, the 

secretion of respective hormones is regulated by circulating metabolites, autonomic 

nerves, and local or circulating hormones6.  

Islets range widely in size, with a typical islet being between 50-400 µm in diameter in 

humans and between 100-200 µm in rodents. Factors like age, metabolic 

requirements, and body size influence islet size11. Regarding cellularity, islets of 

rodents tend to have more β-cells (60-80 %) than islets from humans (~50 %), but 

fewer α-cells (15-20 % in rodents, ~40 % in humans), as well as roughly 10 % δ-cells 
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and 1 % PP-cells12-16. They further differ in their architecture, as cells are rather 

randomly distributed throughout the human pancreatic islets, whereas in rodent islets 

β-cells form a core surrounded by the other endocrine cells12,13,15. 

Despite their small percentage of the pancreas mass, pancreatic islets can get up to 

20 % of its blood supply7. Their vascularization is 5- to 10-fold higher than that of the 

exocrine pancreas, ensuring a ready exposure to blood glucose concentrations and a 

rapid release of corresponding hormones into the blood stream17,18. Additionally, the 

blood flow through islets microvasculature can be adjusted in a glucose-dependent 

manner. Contractile pericytes relax during high blood glucose, enabling higher blood 

flow through the islets, thereby favoring processes that restore euglycemia19. Almaca 

et al. stated that ATP mediates the relaxation of pericytes, which likely derives from β-

cells co-released with insulin. This model implies a blood flow through pancreatic islets 

regulated by amounts of released insulin20,21.  

 

1.1.2 Pancreatic glucoregulatory control 

The human organism depends on strict management of its blood glucose levels to 

ensure appropriate physiological function. Hypoglycemic levels below 50 mg/dL can 

be life-threatening, due to insufficient fuel supply to the brain. On the other hand, a 

hyperglycemic state with levels above 200 mg/dL causes adverse effects through 

glucotoxicity, upon others22. Therefore, blood glucose levels are typically regulated 

within a narrow physiological range of 80-140 mg/dL, with levels in mice being slightly 

above23. As blood glucose levels are affected by varying nutritional supply and 

different states of organs being involved in nutritional absorption, storage, and 

consumption, it requires a complex regulatory mechanism to maintain normoglycemia. 

The endocrine pancreas plays a key role in this and ensures an accurate interplay of 

several organs. This is mainly accomplished by the opposing actions of glucagon and 

insulin, which are released from α-cells and β-cells, respectively (Figure 1). During low 

blood glucose levels, as they occur during sleep, prolonged fasting, exercise, or 

between periods of food ingestion, α-cells release glucagon24. This catabolic hormone 

promotes hepatic gluconeogenesis and glycogenolysis leading to elevated blood 

glucose levels25-27. It further induces lipolysis in adipocytes, producing lipolytic 

byproducts that act as additional energy substrates28,29. In contrast, β-cells release 

insulin during hyperglycemic conditions, as it occurs after food ingestion30. Insulin 
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executes an anabolic action, that induces translocation and integration of glucose 

transporter (GLUT)4 into the plasma membrane of cells in insulin-sensitive tissue like 

muscle, liver, and adipose tissue. This enables glucose uptake, which results in 

decreasing blood glucose levels31. In addition, it inhibits catabolic mechanisms like 

lipolysis, gluconeogenesis, and glycogenolysis32-34.  

 

 

Figure 1: Glucoregulatory control of the pancreas. Islets of Langerhans contain α-cells that release 
glucagon during hypoglycemia, which elevates blood glucose levels through stimulation of 
gluconeogenesis and glycogenolysis. During hyperglycemic conditions, β-cells release insulin, thus 
mediating glucose uptake into insulin-sensitive tissue and consequently decreasing blood glucose 
levels. (Created with BioRender.com) 

 

Counteracting insulin and glucagon are getting released in response to signals 

initiated by circulating metabolites, endocrine and paracrine hormones, and autonomic 

nerves. The sensitivity to certain metabolites enables α-cells and β-cells to respond to 
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metabolic conditions. Insulin secretion is induced by glucose and further stimulated by 

fatty acids (FA) and amino acids, whereas glucagon secretion is inhibited by 

increasing glucose concentration but stimulated by FA and amino acids, whose levels 

are elevated with fasting35. In addition, both cells influence each other's secretion 

behavior in a paracrine manner. β-cells co-release amylin and zinc together with 

insulin, which were all shown to inhibit glucagon secretion36-40. On the other hand, 

glucagon executes stimulative actions on β-cells insulin secretion41,42. Other cell types 

of pancreatic islets regulate the coordinated secretion of insulin and glucagon as well, 

as δ-cell-derived somatostatin acts as a paracrine suppressor of both insulin and 

glucagon secretion43. Similarly, PP-cells release PP through vagal and enteric nervous 

inputs, which has inhibitory actions on glucagon and somatostatin secretion44. 

Additional cells that are present in small numbers (<1 %) in pancreatic islets are ε-

cells. They release ghrelin during fasting conditions, which inhibits insulin secretion, 

but stimulates glucagon release and further regulates appetite45-48. Besides paracrine 

stimuli, the function of pancreatic islets is also regulated by several endocrine 

mechanisms. Incretins are hormones released by the gastrointestinal system. The 

secretion of integrins like glucose-dependent insulinotropic polypeptide (GIP) or 

glucagon-like peptide (GLP)-1 is stimulated by nutrient ingestion and boosts glucose-

induced insulin secretion49,50. Also, ghrelin gets released by the stomach during 

periods of fasting to promote nutritional supply and inhibit insulin secretion51,52. Finally, 

autonomic nerves innervate pancreatic islets and regulate hormone secretion of 

endocrine cells. Hence, hypoglycemia and hyperglycemia can be sensed in the brain 

causing sympathetic or parasympathetic activity, that leads to glucagon or insulin 

secretion, respectively53-56. In mouse islets nerve branches are therefore in direct 

contact with endocrine cells, whereas in humans the sparsely innervated nerves are 

rather connected with smooth muscles, indicating regulation of endocrine action by 

the blood flow7,57,58.  

 

 

1.2 β-Cells 

1.2.1 Core regulation of insulin secretion 

Pancreatic β-cells are able to convert metabolic changes into an electrical potential, 

which in turn is translated into corresponding secretory actions. The master regulator 
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for insulin secretion is glucose. It is considered an initiator of insulin secretion, because 

of its capability to stimulate insulin secretion without the need for any other co-stimulus 

(Figure 2). Hence, healthy β-cells convert small changes in blood glucose levels into 

substantial changes in insulin secretion to maintain euglycemia. Therefore, as an initial 

step, β-cells need to uptake circulating glucose by facilitated diffusion, which in mice 

is mediated by GLUT2 and in humans primarily by GLUT159,60. Once in the cytosol,  

glucokinase (GCK) catalyzes glucose phosphorylation to form glucose-6-phosphate 

(G6P)61. The low affinity of GLUT and GCK of β-cells allows rapid equilibration 

between intracellular and extracellular glucose concentrations, which reduces their 

rate-limiting potential for insulin secretion within a brought range of physiological 

glucose concentrations59,62,63. Generated G6P enters glycolysis leading to the 

formation of pyruvate, which gets oxidized through the tricarboxylic acid (TCA) cycle 

in the mitochondria of β-cells. The resulting NADH and flavin adenine dinucleotide 

(FADH2) undergo further metabolic oxidation to produce ATP. Thus, the large majority 

of glucose entering glycolysis is further metabolized in the TCA cycle, yielding high 

ATP conversion64. Rising ATP/ADP ratio as a result of increased glycolytic flux in β-

cells leads to the closure of ATP-sensitive K+ (KATP) channels in the plasma 

membrane, which maintain the negative membrane potential (-70 mV) at non-

stimulatory glucose levels65. The decrease in K+ efflux results in a depolarization of 

the membrane, which upon reaching a threshold of about -50 mV increases the 

likability of voltage-dependent Ca2+ channel (VDCC) to open. Some differences exist 

in the composition and nature of VDCCs between mice and humans. In humans, the 

closure of KATP channels is associated with an increased membrane resistance, 

causing the spontaneous opening of low-voltage activated T-type Ca2+ channels, 

which’s opening amplifies with increasing depolarization. Once the depolarization 

reaches a threshold of above -40 mV, L-type VDCCs and Na2+ channels open to 

further amplify depolarization66. When a peak of the action potential is reached (≥-20 

mV) P/Q-type Ca2+-channels open, resulting in the maximal influx of Ca2+. In mice, L-

type VDCC channels account for the majority of Ca2+ currents67. They do not possess 

T-type Ca2+ channels but instead R-type VDCC that are essential for second-phase 

insulin secretion68. When the action potentials are reached, mechanisms like the 

lowering effect of sarcoendoplasmic reticulum Ca2+-ATPase (SERCA) on the 

intracellular ATP/ADP ratio, which causes the reopening of KATP and further mediates 

Ca2+ extrusion through its pump activity, or voltage-gated and calcium-activated 
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potassium channels mediate repolarization of the cell69. These glucose-induced [Ca2+]i 

oscillations are coupled between adjacent β-cells through gap junctions, causing a 

synchronized state across the whole islet in mice. This effect is less pronounced in 

human islets, probably due to the nonhomogeneous β-cells distribution in human 

islets12,70. Of note, glucose does not only induce this process by increasing the 

ATP/ADP ratio. Intermediate metabolites can exit the TCA cycle to amplify KATP-

dependent insulin release71,72. Additionally, instead of metabolization through 

glycolysis, G6P can get processed to result in the formation of Gly3P. This, in turn, 

enables the formation of lipid mediators such as diacylglycerol (DAG) and long-chain 

acyl-coenzyme A (CoA) which are mitochondria-independent promoters of insulin 

secretion73-75. It was shown, that the threshold glucose concentration for insulin 

secretion is about 50 mg/dL in humans and 90 mg/dL in mice, which goes in line with 

lower fasting blood glucose levels in humans7,76,77. In both humans and mice, insulin 

reaches the half-maximum secretion upon 180-220 mg/dL and saturates at levels 

above 360 mg/dL of glucose7.  

 

 

Figure 2: Regulation of glucose-stimulated insulin secretion in β-cells. The glycolytic and oxidative 
metabolization of glucose leads to an increasing intracellular ATP/ADP ratio. This is sensed by ATP-
sensitive KATP-channels and mediates their closure. The inhibited K+ efflux results in decreasing 
membrane potential (Ψ), causing the opening of VDCC and a respective influx of Ca2+ that finally 
triggers exocytosis of insulin granules. (Created with BioRender.com) 
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The rise of [Ca2+]i that is reached during action potentials is the major driver of insulin 

secretion, as it primes essential exocytotic events like trafficking, priming, docking, and 

the release of secretory insulin granules78. The resulting initial degranulation process 

is called first-phase secretion and lasts for 5-10 min. Especially a readily releasable 

pool of insulin granules, which is already pre-docked or near the plasma membrane 

gets released and executes a first response to the elevated glucose levels79,80. The 

second phase of insulin secretion is mediated by granules from intracellular storage 

pools, which is depending on the reorganization of filamentous actin81,82. Thus, the 

secretion rate drops but remains constant until a euglycemic state is reached80. This 

phase contributes to about 85 % of the insulin secretion within the first hour of glucose 

stimulation83. Mechanistically, elevated [Ca2+]i activates calcium-dependent 

phospholipase C (PLC), which hydrolyzes phosphatidylinositol-4,5-bisphosphate 

(PIP2) in the membrane into DAG and inositol (3,4,5)-trisphosphate (IP3)84. DAG 

induces activation of protein kinases C (PKC)s, which bind to PIP2 and PS in the 

presence of calcium, thus translocating to the plasma membrane85. In their active 

state, PKCs affect insulin secretion by targeting several processes. It mediates a 

reorganization of the dense cortical network of actin close to the plasma membrane 

that acts as a barrier to vesicles86. This is partially mediated through MARCKS, which 

gets released from the plasma membrane by activated PKC and cross-links actin87. It 

is thought that the disassembly enables rapid initial vesicle release and sustained 

recruitment of vesicles from the reserve pool88-90. Similarly, MLCK gets activated by 

PKC, which is thought to contribute to vesicle movement through vesicle-localized 

myosin91. PKC further promotes localization and fusion of the secretory machinery 

with the plasma membrane. It phosphorylates N-type Ca2+ channels, thereby enabling 

the binding of syntaxin from granules92,93. With given high local Ca2+ concentrations 

due to the channel proximity, the release of this proportion of granules is thought to 

contribute to the first phase exocytotic response94. PKCs have many more targets 

involved in forming a granule plasma membrane complex. These include 

synaptosomal-associated protein (SNAP)23, VAMP2, mammalian uncoordinated 

(munc)18, and synaptotagmin through which they are thought to enable docking and 

fusion of vesicles, thereby increasing the rate and number of exocytotic events95,96.   
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Insulin derives from the insulin gene expression leading to the synthesis of 

preproinsulin. This precursor protein contains a C-terminal signal recognition peptide 

mediating entry into the secretory pathway and getting cleaved upon entry into the 

endoplasmic reticulum (ER)97. The resulting proinsulin consists of an A and B chain, 

together with a connecting C-peptide. Due to the oxidative environment of the ER, 

disulfide bonds are formed to gain the tertiary structure. In this state, it gets transported 

to the Golgi apparatus, where it is packed into immature secretory granules98. 

Peptidase machinery mediates the cleavage of the C-peptide leading to mature 

insulin, which is stored in a Zn2-insulin6 complex and accounts for 5-10 % of the β-cell 

protein content99,100. A β-cell contains about 10,000 insulin secretory granules, with 

each of them storing 8-9 fg insulin101. Despite the high abundance of insulin, less than 

1 %/h gets released by exocytosis even at high glucose levels80. However, the 

regulation of insulin biosynthesis differs from that of exocytosis. The low threshold 

glucose concentration for proinsulin biosynthesis (40-70 mg/dL) enables the 

maintenance of an insulin reservoir also in the absence of glucose-stimulated insulin 

secretion102. Still, elevated blood glucose levels after food intake further stimulate the 

rapid translation of preproinsulin mRNA103. Also, insulin gene transcription was 

demonstrated to multiply upon high glucose conditions and additionally increased the 

stability of generated proinsulin mRNA104,105. Of note, glucose does not induce 

proinsulin biosynthesis through elevated cytosolic Ca2+ levels, but instead by 

secondary metabolites generated in the mitochondria of β-cells106.    

 

1.2.2 Potentiators of insulin secretion 

Besides the glucose-mediated core mechanism of insulin secretion, several 

potentiators and inhibitors contribute to the adjustment of its release. Potentiators of 

insulin secretion are not able to induce insulin secretion on their own, but only in the 

presence of glucose even at sub-stimulatory concentrations7. This is due to their 

mechanism of action. They generate an inward current, that is supposed to amplify 

the depolarization process. However, in the absence of glucose, the hyperpolarization 

mediated by the KATP channels is too strong to counteract. Other potentiators execute 

their effect by enhancing the degranulation process. As exocytosis depends on Ca2+ 

entry, these potentiators can also act only in the presence of depolarizing glucose 

concentrations. However, if glucose-induced depolarization is assured, those 
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potentiators can substantially increase insulin secretion by enhancing depolarization 

or exocytotic events (Figure 3)7. 

 

 

Figure 3: Potentiators of glucose-stimulated insulin secretion in β-cells. Different ligands bind to 
their respective receptors and stimulate insulin secretion through several signaling axes. GαS-
dependent signaling results in elevated cAMP levels that activate exchange protein directly activated 
by cAMP (Epac)2 and PKA, thus strengthening the closure of KATP, elevating intracellular Ca2+ levels, 
and directly stimulating insulin granule exocytosis. Signaling through Gα12/13 and Gαq/11 mediates PLC-
dependent DAG and IP3 generation, finalizing in increasing intracellular Ca2+ levels and PKC and PKD-
promoted exocytosis. (Created with BioRender.com) 

 

Upon others, incretins are a prominent class of potentiators acting through the cAMP 

signaling pathway. GIP and GLP-1 are getting released upon glucose ingestion by 

enteroendocrine K cells and L cells, respectively107,108. By binding to their respective 

GIP or GLP-1 receptors, the receptors bind to a G-protein complex, mediating the 

release of the activated Gαs subunit, which activates plasma membrane-bound 

AC109,110. The resulting elevated cAMP levels activate PKA that augments glucose-

stimulated insulin secretion (GSIS) by phosphorylating proteins involved in the 

exocytotic machinery111. Additionally, cAMP was shown to activate exchange protein 

directly activated by cAMP (Epac)2, which promotes GSIS in a PKA-independent way. 
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This is mediated through several pathways including a change of action of KATP 

channels and activation of PLC-ε with the resulting release of intracellular Ca2+ 

sources75. Other hormones stimulate insulin secretion through the same signaling 

axis, as glucagon does by binding to GLP-1R or glucagon receptor (GCGR)112. On the 

other hand, the satiety hormone leptin primarily released by adipose tissue and 

enterocytes was shown to antagonize the cAMP-dependent stimulation of GSIS by 

activating PDE, which hydrolyzes cAMP113. 

 

Another molecule class executing potentiating effects on insulin secretion are lipids. 

They can either act intracellularly as metabolic coupling factors or extracellular by 

signaling through certain G-protein coupled receptors (GPCR)114. For the latter, 

GPCR40 (also called FFR1), which couples to the G protein subunit Gαq/11, executes 

an important function in the acute stimulatory effect of FFAs on GSIS. It is 

predominately expressed in pancreatic β-cells and can be activated by mono- or poly-

unsaturated, medium to long-chain fatty acids like α- and γ-linoleic acids, arachidonic 

acid (AA), docosahexaenoic acid (DHA), oleic acid, lysophosphatidylcholine (LPC), or 

20-hydroxyeicosatetraenoic acid (20-HETE)115-117. The binding of FFA induces PLC-

mediated hydrolysis of PIP2 into DAG and IP3. The latter results in the release of 

intracellular Ca2+ stores, whereas DAG activates PKC, thus boosting GSIS35,118. In this 

context, agonism of GPCR40 also revealed a PKC-dependent opening of the 

nonselective cation channel (NSCC) of the transient receptor potential (TRP) channel 

class, which increases Ca2+ influx119. Similarly, also L-type VDCCs were demonstrated 

to be involved in FFA-amplified GSIS, however, the exact mechanisms remain 

unsolved120. DAG further activates PKD1, which mediates cortical F-actin 

reorganization resulting in granule recruitment115,121. GPCR40 signaling was also 

demonstrated to act through the impairment of voltage-gated K+ channels, which 

usually open during glucose stimulation to induce repolarization with subsequent 

closure of VDCC. Thus, GPCR40 stimulation sustains [Ca2+]i by delaying 

repolarization122. GPCR119 is another receptor mediating the potentiation of GSIS. It 

gets activated by phospholipids (PL)s and fatty acid amides like LPC, platelet-

activating factor (PAF), lyso-precursor of platelet-activating factor (lysoPAF), N-

oleoyldopamine, N-vanillyloleoylamide, or oleoylethanolamide (OEA)123,124. It is 

associated with the Gαs, and thus executes its action through the elevation of cAMP 
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as described for incretins and others above124,125. GSIS can further be promoted 

through GPCR55, which is coupled to Gαq or Gα12/13. Initially identified as a 

cannabinoid receptor, it can get activated by tetrahidrocannabinol (THC), but also by 

L-α-lysophosphatidylinositol (LPI), LPC, 2-arachidonoyglycerol (2-AG), N-

arachidonoylethanolamine (AEA), and phosphatidylethanolamine (PEA). Its signaling 

was shown to cause activation of PLC, Rho-associated protein, and ERK, thus leading 

to increased [Ca2+]i117,126-130. However, the cannabinoid receptors CB1R and CB2R get 

agonized by THC, AEA, and 2-AG as well, which is associated with inhibited insulin 

secretion. Both receptors signal through Gi/o proteins leading to inhibited AC activation 

and respectively reduced cAMP levels131-134. Besides their function as signaling 

molecules, lipids were also demonstrated to contribute to exocytosis in a rather direct 

manner. Monoacylglycerol (MAG), which is generated during triacylglycerol 

catabolism upon glucose stimulation enhances insulin secretion by binding and 

thereby activating the vesicle priming protein munc13135.  

Of note, different lipid species involved in the enhancement of GSIS can derive from 

different origins. They were shown to be part of the nutritional supply, as treatment of 

rats with an antilipolytic agent abolished GSIS, whereas increasing endogenous FFA 

levels by inhibition of hepatic fatty acid oxidation stimulated GSIS136. On the other 

hand, β-cells release several lipid classes that stimulate insulin secretion in an 

autocrine fashion. Hence, it was shown that 20-HETE, acyl-CoAs, and glycerolipids 

like MAG are released by mouse and human islets during glucose stimulation and 

regulate insulin secretion116,135,137.  

 

In addition to autocrine factors belonging to the lipid class, β-cells release additional 

autocrine regulators of insulin secretion through the process of exocytosis. Released 

ATP was shown to bind to ATP-sensing GPCRs (P2Y receptors) or ATP-gated cation 

channels (P2X receptor channels), which directly, or indirectly through activation of 

PLC leads to inward currents of cations 7,138,139. It is further known, that pancreatic β-

cells release γ-aminobutyric acid (GABA), which can act in an autocrine manner140,141. 

Binding to ionotropic GABAA receptors enables efflux of Cl- which contributes to 

depolarization and consequently insulin secretion in humans, but not in mice140,142. A 

similar insulinotropic and autocrine mechanism has been demonstrated to be 

mediated by serotonin and its different receptors present on β-cells143,144. 
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Certain amino acids can stimulate insulin secretion as well. They do not only act 

through the induced release of incretins but also their metabolites. Leucine activates 

glutamate dehydrogenase, which converts glutamate, previously formed from 

glutamine in the cytosol, into α-ketoglutarate145. This in turn can enter the TCA cycle 

where it serves as a substrate for ATP production, thereby rising insulin secretion146. 

Both leucine and glutamine need to be present for this effect. However, as this 

pathway acts independently of present glucose concentrations, it can be considered 

an inducing mechanism for insulin secretion, rather than a potentiating one. Arginine, 

due to its cationic nature, can be taken up by CAT causing a depolarizing current that 

promotes GSIS147. Further, aromatic amino acids can act through GPCR142 of β-cells 

that is coupled to Gαq or Gαs, hence stimulating GSIS through the PLC and AC 

axis148,149. 

 

Finally, neurotransmitters and neuropeptides from parasympathetic nerves, that 

innervate pancreatic islets, are capable to boost GSIS. When parasympathetic nerves 

get activated during the preabsorptive and absorptive phases of feeding, they release 

acetylcholine that binds to Gαq-coupled muscarinic acetylcholine receptor M3 of β-cell 

receptors, thereby mediating PLC depending enhancement of insulin secretion53,150. 

This process is additionally stimulated through increasing levels of cAMP mediated by 

pituitary adenylate cyclase-activating polypeptide (PACAP), which is located in nerve 

endings within pancreatic islets and binds to the PAC1 receptor of β-cell151,152. 

 

1.2.3 β-Cell failure 

Failure of pancreatic β-cells is the key mechanism that leads to the development of 

diabetes. The expansion of this disease has the dimensions of a pandemic, as 

approximately 451 million people worldwide had diabetes in 2017, and by 2045, that 

number is anticipated to rise to 693 million153. There are two main forms of diabetes 

existing, T1D and T2D, which differ in their development, but both result in 

hyperglycemia. The dysglycemic condition can be used to diagnose diabetes through 

various parameters. Commonly, it is defined as fasted blood glucose levels of 

≥126 mg/dL, 2 h post-oral glucose tolerance test (GTT) levels of ≥200 mg/dL or 
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glycated hemoglobin (Hb)A1c levels of ≥ 6.5 %, however, values are considered 

higher in rodents (fasting glucose levels >250 mg/dL, depending on the strain)22,154,155. 

 

T1D is a chronic autoimmune disorder, that leads to the destruction of the β-cell mass 

of pancreatic islets. Of note, only 5-10 % of diabetic patients suffer from T1D. The 

development is complex and yet, not completely understood. However, there is a 

certain polygenetic susceptibility of developing T1D with additional environmental 

factors and activators that contribute to its pathogenesis156. Thus, first-degree relatives 

exhibit an 8-15-fold lifetime risk to develop T1D157. One major group of genetic 

determinators is related to class I/II human leukocyte antigen (HLA) alleles. HLA are 

surface receptors that present antigens to T-cells. Hence, mutations affect the 

repertoire and binding affinity of peptides that are presented to T-cells158,159. The 

resulting generation of β-cell targeted autoantibodies induces the autoimmune 

response, with the titer and specificity of the antibodies determining the progression 

of the disease22. This can be further triggered by certain environmental factors such 

as infections, dietary factors, and the composition of the intestinal microbiome160. In 

more than 90 % of T1D cases, patients exhibit autoantibodies directed against islet-

enriched proteins such as proinsulin, glutamic acid decarboxylase (GAD), insulinoma-

associated antigen (IA)-2, zinc transporter (ZnT)8, or tetraspanin (Tspan)7, upon 

others161. However, more than 50 non-HLA loci have been identified in genome-wide 

association studies that were associated with increased risk of T1D, including insulin 

gene and variable number tandem repeat and other β-cell associated genes162-164. 

Thus, genetic mutations can lead to differential expression or post-translational 

modifications in the target cell compared to thymus, where negative T-cell selection 

takes place. Consequently, the immune system is not tolerant to respective variants, 

which promotes autoimmunity165-167. Additionally, several loci commonly mutated in 

T1D patients were shown to be involved in the regulation or suppression of T-cell 

activation or cytotoxicity, as it was shown in the case of lymphoid-specific 

phosphatase, cytotoxic T-lymphocyte associated protein 4 (CTLA-4), or interleukin-2 

receptor subunit alpha (IL2RA)168-170. Of note, the number and combination of these 

mutations, together with resulting autoantibody titers, age, and BMI defines the 

pathogenesis of T1D in patients171-173.  A consequence of the above-mentioned 

pathological mechanisms is autoreactive T-cells that lead to insulitis, which is the 
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hallmark of T1D and describes an inflammatory lesion of pancreatic islets174. Due to 

the inflammatory environment, β-cells and other islet cells release cytokines like 

interferon (IFN)α, which further promote the recruitment of immune cells. Upon them 

are macrophages, which additionally induce pro-apoptotic signaling cascades, thereby 

accelerating β-cell destruction175. The inflammatory microenvironment also interferes 

with metabolic and electrical activity, gap junction coupling, and insulin granule 

production of β-cells176,177. All together culminates in a reduction of 70-80 % in β-cell 

mass and additional loss of glucose sensitivity of the remaining β-cells, both leading 

to insulin deficiency and associated hyperglycemia178,179.  

 

More than 90 % of all diabetic patients suffer from T2D. It is a chronic metabolic 

disease that derives from insufficient relative insulin amounts that are needed for 

maintaining normoglycemia. The cause for this is a combination of tissue insulin 

resistance, insufficient compensatory mechanisms, and resulting defective insulin 

secretion. The main driver for the development of T2D is insulin resistance, which is 

present in more than 80 % of the patients180. However, only genetically susceptible 

individuals, whose β-cells are not able to compensate for increasing insulin demands 

develop T2D181. Insulin resistance can arise from lipotoxicity. On one hand, saturated 

FFAs are cytotoxic for β-cells, as they inhibit proliferation, function, and induce 

apoptosis182,183. On the other hand, elevated plasma FFA and intracellular lipid levels 

inhibit insulin signaling in muscle cells, thus reducing their capability to uptake glucose 

from the blood leading to prolonged elevations in blood glucose levels184-187. As these 

conditions are commonly found in obese subjects, more than 85 % of T2D patients 

are overweight or obese, making obesity a critical risk factor for its development188,189. 

Resulting increased blood glucose levels can cause glucotoxicity with related inhibited 

insulin expression and irreversible β-cell damage and apoptosis due to reactive 

oxygen species (ROS) and related oxidative stress, as well as ER stress190-193. Also, 

hyperglycemia and hyperlipidemia together execute a glucolipotoxic effect on β-cells’ 

functioning. Here, high glucose concentrations lead to increasing levels of malonyl 

CoA. This in turn inhibits carnitine-palmitoyl-transferase (CPT)-1, which transports 

FFA into mitochondria for energy generation. Respective accumulating levels of long-

chain fatty acyl-CoAs are thought to directly act as lipid mediators or as their 

precursors, thereby interfering with β-cell functioning194-196. Another relevant aspect in 
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the development of T2D are inflammatory processes. Adipocytes can secrete 

hormones and cytokines, such as leptin, tumor necrosis factor (TNF)-α, interleukin 

(IL)-6, and IL-1, being elevated in obese subjects197,198. The endothelium and 

macrophages were found to contribute to increased levels as well199. These are linked 

with insulin resistance and further can induce an immune response197,200,201. The 

triggered innate immune system, together with the above-described apoptotic events, 

leads to inflammatory responses within pancreatic islets that can finalize in the 

development of autoimmunity against β-cell as observed in T1D202-205. Thus, chronic 

hyperglycemia and hyperlipidemia lead to inflammation and β-cell stress finally leading 

to dysfunction, atrophy, and in the later stage a reduction of β-cell mass of up to 

50 %206. Due to the presence of insulin resistance, β-cells are not able to compensate 

for the increased insulin demand, which due to insulin deficiency puts the organism 

into a chronic hyperglycemic state207.  

 

Diabetes is one of the most often fatal diseases due to related dysglycemia, which 

raises the risk for several cardiovascular problems. Thus, microvascular and 

macrovascular complications lead to nephropathy, retinopathy, and neuropathy, or 

ischemic heart disease, cerebrovascular disease, and peripheral vascular disease, 

respectively. These complications result in functional and structural changes, finally 

culminating in tissue damage and multi-organ dysfunction in up to half of diabetic 

patients208. Nephropathy, retinopathy, and neuropathy arise from the disability of cells 

in the renal, retina, and nerve glomeruli to downregulate glucose uptake. Hence, in the 

presence of hyperglycemia increased metabolization of glucose leads to elevated 

levels of ROS in the mitochondria mediating oxidative stress209. Macrovascular issues 

are not unique to diabetes, but diabetic patients have an increased risk to develop 

atherosclerosis and to suffer from a macrovascular disease, therefore contributing to 

earlier mortality210. In this case, hyperglycemia is associated with oxidative stress 

damaging the endothelium211. It also leads to the non-enzymatic formation of 

advanced glycation end products (AGE) in plasma, vessel walls, and tissues and 

further promotes the synthesis of the extracellular matrix of endothelial cells212,213. 

Additionally, it promotes the death of endothelial cells and slows down their 

replication214. These structural and functional changes increase arterial stiffness and 

therefore systolic hypertension. Furthermore, monocytes and leucocytes are more 
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prone to transendothelial migration upon chronic hyperglycemia, and platelets were 

found to be hyperreactive in diabetic patients215,216. Together with increased levels of 

proinflammatory cytokines observed in diabetic individuals, this promotes the 

formation of atherosclerotic plaque214,217. All these events make diabetic patients two 

to four times more prone to develop cardiovascular diseases, making it the major 

cause of morbidity and mortality in these individuals218-220.  

 

 

1.3 Platelets 

1.3.1 Platelet morphology and functions 

Platelets are small anucleate cell fragments that are produced by megakaryocytes 

(MK)s in the bone marrow and primarily function as regulators of hemostasis. The 

average platelet count in humans ranges from 150-400 x103/µL, whereas mice 

typically exhibit a platelet count of about 1,100 x103/µL. With an average size of 4.7 fl 

in humans and 7.5-10 fl in mice, platelets represent the smallest component of the 

blood221,222. The lifespan of human and mouse platelets ranges from 7-10 days and 4-

5 days, respectively223,224. The clearance of aged or activated platelets from the 

bloodstream occurs by the spleen and Kupffer cells in the liver, which detect markers 

of platelet activation or glycan modifications of surface proteins225.  

Due to the absence of genomic deoxyribonucleic acid (DNA) in platelets, de novo 

protein biosynthesis is restricted to MK-derived mRNA. As platelets exhibit 

translational machinery, they are capable to synthesize protein in a signal-dependent 

manner226. Different from red blood cells platelets contain mitochondria. They serve 

as a rapid and highly efficient source of energy during energy-demanding hemostatic 

events and further directly promote platelet activation by the generation of ROS227,228. 

Furthermore, platelets contain three major kinds of granules: α-granules, dense 

granules, and lysosomes. The most abundant are the α-granules (40-80 per platelet) 

which contain a large variety of proteins affecting adhesive properties (von Willebrand 

Factor (vWF), fibrinogen, fibronectin), coagulation factors (V, XI, and XIII), pro-

inflammatory and immune-modulating factors, glycoproteins and mitogenic factors, 

such as vascular endothelial growth factor (VEGF), platelet-derived growth factor 

(PDGF), epidermal growth factor (EGF)229-233. In contrast, dense granules (3-8 per 

platelet) contain smaller molecules such as ATP, ADP, serotonin, calcium, 
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pyrophosphate, and polyphosphate. They act as a positive feedback mechanism on 

hemostatic events, thereby amplifying primary hemostasis234,235. Lysosomes store 

mainly hydrolytic enzymes to execute several extracellular processes like receptor 

cleavage, degradation of extracellular matrix components, remodeling of thrombus 

and vasculature as well as apoptosis and necrosis231,236-238. Additionally, platelets 

contain two membrane systems: the open canalicular system (OCS) and the dense 

tubular system (DTS). The latter serves primarily as a Ca2+ reservoir, whereas the 

OCS is involved in the uptake of molecules and granule release as well as serving as 

a membrane reservoir during activation-mediated shape change of the platelet231,239.  

 

The primary function of platelets is the mediation of hemostasis to stop and prevent 

bleeding events. Because they are involved in the entire hemostatic process, including 

vasoconstriction, platelet plug formation, and clot formation, they are irreplaceable in 

maintaining vascular integrity240. In recent years, however, there has been increasing 

recognition that platelets perform much broader physiological functions. Thus, it was 

shown that platelets promote metastasis and protect tumor cells from the innate 

immune system thereby accelerating cancer progression241,242. In addition, 

interactions between platelets and leukocytes have led to a closer examination of the 

function of platelets in the context of immune defense. Thus, activated platelets 

express P-selectin on their cell surface, facilitating leucocytes to bind via the P-selectin 

glycoprotein ligand-1 (PSGL-1) to enable retainment at extravasation sites and tissue 

infiltration243. A similar effect has been observed between the high-affinity 

conformation of the integrin αIIbβ3 receptor, crosslinking with fibrinogen, and the 

integrin macrophage-1 antigen (Mac-1) of neutrophils244. Further, platelets contribute 

to innate immunity by their ability to bind and bundle bacteria in order to trap them or 

present them to phagocytes245,246. Finally, several proangiogenic factors like VEGF 

and anti-angiogenic factors like platelet factor (PF)4 are stored and released by 

platelets, which makes them relevant modulators of angiogenesis and 

neovascularization247-249. Of note, platelet function can change due to the progression 

of various diseases. For example, diabetic patients often possess hyperreactive 

platelets, whereas others such as virus-mediated diseases can lead to hypo-

responsiveness250-252.   
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1.3.2 Mechanism of hemostasis 

Under regular physiological conditions, platelets do not come in direct contact with the 

ECM and therefore remain inactivated for their whole life span. However, during 

vascular injury, the cascade of thrombus formation gets induced to stop bleeding 

events and generate an environment favorable for wound healing. This whole process 

requires three major steps, that need to be well coordinated in terms of time and place. 

First, platelets bind to the exposed ECM creating a monolayer of activated platelets. 

In the second step, these platelets recruit additional platelets through a local release 

of major platelet agonists. Finally, cross-linking of the platelets forms a stable blood 

clot enabling further wound-healing processes (Figure 4)253.  

 

 

Figure 4: Schematic mechanism of thrombus formation on ECM. Platelets bind to exposed ECM 

by the interaction of GPIb-V-IX with collagen-bound vWF. Initial tethering allows GPVI to directly bind 
to collagen triggering platelet activation, which is characterized by the release of second-wave 
mediators such as ADP and thromboxane (Tx)A2 as well as functional upregulation of the integrin 
αIIbβ3. Thrombin, which is locally generated by exposed TF, together with released mediators triggers 
the activation of additional platelets and recruitment to the growing thrombus. Finally, integrins bind to 
ECM components, fibrinogen, and vWF, thereby crosslinking platelets and causing firm adhesion. 
(taken from Varga-Szabo et al., 2008)254 

 

The initial tethering of platelets to the site of injury is depending on the GPIb-V-IX 

complex, which consists of a GPIbα subunit linked to two molecules of GPIbβ, and 

non-covalently linked GPIX and GPV in a 2:4:2:1 ratio255. The GPIbα subunit binds to 

immobilized vWF on the surface of the endothelium or in the subendothelial matrix, 

which is a multimeric adhesive protein secreted from activated platelets and 

endothelial cells256. This initial tethering is transient, but it retains the platelet close to 

the vessel wall allowing further activation processes. These are initiated by the binding 

of the platelet GPVI receptor to the collagens of the ECM. GPVI induces platelet 
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activation by intracellular signaling processes via an immunoreceptor tyrosine-based 

activation motif (ITAM) in the associated Fc receptor (FcR) γ-chain, which triggers 

intracellular signaling events mediating platelet degranulation, integrin activation, and 

shape change of platelets257. Consequently, dense granule-derived ADP as well as 

synthesized thromboxane (Tx)A2 activate surrounding platelets, thereby amplifying the 

hemostatic event by positive feedback signaling258. Thrombin, which gets generated 

at the site of injury due to the action of the tissue factor (TF) contributes to this effect259.  

Further, adhesive molecules such as vWF or fibrinogen are released by α-granules 

and promote thrombus formation. In addition, this degranulation process leads to the 

translocation of receptors such as GPVI, P-selectin, or integrins into the platelet 

plasma membrane, thereby amplifying platelet aggregation260. All signaling pathways 

resulting in platelet activation converge in the last common event, namely integrin 

activation. Integrins are heterodimeric transmembrane receptors that consist of α- and 

β-subunits and mediate cell-cell and cell-matrix interactions261. Thereby, they play a 

critical role in converting the transient binding of platelets into stable adhesion. To do 

so, they need to undergo a conformational change from their resting state to a state 

of high affinity to their natural ligands. This event is referred to as inside-out signaling 

and is induced to a small extent by binding of GPIb to vWF but is mainly promoted by 

GPVI activation with an enhancing action of released soluble mediators such as ADP 

and Tx, and at the site of injury generated thrombin257,262. Platelet membranes include 

five different integrins exhibiting high binding affinities to different ECM components 

like collagen, fibronectin, laminin, and vitronectin263-266. However, the most abundant 

and relevant integrin for firm adhesion and crosslinking of platelets is αIIbβ3 integrin 

with the ability to bind to fibrinogen, vWF, fibronectin, thrombospondin, vitronectin, and 

further yet unidentified ligands267-270. In the last step, thrombin converts fibrinogen into 

fibrin monomers, which upon crosslinking turn into an insoluble fibrin clot that 

ultimately closes the injury271.  

 

1.3.3 Platelet signaling 

The mechanism of hemostasis needs to be tightly regulated, to ensure a rapid stop of 

bleeding events, but avoid undesired thrombus formation. To meet these 

requirements, hemostasis is regulated by finely tuned signaling pathways. In principle, 

platelets get activated through two different kinds of signaling pathways. On the one 
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hand, surface receptors bind directly or indirectly to components of the ECM, thereby 

inducing intracellular signaling leading to platelet activation. On the other hand, 

released soluble second mediators bind to different GPCRs triggering activation 

through additional pathways. Both of these events get integrated through the two 

central mediator families PLC and phosphoinositide 3 kinase (PI3K), which finally 

leads to an increased concentration of cytosolic Ca2+. Ca2+ acts as a second 

messenger essential for the three key events of platelet activation: induction of 

degranulation, integrin activation, and change to a more reactive cell shape (Figure 

5)272,273.  

 

 

Figure 5: Signaling events regulating platelet activation. Soluble factors like thromboxane (Tx)A2, 
thrombin, ADP, and serotonin signal through GPCR that are associated with G12/13, Gq, Gi, or Gz leading 
to activation of Rho GTPase, PLCβ, PI3K, or inhibition of AC. Ligand binding of adhesion receptors 
such as GPVI and activated integrins activate PLCγ2. RhoA induces rearrangement of the cytoskeleton, 
whereas PLC catalyzes the formation of DAG and IP3, which results in increasing intracellular Ca2+ 
levels that is essential for aggregation, granule secretion, and shape change. (taken from Varga-Szabo 
et al., 2008)254  

 

Adhesion receptors bearing ITAM signal through the PLCγ2 axis. Crosslinking of GPVI 

by agonists causes Src kinase (Fyn, Lyn) mediated tyrosine phosphorylation of ITAM, 
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resulting in recruitment and activation of Syk kinase274. This in turn triggers a signaling 

cascade including LAT and several other adaptors and effector proteins leading to an 

upregulation of PLCγ2 activity275,276. Similarly, upon clustering integrin αIIbβ3 activates 

PLCγ2 by the sequential activation of Scr and Syk tyrosine kinases277. The signaling 

machinery of integrin αIIbβ3 is shared with other platelet integrins. However, their 

function in outside-in signaling remains unclear due to their relatively low expression 

levels278. On the other hand, activation of PLCβ is induced by soluble secondary 

mediators acting through Gq‐coupled GPCRs such as the ADP receptor P2Y1, 

thrombin protease-activated receptor (PAR)1 and 4 in humans (3 and 4 in mice), TxA2 

receptor TP or 5-hydroxytryptamine (5HT or serotonin) receptor 5HT-A2. Both PLC 

isoforms mediate the cleavage of PIP2 into DAG, which activates PKC, and IP3. IP3 

induces Ca2+ influx into the cytosol by activating  IP3 receptors on the DTS, whereas 

substrates of different PKC isoforms are involved in integrin activation, degranulation 

mechanisms, and cytoskeleton rearrangement279,280. Additionally, ADP acts also 

through the Gi-coupled P2Y12 receptor, causing activation of PI3K, which catalyzes 

the conversion of PIP2 into the secondary messenger phosphatidylinositol (3,4,5)-

trisphosphate (PIP3). This interacts with the pleckstrin homology (PH) domain of 

PLCγ2 facilitating its recruitment to the plasma membrane and activation, which 

induces protein kinase B (Akt)-dependent signaling that prompts granule secretion 

through phosphorylation of soluble N-ethylmaleimide-sensitive-factor attachment 

receptor (SNARE) proteins281-284. One essential signaling axis particularly involved in 

the mediation of platelet shape change depends on the small GTPase Rho, which is 

downstream of G12/13 and activates MLC kinase. Hereby, phosphorylation of MLC 

induces cytoskeletal reorganization and increases actomyosin contractility285,286. The 

epinephrine receptor (α2) in platelets is coupled to Gz, which is another Gi subtype287. 

Besides regulators of platelet activation, there are a few inhibitory mechanisms that 

ensure platelet circulation in a resting state. Nitric oxide (NO) and prostaglandin (PG)I2 

are released by intact vascular endothelial cells and increase intracellular levels of 

cyclic guanosine monophosphate (cGMP) and cAMP by activation of soluble 

guanylate cyclase (GC) and adenylyl cyclase (AC), respectively. The resulting 

activation of PKG and PKA suppresses several key nodes in pro-thrombotic platelet 

signaling such as calcium release as well as calcium-independent mechanisms288-291.  
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1.4 Platelet lipidomics 

Lipids play essential structural, signaling, and metabolic roles in platelets. Upon 

platelet activation, different lipid species regulate intracellular signaling and further 

affect surrounding cells to control hemostasis and thrombosis-related processes. 

Thus, lipidome analysis revealed the presence of about 8000 different lipids in healthy 

human platelets292. Of note, only 15 lipids comprise 70 % of the lipidome in resting 

platelets, whereas less than 20 % of the lipidome changes upon activation with 

thrombin or collagen-related peptide (CRP), involving mainly lipids containing 

arachidonic acid. Further, from the 15 most abundant lipids only PIs change 

significantly after activation, as most of the lipids that change during activation are of 

low abundance293.  

As described in the previous chapter, DAG, IP3, and PIs are PLC and PI3K-derived 

lipids produced during platelet activation that play important roles as signaling 

molecules governing PKC activation, calcium mobilization, and integrin activation, 

which are all fundamental processes regulating platelet function279,281. In addition, 

activated platelets reveal phospholipids (PL)s like phosphatidylserine (PS), which are 

part of the platelet plasma membrane, providing the necessary negatively charged 

platform for the formation of the coagulation complex294. Besides PLC and PI3K, 

cPLA2 is one key player in thrombin-stimulated platelets, that generates numerous 

lipid species by hydrolysis of the sn-2 bond of PLs, generating lyso-PL and FA like AA, 

palmitic acid, linoleic acid, and stearic acid295. These provide mitochondria with 

substrates for energy generation and hence play an important role in platelet activation 

and procoagulant function292. As some of the cPLA2 isoforms require Ca2+ for 

translocation to the membrane, they exhibit an increased catalytic activity upon platelet 

activation296,297. Further, the cPLA2-mediated release of AA, which makes up to 25 % 

of glycerophospholipids of the platelet plasma membrane, serves as an important 

precursor for oxidative transformation to several eicosanoids essential for numerous 

signaling events298. Cyclooxygenase (COX)-1 converts AA into PGG2, and further to 

PGH2, which undergoes additional modification by Tx synthase, PGD isomerase, or 

PGE synthase to finally generate TxA2, PGD2, or PGE2, respectively298,299. In 

expansion to the high variety of prostaglandins, COX1 can also mediate the synthesis 

of 11-HETE and 15-HETE300. Another important branch of AA modification besides 

COX is mediated by lipoxygenase (LOX). Depending on the isoform, LOX oxidizes AA 
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by the addition of a hydroperoxyl group at a certain carbon thus generating oxylipins. 

A very abundant one in platelets is 12-LOX, which adds oxygen preferentially at 

position C-12 of AA, thereby generating  12(S)HpETE, which is reduced due to the 

reducing conditions in platelets to its hydroxyl derivative 12-HETE301. Hereby, not only 

AA was shown to be a substrate of 12-LOX, but other FA like eicosapentaenoic acid 

(EPA), docosahexaenoic acid (DHA), and α-Linolenic acid (ALA) were demonstrated 

to be oxidized by this enzyme to oxylipins as well302,303. In addition to 12-LOX, products 

of 15-LOX were detected in human platelets304,305. The third important AA modifying 

mechanism is mediated by cytochrome (CY)P450. Different isozymes exhibit a 

hydroxylase or epoxygenase activity, leading to the formation of 19-HETE and 20-

HETE or epoxyeicosatrienoic acids (EET), respectively306-309. It has been shown, that 

CYP450 products are integral components of the human platelet membrane, which 

can be released upon receptor-mediated de-esterification of phospholipids310. Due to 

their presence in the plasma membrane, it is understood that CYP450 products might 

also be actively taken up by platelets and integrated into the membrane to be released 

during activation303,306,311. However, platelets exhibit the CYP450 enzymatic 

machinery to synthesize these products independently309. Of note, products of COX-

1-, LOX-, and CYP450-dependent biosynthesis can later be re-esterified into 

phospholipids like phosphatidylethanolamine (PE) by fatty acyl Co-A ligases 

(FACL)312,313.  

 

 

Figure 6: Lipidomics in platelets. (A) Hydrolyzation sites of PLA1, PLA2, PLC, and PLD of 
phospholipids. PLA2 hydrolyzation at position sn-2 yields FA and lyso-PL, which can be further 
metabolized to other lipid mediators (taken from Sato et al., 2016)314. (B) AA-derived oxylipins 
generated by LOX, COX, and CYP450 mediated oxidation (modified from Yeung et al., 2017)303.  
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In addition to numerous AA-depending products, platelets contain a high variety of 

additional lipids and PL. Lyso-PL, including lysophosphatidylcholine (LPC), 

lysophosphatidylethanolamine (LPE), L-α-lysophosphatidylinositol (LPI), and 

lysophosphatidylserine (LPS), arise through the action of PLA1, PLA2, and PLD, or 

phosphorylation of 1,2-diacylglycerol315,316. LPC can be converted into PAF, which is 

an important signaling molecule, by the addition of an acetyl group mediated by LPC-

acetyltransferase317. Sphingolipids form another lipid class and are built of a sphingoid 

base backbone, which in the case of ceramide contains sphingosine and a FA. Their 

function is associated with membrane dynamics, but they also execute intracellular 

signaling, even though their exact function in platelets remains uncertain318. Further, 

sphingosine can get phosphorylated by sphingosine kinase 1 and 2 resulting in 

sphingosine-1-phosphate (S1P), which can induce several signaling events through 

GPCRs319-323. 

 

Bioactive lipids can act in an autocrine and paracrine manner and regulate a high 

variety of processes. Prostanoids and oxylipins can diffuse through plasma 

membranes to act on respective receptors324,325. By binding to GPCR they can 

modulate intracellular signaling in an auto- and paracrine manner312,326. Products of 

COX have been identified a long time ago as platelet effectors and many of their 

signaling axes are well understood. TxA2 activates platelets through the TP receptor, 

whereas several prostaglandins, like PGD2 and PGI2, inhibit platelet activation through 

prostaglandin and prostacyclin receptors, as well as through the peroxisome 

proliferator-activated receptor (PPAR)327,328. Others, such as PGE2, execute opposite 

actions. It can be pro- (low dose) or anti-aggregatory by acting through PGE2 receptor 

EP3 or prostacyclin receptor IP, respectively329. The same counts for different 

oxylipins, for example, different products of 12-LOX can execute pro- and anti-

thrombotic effects302,330. The high variety of LOX products is less understood in their 

function. Some are known to agonize or antagonize platelet receptors, as 19-HETE 

activates the prostacyclin receptor, whereas 12-HETE prevents binding of PGH2 and 

TxA2 to their respective receptors, thus inhibiting platelet activation331-334. They can 

also activate PPAR, thereby regulating gene expression of other cell types335,336. 

Furthermore, generated oxylipins are able to directly inhibit further oxylipin production 
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or metabolic transformation of lipids, hence affecting platelet functioning303. Products 

of CYP450 consistently execute anti-thrombotic effects, however, different products 

were demonstrated to either cause vasoconstriction or vasodilation331,337,338. Some 

lipid species are thought to execute their function from the plasma membrane. For 

instance, oxidized phospholipids, like PG-PE, are anchored by the sn1 FA into the 

membrane, allowing to signal through receptors of other cells339. Other lipids species 

like S1P can get stored and released by degranulation. In the case of S1P, it has been 

evidenced that it gets released from α-granules during platelet activation and regulates 

several physiological processes through GPCRs like vascular integrity, angiogenesis, 

cell migration, maturation, and differentiation340,341.  

   

  

1.5 Changes in platelets during aging 

Platelets from individuals of advancing age undergo several changes at molecular and 

cellular levels. Resulting differences in platelet function and structure are associated 

with altered platelet behavior that can lead to different pathophysiological conditions. 

A well-investigated characteristic of platelets from aged individuals is hyperreactivity, 

associated with decreasing bleeding times and faster clot formation342,343. Higher 

reactivity is known to arise from increased susceptibility to agonist-induced platelet 

aggregation since elderly individuals show lower threshold concentrations for platelet 

activation after ADP, epinephrine, collagen, or arachidonic acid stimulation344-347. The 

resulting hypersensitivity was demonstrated to increase by about 8 % per decade of 

age, as derived from a dose of ADP at which primary aggregation occurred at half its 

maximum rate from a cohort of 958 patients348. Of note, the aggregability was 

demonstrated to be generally more elevated in aged women than in aged men345,348. 

Until now, the exact underlying mechanism that is responsible for age-related platelet 

hyperactivity is not understood. Studies by Bastyr et al. measured an increased basal 

and stimulated phosphoinositide turnover in platelets of aged subjects, which 

positively correlated with platelet aggregation and levels of plasma β-thromboglobulin. 

As phosphoinositide turnover is linked to stimulus-coupled platelet activation, it is 

possible that the increased basal and stimulated phosphoinositide turnover 

contributes to the rise in platelet activity with age349. Other studies attribute the 

changes to functional or expressional changes in platelet α-adrenoreceptors, which 
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enhance platelet aggregation by binding with epinephrine. However, these findings 

are inconclusive, as some studies reported an increase in α-adrenoreceptor binding 

capacity in platelets of aged subjects without a change in binding affinity whereas other 

studies showed a decrease in α-adrenoreceptor binding capacity344,350,351. Results 

from another investigation indicated decreased affinity of the aggregation inhibiting β-

adrenoreceptor but no change in binding capacity in elderlies352. Also, serotonin, which 

is an enhancer of epinephrine- and ADP-induced activation, was shown to be more 

potent on platelets in terms of sensitivity and responsiveness in 72-86 years old 

subjects compared to 18-27 years old ones353,354. On the other hand, age-related 

declines in platelet serotonin content were observed354,355. The same findings were 

made in patients suffering from diabetes or peripheral vascular diseases which were 

further associated with elevated plasma serotonin levels. Together, this allows the 

hypothesis, that platelet hyperactivity can lead to increased serotonin release further 

promoting platelet hyperactivity354. In general, RNA-sequencing of platelets derived 

from <45 years and >64 years old subjects revealed altered expression of 514 

genes356. A similar observation has been made regarding age-related changes of the 

proteome, which allows the assumption that changes of the transcriptome might 

contribute to hyperactivation with age357. Also senescence, which is characterized by 

persistent hyporeplicative cells and an altered secretome consisting of inflammatory 

cytokines, growth factors, and proteases, is one prominent age-related alteration that 

is thought to affect platelet functioning358,359.  

 

Another relevant factor influencing platelet functionality is oxidative stress and 

resulting ROS, which are known to rise along with the aging process in both humans 

and animals360,361. ROS have been proven to increase the risk of cardiovascular 

events through different mechanisms. They can act as a second messenger or lead 

to oxidized proteins thereby promoting platelet aggregation362. With increasing age, 

free radicals promote the carbonylation of proteins in platelets with even more 

pronounced effects in diabetic patients of the same age, which might cause a thinkable 

contribution to platelet dysfunction363,364. ROS can also directly or indirectly by 

activation of platelet membrane protein disulfide isomerase promote the formation of 

disulfide bonds365,366. This can lead to the activation of several integrins like αIIbβ3 or 

α2β1 due to disulfide bond isomerization365,367-369. In accordance with this, H2O2 
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production in platelets of aged mice was increased upon stimulation, but catalytic 

degradation of it resulted in a complete loss of age-dependent platelet hyperactivation. 

The origin of increased H2O2 generation was claimed to be due to an upregulated 

NADPH oxidase dismutase pathway in 18-month-old mice370. Another result is an 

increased lipid peroxide membrane composition causing lipid-protein interactions that 

decrease membrane fluidity371. This is further promoted by additional age-related 

compositional changes of the membrane, like increased amounts of cholesterol372. Of 

note, altered structures of the platelet membrane were associated with increased 

sensitivity to agonist-induced aggregation373,374. 

 

Also, inhibitory pathways of platelets are altered in the process of aging. GC, which is 

activated by NO and consequently generates cGMP leading to reduced intracellular 

free calcium levels has been shown to have reduced activity in elderly men (mean age 

of 51 years) compared to younger ones (mean age of 29 years)361,375,376. Other studies 

confirmed an inverse correlation between age and platelet cGMP levels, strengthening 

the theory of a disturbed NO/GC/cGMP inhibitory mechanism with age377,378. Isolated 

endothelial cells from elderlies displayed reduced production of prostacyclin an NO, 

potentially contributing to platelet hyperaggregability379,380. Surprisingly, platelet nitric 

oxide synthase (NOS) was demonstrated to have increased activity in elderly humans 

and rats377,381. This contradictory finding was explained by the fact that NO can lead 

to the generation of oxidative species such as ONOO- that might inhibit GC activity377. 

In addition to the latter mentioned inhibitory axis, also receptors of PGI2, a negative 

regulator of platelet function, are known to be less present on the platelets of aged 

individual382. 

 

With age, not only the platelets themselves change, but also their natural environment. 

The vasculature undergoes several changes upon aging due to increasing oxidative 

stress, impaired proteostasis, genomic instability, and cellular senescence upon 

others, which leads to inflammatory events finally resulting in atherosclerosis383-388. 

Kurabayashi et al. investigated platelet activity in the context of atherosclerosis. They 

investigated the platelet state determined by shape change and peroxidase content of 

young and old individuals with or without atherosclerosis. Interestingly, they found no 

significant differences between young and old subjects, however, the platelets from 
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elderly patients with atherosclerosis were identified to be more often in an activated 

state389. Despite the limited sample size, they highlight a crucial aspect by speculating 

as to whether platelet hyperactivity in the elderly is brought on by aging or by the 

concurrent beginning of an atherosclerotic state. Furthermore, plasma composition 

changes in the process of aging, as elderly subjects were shown to exhibit significantly 

elevated plasma levels of β-thromboglobulin and PF4. As these proteins are 

specifically released from platelet granules, this goes in line with age-related 

hyperaggregability and gives evidence for enhanced platelet secretion events in 

vivo349,390. On the other hand, PF4 is known to have a procoagulant effect, hence 

possibly exerting its effect on platelets and further promoting hyperaggregation391,392. 

In this context, also plasma concentrations and activities of other coagulation factors 

like fibrinogen, vWF, and factors V, VII, VIII, and IX have been shown to be elevated 

during the physiological process of aging393-395.  

 

Despite changes in platelets themselves, it has been shown that platelet count is 

inversely associated with age. Studies with a cohort of more than 12,000 subjects 

revealed a significant decrease in platelet counts of 7 x 103/µL in 60-69 years old 

subjects, and 18 x 103/µL in 70-90 years old subjects compared to young 20-59 years 

old individuals. This effect was still present after adjustment of various covariates like 

medication, illnesses, nutritional deficiencies, or consumption of alcohol and tobacco, 

indicating that age-related changes in platelet count are at least partially due to a 

systemic biological aging process396. The same inverse correlation has been 

demonstrated by other studies, which additionally pointed out significantly elevated 

platelet counts in older women compared to men of the same age397,398. However, the 

mechanistic origin causing this observation remains unknown. It is thought, that lower 

stem cell reserve in elderly subjects might lead to this phenotype. Further, reduced 

platelet counts might lead to a biological advantage causing better chances to reach 

an older age for subjects fulfilling this feature396.   

 

Finally, platelet precursor cells, MKs, also contribute to age-related platelet changes. 

Here, senescence, which is characterized by persistent hyporeplicative cells and an 

altered secretome consisting of inflammatory cytokines, growth factors, and 

proteases, is one prominent age-related alteration that is thought to affect platelet 
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functioning358,359. Released inflammatory mediators such as IL6 were suggested to 

affect thrombopoiesis resulting in platelets with a more thrombotic phenotype and a 

higher platelet volume399. Similarly, the pro-inflammatory cytokine TNF-α was shown 

to promote metabolic reprogramming of MKs, mitochondrial dysfunction of platelets, 

and hyperreactivity with increasing age of humans and mice400. In the same study, 

they further found through transcriptome analysis, that aldehyde dehydrogenase 

(ALDH)-1A and the pentose phosphate pathway were highly upregulated in older 

mouse MKs. As these contribute to cellular detoxification, the authors suggest a 

compensatory mechanism by which aged megakaryocytes and platelets aim to reduce 

oxidative stress, which contributes to increased reactivity of platelets400.  

 

 

1.6 Aim of the study 

Platelets of diabetic patients are commonly associated with increased reactivity and 

basal activation250,251. They further possess a highly diverse secretome containing 

several insulinotropic substances like purines, serotonin, histamine, and lipids, thus 

potentially affecting β-cell functioning114,138,139,234,315,316,401-404. For this reason, their 

contribution to glucose homeostasis was investigated in this work. First, the response 

of platelets to hyperglycemic stimuli was investigated by flow cytometry, flow adhesion 

assay, and in vivo. Additionally, the behavior of platelets within the microvasculature 

of pancreatic islets was investigated using in vivo imaging and classic histological 

approaches. To study their effect on glucose homeostasis, various genetic and 

pharmacological mouse models were used that exhibit defective platelet adhesion, 

activation, degranulation, or platelet deficiency. Furthermore, in vitro β-cell models 

together with biochemical and lipidomic approaches were performed to determine 

specific platelet-derived factors that stimulate insulin secretion. The action of these 

factors was evaluated in vivo and in vitro by modulating the proposed signaling 

pathways. Finally, not only a direct effect of platelets on β-cells was studied, but also 

their influence on the islet vasculature. 
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2 MATERIALS AND METHODS 

2.1 Materials 

2.1.1 Equipment 

Table 1: List of used equipment. 

Equipment Specification Manufacturer 

Animal ear punch 2 mm Fine Science Tools 

Autoclave VX-120 Systec 

Autoclave sterilizer DX-100 Systec 

Bench-top homogenizer PT 1600E Polytron 

Camera CoolSNAP-EZ Visitron 

Centrifuge 5415C Eppendorf 

Centrifuge 5424 R Eppendorf 

Centrifuge 5810 R; rotor: A-4-62 Eppendorf 

Confocal microscope TCS SP8 Leica 

Dionex Ultimate 3000 UHPLC 

system 

Q exactive mass spectrometer 

equipped with a heated 

electrospray probe 

Thermo Fisher Scientific 

Flow cytometer Celesta (BD Biosciences 

Freezer (-20°C) Profi line GG4310 Liebherr 

Freezer (-20°C) Comfort Liebherr 

Freezer (-80°C) HERAfreeze HFU666 basic Thermo Fisher Scientific 

Freezing chamber  Thermo Fisher Scientific 

Fridge profi line FKS5000 Liebherr 

Fridge-freezer CP3523-21 Liebherr 

Glass bottles 2000 mL; 1000 mL; 500 mL; 

250 mL; 100 mL 

Duran 

Hematology Analyzer KX-21N Sysmex 

Hematology Analyzer ScilVet Scil 

animal care company GmbH 

HPLC column  Acclaim 120 C8 (3 μm particles, 

100 × 2.1 mm) 

Thermo Fisher Scientific 

Hydrophobic pen; Roti®-Liquid 

barrier marker 

AN91.1 Roth 

Ice machine  Ziegra 

Imager for Gels Typhoon TRIO GE Healthcare 
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Equipment Specification Manufacturer 

Imager for Proteins Amersham Imager 600 GE Healthcare 

Incubator C150 Binder 

Incubator Heracell 240 Heraeus 

Inverted microscope CKX31 Olympus 

Inverted microscope IX71 Olympus 

Inverted microscope Axiovert 200 Zeiss  

Laminar flow cabinet SB-1200 BDK Luft- und Reinraumtechnik 

Magnetic stirrer MR Hei-Standard Heidolph 

Mechanical piece counter T120 IVO 

Mice cage GM500PFS; lid: for water 

bottles; water bottle: 300 mL; 

lid: full length 

Tecniplast 

Mice cage rack system Green Line IVC Tecniplast 

Microm Cool Cut microtome  Thermo Scientific 

Microcentrifuge Galaxy Ministar VWR 

Microscope DMI6000B Leica 

Microwave  Dynamic 

MilliQ water purification system X-CAD Millipore 

Multi-channel pipette Transferpette S12 (20 – 200 μL) Brand 

Multimode microplate reader Spark™ 10M TECAN 

Multiplex ELISA reader Bio-Plex® MAGPIX™ Multiplex 

reader 

Bio-Rad 

Neubauer chamber 0.1 mm Depth Hecht-Assistant 

Nitrogen cell storage tank Cryosytem 4000 MVE 

Nitrogen storage tank Cryotherm Apollo 

Nuclear magnetic resonance 

(NMR) analyzer 

The minispec LF50 Bruker 

Orbitrap analyzer Orbitrap LC-MS Thermo Fisher Scientific 

Orbitrap fusion Orbitrap Fusion™ Tribrid™ 

Mass spectrometer 

Thermo Fisher Scientific 

pH-meter FiveEasy Mettler Toledo 

Pipette Transferpette S (0.5 – 10 μL) Brand 

Pipette Boy  Gilson 

Pipette controller Accu-Jet Pro Brand 

Power supply PowerPac HC Bio-Rad 
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Equipment Specification Manufacturer 

Real-time PCR system QuantStudio 5 real-time PCR 

system 

Thermo Fisher Scientific 

Repetitive pipet Repetman Gilson 

Scissors (micro) Spiky; 8.5 cm Fine Science Tools 

Scissors (standard) Blunt; 13 cm Fine Science Tools 

Scissors (tissue) Spiky; 10.5 cm Fine Science Tools 

Thermal cycler T100 Bio-Rad 

Thermal cycler 7900HT Fast Real Time PCR Thermo Fisher Scientific 

Thermo block Thermomixer Comfort Eppendorf 

Fluorescence 

microscope 

TriM Scope II multiphoton 

system 

LaVision BioTec 

Tweezer (fine) Tip: 0.8 mm x 0.7 mm Fine Science Tools 

Tweezer (standard) 15.5 cm Fine Science Tools 

UV-/Vis-spectral photometer Nanodrop 2000c Thermo Fisher Scientific 

UV-transilluminator UVT-28 ME; camera: EASY 

440K 

Herolab 

Vacuum concentrator Concentrator 5301 Eppendorf 

Vacuum pump BVC 21 Vacuubrand 

Volumetric flask 2000 mL; 1000 mL; 250 mL; 

100 mL 

Vitlab 

Vortexer RS-VA 10 Phoenix Instrument 

Water bath TW8 Julabo 

Water bath WB20 P-D Industriegesellschaft 

 

 

2.1.2 Chemicals and reagents 

Table 2: List of used chemicals. 

Chemicals and reagents Manufacturer 

AAA (20-hydroxyicosa-6Z,15Z-dienoyl)aspartate  Cayman Chemical 

2'-deoxynucleoside 5'-triphosphate (dNTP) mix Thermo Fisher Scientific 

Agarose Roth 

Ammonium peroxidisulphate (APS) Roth 

Bovine serum albumin (BSA) Sigma-Aldrich 

Bromphenolblue Roth 
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Chemicals and reagents Manufacturer 

Calcium chloride (CaCl2) Roth 

Citric acid Sigma-Aldrich 

Chloroform Roth 

Cold water fish skin gelatin Sigma-Aldrich 

CRT 0066101 Tocris 

D7-cholesterol Merck 

D7-7-dehydrocholesterol (DHC) Merck 

D31-hexadecanoic acid Merck 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich 

Dipotassium phosphate (K2HPO4) Roth 

Disodium hydrogen phosphate (Na2HPO4) Roth 

DNA loading dye solution Sigma-Aldrich 

Enhanced chemiluminescence (ECL) substrate Bio-Rad 

Eosin G solution Roth 

Ethanol, absolute Roth 

Ethanol, denatured Roth 

Ethylenediaminetetraacetic acid (EDTA) Roth 

Fc-block Abcam 

Fentanyl  Janssen-Cilag 

Fura-2 acetoxymethyl ester (AM) Invitrogen 

GeneRuler 1 kbp DNA ladder Thermo Fisher Scientific 

GeneRuler 100 bp DNA ladder Thermo Fisher Scientific 

Goat serum Sigma-Aldrich 

GW1100 Cayman Chemical 

HET0016 Sigma-Aldrich 

Heparin Ratiopharm 

Hydrogen chloride (HCl) Sigma-Aldrich 

(4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) HEPES Sigma-Aldrich 

Insulin (100 I.E./mL) Sanofi Aventis 

Isopropanol Roth 

Lyso-platelet activating factor (16:0) Sigma-Aldrich 

Lysophosphatidic acid (LPA)-(17:0) Merck 

Lysophosphatidylcholine (LPC)-(17:0) Merck 

Lysine Sigma-Aldrich 

Magnesium chloride (MgCl2) Roth 
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Chemicals and reagents Manufacturer 

Magnesium sulfate (MgSO4) Sigma-Aldrich 

Mayer’s hematoxylin solution Sigma-Aldrich 

Medetomidin (Dormitor) Pfizer 

Methanol Sigma-Aldrich 

Midazolam (Dormicum) Roche 

Midori green advance DNA stain Nippon Genetics 

Mounting medium; Roti®-Mount Roth 

Platelet activating factor (16:0) Sigma-Aldrich 

PageRuler® prestained protein ladder Thermo Fisher Scientific 

Paraformaldehyde Roth 

Prostaglandin (PG)I2 Sigma-Aldrich 

Potassium chloride (KCl) Sigma-Aldrich 

PowerUp™ SYBR™ green master mix Thermo Fisher Scientific 

ProLong Gold Antifade Mountant with 4’,6-diamidino-2-

phenylindole (DAPI) mounting reagent 

Thermo Fisher Scientific 

Proteinase K inhibitor  Calbiochem 

Sodium chloride (NaCl) Roth 

Sodium dihydrogen phosphate (NaH2PO4) Roth 

Sodium dodecyl sulfate (SDS) Roth 

Sodium hydroxide (NaOH) Roth 

Sodium periodate (NaIO4) Roth 

SR27417 Sigma-Aldrich 

Tetramethylethylenediamine (TEMED) Roth 

Tris(hydroxymethyl)aminomethane (TRIS) Roth 

Trisodium citrate dehydrate Sigma-Aldrich 

Tween 20 Roth 

UltraPureTM distilled water (Dnase/Rnase Free) Thermo Fisher Scientific 

YM-254890 Tocris 

β-mercaptoethanol Sigma-Aldrich 

20-HETE Cayman Chemical 

 

 

 



 MATERIALS AND METHODS  

35 
 

2.1.3 Buffers and solutions  

Acid-Citrate-Dextrose (ACD) Buffer, pH 4.5   

Trisodium citrate dihydrate  85 mM 

Citric acid     65 mM 

Glucose     110 mM 

 

 

Blocking Buffer (for IF)      

PBS 

Goat serum     5 % (v/v) 

Cold water fish skin gelatin   1 % (w/v)   

Fc-block     10 µg/mL   

 

 

Collagenase Buffer       

HBSS 

CaCl2      1 mM 

Collagenase P    1 U/mL 

 

 

Fixation Buffer (for IF)      

Para-formaldehyde    1 % (w/v)  

Lysine      0.9 M 

NaH2PO4     28 mM   

NaIO4      12 mM   

Na2HPO4     9.4 mM   

 

 

HBSS          

HBSS 

CaCl2      1 mM 
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Krebs-Ringer-Buffer (KRB), pH 7.4    

NaCl      135 mM 

HEPES     20 mM 

KCl       5 mM 

CaCl2      1 mM 

MgSO4     1 mM 

K2HPO4     0.4 mM 

 

 

Laemmli Buffer (5x)       

TRIS (pH 6.8)    300 mM 

Glycerol     50 % 

β-mercaptoethanol    25 % 

SDS      10 % 

Bromphenolblue     Spatual tip 

 

 

Modified KRB, pH 7.4      

NaCl      138 mM 

HEPES     5 mM 

NaHCO3      5 mM 

KCl       3.6 mM 

CaCl2      1.5 mM 

MgSO4     0.5 mM 

NaH2PO4      0.5 mM 

 

 

Lysis Buffer (for DNA extraction)     

NaCl      200 mM 

TRIS (pH 8.5)     100 mM 

EDTA      5 mM 
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SDS      0.2 % (w/v) 

Proteinase K (added freshly)  0.1 mg/mL 

 

 

TRIS-acetic acid-EDTA (TAE) Buffer (50x)   

TRIS      2 M 

Acetic acid     1 M 

EDTA      50 mM 

 

 

TRIS-buffered saline (TBS) Buffer, pH 7.3   

NaCl      137 mM 

TRIS      20 mM 

 

 

Tyrode’s Buffer, pH 7.3      

NaCl      137 mM 

KCl      2.7 mM 

NaHCO3      12 mM 

NaH2PO4      0.43 mM 

Hepes      5 mM 

CaCl2       2 mM 

MgCl2       1 mM 

BSA       0.35 % 

Glucose      0.1 % 

 

 

Washing Buffer (for IF)      

PBS 

Tween 20     0.05 % (v/v)    
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2.1.4 Cell culture reagents, media, and buffers  

Table 3: List of cell culture reagents, media, and buffers. 

Reagent, medium, or buffer Manufacturer 

DharmaFECT Duo Horizon  

Dulbecco's Modified Eagle's Medium (DMEM) Thermo Fisher Scientific 

Dulbecco's phosphate-buffered saline (DPBS) Thermo Fisher Scientific 

Fetal bovine serum (FBS) Thermo Fisher Scientific 

Fetal calf serum (FCS) Thermo Fisher Scientific 

Gentamicin Thermo Fisher Scientific 

Glucose solution (200 g/L) Thermo Fisher Scientific 

Glutamine (100x) Thermo Fisher Scientific 

HEPES Thermo Fisher Scientific 

MatriGel Corning 

Lipofectamine RNAiMAX Thermo Fisher Scientific 

Nonessential amino acids (NEAA) (100x) Thermo Fisher Scientific 

Opti-MEM I Thermo Fisher Scientific 

Penicillin/Streptomycin (P/S) (10000 U/mL/10000 μg/mL) Thermo Fisher Scientific 

Radioimmunoprecipitation assay (RIPA) buffer  Thermo Fisher Scientific 

Roswell Park Memorial Institute RPMI 1640 Thermo Fisher Scientific 

Sodium pyruvate (100 mM) Thermo Fisher Scientific 

Trypan blue stain Thermo Fisher Scientific 

Trypsin (0.05 %)-EDTA Thermo Fisher Scientific 

ULTI-ST Human Cell Design 

ULTIβ1 Human Cell Design 

βCOAT Human Cell Design 

βKREBS Human Cell Design 

 

 

HEK293 medium       

DMEM (4.5 g/L D-Glucose) 

FBS      10 % (v/v) 

Penicillin/Streptomycin   1 % (v/v) 

 

 



 MATERIALS AND METHODS  

39 
 

INS1 medium       

RPMI 1640 

FBS      10 % (v/v) 

Penicillin/Streptomycin   1 % (v/v) 

HEPES     10 mM 

Glutamine     2 mM 

Sodium pyruvate     1 mM 

β-mercaptoethanol    50 µM 

 

 

MIN6 medium       

DMEM (4.5 g/L D-Glucose) 

FBS      15 % (v/v) 

Penicillin/Streptomycin   1 % (v/v) 

HEPES     20 mM 

β-mercaptoethanol    50 µM 

 

 

3T3L1 medium       

DMEM (4.5 g/L D-Glucose) 

FCS      10 % (v/v) 

Gentamicin     0.4 % (v/v) 

 

 

2.1.5 Kits  

Table 4: List of used kits. 

Kit Manufacturer 

20-HETE enzyme-linked immunosorbent assay (ELISA) Kit Abcam 

BCA Protein Assay Kit Thermo Fisher Scientific 

First Strand cDNA Synthesis Kit Thermo Fisher Scientific 
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Kit Manufacturer 

Human insulin ELISA Crystal Chem 

KAPA HiFi PCR Kit Roche 

Mouse Glucagon ELISA Kit Crystal Chem 

Pro-Platelet-Basic-Protein ELISA Kit RayBiotech 

Taq DNA Polymerase Thermo Fisher Scientific 

Ultra Sensitive Mouse Insulin ELISA Kit Crystal Chem 

Ultra Sensitive Rat Insulin ELISA Kit Crystal Chem 

 

 

2.1.6 Oligonucleotides 

Table 5: List of used oligonucleotides. 

Gene name Full gene name  
Forward primer (5' - 3') (upper)  

Reverse primer (5' - 3') (lower) 

Ffar1 

 

Free fatty acid receptor 1 (GPCR40) 5’-CCCTTGGTTATCACTGCTTTCTG-3’ 

5’-GAGCCTTCTAAGTCCGGGTTTAT-3’ 

Hprt1 

 

Hypoxanthine 

phosphoribosyltransferase 1 

5’-GCAGACTTTGCTTTCCTTGG-3’ 

5’-CCGCTGTCTTTTAGGCTTTG-3’ 

 

 

2.1.7 Antibodies 

2.1.7.1 Primary antibodies 

Table 6: List of used primary antibodies. 

Antibody Manufacturer 

Anti-GAPDH Sigma Aldrich 

Anti-PECAM-1 Abcam 

Anti-PKD/PKCμ pSer744/748 Cell Signaling 

Anti-PKD/PKCμ pSer916 Cell Signaling 

Anti-Phospho-(Ser/Thr) PKD substrate Cell Signaling 

Anti-VEGF-A Abcam 

JAQ1-F(ab’)2 Emfret Analytics 

JAQ1-IgG Emfret Analytics 

JON/A-F(ab’)2 Emfret Analytics 

non-immune rat IgG Emfret Analytics 
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Antibody Manufacturer 

p0p/B-Fab Emfret Analytics 

R300 Emfret Analytics 

 

 

2.1.7.2 Fluorophore-coupled antibodies 

Table 7: List of used fluorophore-coupled antibodies. 

Antibody Manufacturer 

anti-GPIbβ-Dylight488 Emfret Analytics 

WUG1.9-FITC Emfret Analytics 

JON/A-PE Emfret Analytics 

Rat anti-rabbit IgG Alexa Fluor 488 Thermo Sciences  

 

 

2.1.7.3 In-house generated antibodies 

Table 8: List of used in-house generated antibodies. 

Antibody Reference 

α-P-selectin-FITC unpublished 

anti-CD105-Alexa647 unpublished 

Anti-GPIX-Alexa594 Stegner et al., 2017 

Anti-GPIX-Dylight488 Stegner et al., 2017 

 

 

2.1.8 Enzymes 

Table 9: List of used enzymes. 

Enzyme Manufacturer 

Apyrase Sigma-Aldrich 

Collagenase P Roche 

Diamine oxidase Sigma-Aldrich 

Monoamine oxidase A Sigma-Aldrich 

Proteinase K Sigma-Aldrich 
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2.1.9 Cell lines 

Table 10: List of used cell lines. 

Cell line Manufacturer 

EndoC-βH1 Endocell 

EndoC-βH5 Human Cell Design 

HEK293 ATCC 

INS1 Prof. R. Ricci (University of Strasbourg) 

MIN6 Prof. R. Ricci (University of Strasbourg) 

3T3L1 ATCC 
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2.2 Methods 

2.2.1 Genetically modified mice 

Gp6-/- mice were previously described405. To sum it up, a targeting vector targeting 

intron 2 and exon 2 was electroporated into Sv129-derived embryonic stem cells to 

obtain homologous recombination. Cells that were successfully transformed were 

injected into C57BL/6 blastocysts. For germline transmission resulting chimeric mice 

were backcrossed with C57BL/6 mice. For further mouse line maintenance, 

heterozygous animals were intercrossed to generate Gp6-/- mice. 

 

GpIbα-/-;TG mice,  in which most of the extracytoplasmic sequence of GpIbα has been 

replaced by an isolated domain of the α-subunit of the human interleukin-4 receptor 

(IL-4R), were described previously406. Briefly, residues 1-198 of the mature α-subunit 

of the ectodomain of IL-4R were ligated with residues 473-610 of the human GPIbα 

mature subunit, integrated into an expression vector, and transfected into 

heterologous cells. A promoter cassette was cloned followed by microinjection of the 

transgenic product into pronuclei. The resulting transgenic mice were bred to mice 

lacking mouse GpIbα alleles.  

 

Unc13d-/- mice were generated by injection of Unc13dtm1(KOMP)Vlcg embryonic stem cells 

into C57BL/6 blastocysts as described previously407. The resulting chimeric mice were 

backcrossed with C57BL/6 mice for germ-line transmission.  

 

For the generation of Gαq/Gα13 PF4-Cre double deficient mice, previously described 

Gαq
fl/fl mice, in which exon 6 from the Gnaq gene was flanked by loxP sites, were 

intercrossed with Gα13
fl/fl mice, that exhibit exon 2 of Gna13 flanked with loxP sites 

(kindly contributed by Prof. Dr. Stefan Offermanns and Shaun R Coughlin, 

respectively)408,409. Gαq
fl/fl/Gα13

fl/fl mice were bred with mice that carry the Cre-

recombinase under the platelet factor 4 (PF4) promotor to obtain Gαq/Gα13 PF4-Cre 

mice, which are referred to as GαqGα13 PF4 Δ/Δ410. 

 

All mouse experiments were approved by the district government of Lower Franconia 

(Bezirksregierung Unterfranken, reference 2-1296 ; 500-46/20) and the local ethic 
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committee of Warsaw (I Lokalna Komisja Etyczna ds. Doświadczeń na Zwierzętach, 

reference: 1074/2020). Mice were held in groups of maximum five animals in cages 

(green line IVC-rack system, Tecniplast) under specific pathogen-free conditions in 

the animal facility of the Rudolf Virchow Centre and the Nencki Institute of 

Experimental Biology. They were kept on a 12 hours (h) light/dark cycle at a 

temperature of 23°C and 55 % humidity with ad libitum access to water and a regular 

chow diet. For experiments, male mice of the same age were taken.  

 

2.2.1.1 Generation of bone marrow chimeras 

5-7 weeks-old recipient C57BL/6JRj) mice were irradiated (Faxitron) with a single dose 

of 10 Gy. The femur and tibia of respective donor mice were prepared and bone 

marrow was washed out with a 22 G needle into 37°C DMEM. Recipient mice were 

reconstituted by intravenous (i.v.) injection with 4x106 bone marrow cells and treated 

with drinking water containing 2 g/l neomycin sulfate for the following 2 weeks. 

 

2.2.2 Mouse genotyping 

2.2.2.1 Isolation of murine DNA 

Mouse-ear biopsies were lysed in 500 µL lysis buffer over night at 55°C and 400 rpm 

on a thermomixer. For DNA extraction, 100 µL of 5 M NaCl was added, mixed, and 

centrifuged for 10 min at 13000 g at 4°C. The supernatant containing the nucleic acids 

was transferred to a new tube. After the addition of 500 µL isopropanol followed by 

thorough mixing, samples were kept for 30 min at -20°C. The samples were 

centrifuged under the remaining conditions and the supernatant was discarded. For 

washing, 1 mL of 70 % ethanol (absolute) was added to the remaining precipitated 

nucleic acid pellet. After centrifugation under the same conditions, the supernatant 

was discarded. The pellet was air-dried and resolved in 100 µL ddH2O at 55 °C and 

400 rpm for 10 min on a thermomixer. The final product was stored at -20°C until 

further usage.  

 

2.2.2.2 Polymerase chain reaction (PCR) for genotyping

Reagents for PCR were either derived from the KAPA High Fidelity Kit or Taq DNA 

Polymerase Kit.  

 



 MATERIALS AND METHODS  

45 
 

Genotyping of Unc13d-/- mice 

PCR mix:     

DNA    5 µL 

Thermo Buffer -MgCl2 2.5 µL  

MgCl2    2.5 µL 

dNTP (5 mM)  0.5 µL 

Primer TU.for  1 µL 

Primer TU.rev  1 µL 

Primer SU   1 µL 

Primer LacZ.rev  1 µL 

DMSO   1 µL 

Taq polymerase (5 U/μL) 0.25 µL 

H2O    11.25 µL 
 

PCR program:    

Step 1  96°C  3 min 

Step 2  94°C  30 s 

Step 3  62°C  30 s  

Step 4  72°C  1 min 

→ go to step 2, 40x 

Step 5  72°C  5 min 

Step 6  4°C  ∞ 

Primer for Unc13d+/+-PCR: 

Unc13d-TU.for: 5’- GGG ACG CCG TGT CTT TCT AC -3’ 

Unc13d- TU.rev: 5’- ACA CTC TCC CAA CAT CTC CTC TTA C -3’ 

Predicted band size: 73 bp 

 

Primer for Unc13d-/- PCR: 

Unc13d-SU: 5’- CTC TCC CCA GAG CCT CCG TG -3’ 

Unc13d-LacZ.rev: 5’- GTC TGT CCT AGC TTC CTC ACT G -3’ 

Predicted band size: 392 bp 

 

Genotyping of PF4-cre mice 

PCR mix (20 μL final volume):  

DNA     2 µL 

KAPA Buffer    5 µL 

KAPA dNTP (10 mM)  0.75 µL 

Primer PF4-for   0.75 µL 

Primer PF4-rev   0.75 µL 

KAPA polymerase (1 U/μL) 0.3 µL 

H2O     15.45 µL 

PCR program:    

Step 1  98°C  3 min 

Step 2  98°C  20 s 

Step 3  59°C  30 s  

Step 4  72°C  45 s 

→ go to step 2, 35x 

Step 5  72°C  3 min 

Step 6  4°C  ∞ 

 

Primer for PF4-cre PCR: 

PF4-for: 5’- CTCTGACAGATGCCAGGACA-3’ 

PF4-rev: 5’- TCTCTGCCCAGAGTCATCCT-3’ 
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Predicted band size: 450 bp 

 

Genotyping of Gαqfl/fl mice 

PCR mix (20 μL final volume):  

DNA    2 µL 

Thermo Buffer -MgCl2 2.4 µL  

MgCl2    2.0 µL 

dNTP (5 mM)  1 µL 

Primer Gαq-for  1 µL 

Primer Gαq-rev  1 µL 

Taq polymerase (5 U/μL) 0.2 µL 

H2O    15.4 µL 

PCR program:    

Step 1  94°C  3 min 

Step 2  94°C  30 s 

Step 3  61°C  30 s  

Step 4  72°C  45 s 

→ go to step 2, 35x 

Step 5  72°C  3 min 

Step 6  4°C  ∞ 

 
 

 

Primer for Gαqfl/fl PCR: 

Gαq-for: 5’- GCATGCGTGTCCTTTATGTGAG-3’ 

Gαq-rev: 5’- CTTCTGAGCCATCTTGCCAGC-3’ 

Predicted band size: 300 bp (WT), 450 bp (fl/fl) 

 

Genotyping of Gα13fl/fl mice 

PCR mix (20 μL final volume):  

DNA    2 µL 

Thermo Buffer -MgCl2 2.4 µL  

MgCl2    2.0 µL 

DMSO   1 µL 

dNTP (5 mM)  1 µL 

Primer Gαq-for  1 µL 

Primer Gαq-rev  1 µL 

Taq polymerase (5 U/μL) 0.2 µL 

H2O    14.4 µL 
 

PCR program:    

Step 1  94°C  3 min 

Step 2  94°C  15 s 

Step 3  56°C  30 s  

Step 4  72°C  45 s 

→ go to step 2, 35x 

Step 5  72°C  3 min 

Step 6  4°C  ∞ 

Primer for Gα13fl/fl PCR: 

Gα13-for: 5’-GCACTCTTACAGACTCCCAC-3’ 

Gα13-rev: 5’- GCCACAGAGGGATTCAGCAC-3’ 

Predicted band size: 450 bp (WT), 550 bp (fl/fl) 
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2.2.2.3 Agarose gel electrophoresis 

The PCR products were separated by size on a 2 % agarose gel. For the preparation 

of the gel, 6 g agarose was dissolved in 300 mL TAE buffer by boiling the solution in 

a microwave. After 3 min of cooling down, 15 µL of a DNA stain (Midori Green 

Advance) was added and the gel was allowed to solidify in a comb-containing tray 

which was then placed into a TAE buffer-filled chamber. Then, 24 µL of PCR product 

were mixed with 6 µL of 6x loading dye and loaded together with a 100 bp DNA ladder 

onto the gel. Separation of the samples and ladder occurred at 120 V for 1 h. For 

visualization, an ultra violet device was used and an image was taken with a camera. 

 

2.2.3 Mouse phenotyping 

To phenotype mice regarding their presence of GPVI on the platelet surface, flow 

cytometry was used as described in 2.2.6.2 using a specific antibody against GPVI. 

 

2.2.4 Treatment of mice with active ingredients 

2.2.4.1 Application of antibodies 

To induce platelet depletion 2 µg/g body weight (BW)  of anti-GPIbα IgG R300 (Emfret, 

Germany) were i.v. injected. For functional blocking of GPVI, GPIbα, and αIIbβ3 

4 µg/g BW of JAQ1-F(ab’)2, p0p/B-Fab, or JON/A-F(ab’)2 were injected i.v., 

respectively. GPVI was depleted by i.v. injection of 4 µg/g BW of JAQ1-IgG. Control 

mice received a dosage matching i.v. injection of non-immune rat IgG.  

 

2.2.4.2 Application of clopidogrel and ASA 

Clopidogrel and ASA were given as a solution of 150 mg/L ad libitum by drinking water 

to ensure an assumed daily dosage of 40 mg/kg BW. 

 

2.2.4.3 Application of HET0016 

Mice were injected intraperitoneally (i.p.) with 10 mg/kg HET0016 dissolved in DMSO 

72 h, 48 h, 24 h, and 30 min before the experiment. Control mice received DMSO only.  
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2.2.4.4 Application of SR27417 

Mice were injected i.p. with 10 mg/kg SR27417 dissolved in PBS 16 h before the 

experiment. Control mice received PBS only.  

 

2.2.5 In vivo analysis 

2.2.5.1 Glucose and insulin tolerance test 

The glucose tolerance test (GTT) and insulin tolerance test (ITT) were executed with 

mice that were fasted 16 h or 4 h before the experiment, respectively. Unless 

otherwise stated, mice received an intraperitoneal (i.p.) injection of glucose (2 g/kg 

bodyweight (BW) for GTT and of insulin (0.5 U/kg BW) for ITT. Blood glucose levels 

were monitored by tail vein puncture just before injection (0) and 15, 30, 60, 90, and 

120 min after injection with an Accu-chek glucometer.   

 

2.2.5.2 Glucose-stimulated insulin secretion (GSIS) 

To measure GSIS mice were fasted for 16 h followed by i.p. glucose injection (3 g/kg 

BW). Blood samples were taken by tail vein puncture just before injection (0) and 2, 5, 

15, and 30 min after injection. After spinning down the samples at 13000 g and 4°C 

for 10 min, insulin concentrations of the resulting supernatants were measured by 

ELISA.  

 

2.2.5.3 Body composition 

For assessment of the body composition mice were placed into a nuclear magnetic 

resonance analyzer which allows quantification of fat mass, lean mass, and free fluids. 

Further, mice were dissected and the weight of different organs was measured.  

 

2.2.5.4 Platelet activation upon glucose injection 

Mice were fasted for 16 h and received an i.v. injection of glucose (2 g/kg in saline)  or 

saline through the retroorbital plexus. After indicated timepoints, mice were bled from 

the retroorbital plexus into 300 µL heparin (20 U/mL in TBS) and platelet count was 

measured for normalization according to 2.2.6.2. Finally, samples were centrifuged at 

2800 rpm at RT for 6 min and levels of PPBP of the resulting supernatant were 

measured by ELISA (RayBiotech) as described in the manufacturer’s manual. 
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2.2.5.5 Pancreas intra-vital imaging 

For visualization of vasculature and platelets, fluorescently labeled antibodies against 

CD105 (0.4 µg/g BW, Alexa Fluor 647) and GPIX (0.6 µg/g BW, Alexa Fluor 594) 

respectively, were injected subcutaneously. Mice were anesthetized with 0.5 mg/kg 

BW Medetomidin, 5 mg/kg BW Midazolam, and 0.05 mg/kg Fentanyl. Afterwards, 

access to the pancreas was generated by laparotomy of the upper abdominal below 

the costal arch. For further microscopy, the intestine and stomach were carefully 

pushed aside with a cotton stick to expose a small part of the pancreas. The 

surrounding tissue was covered with a cloth soaked with physiological saline solution 

to avoid drying the tissue. Subsequently, mice were placed on an inverted Leica SP8 

confocal microscope, and imaging was performed using a 25x objective.  

 

For further analysis, image stacks were processed, visualized, and analyzed using Fiji. 

First, three-dimensional (3D) multicolor image stack files were preprocessed using 

Huygens Deconvolution software (Huygens Professional 20.10.0p1 64bit, Scientific 

Volume Imaging B.V., Hilversum, The Netherlands) to obtain higher contrast and 

better signal-to-noise ratio. For deconvolution, the Classic Maximum Likelihood 

Estimation (CMLE) model was used, applying a maximum of 40 iterations, a signal-to-

noise ratio of 10, and automatic background estimation. Then, the results were 

converted to Imaris Classic format and segmented using Imaris (Imaris x64, version 

9.6, Bitplane AG, Zurich, Switzerland). Two segmentations were executed with each 

stack. The fluorescence intensity of CD105-stained cells served to determine blood 

vessel walls, and the fluorescence signal from GPIX-positive cells was used to identify 

platelets. Both parameters were integrated into the Surface Model tool in combination 

with shortest distance calculation, rolling ball background subtraction, and manual 

threshold adjustment. Vascular objects smaller than <100 µm³ were excluded. A size 

filter (>8 µm³) was applied to distinguish adherent platelets from motile ones. In 

addition, the manual removal of scan-related artifacts was executed. Distance 

transformation was used to only obtain platelets, that are adhered to the vessel wall 

(distance=0 µm). The volumes of vessel walls and adherent platelets were used for 

further statistical analysis and the "Snapshot" tool was applied to generate 3D images. 
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2.2.6 In vitro analysis of platelet function 

2.2.6.1 Purification of platelets from whole blood 

To generate washed platelets from murine blood, anesthetized mice were bled from 

the retroorbital plexus into 300 µL heparin (20 U/mL in TBS). The tube was filled up 

with heparin to 1.3 mL and centrifuged for 6 min at 800 rpm and RT. Then, the upper 

platelet-rich plasma (PRP) phase was transferred together with the transition phase of 

the red blood cells into a fresh tube containing 300 µL heparin. After repeating the 

previous centrifugation step, only PRP was transferred into a new tube without 

touching the red blood cell phase. For platelet inhibition 2 µL apyrase (0.02 U/mL, f.c.) 

and 5 µL PGI2, (0.1 μg/mL, f.c.) were added. When platelets were spun down at 

2800 rpm for 5 min at RT, the supernatant was discarded and the platelet pellet was 

resuspended in 1 mL of Tyrode’s buffer without Ca2+ containing 2 µL apyrase and 5 µL 

PGI2. Centrifugation and resuspension steps were repeated once and platelet count 

was assessed in a 1/1 dilution in PBS using an automated cell analyzer (Sysmex). 

Depending on further experiments, the platelet pellet was resuspended in the 

respective buffer volume to obtain desired platelet count. Finally, platelets were 

allowed to rest for 30 min at 37°C until continuation with the following experiment.  

 

For the preparation of washed platelets from human blood, blood was taken from the 

basilic vein and transferred into a 15 mL tube containing 0.2 mL/mL blood of sterile 

acid citrate dextrose (ACD, pH 4.5). After centrifugation for 20 min at 300 g at RT 

(acceleration at 9, break at 1), PRP was transferred into a new tube and supplemented 

with 2 µL/mL apyrase (0.02 U/mL, f.c.), 5 µL/mL PGI2, (0.1 μg/mL, f.c.) and 100 µL/mL 

ACD. The samples were rested for 10 min at 37°C and centrifuged for 10 min at 500 g 

and RT (acceleration at 3, break at 3). The supernatant was discarded and the platelet 

pellet resuspended it 2 mL of Tyrode’s buffer containing 2 µL/mL apyrase (0.02 U/mL, 

f.c.), 5 µL/mL PGI2, (0.1 μg/mL, f.c.) and 150 µL/mL ACD. Platelet count was assessed 

with a 1/1 dilution in PBS by Sysmex while the previous centrifugation step was 

repeated once. Depending on the further experiment, the platelet pellet was 

resuspended in the desired buffer to obtain a defined platelet count. After 30 min of 

resting at 37°C, platelets were used for the following experiment.  
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2.2.6.2 Flow cytometry 

To quantify the presence of GPVI on the platelet surface, 50 µL blood was bled from 

the retroorbital plexus of anesthetized mice into 300 µL heparin (20 U/mL in TBS). 

1 mL of Tyrode’s buffer w.o. Ca2+ was added and 50 µl of diluted blood was stained 

with saturating amount of fluorophore-conjugated antibody against GPVI (JAQ1-FITC) 

for 7 min at 37°C followed by 7  min at RT. The samples were diluted with 500 µL PBS 

and analyzed at a Celesta (BD BioSciences). Platelets were identified by their forward 

and side scatter characteristics and mean fluorescence intensity (MFI) was 

determined.  

 

For the assessment of platelet count by flow cytometry, samples were prepared as 

described above and stained with saturating amount of fluorophore-conjugated 

antibody against GPIbα (15E2-PE) for 7 min at 37°C followed by 7  min at RT. After 

dilution with 500 µL PBS counts per second were measured. Alternatively, platelet 

count was measured in heparinized blood diluted 1:1 in PBS with a Sysmex analyzer.  

 

To analyze integrin αIIbβ3 activation and P-selectin exposure upon platelet activation, 

mice were bled as described before. For heparin removal, blood was washed twice 

with 1 mL Tyrode’s buffer w.o. Ca2+ (2,800 rpm, 5 min, RT) and finally resuspended in 

750 µL Tyrode’s buffer containing 2 mM Ca2+. Platelets were stimulated for 7 min at 

37°C, followed by 7 min at RT with agonists in the presence of saturating amounts of 

fluorophore-conjugated antibodies against activated αIIbβ3 integrins (JON/A-PE) and 

P-selectin (WUG.1.9-FITC). For stimulation experiments with different cell 

supernatants, the supernatants were adjusted to 25 mM glucose and added in a ratio 

of 1:3 in the presence of 1 µg/mL CRP. Stimulation was stopped by the addition of 

500 µL PBS and samples were analyzed as described above. 

 

2.2.6.3 Platelet adhesion to collagen under flow  

For assessing the impact of glucose on platelet adhesion, 800 µL heparinized blood 

derived from mice or human donors was mixed with 400 µL Tyrode’s-HEPES buffer 

and supplemented with 2.8 mM or 25 mM glucose. For experiments with different cell 

supernatants, 200 µL heparinized mouse blood was mixed with 100 µL cell 

supernatant and 100 µL Tyrode’s-HEPES buffer supplemented with glucose to obtain 
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a final glucose concentration of 25 mM. Platelets were fluorescently labeled with a 

Dylight488-labeled anti-GPIX antibody derivative (0.1 µg/mL, for mouse samples) or 

a Dylight488-labeled anti-GPIbβ (0.1 µg/mL, for human samples) for 5 min at 37°C.  

 

Coverslips (24 x 60 mm) were coated with 200 µg/mL fibrillar type I collagen in SFK  

buffer overnight at 37°C, followed by blocking for 30 min with 1 % w/v BSA in PBS at 

room temperature. The coated coverslip was inserted into a transparent flow chamber 

system with a slit depth of 50 µm. Perfusion of the blood sample occurred at a shear 

rate of 150 /s using a pulse-free pump at room temperature for 8 min. Subsequently, 

the chamber got washed for an additional 8 min using Tyrode’s-HEPES buffer with 2 

mM CaCl2 and sample-matching glucose concentration. Microscope phase-contrast 

images were recorded in real-time during the perfusion and washing process using a 

Zeiss Axiovert 200 inverted microscope (40x/0.60 objective) equipped with a 

CoolSNAP-EZ camera (Visitron). After washing, phase contrast and fluorescence 

images were recorded from at least 6 random microscope fields. Image quantification 

was executed with Fiji to obtain relative coverage of platelets as well as integrated 

density of their fluorescence signal. 

 

2.2.7 Generation of supernatant of activated platelets  

To prepare the supernatant of activated mouse platelets (mPS) and supernatant of 

activated human platelets (hPS), platelets were washed as described in 2.2.6.1. The 

platelet pellet resulting from the last washing step was resuspended in Tyrode’s buffer 

containing 2 mM CaCl2, to obtain a final platelet count of 500,000 platelets/µL for mPS 

and 1000,000 platelets/µL for hPS. The platelets were allowed to rest for 30 min at 

37°C, followed by inducing platelet activation with the addition of 10 ug/mL of collagen-

related peptide (CRP). After 15 min of incubation at RT, platelet debris was removed 

by centrifugation for 10 min at 4°C and 800 g, followed by sterile filtration of the 

supernatant. The control solution was generated identically except for the presence of 

platelets.  

 

For the digestion of proteins and peptides, hPS and the control solution were treated 

with 0.2 U/ml proteinase K for 16 h at 37°C, followed by 1 h incubation with 0.2 mM 

proteinase K inhibitor. Fractioning was obtained by using Amicon Ultra-0.5 mL 
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centrifugal filters (3 kDa). The fraction bigger than 3 kDa was diluted in Tyrodes-

HEPES buffer containing 2 mM CaCl2 to obtain the starting volume of the solution. To 

digest purines, histamine, and serotonin, 2 x 10-3 U/ml apyrase, 3 x 10-4 U/ml diamine 

oxidase, or 19 μg/ml monoamine oxidase A, respectively, were added for 16 h at 37°C. 

The treatment of monoamine oxidase A was followed by separation with a centrifugal 

filter unit and only the fraction of substances smaller than 3 kDa was used for further 

experiments. During the generation of modified hPS and control solutions, additional 

vials of hPS and control solution were subjected to the same treatment except for the 

presence of appropriate enzymes and inhibitors. For the extraction of lipids, hPS and 

control solution were added to twice the volume of 2:1 v/v mixture of chloroform and 

methanol, vortexed for 1 min, and centrifuged at 3000 g, 4°C for 10 min. The upper, 

aqueous phase was transferred to a new vial and the procedure was repeated two 

additional times. The final upper phase was used for the following experiments. 

 

2.2.8 In vitro analysis of β-cell lines and isolated islets 

2.2.8.1 Mouse islet isolation and GSIS 

The mouse was euthanized by CO2, sterilized with 70 % ethanol (v/v), and an incision 

was made around the upper abdomen to expose the liver and intestine. The ampulla 

was clamped with surgical thread and a small incision into the common bile duct was 

generated with micro scissors under a microscope. A 30 G needle was inserted into 

the duct towards the pancreas, and 3 mL of cold collagenase buffer was slowly 

injected. The inflated pancreas was removed from the body and transferred into a tube 

containing 5 mL of collagenase buffer. After digestion for 15 min at 37,5°C and 

400 rpm, digestion was stopped by placing the sample on ice and adding 20 mL cold 

HBSS. Subsequently, the sample was centrifuged for 30 s at 290 g and 4°C. The 

supernatant was discarded and the pellet was resuspended in 20 mL HBSS. The 

centrifugation step was repeated and the resulting pellet was resuspended in 15 mL 

HBSS. Then, the suspension was filtered through a 70 µm mash and rinsed with 

50 mL of HBSS. The mash was turned upside down over a petri dish and the remaining 

islets were washed out by rinsing with 15 mL of RPMI medium (10 % FBS, v/v). For 

further purification, islets were manually picked and transferred into 5 mL of fresh 

RPMI medium using a pipette and a microscope. Islets were distributed in a 96-well 

plate (V-bottom) containing 300 µL RPMI (10 % FBS, v/v) to obtain 8 size matching 
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islets per well. After equilibration for 2.5 h at 37°C, 90 % of the medium was carefully 

discarded and each well was washed twice with 200 µL of low glucose KRB (2.8 mM 

glucose, 0.5 % BSA, v/v). For stimulation, 100 µL of low glucose KRB was added and 

after 90 min of incubation, a sample of 15 µL was taken. Wells were washed twice with 

high glucose KRB (16.7 mM glucose, 0.5 % BSA, v/v) and 100 µL of high glucose KRB 

was added. Following another 90 min of incubation, 15 µL of the sample was taken. 

Insulin levels of samples were assessed by mouse insulin ELISA (2.2.10.4). 

 

For experiments including mPS, islets were isolated and equilibrated as described 

above. Then, islets were stimulated with a 1/1 mixture of KRB and mPS or control 

solution, supplemented either with 2.8 mM or 16.7 mM glucose and 0.5 % BSA (w/v). 

After 90 min of incubation 15 µL sample was taken and analyzed with mouse insulin 

ELISA. 

 

2.2.8.2 Cell culture and GSIS 

To measure insulin secretion with MIN6 cells, 30,000 cells/well were plated 48 h before 

on a MatriGel-coated 96-well plate. For coating, 50 µL/well of 0.05 % MatriGel in PBS 

(v/v) was incubated for 30 min at 37°C with subsequent washing with sterile ddH2O 

and PBS, respectively. Cells were kept in low glucose KRB (2.8 mM glucose, 0.5 % 

BSA (w/v) for 2 h before the experiment for equilibration. For stimulation, cells were 

incubated for 1 h with low glucose KRB, followed by 1 h stimulation with a 1/1 mixture 

of KRB and mPS or control solution respectively, supplemented with 25 mM glucose 

and 0.5 % BSA (w/v). Supernatant samples of 15 µL were taken from low and high-

glucose-stimulated cells and insulin concentrations were quantified by mouse insulin 

ELISA. 

 

For GSIS with INS1-cells, 100,000 cells/well were plated 48 h before the assay on a 

48-well plate. Before the experiment, cells were kept for 1 h in low glucose KRB 

(2.8 mM glucose, 0.5 % BSA, w/v) for acclimation. Afterwards, cells were stimulated 

for 30 min with a 1/1 mixture of KRB and hPS or control solution respectively,  

containing 2.8 mM or 15 mM glucose and 0.5 % BSA (w/v). Supernatant samples of 

15 µL were taken and insulin levels were determined by rat insulin ELISA. 
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For the co-culture of INS1-cells with human platelets, INS1-cells were prepared and 

acclimated as described above. Then, cells were stimulated for 30 min with a 

suspension of 106 /ul platelets in Tyrode’s buffer or control solution (2.2.6.1) 

supplemented with 2.8 mM glucose and 0.5 % BSA (w/v). The supernatant was 

carefully collected, spun down for 5 min at 2000 g and 4°C, and the resulting 

supernatant was used for insulin quantification by rat insulin ELISA. 

To inhibit GPCR40, Gαq/11, and PKD1, INS1-cells were treated with 5 μM GW1100, 

5 nM YM-254890, and 1 μM CRT0066101, respectively for 2 h before the experiment, 

as well as during 30 min of stimulation with a 1:1 mixture of KRB and hPS or control 

solution, containing 15 mM glucose and 0.5 % BSA (w/v). 

For silencing of GPCR40 expression, INS1-cells were transfected with siRNA in 

suspension. siRNA and DharmaFECT Duo transfection reagent were diluted in Opti-

MEM I, before being added to MatriGel-coated 48-well plates. 100,000 cells/well were 

added in an antibiotic-free medium. The final concentrations of siRNA and transfection 

reagent were 0.1 μM and 7.7 μl/ml, respectively. 48 h after transfection, the GSIS 

experiment was executed as described above.  

 

For the determination of GSIS of EndoC-βH1 cells, 300,000 cells/well were plated onto 

24-well plates. Before the experiment, cells were incubated overnight in a culture 

medium supplemented with 2.8 mM glucose, followed by 15 min incubation in modified 

KRB supplemented with 0.2 % BSA (w/v) and 1 mM glucose. Afterwards, cells were 

stimulated with a 1/1 mixture of modified KRB and either hPS or control solution, 

supplemented with 0.2 % BSA (w/v) and 2.5 mM or 20 mM glucose. Supernatants 

were collected and cellular insulin was extracted by acid ethanol treatment. Insulin 

concentrations were quantified by ELISA.    

 

In the case of EndoC-βH5 cells, 100,000 cells/well were seeded onto βCOAT coated 

96-well plates and cultivated in ULTIβ1 medium. 6 days after plating, cells were kept 

in ULTI-ST medium for 24 h. 1 h before the experiment, cells were incubated in 

βKREBS containing 0.1 % BSA (w/v, fraction V fatty acid-free). For stimulation, cells 

were incubated for 40 min in a 1/1 mixture of βKREBS with hPS or control solution, 

containing 0.1 % BSA (w/v, fraction V fatty acid-free) and 3.9 mM or 20 mM glucose. 
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The supernatant was collected and cells were lysed with RIPA buffer to measure 

cellular insulin content. Insulin levels were quantified by ELISA.  

 

2.2.8.3 Measurement of Ca2+ influx 

INS1-cells were plated 48 h before assay on a 24-well plate. For monitoring of 

intracellular Ca2+ concentrations, cells were incubated for 1 h in KRP supplemented 

with 2 μM fura-2 (AM) and 2.8 mM glucose. After washing twice with PBS, cells were 

cultivated in KRB (2.8 mM glucose, 0.5 % BSA, w/v) for several minutes, to obtain the 

basal level of cytosolic Ca2+. This was followed by stimulation with a 1/1 mixture of 

KRB and either hPS or control solution, containing 15 mM glucose and 0.5 % BSA 

(w/v). Cytosolic Ca2+ concentrations were monitored with a microplate reader at 

excitation/emission 340/510 nm and 380/510 nm.  

 

2.2.8.4 Generation of cell supernatants  

MIN6, 3T3L1, or HEK293 cells were seeded on a MatriGel-coated 12-well plate 

(300,000 cells/well). After 48 h of cultivation in respective medium, cells were 

acclimated for 2 h in 2.8 mM glucose KRB, followed by stimulation in 250 μL KRB 

containing 2.8 mM or 25 mM glucose for 3 min. The supernatant was collected and 

spun down for 5 min at 300 g and 4°C. The resulting supernatant was centrifuged 

again for 5 min at 14000 g and 4°C. Finally, the supernatant was collected and stored 

at -80°C until further use. Control supernatant was generated following the same 

procedure but in the absence of cells.  

 

2.2.9 Histological analysis 

2.2.9.1 Hematoxylin and Eosin (H&E) staining  

H&E staining was executed according to standard protocols. In summary, paraffinized 

pancreas tissues were cut into sections of 5 µm. For deparaffinization, sections were 

incubated twice in xylol for 10 min, followed by rehydration in an ethanol gradient 

(99 %, 99 %, 90 %, 80 %, 70 %, 50 %, 0 %, v/v with ddH2O, 5 min each). Then, 

sections were stained in hematoxylin for 10 min and rinsed in tap water for an 

additional 10 min. After incubation for 2 min in 70 % and 80 % ethanol respectively, 

sections were counterstained for 1 min in eosin. Dehydration in ethanol was continued 

(96 %, 96 %, 99 %, 99 %, 2 min each) followed by xylol (2x 10 min). Finally, sections 
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were covered with a cover slip using xylene based mounting medium (RotiMount). An 

inverted microscope was used for further analysis (Olympus CKX31).  

 

2.2.9.2 Immunofluorescence (IF) 

Cryosections with a thickness of 7 µL were incubated for 30 min at RT in the fixation 

buffer. Three times washing with PBS was followed by 1 h blocking in blocking buffer. 

Afterwards, the primary antibody was added in blocking buffer overnight at 4°C. 

Sections were washed twice with washing buffer and secondary antibodies were 

added in blocking buffer for 1 h at RT. After washing twice with washing buffer and 

PBS, sections were covered with a coverslip using ProLong Gold Antifade Mountant 

with DAPI. Analysis was executed with a confocal microscope (Leica TCS SP8). 

 

To analyze the localization of platelets in pancreatic islets, cryosections of pancreas 

tissue were stained with primary rabbit anti-PECAM-1 antibody (1/150, v/v). 

Afterwards, sections were labeled with secondary rat anti-rabbit Alexa Flour 488 

antibody (1/500) together with an anti-GPIX Alexa Flour 594 derivative (10 μg/mL). 

Pancreatic islets were identified by higher nucleus density and fluorescence images 

of the exocrine and endocrine pancreas were recorded. For quantification, background 

fluorescence was subtracted and endothelial area, islet area, and platelet count were 

determined by Fiji.  

For analysis of vascularization of islets and VEGF-A expression, pancreas sections 

were incubated with primary guinea pig anti-insulin antibody (1/180, v/v) together with 

primary rabbit anti-VEGF-A (1/250, v/v) or rabbit anti-PECAM-1 (1/500, v/v) antibody. 

Following day sections were stained with secondary anti-guineapig Alexa Flour 594 

(1/200, v/v) and anti-rabbit Alexa Flour 488 (1/500, v/v) antibodies. Islets were located 

by insulin staining and VEGF-A fluorescence intensity, as well as endothelial area, 

were determined by Fiji.  

 

2.2.9.3 Quantification of pancreatic islet size and area 

Paraffin and cryosections of the whole pancreas were used for the quantification of 

islet size and area. Three sections with a distance of 50 µm were prepared from each 

tissue. In the case of paraffin sections, islets were identified by H&E staining (2.2.9.1) 

and images were taken with a Leica light microscope DM4000B system. For 
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cryosections, islets were localized by IF staining against insulin (2.2.9.2) and imaged 

with a confocal microscope (Leica TCS SP8). To normalize the islet area to the whole 

pancreas area, images of whole paraffin and cryosections were recorded using the 

Tile Scanning function. Finally, the area of islets and whole pancreas sections were 

quantified by Fiji. 

 

2.2.10 Molecular biology and biochemical methods 

2.2.10.1 Immunoblotting 

Cells were lysed in RIPA buffer supplemented with protease and phosphatase inhibitor 

mix. Cell fragments were spun down by centrifugation at 13000 g and 4°C for 10 min. 

After quantification of protein concentrations using a BCA assay kit according to the 

manufacturer’s manual, protein concentrations were adjusted with RIPA buffer to an 

equal volume. A respective volume of 5x Laemmli buffer was added and samples were 

incubated at 95°C for 5 min. Subsequently, samples were loaded on a 10 % SDS 

polyacrylamide gel, separated by electrophoresis, and transferred to a polyvinylidene 

fluoride (PVDF) membrane. The membrane was washed in TBST, blocked for 1 h at 

4°C in blocking buffer, and blotted with primary antibodies in TBST containing 5 % 

BSA (w/v) overnight at 4°C. After washing three times in TBST, anti-rabbit horseradish 

peroxidase (HRP)–conjugated secondary antibody in TBST supplemented with 5 % 

BSA (w/v) was added for 1 -based signal detection. 

2.2.10.2 Real-time quantitative PCR (qPCR) 

RNA was isolated from cells using a Total RNA Mini Kit following the manufacturer’s 

instructions. For the synthesis of complementary DNA (cDNA) First Strand cDNA 

Synthesis Kit was used and RNA concentration and quality were assessed with a 

NanoDrop spectral photometer. qPCR was executed with 2 µL of cDNA (5 ng), 5 µL 

SYBR Green and 0.4 µL of the respective primer sequences (1/10 in H2O, stock: 

1 µg/mL), filled up to 10 µL with RNase-free water. Finally, samples were analyzed on 

a QuantStudio 5 Real-Time PCR System. 

 

RT-qPCR program:      

Step 1  95°C  10 min 

Step 2  95°C  15 s 

Step 3  60°C  1 min  
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→ go to step 2, 40x 

Step 4-6 for melting curve: 

Step 4  95°C  15 s 

Step 5  60°C  1 min 

Step 6  95°C  15 s  

 

Relative mRNA levels were calculated using the ΔΔCT method normalized to the 

reference gene Hprt1.   

 

2.2.10.3 Insulin extraction from tissue and cells 

To determine pancreatic insulin levels, Mice were euthanized by CO2 and blood was 

removed by heart puncture. A piece of 50 mg was dissected from the tail of the 

pancreas, which is directly connected with the spleen, and homogenized in 5 mL of 

70 % ethanol supplemented with 1.5 % HCl using a Polytron homogenizer. After 

incubation for 24 70 % ethanol supplemented with 1.5 % HCl was added to the wells 

and kept at -20°C for 24 h, followed by the above-described procedure.Quantification 

of signaling molecules 

For the determination of insulin concentrations, a commercially available sandwich-

based ELISA kit (CrystalChem) was used according to the manual instructions. In 

short, serum was generated by centrifugation of blood samples for 10 min at 13,000 g 

and 4°C. 5 µL of serum or pancreas extract was added to 95 µL dilution buffer and 

incubated for 2 h at 4°C in antibody-coated wells.  After washing, 100 µL of antibody 

solution was added and kept for 30 min at RT. Following washing, 100 uL of substrate 

solution was added and incubated at RT for 40 min. The reaction was stopped by the 

addition of 100 µL stop solution and absorption at 450 nm, together with background 

absorption at 630 nm, was measured with a Spark 10M microplate reader.  

 

To quantify glucagon levels, a sandwich ELISA kit (CrystalChem) was used as 

described in the manufacturer’s manual. In brief, blood was centrifuged for 10 min at 

13,000 g and 4°C for serum generation. 10 µL of serum and 100 µL of labeled 

antibody were added into antibody-coated wells. After incubation for 20 h at 4°C, the 

wells were washed and filled with 100 µL substrate solution. This was followed by 
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incubation for 30 min at RT with subsequential addition of 100 µL stop solution. Finally, 

absorption at 450/630 nm was measured.  

 

20-HETE was quantified by a competitive ELISA (Abcam) according to the manual 

instructions. In summary, serum was generated by keeping blood samples for 30 min 

at RT to allow coagulation. Subsequently, samples were spun down at 2000 g and 

4°C for 10 min to obtain serum. 50 µL of serum or supernatant of activated platelets 

(PS) were loaded together with 50 µL of sample diluent and 100 µL of HRP conjugate 

into antibody-coated wells. After 2 h of incubation at RT, the wells were washed and 

filled with 200 µL substrate solution. The reaction was terminated after 20 min by the 

addition of 100 µL 1 N sulfuric acid and absorption was measured at 450 nm.  

 

2.2.11 LC-MS Lipidomic Analysis  

Lipid extraction was performed by mixing 10 µL of the sample with 170 μl of 10 mM 

HCl, 190 µL methanol, and 20 µL external standards (100 μM D7-cholesterol, 50 μM 

D7-7DHC, 10 μM each of D31-hexadecanoic acid, lysophosphatidic acid (LPA)-(17:0), 

and LPC-(17:0)) in 1/1 chloroform/methanol (v/v). Successively, 90 μl and 100 μl of 

chloroform were added and mixed thoroughly in between. Then, the resulting upper 

phase was reextracted with 300 µL of synthetical lower phase, and the combined lower 

phases were evaporated under a stream of nitrogen gas at 30°C. The residues were 

dissolved in 50 µL of 2-propanol for further analysis.  

 

Solvent A      Solvent B     

Methanol  5 % (v/v)   Acetonitrile  45 % (v/v)  

Water   94.9 % (v/v)   2-Propanol  45 % (v/v) 

Formic acid  0.1 % (v/v)   Water   0.9 % (v/v) 

       Formic acid  0.1 % (v/v) 

 

3 µL of the sample were loaded on an Acclaim 120 C8 HPLC column. LC-separation 

occurred at a flow rate of 200 µL/min at 45°C, starting with 20 % solvent B for 2 min, 

which was linearly increased to 100 % within 7 min, kept for another 28 min, and finally 

returned to 20 % solvent B within 1 min and maintained like this for 5 min for 
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equilibration. Eluent accessed the heated electrospray unit of the Q Exactive mass 

spectrometer from 4 min to 34 min after sample injection. Chromatograms were 

recorded with a scan range of 200-1650 m/z in alternating negative and positive 

modes at 70,000 nm resolution. Peaks corresponding to calculated monoisotopic 

metabolite masses (+/- 3 mMU) were integrated using TraceFinder V3.3 software. 

 

2.2.12 Statistical analysis 

Results are presented as ± standard error of the mean (SEM) or ± standard deviation 

(SD), depending on the sample size. To assess the significance a two-tailed Student’s 

t-test for independent groups was used and a two-way analysis of variance (ANOVA), 

followed by a post hoc Tukey’s test served for multiple comparisons. P-values < 0.05 

were considered statistically significant (* P< 0.05; ** P < 0.01; *** P < 0.001) and P-

values ≥ 0.05 were considered not significant (NS).
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3 RESULTS 

3.1 Platelets get activated during hyperglycemia and specifically 

localize in the microvasculature of pancreatic islets 

For decades, it has been known that platelets from diabetic patients often show an 

increased reactivity and basal activation250,251. Therefore, several in vitro and in vivo 

approaches were applied to investigate different influencing factors that might cause 

the platelet phenotype during the pathophysiological state of diabetes. 

 

3.1.1 High glucose levels increase platelet activation, degranulation, and 

binding to collagen 

 

 

Figure 7: Glucose promotes platelet activation. (A) P-Selectin exposure and αIIbβ3 integrin 
activation of C57BL/6JRj mouse platelets after incubation of blood for 12 min with different platelet 
activators in the presence of 5 mM, 15 mM, and 30 mM glucose. n=12. Each n represents a 
measurement of a sample from distinct mice. *P < 0.05; **P < 0.01. Unpaired t-test. Data are mean ± 
SEM. 

 

Diabetes is linked to the dysfunctional regulation of glucose homeostasis. Therefore, 

it is thinkable, that platelet hyperreactivity frequently observed in diabetics is caused 

by hyperglycemia, which is a result of improper glycemic control. To test the relevance 
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of glucose in the context of hyperreactive platelets, mouse blood was treated with 

different concentrations of glucose in the presence of common platelet activators. The 

subsequent flow cytometry analysis allowed the quantification of α-granule-specific P-

selectin exposure (WUG1.9-FITC-antibody) and integrin αIIbβ3 activation (JON/A-PE-

antibody) that determine the degree of platelet activation411. Although glucose itself 

did not affect P-selectin exposure, it further promoted the CRP-induced degranulation 

process (Figure 7A). Similarly, increasing glucose concentrations significantly 

stimulated serotonin-, ZnCl2-, ATP-, and U46-induced integrin αIIbβ3 activation, the 

latter being a TxA2 analog (Figure 7A)412. Even though the effect size is not large in 

the case of serotonin, ZnCl2, and ATP, glucose seems to amplify platelet activation in 

the presence of additional activators.  

 

 

Figure 8: Glucose promotes the binding of platelets to collagen. (A) Representative fluorescence 
and brightfield microscopic images of platelets bound to collagen during flow conditions of anti-
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coagulated whole blood from C57BL/6JRj mice, GαqGα13 PF4 Δ/Δ mice, or human donors. Before the 
assay, blood samples were incubated for 5 min with 2.4 mM (low glucose, LG) or 25 mM glucose (high 
glucose, HG). (B and C) Quantified surface coverage (B) and integrated density (C) of platelet 
aggregates formed under conditions described in (A). C57BL/6JRj, n=6; GαqGα13 PF4 Δ/Δ, n=4; human, 
n=11. (D) Flow cytometry was used to assess P-selectin exposure and integrin αIIbβ3 activation of 
platelets from GαqGα13 PF4 Δ/Δ and GαqGα13 f/f mice after stimulation with indicated agonists. n=5. 
Each n represents a measurement of a sample from distinct mice or humans. *P < 0.05; **P < 0.01; 
***P < 0.001; NS, not significant. Unpaired t-test. Data are mean ± SEM for humans in (B, C) or ± SD 
for C57BL/6JRj and GαqGα13 PF4 Δ/Δ mice in (B-D). 

 

To test whether the amplifying effect of glucose on platelet activation is strong enough 

to affect their binding to collagen, a whole blood perfusion system was applied. 

Therefore, whole blood of C57BL/6JRj mice and humans was incubated for 5 min with 

2.4 mM or 25 mM glucose in the presence of Alexa488-coupled antibodies specific for 

mouse GPIX or human GPIbβ, respectively. Samples were run through a collagen-

coated flow chamber, thus thrombus formation on collagen could be quantified 

afterwards (Figure 8A-C). To investigate the role of the activator machinery of platelets 

in glucose-stimulated platelet activation, mice with a platelet-specific deficiency for 

functional Gαq and Gα13 using the Cre-Lox system were applied. In this model, the 

Cre-recombinase is expressed under the control of the MK-specific PF4 promoter408-

410. Platelets of resulting GαqGα13 PF4 Δ/Δ mice exhibit a strongly reduced activation 

by major soluble agonists such as TxA2, thrombin, and ADP, which we further 

confirmed by flow cytometry analysis (Figure 8D)408,409,413. Quantification of thrombus 

formation under flow conditions revealed, that high glucose conditions increased 

thrombus coverage and the integrated density of blood samples from wild-type mice 

and humans. However, blood samples from GαqGα13 PF4 Δ/Δ mice showed greatly 

reduced thrombus formation, whereas elevated glucose concentrations did not lead to 

an increase in thrombus formation (Figure 8B, C). It can be deduced that glucose 

promotes the binding of platelets to collagen and that this effect is dependent on their 

activation machinery. 
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3.1.2 A β-cell-derived factor/s promotes platelet activation, 

degranulation, and binding to collagen 

 

 

Figure 9: A β-cell-derived factor/s stimulates platelet activation. (A and B) Integrin αIIbβ3 
activation (A) and P-selectin exposure (B) of platelets incubated for 12 min with low or high glucose 
medium supernatants of indicated cells or control supernatant (Ctr) in the presence of 1 μg/mL CRP. 
n=8. Each n represents a measurement of a sample from distinct mice. *P < 0.05; **P < 0.01; ***P < 
0.001; Unpaired t-test. Data are mean ± SEM. 

 

Elevated glucose levels in living organisms trigger the release of insulin by β-cells, to 

maintain euglycemia by enhancing peripheral glucose uptake7. In this process, β-cells 

co-release several other substances such as Zn2+ and ATP139,414. To assess the 

potential role of β-cell-derived factor/s on platelet activation, we generated medium 

supernatant of the mouse β-cell line MIN6, 3T3-L1 and HEK as control cells, and 

control supernatant that was generated in the absence of cells415. As MIN6-cells 

exhibit elevated degranulation rates upon high glucose conditions, those supernatants 

were generated in the presence of 2.8 mM or 25 mM glucose. Afterwards, glucose 

concentrations of resulting supernatants were adjusted to 25 mM and whole blood of 

C57BL/6JRj  mice was incubated with resulting supernatants in a ratio of 1:3 in the 

presence of an additional 1 μg/mL CRP as a co-stimulus. Assessment of platelet 

activation by flow cytometry showed that the presence of high-glucose MIN6-

supernatant significantly increased integrin αIIbβ3 activation and degranulation 

compared to different control supernatants (Figure 9A, B). Additionally, although the 

difference is not statistically significant, high-glucose MIN6-supernatant tends to 

enhance platelet activation to a greater extent than low-glucose MIN6-supernatant 

(Figure 9A, B). According to these results, β-cells seem to secrete a factor/s that 

increases platelet activation. 
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Figure 10: A β-cell-derived factor/s enhances platelet binding to collagen. (A) Representative 
fluorescence and bright field microscopic images of whole blood thrombus formed in a perfusion system 
on collagen. Before the assay, blood from C57BL/6JRj mice was incubated for 5 min with supernatants 
of indicated cells or control supernatant (Ctr). (B, C) Quantified surface coverage (A) and integrated 
density (B) of thrombi formed under conditions described in (A). n=5. Each n represents a measurement 
of a sample from distinct mice. *P < 0.05; **P < 0.01. Unpaired t-test. Data are mean ± SD. 

 

Next, we were addressing whether the activatory action of β-cells’ medium 

supernatant also promotes binding to collagen in the whole blood perfusion system. 

Preincubation of blood from C57BL/6JRj mice for 5 min with MIN6 high-glucose 

supernatant was sufficient to increase thrombus formation compared to respective 

control supernatants described in the previous section (Figure 10). In light of this 

functionality experiment, the results of flow cytometry on the activating impact of a 

substance/s released by β-cells may be confirmed.   
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3.1.3 Acute hyperglycemia induces platelet degranulation in vivo 

 

 

Figure 11: Acute hyperglycemia induces platelet degranulation in vivo. (A) Plasma levels of 
platelet basic protein (PBP) after i.v. injection of glucose or saline into C57BL/6JRj mice normalized to 
platelet count. n=8. Each n represents a measurement of a sample from distinct mice. *P < 0.05; NS, 
not significant. Unpaired t-test. Data are mean ± SEM. 

 

Knowing that high glucose levels themselves, as well as a β-cell released factor/s, can 

promote platelet activation in the presence of an additional stimulus, hyperglycaemic 

conditions might be able to induce a certain degree of platelet activation. For this 

reason, 2 g/kg of glucose solution or saline was i.v. injected into fasted C57BL/6JRj 

mice and blood samples were subsequently collected after specific time points. Levels 

of PBP plasma levels served as a marker for platelet activation, as it gets released 

specifically from α-granules of platelets upon activation416,417. Of note, induced acute 

hyperglycemia caused immediately elevated PBP levels (Figure 11A). In conclusion, 

platelets are activated in vivo during hyperglycemia, which is likely caused by 

increased glucose levels and substance/s derived from β-cells, as demonstrated 

earlier. 
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3.1.4 Platelets localize specifically in the microvasculature of pancreatic 

islets 

 

Figure 12: Platelets localize specifically in the microvasculature of the endocrine pancreas. (A) 
Representative image of C57BL/6JRj mouse pancreas obtained by bright-field microscopy during intra-
vital imaging with highlighted localized pancreatic islet. (B) In vivo recorded representative z-stacks of 
exocrine and endocrine mouse pancreas both before and after segmentation. (C) The volume of 
vasculature-bound platelets normalized to the volume of endothelial cells from the exocrine (Exo) and 
endocrine (Endo) mouse pancreas. Exo, n=29; Endo, n=26 (five mice). Each n represents a z-stack of 
randomly selected exocrine tissue or an islet. (D) Representative fluorescence microscopy images of 
DAPI and immunostainings from mouse exocrine and endocrine pancreas. (E) Platelet count 
normalized to the endothelial area. Exo, n=131; Endo, n=112 (six mice). Each n represents an image 
of randomly selected exocrine tissue or an islet. **P < 0.01; ***P < 0.001. Unpaired t-test. Data are 
mean ± SEM. 
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It is hypothesized that platelets may regulate β-cell function. This is based on the fact 

that platelets store a variety of substances that can have a positive effect on these 

cells, and secondly on the fact that diabetics often exhibit platelet hyperreactivity. This 

assumption, together with our finding of platelets being activated by β-cell-derived 

substance/s raises the possibility, that platelets get transiently activated in the 

microvasculature of pancreatic islets. Therefore, we implemented intra-vital 3D 

confocal live imaging of mouse pancreas to investigate the platelet behavior within 

pancreatic islets in vivo. The distinct morphology of pancreatic endocrine tissue due 

to its increased cellular density and vascularization allowed the localization of islets 

through the brightfield channel of the microscope (Figure 12A). The application of 

fluorophore-labeled antibodies against CD105 and GPIX enabled the visualization of 

endothelium and platelets, respectively. Under these conditions, z-stacks of randomly 

selected exocrine tissue as well as identified endocrine tissue were recorded. 

Following image processing that took into account the platelet's distance from the 

endothelium and its size allowed discerning between adherent and free-floating 

platelets (Figure 12B). Interestingly, the normalization of the platelet volume to the 

volume of endothelial cells revealed a significantly increased amount of adherent 

platelets within the endocrine pancreas (Figure 12C). To verify this result, fixed 

cryosections of the pancreas from C57BL/6JRj mice were stained for GPIX and the 

endothelium marker CD31 (Figure 12D). Also here, quantification of the platelet count 

displayed an increased presence of platelets within the vasculature of endocrine tissue 

(Figure 12E). 
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Figure 13: The binding of platelets to the microvasculature of pancreatic islets is mediated by 
platelet-specific surface receptors. (A) Representative fluorescence microscopy images of DAPI and 
immunostainings from the exocrine and endocrine pancreas of mice treated with indicated antibody 
constructs. (B) Platelet count normalized to the endothelial area. Control, n=131 (six mice); JAQ1 IgG, 
n=71 (six mice); p0p/B F(ab’)2, n=113 (six mice); JON/A F(ab’)2, n=77 (six mice), R300 IgG, n=27 (three 
mice). Each n represents an image of an islet. ***P < 0.001. Unpaired t-test. Data are mean ± SEM. 

 

To determine which platelet surface proteins are involved in the interaction with 

pancreatic islet microvasculature, several antibody constructs that block or deplete 

specific platelet receptors were used. C57BL/6JRj mice were injected with JAQ1 IgG 

to deplete the major platelet-activating receptor GPVI, p0p/B Fab-fragment or JON/A 

F(ab)2-fragment to block the main ligand-binding site of GPIbα and integrin αIIbβ3, 

respectively, or the R300 mixture of different monoclonal antibodies against GPIbα 
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that mediates a rapid decrease of platelet count to less than 5 %411,418-421. After 24 

hours, the pancreas was removed, whereby the removal took place after 5 days in the 

case of JAQ1 IgG injection since this antibody leads to transient thrombocytopenia 

that recovers after several days418. Fluorescence immunohistological analysis of 

cryosections of the pancreas from mice with depleted or blocked surface receptors 

showed reduced counts of platelets in pancreatic islets compared to mice that received 

a nonimmunological control IgG (Figure 13A, B). Moreover, the presence of platelets 

is completely diminished after platelet depletion, which is used as a negative control 

confirming the accuracy of the experiment (Figure 13B). Taking together, this result 

proves a specific adherence of platelets within pancreatic islets that is mediated by 

several platelet surface receptors (GPVI, GPIbα, and integrin αIIbβ3) potentially being 

triggered by β-cell-derived substance/s.  

 

 

3.2 Inhibited platelet functionality decreases glucose-stimulated 

insulin secretion 

Platelets store and release a high variety of substances from which some, such as 

purines, serotonin, histamine, and lipids are known to execute insulinotropic 

effects114,138,139,234,315,316,401-404. Further, diabetic subjects often exhibit an elevated 

basal platelet activation, suggesting a regulatory role of platelets in the maintenance 

of euglycemia250,251. The data described above reinforce this theory. Accordingly, 

glucose as well as β-cell-derived factor/s promote platelet activation. Additionally, 

platelets were demonstrated to adhere preferentially to the microvasculature of the 

endocrine pancreas. To finally assess whether platelets do affect β-cell function, 

different animal models with defined abnormalities in platelet function were used. This 

allowed determining whether these deficiencies were related to alterations in glucose 

homeostasis. 
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3.2.1 Genetic ablation of platelet functionality results in glucose 

intolerance due to decreased GSIS 

 

Figure 14: Genetic ablation of platelet functionality causes glucose intolerance through reduced 
insulin secretion. (A-C) Glucose tolerance test (GTT), glucose-stimulated insulin secretion (GSIS), 
and insulin tolerance test (ITT) of Gp1bα-/-,TG bone marrow chimeric mice (BMC) and respective control. 
BMCGp1bα

+/+, n=8; BMCGp1bα
-/-,TG, n=10 (A). BMCGp1bα

+/+, n=6; BMCGp1bα
-/-,TG, n=8 (B). BMCGp1bα

+/+, n=5; 
BMCGp1bα

-/-,TG, n=8 (C). (D-F) GTT, GSIS, and ITT of BMCGp6
+/+ mice and respective control. BMCGp6

+/+, 
n=15; BMCGp6

-/-, n=14 (D). BMCGp6
+/+, n=6; BMCGp6

-/-, n=6 (E). BMCGp6
+/+, n=12; BMCGp6

-/-, n=7 (F). (G-
I) GTT, GSIS, and ITT of BMCUnc13D

-/- and respective control. BMCUnc13D
+/+, n=9; BMCUnc13D

-/-, n=9 (G). 
BMCUnc13D

+/+, n=9; BMCUnc13D
-/-, n=7 (H). BMCUnc13D

+/+, n=9; BMCUnc13D
-/-; n=9 (I). (J-L) GTT, GSIS, and 

ITT of GαqGα13 PF4 Δ/Δ mice and respective control. GαqGα13 f/f, n=9; GαqGα13 PF4 Δ/Δ, n=6 (J). 
GαqGα13 f/f, n=12; GαqGα13 PF4 Δ/Δ, n=9 (K). GαqGα13 f/f, n=8; GαqGα13 PF4 Δ/Δ, n=7 (L). For GTT 
2 g/kg (A, G, J) or 1.5 g/kg (D) glucose, for GSIS 3 g/kg (B, H, K) or 2 g/kg (E) glucose, and for ITT 
0.5 U (C, I, L) or 0.25 U (F) insulin was injected. Each n represents the measurement of a sample from 
distinct mice. *P < 0.05; **P < 0.01; NS, not significant. Unpaired t-test. Data are mean ± SEM. 
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Previous results have demonstrated reduced platelet localization within pancreatic 

islets when major platelet surface receptors were depleted or inhibited (Figure 13B). 

For this reason, a mouse model deficient for a functional GPIbα subunit that mediates 

binding of the GPIb-IX-V complex to vWF, thus being crucial for the initial tethering of 

platelets was established255. Deficiency of GPIbα is associated with severe impairment 

of platelet formation leading to macrothrombocytopenia422. This issue can be 

circumvented by the re-expression of an engineered GPIbα construct, in which the 

extracellular domain is replaced by the α-subunit of the human interleukin 4 receptor 

in GPIbα knockout mice. Resulting Gp1bα-/-,TG mice exhibit normal platelet counts but 

retain a severe bleeding phenotype406. Although MKs and platelets are the primarily 

GPIbα expressing cells, BMC were generated to restrict the deficiency of functional 

GPIbα only to cells originating from bone marrow hematopoietic stem cells423. 

Therefore, C57BL/6JRj mice were lethally irradiated before being reconstituted with 

either C57BL/6JRj or Gp1bα-/-,TG bone marrow. To investigate whether the present 

platelet defect leads to changes in glucose homeostasis, the mice were challenged 

with three different metabolic assays. For the glucose tolerance test (GTT), a defined 

dosage of glucose solution was injected i.p. and the insulin-mediated clearance from 

the blood over time was monitored. Strikingly, the rate of decline in glucose levels was 

slower in BMCGp1bα
-/-,TG mice, indicating glucose intolerance (Figure 14A). To evaluate 

whether this is due to reduced insulin secretion as a response to high blood glucose 

levels, the glucose-stimulated insulin secretion (GSIS) in these animals was 

measured. Indeed, i.p. administration of a glucose solution led to reduced serum 

insulin levels compared to respective control mice (Figure 14B). Finally, mice were 

subjected to an insulin tolerance test (ITT) to determine whether insulin tolerance has 

changed. However, i.p. injection of insulin caused comparable decreases in blood 

glucose levels, leading to the conclusion that the observed glucose intolerance is 

predominantly due to decreased insulin secretion rather than insulin intolerance 

(Figure 14C). Next, another mouse model was introduced to decipher the role of 

platelets in glucose homeostasis. This model was targeting GPVI, which is the major 

platelet signaling receptor for collagen-initiating platelet activation257. Also here, BMCs 

were generated to restrict the GPVI deletion to bone marrow-derived cells. Similar to 

BMCGp1bα
-/-,TG mice, BMCGp6

-/- mice were demonstrated to be glucose intolerant 

through reduced insulin secretion upon glucose challenge, whereas insulin tolerance 

was unchanged (Figure 14D-F). Since it was demonstrated, that platelet attachment 
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and activation presumably affect insulin secretion, the question was raised to what 

extent amplification of hemostasis influences it. Once GPVI binds to collagen 

intracellular signaling cascades get induced that upon others lead to degranulation to 

induce a second wave platelet activation257. It was shown that Munc13-4 encoded by 

Unc13d plays a key function in the degranulation process, as its deletion led to an 

abrogation of dense granule secretion and a reduced α-granule secretion407,424,425. 

Consistent with the other mouse models, bone marrow-restricted deletion of Munc13-

4 caused reduced glucose tolerance and insulin secretion without alterations in insulin 

sensitivity (Figure 14G-I). Finally, the relevance of the machinery responsible for 

second-wave activation was investigated in the context of glucose homeostasis. As 

mentioned earlier, GαqGα13 PF4 Δ/Δ mice displayed strongly diminished activation by 

soluble platelet activators, which was also associated with abolished glucose-

promoted platelet binding to collagen (Figure 8A-D). The severe inability of platelet 

activation in these mice was transferrable to their glucose homeostasis, as the GTT 

revealed a strong glucose intolerance in these mice (Figure 14J). In line with this, 

insulin secretion was greatly reduced, while insulin sensitivity was unchanged (Figure 

14K, L). To sum up, platelets seem to positively affect glucose tolerance by elevating 

GSIS. In addition, platelets appear to need to be fully functional for this effect. 
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3.2.2 Platelets do not affect islet morphology 

 

Figure 15: Mice with genetic platelet defects exhibit normal islet characteristics. (A) A 
representative fluorescence microscopy image of DAPI and anti-insulin immunostaining from a 
pancreatic islet (above) and the respective tile scan of the whole pancreas section (below) used to 
quantify the islet area and size. (B-G) Normalized islet area (B-D) and average islet size (E-G) relative 
to the respective control (ctr) of BMCGp1bα

-/-,TG (B, E), BMCGp6
-/- (C, F), and GαqGα13 PF4 Δ/Δ (D, G) mice 

with respective control.  BMCGp1bα
+/+, n=32 (eight mice); BMCGp1bα

-/-,TG, n=28 (seven mice, B, E). 
BMCGp6

+/+, n=24 (eight mice); BMCGp6
-/-, n=18 (six mice, C, F). GαqGα13 f/f, n=15 (five mice); GαqGα13 

PF4 Δ/Δ, n=12 (four mice, D, G). Each n represents the average value of one tissue section. (H) Insulin 
content of pancreas from GαqGα13 PF4 Δ/Δ mice and respective control normalized to total protein. 
GαqGα13 f/f, n=8; GαqGα13 PF4 Δ/Δ, n=8. Each n represents the measurement of a sample from distinct 
mice. (I) Glucagon serum levels of GαqGα13 PF4 Δ/Δ mice fasted overnight with respective control. 
GαqGα13 f/f, n=12; GαqGα13 PF4 Δ/Δ, n=11. Each n represents the measurement of a sample from 
distinct mice. (J) Insulin release per islet isolated from GαqGα13 PF4 Δ/Δ or control mice upon 2.8 mM 
(LG) and 16.7 mM glucose (HG). GαqGα13 f/f, n=16; GαqGα13 PF4 Δ/Δ, n=38. Each n represents an 
independent biological replicate. (K, L) Body weight and composition of Gp6-/-- (K) and GαqGα13 PF4 
Δ/Δ (L) mice with respective control. Gp6+/+, n=4; Gp6-/-, n=4 (K). GαqGα13 f/f, n=9; GαqGα13 PF4 Δ/Δ, 
n=4 (L). Each n represents the measurement from distinct mice. NS, not significant. Unpaired t-test. 
Data are mean ± SEM. Data in boxplots: center line shows the median; the cross indicates the mean; 
the box defines the first and third quartiles; the whiskers indicate the 1.5 × interquartile range; outliers 
are individually plotted. 
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The decreased capacity of mice exhibiting platelet defects to release sufficient 

amounts of insulin in response to a glucose challenge may be caused by a reduction 

in the mass of pancreatic endocrine tissue or other developmental defects. This 

hypothesis is reinforced by the fact that platelets store and release various mitogenic 

substances and growth factors that could potentially affect pancreatic islet 

development231-233. Histological analysis of the pancreas was performed to address 

this possibility. IF staining for insulin enabled the identification of the endocrine 

pancreas and the DAPI signal was used to determine the entire pancreas size of each 

respective section using the tile-scan function of the confocal microscope (Figure 

15A). No significant alterations were found when the endocrine pancreas area was 

quantified in relation to the total pancreatic area in BMCGp1bα
-/-,TG, BMCGp6

-/-, and 

GαqGα13 PF4 Δ/Δ mice compared to their respective controls (Figure 15B-D). In 

addition, the average island size of these mouse models was unchanged (Figure 15E-

G). Furthermore, performing an insulin extraction from pancreas tissue showed no 

difference in GαqGα13 PF4 Δ/Δ mice (Figure 15H), and also fasted glucagon serum 

levels in these mice were not altered, suggesting no change in function or mass of 

other endocrine cells (Figure 15I). For the assessment of the functionality of isolated 

islets, the whole pancreas was digested with collagenase and hand-picked islets were 

treated with low glucose (2.8 mM) and high glucose (16.7 mM) conditions. Of note, 

islets derived from GαqGα13 PF4 Δ/Δ mice showed normal induction of insulin 

secretion when stimulated with high glucose, indicating that these islets were fully 

functional when taken out of the in vivo environment (Figure 15J). Finally, neither body 

weight nor body composition was changed in mouse models presenting platelet 

defects (Figure 15K). These findings indicate no major developmental alterations of 

pancreatic islets in the presence of defective platelets, but rather an acute promoting 

effect of platelets on β-cell insulin secretion. 
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3.2.3 Pharmacological inhibition of platelet functioning results in glucose 

intolerance due to reduced GSIS 

 

Figure 16: Pharmacologically induced platelet defects or depletion cause glucose intolerance 
due to reduced insulin secretion. (A-C) Glucose tolerance test (GTT), glucose-stimulated insulin 
secretion (GSIS), and insulin tolerance test (ITT) of p0p/B Fab and control IgG injected C57BL/6JRj 
mice. Ctr IgG, n=9; p0p/B Fab, n=10 (A). n=14 (B). n=10 (C). (D-F) GTT, GSIS, and ITT of JAQ1 F(ab’)2 
(D) or JAQ IgG (E, F) and control IgG injected C57BL/6JRj mice. Ctr IgG, n=9; JAQ1 F(ab’)2, n=4 (D). 
n=11 (E). Ctr IgG, n=7; JAQ1 F(ab’)2, n=11 (F). (G-I) GTT, GSIS, and ITT of JON/A F(ab’)2 and control 
IgG injected C57BL/6JRj mice. Ctr IgG, n=8; JON/A F(ab’)2, n=10 (G). Ctr IgG, n=7; JON/A F(ab’)2, 
n=10 (H). Ctr IgG, n=8; JON/A-F(ab’)2, n=7 (I). (J-L) GTT, GSIS, and ITT of platelet-depleted 
C57BL/6JRj mice using R300 IgG (n=9) and mice receiving control IgG (n=9). Each n represents the 
measurement of a sample from distinct mice. *P < 0.05; **P < 0.01; ***P<0.001. Unpaired t-test. Data 
are mean ± SEM. 
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To prove that platelets exert a direct effect on β-cells, pharmacological tools were 

applied to induce a specific platelet defect in the short term, thereby eradicating any 

kind of long-term effect that platelets might execute. Thus, C57BL/6JRj mice received 

i.v. injections of p0p/B Fab to block Gp1bα, JAQ1 F(ab’)2 or JAQ1 IgG to block or 

deplete GPVI, respectively, or JON/A F(ab’)2, which blocks the main binding site of 

integrin αIIbβ3411,418,419,421. Additionally, the monoclonal antibody mix R300 was 

applied to mediate a rapid depletion of platelets from the circulation420. Mice were 

challenged with metabolic assays 24 h after the respective administration, or 5 days 

following in the case of JAQ1 IgG. Consistently, all models displayed a decreased 

glucose tolerance associated with reduced GSIS, whereas insulin sensitivity remained 

similar compared to their controls (Figure 16A-L). However, platelet defects seem to 

tendentially cause reduced blood glucose levels after 4 h of fasting as it is done for the 

ITT, which is significant for p0p/B Fab treated mice (Figure 16C). Further, observed 

glucose intolerance and abolished GSIS is very profound in integrin αIIbβ3 blocked 

and platelet-depleted mice (Figure 16G-L). In summary, this set of data supports the 

hypothesis that platelets directly stimulate β-cells to secrete insulin.  

 

 

Figure 17: The stimulatory effect of platelets on β-cells insulin secretion is titratable. (A, B) 
Glucose tolerance test (A) and respective area under the curve (B) of platelet-depleted C57BL/6JRj 
mice using 0.3 mg/kg R300 IgG (n=9), 0.1 mg/kg R300 IgG (n=7), and mice receiving control IgG (n=9). 
(C) Platelet count of mice described in (A). Ctr IgG, n=9; 0.3 mg/kg R300 IgG, n=9; 0.1 mg/kg R300 
IgG, n=7. Each n represents a measurement of a sample from distinct mice. ***P < 0.001. One-way 
ANOVA with post hoc Tukey test. The same symbols indicate no significant difference, whereas 
different symbols indicate significant differences (p<0.05) among groups (A, B). Unpaired t-test (C). 
Data are mean ± SEM. 

 

To investigate the number of platelets that needs to be present to positively affect 

glucose tolerance, different concentrations of R300 were applied to C57BL/6JRj mice 
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to induce different degrees of platelet depletion. Thus, platelet count could be related 

to the respective glucose tolerance. From the results, it can be deduced that about 

12 % of the regular platelet count is sufficient to maintain glucose tolerance (Figure 

17A-C). 

 

 

Figure 18: L-glucose promotes clearance of D-glucose from the blood. (A) Blood glucose levels 
of C57BL/6JRj mice injected with saline or 2 g/kg of L-glucose. n=10. (B) Glucose tolerance test of 
C57BL/6JRj mice injected with 1.5 g/kg D-glucose (n=10) or a mixture of 1.5 g/kg D-glucose and 
1.5 g/kg L-glucose (n=12). **P < 0.01. Unpaired t-test. Data are mean ± SEM. 

 

Previous results demonstrate abolished insulin secretion when platelet functioning 

was genetically or temporally inhibited (Figure 14, Figure 16). Thus, it is conceivable 

that raising platelet reactivity could ultimately result in increased insulin secretion. 

Glucose itself was shown to promote platelet activation and binding to collagen (Figure 

7, Figure 8). Various sources indicated, that this effect is at least partially mediated by 

elevated osmolality and can be mimicked by mannitol or unmetabolizable  L-

glucose216,426,427. To see, whether L-glucose is able to mediate a lowering effect of 

blood D-glucose levels, C57BL/6JRj mice received a single i.v. injection of saline or 

1.5 g/kg L-glucose solution. Mice were only fasted for 4 h to avoid too low blood 

glucose levels. The injection of L-glucose did not cause an increase in measured blood 

glucose levels, proving that the glucometer used for the quantification responded 

specifically to D-glucose (Figure 18A). However, no significant drop in blood glucose 

could be observed when L-glucose was injected into fasted mice (Figure 18A). 

Considering, that the promotive action of platelets on insulin secretion might only be 

present during high glucose conditions, 1.5 g/kg of L-glucose was co-injected with 

1.5 g/kg of D-glucose to cause D-glucose mediated hyperglycemia. Here, the 

additional bolus of L-glucose led to a faster glucose clearance from the circulation 
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(Figure 18B). Based on these results, it can be speculated that the elevated osmolarity 

caused by L-glucose leads to increased platelet reactivity, which in turn improves 

glucose tolerance.  

 

3.3 Platelets directly stimulate insulin secretion 

The usage of pharmacological tools to induce platelet defects led to the conclusion 

that platelets acutely contribute to the promotion of β-cells' insulin secretion. However, 

the mechanism platelets mediate this effect could be of different natures. The 

mechanism might depend on the co-action of other cell types derived from the blood, 

vasculature, or endocrine pancreas. It is also conceivable that platelets positively 

influence β-cell sensing of glucose and corresponding insulin secretion through 

changes in blood circulation within the pancreatic islets. Finally, if platelets directly 

mediate their effect, it may be due to cell-cell interactions or an endocrine or autocrine 

process. 

 

3.3.1 Platelet-derived factor/s potentiate insulin secretion 

 

Figure 19: Factor/s released by platelets potentiate insulin secretion. (A) Normalized insulin 
secretion of INS1-cells co-cultured with human platelets (Plt) or control buffer (Ctr) at 2.8 mM glucose 
for 30 min. n=4. (B) Normalized insulin secretion of INS1-cells stimulated with human platelet 
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supernatant (hPS) generated with different platelet concentrations in the presence of 15 mM glucose. 
n=4. (C) Normalized insulin secretion of INS1-cells stimulated with hPS or control buffer upon low 
(2.8 mM) and high (15 mM) glucose. n=12. (D) Insulin secretion of isolated islets from C57BL/6JRj mice 
after 90 min of stimulation with mouse platelet supernatant (mPS) or control buffer during low (2.8 mM) 
or high (16.7 mM) glucose conditions. (-) High glc, (-) mPS, n=16; (+) High glc, (-) mPS, n=16; (-) High 
glc, (+) mPS, n=14; (+) High glc, (+) mPS, n=16. (E) Normalized insulin secretion of MIN6-cells 
stimulated with mPS or control buffer upon 25 mM glucose. n=13. (F) Normalized insulin secretion of 
human EndoC-βH5 cells stimulated with hPS upon 20 mM glucose. (-) hPS, n=3; (+) hPS, n=4. 
(G) Insulin secretion of human EndoC-βH1 cells after 15 min of stimulation with hPS or control buffer 
upon 2.5 mM glucose. n=3. Each n represents an independent biological replicate. *P < 0.05; **P < 
0.01; ***P<0.001. Unpaired t-test. Data are mean ± SD (A, B, F, G) or ± SEM (C-E). 

 

To address whether platelets alone mediate their insulinotropic action on β-cells or 

whether other cells are involved in this mechanism, a co-culture experiment of 

platelets and the rat pancreatic β-cell line INS1 was performed. Human platelets were 

isolated from whole blood through several centrifugation procedures. When added to 

INS1-cells, purified platelets were able to boost the insulin secretion of these cells 

(Figure 19A). Therefore, platelets seem to promote insulin secretion independently of 

additional cell types. The supernatant of activated human platelets was used to assess 

if the effect is mediated by cell contact or carried out by a released substance. 

Therefore, the human platelet supernatant (hPS) was prepared by the activation of 

isolated platelets with CRP, followed by centrifugation and sterile filtration to obtain 

cell fragment-free supernatant containing only platelet-released substances. 

Interestingly, the addition of hPS to INS1-cells resulted in increased insulin secretion, 

with the magnitude of this effect depending on the number of platelets used to 

generate the hPS (Figure 19B). Further investigations have demonstrated that hPS 

boosts insulin secretion of INS1-cells under low glucose (2.8 mM) and high glucose 

(15 mM) conditions (Figure 19C). Additionally, mouse platelet supernatant (mPS), 

which was generated analogously to hPS, showed the ability to increase insulin 

secretion from primary C57BL/6JRj islets under high glucose (16.7 mM) but not low 

glucose (2.8 mM) conditions (Figure 19D). This action was further confirmed with the 

mouse insulinoma β-cell line MIN6 (Figure 19E). Ultimately, also stimulation of human 

insulin releasing EndoC-βH1 cells (Figure 19F) or human β-cells derived from EndoC-

βH5 pancreatic progenitors (Figure 19G) with hPS lead to elevated insulin 

secretion428,429. Collectively, these data indicated that a platelet-released factor/s 

boosts insulin secretion, thus mediating a platelet-stimulated insulin secretion (PSIS). 
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3.3.2 Platelet-derived lipid/s stimulate insulin secretion 

 

Figure 20: Platelet-derived lipid/s stimulate insulin secretion. (A) Normalized insulin secretion of 
INS1-cells stimulated with unmodified (Ctr), proteinase K treated, fractionated (<3 kDa, >3 kDa), 
apyrase or diamine oxidase (DAO) treated human platelet supernatant (hPS) in the presence of 15 mM 
glucose. n=8. (B) Normalized insulin secretion of INS1-cells stimulated with unmodified or monoamine 
oxidase A (MAO) treated hPS in the presence of 15 mM glucose. n=4. (C) Normalized insulin secretion 
of INS1-cells stimulated with unmodified or lipophilic fraction extracted (-Lipo.) hPS in the presence of 
15 mM glucose. n=4. Each n represents an independent biological replicate. *P < 0.05; **P < 0.01; ***P 
< 0.001; NS, not significant. Unpaired t-test. Data are mean ± SEM (A) or ± SD (B, C). 

 

To narrow down the actual substance/s that potentiates pancreatic β-cells' insulin 

release, hPS was subjected to different biochemical modifications. Respective 

modified hPS were added to INS1-cells upon high glucose (15 mM) conditions to 

evaluate whether they still carry out their promoting effect on insulin secretion. 

Therefore, hPS was incubated with proteinase K, to get rid of present peptides and 

proteins followed by the addition of proteinase K inhibitor. Modified hPS still 

demonstrated a similar stimulating effect on insulin secretion, suggesting that it is not 

a peptide or protein that promotes insulin secretion (Figure 20A). To gain information 

about the size of the substance/s, hPS was fractionated for substances smaller and 

larger than 3 kDa by using size exclusion filters. Here, only the fraction containing 

substances smaller than 3 kDa showed a stimulating effect on insulin secretion (Figure 

20A). Several substances that fulfill the size criterium and potentially affect β-cell 

functioning are stored and released by platelets dense granules, such as ATP, ADP, 

serotonin, and histamine138,139,234,401-404. However, purine and histamine digestion 

using apyrase and diamine oxidase, respectively, followed by the inactivation of 

enzymatic activity by boiling, did not abolish the insulinotropic effect (Figure 20A). 

Similarly, hPS treated with monoamine oxidase A to degrade serotonin, followed by 

size separation to remove the added enzyme, still demonstrated a promoting action 

on insulin secretion (Figure 20B). Next, lipophilic substances were extracted from hPS 
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using organic solvents. Notably, depletion of those substances was associated with a 

loss of hPS potency to promote insulin secretion. These results suggest that the 

insulinotropic factor belongs to the family of lipid classes. 

  

3.3.3 Liquid chromatography-mass spectrometry (LC-MS) analysis of 

platelet-released lipids 

 

 

 

 

 

Figure 21: Platelets release a variety of lipid classes. 
(A) LC-MS analysis of mouse platelet supernatant (mPS) 
and serum of platelet-depleted mice using R300 IgG. The 
result is shown as relative values to the respective control 
supernatant (ctr) and serum of control IgG-treated mice 
(ctr serum). (n=4). hydroxyeicosatetraenoic acid (HETE), 
lysophosphatidylethanolamine (LPEA), fatty acid (FA), 
phosphatidate (PA), acyl carnitines (AC), 
phosphatidylethanolamine (PEA), bis(monoacylglycerol)-
phosphate (BMP), plasmalogenethanolamine (PlasEA), 
lysophosphatidylinositole (LPI), sphingosine phosphate 
(Sphingosine-P), lyso-platelet activating factor (lysoPAF), 
lysophosphatidylcholine (LPC), phosphatidylcholine 
(PC), cerebroside (Cer), phosphatidylserine (PS). 

 

In search for the exact lipophilic substance/s mediating the insulinotropic effect, 

semiquantitative lipidomic analysis was performed by an LC-MS approach. In the 

frame of this analysis, serum samples from platelet-depleted C57BL/6JRj mice using 

R300 antibody or from respective control IgG-treated mice, as well as mPS or control 

buffer samples were analyzed. In total, 22 different substances were detected to be 

significantly enriched (p<0.05) in mPS compared to the control buffer (Figure 21A). 

Furthermore, four of them were substantially decreased in serum from platelet-

depleted mice compared to corresponding serum controls, indicating that platelets 

serve as the main source for these substances (Figure 21A). 

 

3.3.4 Platelet secreted 20-HETE promotes insulin secretion 

The lipidomic analysis revealed several lipid classes specifically released by platelets. 

Upon them, the family of HETEs has been demonstrated to be the most decreased in 
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serum from platelet-depleted mice (Figure 21A). Interestingly, HETEs and other AA-

derived metabolites have been investigated already in the context of glucose 

homeostasis and were shown to promote insulin secretion, as shown in the case of 5-

HETE430,431. Moreover, Tunaru et al. have identified 20-HETE to directly stimulate 

insulin secretion from β-cells by signaling through GPCR40116. As platelets possess 

the critical enzymatic machinery for the biosynthesis of 20-HETE, further work focused 

on its role in PSIS308. 

 

3.3.4.1 Inhibition of 20-HETE signaling reduces platelet-mediated insulin 

secretion in vitro 

 

Figure 22: Platelets release 20-HETE and inhibition of its signaling axis diminishes the 
insulinotropic effect of human platelet supernatant (hPS). (A) Concentration of 20-HETE in mouse 
and human platelet supernatant (mPS, hPS) and control supernatant (Ctr) quantified by ELISA. n=4. 
(B) Serum levels of 20-HETE from platelet-depleted C57BL/6JRj mice using R300 antibodies and mice 
receiving control IgG. n=4. (C) Normalized insulin secretion of INS1-cells stimulated with hSN or control 
supernatant. INS1-cells were used untreated (Ctr), or treated with Gαq/11 inhibitor YM-254890 or 
GPCR40 antagonist GW1100. Ctr, (-) hPS, n=12; Ctr, (+) hPS, n=16; Gαq inh., (-) hPS, n=4, Gαq inh., 
(+) hPS, n=4; GPCR40 inh., (-) hPS, n=8; GPCR40 inh., (+) hPS, n=7. Data are mean ± SEM for Ctr 
and GPCR40 inh. and mean ± SD for Gαq inh.. (D) Relative GPCR40 expression in INS1-cells 
transfected with siRNA against GPCR40 or non-targeting control (NTC). n=3. (E) Insulin secretion of 
INS1-cells transfected with siRNA against GPCR40 or NTC stimulated with hPS or control supernatant. 
n=4. Each n represents an independent biological replicate (A, C-E) or measurement of a sample from 
distinct mice (B). *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. Unpaired t-test. Data are mean 
± SEM (C) and ± SD (A, B, C-E). 

 

Initially, it was planned to determine whether the results regarding the HETE family 

obtained by the lipidomic approach also apply specifically to the 20-HETE isoform. A 

20-HETE-specific ELISA used to quantify mPS and hPS provided evidence of 20-

HETE's existence in these samples (Figure 22A). Furthermore, 20-HETE levels in the 

serum of platelet-depleted C57BL/6JRj mice using R300 antibodies were reduced by 

50 % (Figure 22B). These results confirm that the detected HETEs from the LC-MS 
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analysis originate at least partially from the 20-HETE isoform. In the previous paper of 

Tunaru et al., they postulated 20-HETE to act through Gαq/11-coupled GPCR40 

thereby stimulating insulin secretion116. Following this assumption, treatment of INS1-

cells with Gαq/11-inhibitor YM-254890 or antagonization of GPCR40 with GW1100 led 

to completely abolished or inhibited hPS-stimulated insulin secretion, respectively 

(Figure 22C). Similarly, the silencing of GPCR40 expression by siRNA (Figure 22D) 

resulted in a reduced potency of hPS to stimulate insulin secretion (Figure 22E).  

  

3.3.4.2 20-HETE increases intracellular Ca2+ and acts PKD1 dependently 

 

 

Figure 23: Platelet-induced insulin secretion acts through increased [Ca2]i and depends on PKD. 
(A) [Ca2+]i in INS1-cells upon stimulation human platelet supernatant (hPS) or control supernatant (Ctr) 
in the presence of 2.8 mM (LG) or 15 mM glucose (HG) using Fura-2 calcium tracer. n=3. (B) Western 
blot for indicated proteins with cell lysates of INS1-cells stimulated with hPS or control supernatant in 
the presence of 15 mM glucose for indicated time points. (C) Normalized insulin secretion of PKD 
inhibitor (PKD inh.) treated or control (Ctr) INS1-cells stimulated with hPS or control supernatant in the 
presence of 15 mM glucose. Ctr, (-) hPS, n=11; Ctr, (+) hPS, n=12; PKD inh., (-) hPS, n=10; PKD inh., 
(+) hPS, n=12. Each n represents an independent biological replicate. *P < 0.05; **P < 0.01; NS, not 
significant. Unpaired t-test. Data are mean ± SEM (C) and ± SD (A). 
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Additional experiments were applied to understand the signaling axis through which 

platelets execute their insulinotropic effect in more detail. It is well known that 

activation of GPCR40 leads to increasing levels of [Ca2+]i432-434. Application of the Ca2+ 

tracer Fura-2-AM, which displays a shift in fluorescence excitation spectrum upon 

forming a complex with Ca2+, confirmed a potentiating effect of hPS on glucose-

induced Ca2+ influx in INS1-cells (Figure 23A). According to earlier studies, stimulation 

of GPCR40 is associated with increased activity of PKD1, which is a common key 

regulator of glucose homeostasis and insulin secretion115,121,435,436. Indeed, short-term 

treatment of INS1-cells with hPS during high glucose conditions caused an elevated 

degree of PKD1 phosphorylation at serine 744/748 and 916, which is linked with the 

increased catalytic activity of the kinase and autophosphorylation, respectively (Figure 

23B)437. In line with this, substrates of PKD1 were found to be increasingly 

phosphorylated when stimulated with hPS (Figure 23B). Finally, treatment of INS1-

cells with the PKD1-specific inhibitor CRT 0066101 eliminated the potency of hPS to 

promote insulin secretion (Figure 23C).  

 

3.3.4.3 Interference with 20-HETE signaling affects glucose tolerance in vivo 

 

Figure 24: Interference with 20-HETE signaling affects glucose tolerance in vivo. (A) Relative 20-
HETE serum levels of C57BL/6JRj mice injected i.p. with HET0016 or control diluent (Ctr) for four 
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consecutive days. Ctr, n=7, HET0016, n=6. (B, C) Glucose tolerance test (GTT) of C57BL/6JRj mice 
injected i.p. with HET0016 or control diluent 72 h, 48 h, 24 h, and 30 min before the assay (B). Control, 
n=8; HET0016, n=6. Other mice were additionally treated with R300 antibodies for platelet depletion or 
control IgG (C). R300, Control, n=6; R300, HET0016, n=6. (D) GTT of C57BL/6JRj mice i.p. injected 
with 2 mg/kg AAA 2 h before the assay and control mice. Control, n=11; AAA, n=7. (E, F) GTT (E) and 
calculated area under curve (AUC, F) of platelet depleted C57BL/6JRj mice using R300 antibodies or 
control IgG. For one group the glucose solution was supplemented with an additional 333.3 µg/kg of 
20-HETE. Control IgG, n=7; R300, n=8; R300+20-HETE, n=7. Each n represents a measurement of a 
sample from distinct mice. *P < 0.05; **P < 0.01; ***P < 0.001. One-way ANOVA with post hoc Tukey 
test (E, F). The same symbols indicate no significant difference, whereas different symbols indicate 
significant differences among groups. Unpaired t-test. Data are mean ± SEM.  

 

As disruption of the 20-HETE signaling pathway abrogated hPS-mediated insulin 

secretion in INS1-cells, it was investigated whether this mechanism is also present in 

vivo. CYP450, a vital enzyme in the biosynthesis of 20-HETE, was inhibited in 

C57BL/6JRj mice by i.p. injection of the specific inhibitor HET0016 for three 

consecutive days. This led to a corresponding reduction in the 20-HETE serum level 

by about 70 % (Figure 24A). Additionally, these animals displayed a reduced glucose 

tolerance (Figure 24C). No additive decrease in glucose tolerance was observed when 

platelet-depleted C57BL/6JRj mice were treated with HET0016 (Figure 24C). It has 

been previously shown in primary human and mouse islets that 20-HETE potentiates 

insulin secretion through GPCR40116. Further, deletion of this receptor was associated 

with inhibited glucose-stimulated insulin secretion116,438. However, GPCR75 has been 

identified to be an additional 20-HETE-specific receptor that also signals through 

Gαq/11
439. As an attempt to investigate the relevance of GPCR75 in PSIS, the GPCR75 

specific inhibitor AAA was administered i.p. to C57BL/6JRj mice 2 h before they were 

challenged with a GTT. Application of the inhibitor caused a mild but significant 

reduction in glucose tolerance, suggesting that this receptor contributes to 20-HETE-

induced signaling but does not mediate the main signaling event (Figure 24D). As 

inhibition of biosynthesis and signaling of 20-HETE had a negative impact on glucose 

homeostasis, the question arose whether agonizing the 20-HETE signaling axis would 

cause the opposite effect. Hence, platelet-depleted C57BL/6JRj mice received 

333.3 µg/kg of 20-HETE co-injected together with glucose when challenged for a GTT. 

Notably, the single, immediate application of 20-HETE mediated a faster clearance of 

glucose from the blood, thus recovering the overall glucose intolerance induced by 

platelet depletion (Figure 24E, F).  
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3.3.5 PAF and lysoPAF stimulate insulin secretion 

The lipidomic analysis of mPS provided various lipid classes specifically secreted by 

platelets upon activation (Figure 21). Besides the 20-HETE family, several other 

bioactive lipids were identified, including lysoPAF. Studies examining the lipid classes 

downstream of PLA2 discovered that PAF and its precursor lysoPAF stimulated the 

release of insulin from isolated rat islets under the conditions of 1.7 mM and 16.7 mM 

glucose in a concentration-dependent, reversible, and inhibitable manner440. The 

following section, therefore, addresses the possible role of PAF and lysoPAF in 

glucose homeostasis. 

 

3.3.5.1 PAF and lysoPAF stimulate insulin secretion from β-cells 

 

Figure 25: PAF and lysoPAF stimulate insulin secretion from β-cells. (A) Semi-quantitative 
analysis of lysoPAF in mouse platelet supernatant (mPS) obtained by LC-MS analysis. n=6. 
(B, C) Relative insulin secretion of MIN6-cells upon 2.8 mM and 25 mM glucose in the presence of 
different concentrations of PAF (B) or lysoPAF (C). n=4.  Each n represents an independent biological 
replicate. *P < 0.05; **P < 0.01; ***P < 0.001. Significance refers to the respective basal value (B, C). 
Unpaired t-test. Data are mean ± SD.  

 

The first LS-MS approach was designed to identify a wide range of different lipid 

classes. Therefore, the LC-MS protocol was optimized for the detection of lysoPAFs. 

The semi-quantitative analysis revealed elevated levels of lysoPAF-(16:0)  and 

lysoPAF-(18:1) in mPS (Figure 25A). However, it appeared that the LC-MS method 

was insufficient for the detection of PAF, which is known to be continuously generated 

by platelets and released upon activation441,442. Since lysoPAF as well as PAF have 

been shown to promote insulin secretion in isolated rat islets, it was examined whether 

MIN6-cells display the same behavior. MIN6-cells were incubated with different 

concentrations of PAF-(16:0) or lysoPAF-(16:0) during 2.8 mM or 25 mM glucose 
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stimulation. The resulting insulin levels in the medium demonstrate a concentration-

dependent promotion of insulin secretion by PAF and lysoPAF that is independent of 

the glucose concentration (Figure 25B, C). Therefore, data generated with isolated rat 

islets seem to be transferable to a single β-cell model.  

 

3.3.5.2 Antagonization of PAFR abolishes the potency of mPS and reduces 

glucose tolerance in mice 

 

 

Figure 26: Antagonization of PAFR abolishes the potency of mPS and reduces glucose tolerance 
in mice. (A) Relative insulin secretion of MIN6-cells stimulated with 75 µL PAF, lysoPAF, or solvent 
control (Ctr) upon 2.8 mM and 25 mM glucose in the presence or absence of 2,5 µM PAFR antagonist 
SR27417. Ctr, n=8; PAF, n=6; lysoPAF, n=6. (B) Relative insulin secretion of MIN6-cells stimulated 
with mouse platelet supernatant (mPS) or control supernatant in the presence or absence of 2,5 µM 
SR27417 upon 2.8 mM and 25 mM glucose. n=12. (C) Glucose tolerance test of C57BL/6JRj mice 
injected with 10 mg/ kg SR27417 or solvent control 16 h before the assay. Control, n=8; SR27417, n=7. 
Each n represents an independent biological replicate (A, B) or measurement of a sample from distinct 
mice (C). *P < 0.05; **P < 0.01; ***P < 0.001; NS, not significant. If not indicated, significance refers to 
the Ctr value with identical glucose and SR27417 treatment (A). Unpaired t-test. Data are mean ± SEM.  

 

The obtained results and data from the literature indicate that activated platelets 

release PAF and lysoPAF, which in turn are potent potentiators of insulin secretion 

(Figure 25)440,442. PAF is known to act through its PAFR, the gene of which is most 

highly transcribed in endocrine cells of the pancreas along with Kupffer cells443. To 

evaluate whether lysoPAF and PAF execute their insulinotropic potential through this 

receptor, MIN6-cells were additionally treated with 2.5 µM of the specific PAFR 

antagonist SR27417 during starvation, low glucose, and following high glucose 

stimulation of these cells444. Of note, the presence of SR27417 inhibited the glucose-

mediated induction of insulin secretion in control, PAF, and lysoPAF-treated cells 

(Figure 26A). On the other hand, SR27417-treated cells that got treated with PAF and 
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lysoPAF still show elevated insulin secretion compared to their respective controls 

suggesting that PAFR is at least not solely responsible for the potentiating effect 

(Figure 26A). To further evaluate the role of PAFR in mPS-promoted insulin secretion, 

MIN6-cells were stimulated with mPS in the presence of SR27417. As the previous 

experiment demonstrated a completely abolished GSIS, the duration of SR27417 

treatment was restricted only to the final high glucose stimulation period. The reduced 

exposure of MIN6-cells to SR27417 led to unchanged glucose-mediated insulin 

secretion (Figure 26B). However, the application of SR27417 diminished the potency 

of mPS (Figure 26B). Accordingly, mPS appears to exert its effect also in a PAFR-

dependent manner. To study the impact of PAFR on glucose homeostasis in vivo, 

C57BL/6JRj mice were injected i.p. with 10 mg/kg SR27417 and challenged with a 

GTT 16 h later. Here, the antagonization of the PAFR resulted in glucose intolerance 

(Figure 26C). Altogether, these data indicate that PSIS is partially mediated through 

PAFR. 

 

 

3.4 Platelet-stimulated insulin secretion decreases with age 

The findings compiled up to this point consistently show that decreased platelet 

functionality or platelet count results in reduced insulin secretion. In addition, it was 

shown that this effect is mediated by lipids secreted by platelets. However, many drugs 

are existing, that reduce platelet functionality and are commonly prescribed to prevent 

thrombotic events. Therefore, in this section it will be examined to what extent the 

PSIS demonstrated in mice can be translated to humans. 
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3.4.1 Clopidogrel, but not acetylsalicylic acid reduces glucose tolerance 

through reduced insulin secretion 

 

Figure 27: Clopidogrel causes glucose intolerance through reduced insulin secretion. (A) 
Glucose tolerance test of C57BL/6JRj mice treated with clopidogrel or acetylsalicylic acid (ASA) for 
4 weeks with respective control. Control, n=9; ASA, n=10, Clopidogrel, n=10. (B) Glucose stimulated 
insulin secretion of C57BL/6JRj mice treated with clopidogrel or acetylsalicylic acid (ASA) for 6 weeks 
with respective control. Control, n=10; ASA, n=10, Clopidogrel, n=9. (C) Insulin tolerance test of 
C57BL/6JRj mice treated with clopidogrel or acetylsalicylic acid (ASA) for 7 weeks with respective 
control. Control, n=7; ASA, n=8, Clopidogrel, n=9. Each n represents a measurement of a sample from 
distinct mice. *P < 0.05. Unpaired t-test. Data are mean ± SEM. 

 

Clopidogrel and acetylsalicylic acid (ASA) are two commonly used drugs for the 

prevention of thrombotic events445. The active metabolite of clopidogrel inhibits P2Y12, 

which is the major receptor mediating ADP-stimulated platelet activation that is 

associated with integrin αIIbβ3 activation, enhanced degranulation, Tx production, and 

prolonged platelet activation284,446,447. ASA, on the other hand, irreversibly acetylates 

COX1, which hinders the conversion of AA into PGH2, which is required for the 

synthesis of TxA2
448. Thus, it inhibits TxA2-mediated platelet aggregation449. To 

investigate whether these antithrombotic drugs influence glucose homeostasis, 

C57BL/6JRj mice received a calculated dosage of 40 mg/kg of ASA or clopidogrel via 

the drinking water. After 4 weeks of treatment, clopidogrel-treated mice displayed 

glucose intolerance, whereas glucose tolerance was not changed in mice that received 

ASA (Figure 27A). Similarly, only clopidogrel-treated mice demonstrated a reduced 

GSIS (Figure 27B) without changed insulin tolerance in any of the treatment groups 

(Figure 27C). Based on these results, the frequently applied anti-platelet drug 

clopidogrel reduces GSIS and glucose tolerance in mice.  
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3.4.2 Anti-platelet treatment in aged mice does not reduce glucose 

homeostasis 

 

Figure 28: Anti-platelet treatment in aged mice does not affect glucose homeostasis. 
(A, B) Glucose tolerance test (GTT) of 9 weeks (A) and 61 weeks (B) old C57BL/6JRj mice treated with 
40 mg/kg clopidogrel for 4 weeks and respective control animals. n=7. (C, D) Glucose stimulated insulin 
secretion of 11 weeks (C) and 63 weeks (D) old C57BL/6JRj mice treated with 40 mg/kg clopidogrel for 
6 weeks and respective control animals. n=7. (E, F) GTT of 12 weeks (E) and 74 weeks (F) old 
C57BL/6JRj mice treated with R300 IgG for platelet depletion or control IgG. n=5. (G) Relative 20-HETE 
serum level from 8 and 70 weeks old C57BL/6JRj mice. 8 wks, n=10; 70 wks, n=8. (H) 20-HETE serum 
level from 30-64 years and 65-79 years old human. <65 yrs, n=24; ≥65 yrs, n=9. Each n represents a 
measurement of a sample from distinct mice (A-G) or humans (H). *P < 0.05; **P < 0.01; ***P < 0.001; 
NS, not significant. Unpaired t-test. Data are mean ± SEM. Data in boxplots: the center line shows the 
median; the cross indicates the mean; the box defines the first and third quartiles; the whiskers indicate 
the 1.5 × interquartile range; outliers are individually plotted. 

 

Clopidogrel is commonly prescribed to prevent thrombotic events445. Therefore, it 

allows investigation of whether its inhibitory action on insulin secretion shown in mice 

is translatable to human individuals. However, the use of clopidogrel was not linked to 

any associated glucose intolerance, according to a thorough examination of the 
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literature. On the other hand, the mean age of patients receiving clopidogrel is 

69 years450. To evaluate the relevance of age in PSIS, young and aged C57BL/6JRj 

mice were treated with 40 mg/kg clopidogrel for 4 weeks. Notably, in contrast to 

9 weeks old mice, clopidogrel did not decrease glucose tolerance in 61 weeks old 

animals (Figure 28A, B). Further, GSIS was not reduced in aged mice treated with 

clopidogrel (Figure 28C, D). Platelet depletion in aged mice using R300 antibodies 

even lead to an improved glucose tolerance compared to control mice, whereas the 

opposite was demonstrated in young mice (Figure 28E, F). Since 20-HETE was 

demonstrated to be a platelet-released substance capable to potentiate insulin 

secretion, serum levels of 20-HETE in 8 weeks and 70 weeks old C57BL/6JRj mice 

were quantified (Figure 22)116. Strikingly, 20-HETE levels were reduced by 50 % in 

aged animals (Figure 28G). Additionally, the same tendency was demonstrated in 

human individuals (Figure 28H). Altogether, this set of data points to a mechanism 

whereby platelet-released 20-HETE potentiates insulin secretion in young subjects, 

whereas this mechanism appears to vanish with aging. 
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3.4.3 The loss of platelet-induced insulin secretion with age does not 

derive from MKs themself 

 

Figure 29: MKs from young mice do not improve metabolic characteristics in old mice. (A, B) 
Glucose tolerance test of irradiated 59 weeks old C57BL/6JRj mice that received bone marrow cells 
from 59 weeks or 7 weeks old C57BL/6JRj donor mice. Assays were performed 6 weeks (A) or 10 
weeks (B) after bone marrow transplantation. BMC59 wks donor, n=11; BMC7 wks donor, n=12 (A). n=9 (B). (C) 
Glucose stimulated insulin secretion of the above-described mice measured 8 weeks after bone marrow 
transplantation. BMC59 wks donor, n=11; BMC7 wks donor, n=10. (D) Insulin tolerance test of the above-
described mice measured performed 9 weeks after bone marrow transplantation. n=9. (E) Relative cell 
count of different blood cell populations of the above-described mice measured 8 weeks after bone 
marrow transplantation and 15 weeks old C57BL/6JRj mice that did not undergo a bone marrow 
transplantation. BMC59 wks donor, n=11; BMC7 wks donor, n=11; No BMC, n=6. White blood cell (WBC), 
lymphocyte (LYM), monocyte (MON), granulocyte (GRA), eosinophil (EOS), red blood cell (RBC). Each 
n represents a measurement of a sample from distinct mice. *P < 0.05; **P < 0.01; ***P < 0.001; NS, 
not significant. Unpaired t-test. Data are mean ± SEM. 
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The findings from the previous section imply that PSIS declines with age. This allows 

different speculations regarding the mechanistic basis of this association. It is 

conceivable that MKs undergo functional changes throughout aging, resulting in 

platelets with different morphological or functional characteristics. To examine the role 

of MKs in age-dependent loss of PSIS, a bone marrow transplantation approach was 

applied. Thus, 59 weeks old C57BL/6JRj mice were lethally irradiated before being 

reconstituted with bone marrow of 59 weeks or 7 weeks old C57BL/6JRj donor mice. 

Contrary to the proposed theory, 6  weeks after transplantation it was discovered that 

mice that received bone marrow from young donor animals were less glucose tolerant 

(Figure 29A). However, the effect was only transient, as it was not present anymore 

10 weeks after transplantation (Figure 29B). Likewise, GSIS and ITT which were 

executed 8 weeks and 9 weeks after bone marrow transplantation, respectively, did 

not reveal significant changes (Figure 29C, D). To investigate whether the 

transplantation was associated with changes in the blood cell profile, cell counts of 

different blood cell populations were quantified. Including platelets, none of the 

analyzed cell populations were significantly changed between both BMC groups 

(Figure 29E). At the same time, the count of WBC, specifically LYM, as well as of RBC 

was reduced in both BMC groups compared to 15 weeks old C57BL/6JRj mice that 

did not undergo a bone marrow transplantation (Figure 29E). To sum up, these results 

suggest that the age-associated loss of platelet-induced insulin secretion does not 

derive from age-mediated changes in MKs. 

 

3.4.4 GαqGα13 PF4 Δ/Δ mice exhibit decreased pancreatic islet 

vasculature 

 

 

 

Figure 30: Aged GαqGα13 PF4 Δ/Δ mice display 
glucose intolerance. (A) Glucose tolerance test 
of 55 weeks old GαqGα13 PF4 Δ/Δ and control 
mice. GαqGα13 PF4 f/f, n=7; GαqGα13 PF4 Δ/Δ, 
n=6. Each n represents a measurement of a 
sample from distinct mice. *P < 0.05; **P < 0.01; 
***P < 0.001. Unpaired t-test. Data are mean ± 
SEM. 
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In contrast to young mice, a pharmacologically induced platelet defect or platelet 

depletion did not alter insulin secretion in aged mice, which further correlated with 

reduced 20-HETE serum levels in aged animals (Figure 28). As an attempt to confirm 

this observation in a genetic model, aged GαqGα13 PF4 Δ/Δ mice were challenged with 

a GTT. Unexpectedly, 55 weeks old GαqGα13 PF4 Δ/Δ mice still showed severe 

glucose intolerance (Figure 30A) similar to what was seen in mice of this genotype at 

14 weeks of age (Figure 14J). 

 

 

Figure 31: GαqGα13 PF4 Δ/Δ mice exhibit a decreased pancreatic islet vasculature. (A) 
Representative fluorescence microscopy images of DAPI and immunostainings against insulin and 
PECAM-1 from the endocrine pancreas of GαqGα13 PF4 Δ/Δ and control mice. (B) Relative mean 
fluorescence mediated by immunofluorescence staining against insulin and PECAM-1. n=11. (C) 
Representative fluorescence microscopy images of DAPI and immunostainings against insulin and 
VEGF-A from the endocrine pancreas of GαqGα13 PF4 Δ/Δ and control mice. (D) Relative mean 
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fluorescence mediated by immunofluorescence staining against insulin and VEGF-A. GαqGα13 PF4 
Δ/Δ, n=9, GαqGα13 PF4 f/f, n=7. Each n represents a measurement of a sample from distinct mice. *P 
< 0.05; NS, not significant. Unpaired t-test. Data are mean ± SEM. 

 

On the one hand, short-term pharmacological inhibition of platelet function or platelet 

depletion only decreases glucose tolerance in young but not aged mice (Figure 28). 

On the other hand, aged mice that exhibit a genetic platelet defect still display severe 

glucose intolerance (Figure 30A). This divergence might arise from an additional long-

term effect that platelets might have on pancreatic islets. However, islets from GαqGα13 

PF4 Δ/Δ mice did not differ in their average size and demonstrated a normal GSIS 

(Figure 15G, J). A critical islet compartment platelets might influence in a 

developmental or long-term manner, is the islet vasculature, as abnormalities were 

shown to be associated with insulin secretory defects and glucose intolerance451,452. 

Therefore, vascular morphology was investigated by IF-staining. Staining for the 

vascular marker PECAM-1 revealed a decrease in vasculature-mediated fluorescence 

in 16 week old GαqGα13 PF4 Δ/Δ mice (Figure 31A, B). Insulin-mediated fluorescence 

was not altered significantly (Figure 31B), confirming the result obtained by insulin 

extraction from the pancreas (Figure 15H). Reinert et al. have shown that a pancreas-

restricted deficiency of angiogenetic VEGF-A leads to islet hypovascularization 

associated with strongly abolished glucose tolerance452. Platelets not only store and 

secrete VEGFs but also several growth factors that might potentially affect the 

expression of VEGF-A in other target cells453,454. Nevertheless, VEGF-A levels in islets 

from GαqGα13 PF4 Δ/Δ mice, as obtained by IF staining, tended to be elevated, 

suggesting a mechanism aiming to compensate for a lack of angiogenic stimulus in 

these animals (Figure 31C, D). Taking together, platelets do not only directly amplify 

insulin secretion by the secretion of insulinotropic lipids. They further seem to 

contribute to angiogenetic mechanisms ensuring an islet characteristic vasculature 

essential for proper insulin secretion. To this point, the exact mechanism of how 

platelets mediate this effect remains unknown.  
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4 DISCUSSION 

The pancreas is a key organ for the maintenance of metabolic equilibrium and 

specifically glucose homeostasis. Its endocrine part is organized in pancreatic islets 

that are predominantly composed of α- and β-cells. Upon low blood glucose levels α-

cells release the anabolic peptide hormone glucagon, which elevates blood glucose 

levels by stimulating hepatic glycogenolysis and gluconeogenesis25,26. In contrast, β-

cells release insulin during hyperglycemia30. Insulin mediates the integration of GLUT4 

into the cell membrane of insulin-sensitive cells, thus enabling the clearance of 

glucose from the circulation31. The respective release of glucagon and insulin is 

regulated by a complex interplay of circulating metabolites, endocrine, paracrine, and 

autocrine signaling molecules, and autonomic nerves36,39,41,43,49,55. Glucose is the most 

potent and indispensable inducer of insulin secretion. However, a plethora of 

substances have been identified to be promoters of glucose stimulated insulin 

secretion.  These insulinotropic factors include a wide variety of substance classes, 

such as hormones, lipids, amino acids, purines, and neurotransmitters53,110,117,139,147. 

Insulin intolerance and the disability of pancreatic β-cells to release sufficient amounts 

of insulin lead to the development of diabetes177,180. Resulting poor glycemic control 

and chronic hyperglycemia is associated with microvascular and macrovascular 

complications that can finalize in tissue damage and multi-organ dysfunction making 

it one of the most fatal diseases208,219,220. 

Platelets are small anucleate cell fragments that primarily function as regulators of 

hemostasis240. More recently, however, platelets have emerged as multifunctional 

blood components involved in different physiological mechanisms including immune 

defense, inflammatory processes, angiogenesis, and cancer progression241,243,245,249. 

Platelets store and release a high variety of substances, of which some are known to 

execute insulinotropic effects114,138,139,234,315,316,401-404. Further,  diabetes is linked to an 

increased risk of vascular disorders, which is driven in part by an increase in platelet 

reactivity250,251. All of this indicates a potential role of platelets in the systemic response 

to elevated glucose levels. For this reason, this thesis aimed to unravel the function of 

platelets on pancreatic β-cells and homeostatic function.  
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4.1 Platelets get activated during hyperglycemia and specifically 

localize in the microvasculature of pancreatic islets 

Diabetes is commonly associated with a higher risk of vascular disorders, which is 

partially promoted by an increase in platelet reactivity250,251. Even though the exact 

mechanism is not fully understood, it is believed that among other factors, an 

enhanced capacity to be activated by agonists and a decreased efficiency of inhibitory 

mechanisms contribute to this effect455. Indeed, NO generation is inhibited by 

hyperglycemia by limiting endothelial nitric oxide synthase (eNOS) activation and 

increased production of NO-quenching reactive oxygen species, particularly 

superoxide anion (O2), in vascular smooth muscle cells and endothelial cells456,457. 

Similarly, vascular synthesis of PGI2 has been reported to be reduced458. Furthermore,  

platelets of diabetic patients were demonstrated to display increased surface 

expression of GpIb and αIIbβ3 integrin as well as a stronger response to agonist-

induced platelet activation459,460.  

 

Here, the sole role of glucose on platelet reactivity should first be examined. For this 

purpose, the whole blood of C57BL/6JRj mice was incubated with different 

concentrations of glucose in the presence of common platelet activators, followed by 

a flow cytometric analysis of αIIbβ3 integrin activation and P-selectin exposure as a 

marker for degranulation. High glucose (30 mM) was able to increase CRP-mediated 

platelet degranulation, as well as integrin activation in the presence of additional 

serotonin, ZnCl2, ATP, or U46 (Figure 7). The high glucose-promoted amplification of 

αIIbβ3 integrin activation and platelet degranulation was demonstrated to be of 

functional significance since preincubation of blood in 30 mM glucose buffer promoted 

binding to collagen during flow conditions (Figure 8). However, the exact underlying 

mechanism of glucose to promote platelet activation remains a subject of speculation. 

Increased reactivity in the presence of ADP or thrombin receptor agonist peptide 

(TRAP) was also shown when platelets were exposed to hyperosmolar solutions other 

than glucose, indicating that hyperglycemia may have a direct osmotic effect that is 

independent of the intra-platelet metabolism216. Sudic et al. attributed the effect to 

ROS formation induced by elevated osmolality generated by non-metabolizable 

sugars426. Platelets exhibit a basal production of ROS by NOX1/2 isoforms, which 

substantially increases upon platelet activation461. ROS was demonstrated to 
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contribute to platelet activation in different ways. It can act as a second messenger 

causing the phosphorylation and activation of PLCγ2, which is essential for converting 

adhesion receptor binding to platelet activation462. Additionally, ROS was shown to be 

released by activated but also resting platelets463,464. Thus, it can directly or indirectly 

by activation of the platelet membrane protein disulfide isomerase promote the 

formation of disulfide bonds365,366. Resulting structural alterations were demonstrated 

to be associated with stimulation of αIIβI and αIIbβ3 integrin activation and increased 

GPIbα-mediated platelet adhesion365,367-369,465,466. In contrast to Sudic et al., others 

claim that ROS production during hyperglycemia is not solely increased due to an 

osmotic effect, but as a result of glucose metabolization through the polyol pathway467. 

The polyol pathway accounts for only 3 % of glucose consumption during euglycemia, 

however, the proportion rises to 30 % during hyperglycemia. The increased rate is 

caused by the enhanced activity of the aldose reductase (AR), which is the first 

enzyme of this pathway468. The upregulation of the polyol route results in an 

exhaustion of reducing equivalents and increasing levels of polyols, which are 

associated with elevated oxidative and osmotic stress, respectively469. Tang et al. 

have found that the AR activity in human platelets is not only increased by high glucose 

concentrations but also by agonization of GPVI. Furthermore, pharmacological or 

genetic ablation of AR function abolished the augmented platelet aggregation and P-

selectin exposure observed upon co-stimulation with high glucose and collagen. The 

same effect was created when ROS was scavenged467. Of note, high glucose does 

not only promote ROS generation through the polyol pathway but also leads to 

mitochondrial dysfunctions associated with the formation of ROS470. In this context, 

also AR was demonstrated to cause an amplifying effect, as high glucose-induced AR 

activity was shown to induce a signaling pathway finalizing in dysfunctional 

mitochondria and elevated oxidative stress471. In this thesis, increased P-selectin 

exposure during hyperglycemia was only observed upon co-stimulation of GPVI with 

CRP, but not with any of the other tested stimuli, thus confirming the findings of Tang 

et al. (Figure 7)467. Therefore, this putative mechanism provides a direct link to how 

glucose potentiates specifically GPVI-mediated platelet activation. However, αIIbβ3 

integrin activation was shown to be unaffected under these conditions (Figure 7). Here, 

the strong effect of CRP on αIIbβ3 integrin activation might cover the additional effect 

of high glucose concentrations.   
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However, scavenging of generated ROS in human platelet only abolished the 

hyperglycemic enhancement of platelet P-selectin exposure, but not the elevated 

integrin activation426. Accordingly, hyperglycemia seems to promote platelet activation 

also in a ROS-independent way. Also here, increased integrin activation in the 

presence of high glucose levels and an additional stimulus were observed (Figure 7). 

Non-enzymatic glycation might be a mechanism that contributes to this effect. Studies 

suggest that asparagine (N)-glycosylation of β3 integrin at defined  N-glycan sites 

causes conformational changes that affect ligand binding and positively regulate 

αIIbβ3 integrin activation472. Even small increases in blood glucose levels can cause 

a spontaneous, non-enzymatic reaction of glucose with amino groups of proteins473. 

Thus, high glucose levels might result in the glycation of platelet surface receptors, 

thereby affecting their affinity to certain ligands. Similarly, components of the blood 

might undergo glycation forming so-called AGE, thereby gaining or increasing the 

potency to activate platelets. Indeed, platelets express the receptor for AGE (RAGE) 

and stimulation with AGE-BSA in the presence of sub-threshold TRAP-6 increased 

platelet aggregation and P-selectin exposure, which was inhibitable by a specific 

RAGE inhibitor474.  

The generated data, together with existing literature indicates the potency of high 

glucose levels to promote platelet activation to a relevant degree. The effect seems to 

be at least partially dependent on ROS formation, however, whether its formation is 

promoted by an osmotic effect or dependent on glucose metabolism remains 

controversial. Therefore, measurement of platelet activation by flow cytometry and 

attachment to collagen under flow conditions may be repeated in the presence of 

glucose or unmetabolizable sugars, such as L-glucose. To address if glycation 

contributes to the effect, the existence of glycation of platelet adhesion receptors after 

high glucose treatment would need to be proven by structural analysis. Subsequently, 

the functional relevance of possibly identified glycations would need to be determined 

by genetic ablation of respective glycation sites. For testing the relevance of AGE, the 

attachment of platelets to collagen under flow could be repeated in the presence of a 

RAGE inhibitor. 

 

To not only relate hyperglycemia to increased blood glucose levels but to consider it 

as an overall physiological state, the potential influence of β-cells on platelets was also 
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examined. Notably, stimulation of platelets with medium supernatant of the pancreatic 

β-cell line MIN6 promoted αIIbβ3 integrin activation and platelet degranulation in the 

presence of 1 µg/mL CRP as a co-stimulus (Figure 9). This effect tended to be more 

pronounced when MIN6-cells were maintained in a high glucose medium to ensure 

enhanced insulin-granule release (Figure 9). Also here, this effect reached functional 

relevance, as preincubation of mouse blood with MIN6-cell medium supernatant lead 

to enhanced platelet binding to collagen during flow conditions (Figure 10). The main 

substance secreted by β-cells during high glucose levels is insulin, which, however, 

was shown to attenuate agonist-induced platelet activation475. It is well known that β-

cells co-release ATP and zinc in the process of degranulation139. ATP can act as a 

soluble secondary mediator of platelet activation through the P2X1 receptor that 

functions as a ligand-gated ion channel, thus mediating rapid influx of Ca2+ enhancing 

agonist-induced activation476. Also, extracellular zinc has been implemented to access 

platelets and induce tyrosine phosphorylation finalizing in potentiated GPVI activation 

and platelet aggregation that was reversible by chelator application477. The role of zinc 

and ATP in acute platelet activation is also conceivable, because their secretion by β-

cells almost reaches its maximum after one minute of glucose stimulation, whereas 

insulin secretion continues to increase over a long period of time139. Last but not least, 

the peptide hormone amylin is known to be specifically released by β-cells 

synchronously with insulin478,479. In this context, RAGE was shown to not only bind 

AGE but also several amyloidogenic proteins, such as amylin, amyloid β, or serum 

amyloid A480,481. Additionally, amylin can aggregate to form complex amyloids, which 

have been shown to activate platelets through RAGE and GPIbα-mediated 

aggregation and agglutination482,483. As platelets express RAGE, this might provide 

another reasonable mechanism of how β-cells contribute to platelet activation474. To 

figure out which β-cell derived substance is responsible for the observed platelet 

activation, MIN6-cell supernatant could be subjected to biochemical modifications. 

The relevance of zinc could be tested by the application of a chelator, whereas apyrase 

or proteinase could be used to clear the supernatant from purines or proteins, 

respectively. Further, treatment of platelets with inhibitors of RAGE and P2X1 could 

verify their function in β-cell mediated activation. 

 



 DISCUSSION  

103 
 

Finally, the occurrence of platelet activation upon acute hyperglycemia was 

investigated in vivo. Thus, glucose was injected into C57BL/6JRj mice and plasma 

PBP levels were measured subsequently as a specific marker for platelet 

degranulation. Of note, PBP levels were shown to be significantly elevated 

immediately after glucose injection (Figure 11). This result proves the appearance of 

platelet activation during acute hyperglycemia in vivo. The above-discussed direct 

impact of glucose and β-cells on platelets may be the mechanism underlying this 

event. Furthermore, considering the entire organism, other factors such as the 

endothelium could also contribute to the observed effect. Hyperglycemia is known to 

reduce circulating NO levels due to an inhibited enzymatic machinery and increased 

ROS-mediated inactivation of it456,457. Along with also observed reduced PGI2 

secretion by the endothelium, these might reduce the inhibitory action on platelets458. 

Additionally, platelets possess a functional GLP-1R that upon activation reduces 

intracellular cAMP levels leading to inhibited platelet function and thrombus 

formation484. Thus, decreasing glucagon levels during high glucose levels might lower 

the inhibitory capacity. Acute glycation of the endothelium could also lead to increased 

platelet activation, which is also found to a greater extent in diabetic patients485. 

Finally, high glucose concentrations could alter the profile of proteins on the 

endothelial surface of certain tissues, thereby contributing to platelet activation. For 

instance, a high glucose-induced upregulation of intercellular adhesion molecule 

(ICAM)-1 was demonstrated in retinal endothelial cells486. 

 

Knowing that platelets store insulinotropic substances and get activated by β-cell-

derived substance/s during hyperglycemia, interactions of platelets with the islet 

microvasculature were analyzed. Interestingly, intravital microscopy and histology of 

pancreatic cryosections revealed a substantially elevated attachment of platelets in 

the endocrine pancreas compared to the exocrine pancreas (Figure 12). This effect 

was greatly reduced when the functionality of platelet adhesion receptors GPVI, 

GPIbα, or αIIbβ3 integrin was inhibited, suggesting the binding is mediated by platelet-

specific proteins (Figure 13). As described in the previous paragraph, this finding might 

be caused by β-cell-derived substances, such as ATP, zinc, or amylin, which might 

restrict platelet activation specifically within pancreatic islets. The localization analysis 

was executed with fasted mice, indicating that platelets constantly bind to the islet 
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endothelium including in euglycemic or hypoglycemic conditions. However, β-cells 

were demonstrated to degranulate and release ATP, zinc, and amylin also during low 

glucose concentrations, albeit to a lower degree139,478,479. This goes along with the 

finding that also medium supernatant obtained from low glucose treated MIN6-cells 

was potent to increase platelet activation (Figure 9Figure 10). Nevertheless, as it was 

shown here that a hyperglycemic environment increases platelet activation, it would 

be of interest to investigate platelet adhesion in islets after glucose application. 

Besides soluble platelet activators, the pancreatic islet vasculature might possess a 

distinct expression of surface proteins allowing platelets to bind. Therefore, platelet 

adhesion receptors might exhibit interactions with yet unidentified counterparts. For 

example, GPIbα, αIIbβ3 integrin, and P-selectin showed binding to tumor cells, 

suggesting that these and other adhesion molecules may have additional interaction 

partners beyond those previously known487-489. The composition of the ECM and 

basement membrane (BM) within the endocrine pancreas is distinct from other tissues 

and provides β-cells with stimuli that regulate cell development as well as insulin 

expression and secretion490-492. Additionally, components of the ECM or BM display a 

high glucose-induced overexpression in endothelial cells213. Immobilized pancreatic 

endothelial cells (MS1), α-cells (α-TC1), and β-cells (β-TC6) were all shown to express 

α1(V) and α3(V) collagen493. Furthermore, MS1-cells were shown to secrete a 

truncated form of α1(V) and mice deficient for α3(V) exhibited a blunted GSIS493. Also, 

pericytes of the endocrine pancreas produce collagens, fibronectin, and laminins for 

the BM. This allows the speculative assumption of platelets getting activated by free, 

accessible components of the ECM or BM. 

 

 

4.2 Inhibited platelet functionality decreases glucose-stimulated 

insulin secretion 

As platelets release insulinotropic substances, get activated during hyperglycemia, 

and specifically adhere to the microvasculature of pancreatic islets, the assumption of 

platelets regulating glucose homeostasis grew stronger. Mice with a genetic platelet 

defect in adhesion (BMCGp1bα
-/-,TG), activation (BMCGp6

-/-), degranulation (BMCUnc13D
-/-), 

or second-wave activation consistently displayed glucose intolerance due to reduced 

GSIS (Figure 14). Nevertheless, the general islet characteristics such as size, insulin 
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expression, and GSIS ex vivo were not changed in these animals (Figure 15). Lastly, 

short-term induction of different platelet defects or platelet depletion for 24 h resulted 

in comparable phenotypes as observed in the genetic models, suggesting a direct 

effect of platelets on GSIS (Figure 16). Fasted glucose and insulin levels display larger 

differences between the different mouse models. These might arise from different 

experimental procedures that were performed with the animals, such as the 

performance of a bone marrow transplantation. Also, inbreeding of the mice strains 

might cause genetic shifts. Furthermore, the age of animals at the time of the metabolic 

assays was not always identical between the mouse models. However, littermates of 

the same age were used for each metabolic assay, implying that the observed 

metabolic changes can be referred specifically to the respective platelet defect.     

All applied models exhibit a reduced GSIS, implying that platelets need to be fully 

functional to stimulate insulin secretion. Still, a comparison of the genetic and 

pharmacological mouse models reveals differences in their severity of glucose 

intolerance and GSIS inhibition. Effects are most pronounced when platelets are 

depleted, inhibited for second-wave activation through Gαq and Gα13, or when the 

αIIbβ3 integrin binding site is blocked (Figure 14Figure 16). Previous results suggest 

an activation by β-cell-derived substance/s (Figure 9Figure 10), which potentially 

might be mediated through Gαq and Gα13. The effect on GSIS further appears to 

depend on this activation route. The observed platelet adhesion to islet vasculature 

might especially rely on the adhesive properties of αIIbβ3 integrin, which was also 

shown to be decreased upon blockage of its binding site (Figure 13). Thus, the 

interference of platelets to specifically bind to islet vasculature appears to be crucial 

for the discovered reduction in GSIS. Nonetheless, ablation or blocking of GPVI and 

GPIbα reduced platelet localization within islets to a similar extent (Figure 13), 

whereas the effect on reduced insulin secretion is weaker in these models (Figure 

14Figure 16). This raises the possibility that αIIbβ3 integrin does not only contribute to 

platelet binding within islets but also mediates crucial outside-in-signaling important 

for the impact on GSIS. This signaling might act through the known activatory αIIbβ3-

PLCγ2 axis277. Hemostasis works as a feed-forward circle. This makes it difficult to 

distinguish whether certain platelet functions execute a direct effect on GSIS or 

whether they do it indirectly by affecting the general hemostatic event.   



 DISCUSSION  

106 
 

4.3 Platelets directly stimulate insulin secretion 

The fact that mice in which platelets were pharmacologically inhibited or depleted 

demonstrate lower GSIS suggests a direct effect of platelets on β-cells. Indeed, co-

culture with washed human platelets stimulated the GSIS of INS1-cells (Figure 19A). 

The application of supernatant of activated platelets to primary mouse islets or mouse, 

rat, and human β-cell lines shows that the effect is mediated by a released substance 

that acts in a concentration-dependent manner (Figure 19B-G). However, the 

potentiating effect of platelet-derived substances/s seems to be present only under 

high glucose conditions in primary islet cells, whereas INS1- and EndoC-βH1-cells 

show the effect even under low glucose conditions. This might be due to the 

heterogenic cellularity of pancreatic islets, whose paracrine interplay influences overall 

insulin secretion. Platelet-derived substance/s could stimulate δ- and ε-cells to release 

somatostatin and ghrelin, respectively, both of which downregulate insulin 

secretion43,45. Additionally, the substance/s might inhibit the release of PP from PP-

cells, which is a known inhibitor of somatostatin secretion44. Consequently, increasing 

levels of somatostatin would lead to reduced insulin secretion.  

Insulin secretion from β-cells is regulated by various metabolites as well as auto-, 

para-, and endocrine factors. To identify the exact substance/s that mediates the 

promoting effect on insulin secretion, hPS was biochemically modified to remove 

various bioactive substances. hPS with molecules greater than 3 kDa removed or free 

of proteins, purines, serotonin, and histamine still demonstrated a potent effect on β-

cells (Figure 20A, B). Interestingly, this potency was depleted when lipophilic 

substances were extracted from the hPS (Figure 20C). This experiment suggests that 

the main insulinotropic effect is mediated by a lipid class. However, it needs to be 

considered that the biochemical elimination of proteins, purines, serotonin, histamine, 

and lipids occurred sequentially. In combination, these substances might further 

contribute to the potentiating effect on insulin secretion. Such synergistic potentiation 

has been demonstrated for ADP or ATP and Ach401. Furthermore, it is important to 

note that this experiment only considered the direct effect of hPS on INS1-cell’s insulin 

secretion. Therefore, it excludes other pancreatic endocrine cells, the intra-islet 

nervous system, and the islet vasculature, which might be affected by platelets as well 

and are known to directly contribute to the regulation of insulin secretion7,19,53,58. ATP 

for instance is thought to be co-released with insulin to cause relaxation of islets 
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pericytes, which is associated with increased blood flow that favors insulin secretion19-

21. Since platelets store ATP in their dense granules they could promote this 

mechanism234. To investigate the role of platelets on islet vasodynamics, parameters 

such as vessel diameter and flow rate could be studied in islets of mice exhibiting a 

platelet defect upon administration of a glucose bolus. 

LC-MS analysis of mPS and serum from platelet-depleted mice was performed to gain 

insight into the lipid secretome of platelets. To take the full range of substances into 

account, no standards were used for this purpose, thus enabling a brought but semi-

quantitative analysis. Several candidates were identified whose presence was 

significantly increased in mPS compared to the control buffer (Figure 21). The 

presence of these substances in the serum of platelet-depleted mice served as an 

additional parameter to assess how relevant the platelet-derived fraction of this 

substance is. The LC-MS method showed that the HETE family is present in mPS but 

is significantly reduced in the serum of mice with platelet depletion. HETEs like 5-

HETE and 20-HETE as well as other AA-derived metabolites were shown already to 

stimulate insulin release116,430,431. Further work concentrated on 20-HETE, as platelets 

have been demonstrated to contain the necessary enzymatic machinery for its 

biosynthesis308. An isomer-specific ELISA confirmed the presence of 20-HETE in mPS 

and hPS as well as reduced levels in the serum of platelet-depleted mice. However, 

the reduction in HETE in serum from platelet-depleted mice determined by LC-MS was 

96 %, whereas the reduction in 20-HETE quantified by ELISA was 50 %. This 

difference can only be explained if 20-HETE does not make up the largest proportion 

of all HETE isoforms. Indeed, others found 12-HETE to be the most abundant isoform 

in platelets494. Although 20-HETE presumably forms only a small fraction of platelet-

derived HETEs, it seems to be specifically platelet-derived and appears in a 

nanomolar concentration in mPS. Thus, it makes it a plausible candidate to mediate 

platelet-induced insulin secretion. Additionally, hyperglycemia was shown to increase 

de novo synthesis of DAG, causing PKC and subsequent PLCA2 activation that 

finalizes in an increased production of AA metabolites495. It is therefore thinkable that 

platelets release 20-HETE in response to glucose stimulation. Thus, 20-HETE 

secretion by platelets following glucose stimulation could be measured in vivo and in 

vitro. 
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The injection of HET0016 to inhibit CYP450, which is essential for the biosynthesis of 

20-HETE, resulted in a 70 % reduction in 20-HETE serum levels associated with 

glucose intolerance and reduced GSIS (Figure 24). Tunaru et al. have stated that a 

glucose-induced formation of 20-HETE by β-cells induces GSIS in an autocrine 

manner through GPCR40116. Therefore, reduced GSIS after HET0016 might be due 

to the inhibition of this autocrine mechanism. However, the application of HET0016 to 

platelet-depleted mice did not lead to a further reduction in glucose tolerance (Figure 

24). This indicates that the platelet-derived 20-HETE fraction exerts the greatest effect 

on GSIS. Nevertheless, it cannot be excluded that the observed worsened glucose 

homeostasis is at least partially caused by the inhibition of the 20-HETE-mediated 

autocrine mechanism of β-cells. For this purpose, HET0016 would need to be applied 

to mice that obtain a genetic defect of 20-HETE synthesis specifically in β-cells, to see 

if the effect on GSIS is still as pronounced as observed in wild-type mice. In general, 

the HET0016-induced glucose intolerance and inhibition of GSIS are not as 

pronounced as demonstrated in platelet-depleted mice (Figure 16, Figure 24). 

HET0016 treatment did not completely deplete 20-HETE serum concentrations, which 

means that platelets may still partially exert a stimulatory influence on insulin secretion 

through this route. It further reinforces the assumption that other mechanisms are 

involved in PSIS. 

Tunaru et al. demonstrated that 20-HETE promotes GSIS through Gαq/11-coupled 

GPCR40116. Inhibition of Gαq/11 in INS1-cells did not only abolish the potency of hPS 

but also general GSIS (Figure 22C). Thus, the platelet-derived substance/s appears 

to act in a Gαq/11-dependent manner, as does an essential autocrine stimulus in INS1-

cells. This autocrine stimulus might be ATP and/or 20-HETE, which get released by 

β-cells upon glucose stimulation and act through P2YR and GPCR40, respectively, 

both signaling through Gαq/11
116,138,139. Inhibition or silencing of the 20-HETE receptor 

GPCR40 led to a significantly reduced potency of hPS on GSIS but did not completely 

inhibit its effect (Figure 22C, E). Also, the characterization of mice with a global 

knockout of GPCR40 revealed essentially normal glucose tolerance and GSIS496,497. 

This indicates the existence of a compensatory mechanism ensuring accurate glucose 

homeostasis.  Thus, a platelet-derived substance other than 20-HETE might exert an 

insulinotropic effect, or 20-HETE acts through additional receptors. Indeed, 20-HETE 

is also a high-affinity ligand of GPCR75, which like GPCR40 is also associated with 
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Gαq/11
439,498. Inhibition of GPCR75 in mice caused a mild but significant reduction in 

glucose tolerance (Figure 24D). Therefore, a combined blockage of these receptors 

could be evaluated in the future. In addition, platelets have an extensive secretome, 

which makes the involvement of other factors conceivable, as will be discussed later. 

The injection of 20-HETE into mice lacking platelets rescued the overall glycemic 

dysregulation, yet resulted in a deviated curve of blood glucose levels compared with 

control mice (Figure 24E). On one hand, this might be caused by the lack of additional 

platelet-derived factors that potentially contribute to the accurate regulation of insulin 

secretion. On the other hand, the nonlocalized application of 20-HETE might cause 

this effect. In this thesis, an islet-specific platelet adhesion was demonstrated and a 

β-cell-derived substance/s was shown to promote platelet activation. This would allow 

an islet-restricted release of 20-HETE, possibly enabling much higher local 

concentrations to be achieved than with the i.p. injected 20-HETE bolus. Furthermore, 

injection of 20-HETE causes holistically elevated levels in the circulation, which, apart 

from β-cells, could trigger signaling events in the rest of the organism. 20-HETE is a 

known vasoconstrictor that upon others executes its action through GPCR75 of 

vascular smooth muscle cells337,439. The i.p. bolus of 20-HETE could therefore cause 

uncoordinated vasoconstriction that affects the blood supply of pancreatic islets. A 

generally accepted hypothesis suggests that the endocrine pancreas is divided into 

individual islets so that they can be regulated differently by blood flow depending on 

blood glucose levels499. Likewise, pancreatic islets exhibit different vascularization 

schemes, which allow blood to flow from periphery-to-center, center-to-periphery, or 

pole-to-pole500. In addition, induced pericyte depletion in pancreatic islets caused 

reduced functionality and insulin secretion from β-cells501,502. Due to this, a finely 

adjusted blood flow seems to be necessary to ensure proper insulin secretion. Islet-

localized platelets might contribute to the control of the islet's blood supply, as 

described above. Holistically elevated 20-HETE levels by injection, however, could 

disrupt this regulatory mechanism. The literature as well as experiments from this work 

suggest a direct insulinotropic effect of 20-HETE through the GPCR40 signaling 

axis116. To investigate the potential acute effect of 20-HETE on the blood-circulation, 

knockout mice deficient for GPCR40 and/or GPCR75 specifically in β-cells could be 

used. A GTT and GSIS upon 20-HETE injection would thus reveal the indirect action 

on insulin secretion.  
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Here, hPS stimulation was demonstrated to cause increasing levels of [Ca2+]i in INS1-

cells. GPCR40 signaling in β-cells has also been associated with an elevation of 

[Ca2+]i432,433. This was shown to be caused by the PLC-mediated generation of IP3 that 

enables the release of Ca2+ from the ER. Finally, exhaustion of ER Ca2+ levels induces 

the opening of the Ca2+ channel Orai1 through stromal interaction molecule (STIM)1, 

further promoting Ca2+ entry434. Additionally, GPCR40 signaling leads to the opening 

of NSCC of the TRP channel class and inhibits voltage-gated K+ channels, which 

delays the repolarization of the β-cell119,122. It should be noted that the hPS-induced 

increase in [Ca2+]i, although significant, is small in absolute terms and allows 

speculation of additional mechanisms. Interestingly, hPS stimulation was also 

associated with an elevated degree of PKD1 phosphorylation at serine 744/748 and 

916 (Figure 23B), which is known to increase the catalytic activity of the kinase and 

autophosphorylation, respectively437. Its activation occurs by the PLC-mediated 

generation of DAG, which recruits PKD1 to the plasma membrane where it gets 

activated by DAG-activated PKC503-505. PKD1 has been shown to be critical for insulin 

secretion, presumably by promoting the fission of cell surface transport carriers from 

the TGN121,506,507. Furthermore, it was found to be activated through GPCR40 

agonization, mediating cortical F-actin reorganization resulting in granule recruitment 

and respective promoted second phase insulin secretion115. Inhibition of PKD1 

abolished hPS-mediated potentiation of insulin secretion, indicating a significant 

function in the underlying mechanism (Figure 23C). Of note, downstream signaling of 

DAG is known to increase insulin secretion partially independent of an additional 

increase of free [Ca2+]i150
. This might serve as an explanation for relatively small 

changes of platelet-mediated [Ca2+]i compared to the major change in insulin 

secretion. However, PKD1 was also proven to be activated through M3 and P2Y1 

receptors121,508,509. To test the role of these receptors in hPS-stimulated insulin 

secretion, stimulation experiments using respective inhibitors could be executed. 

Furthermore, hPS could be generated in the presence of HET0016, to evaluate its 

potency when 20-HETE is ablated.  

 

The LC-MS analysis indicated the presence of several lipid classes in platelets 

secretome, including lysoPAF (Figure 21). However, the detected lysoPAF species 

were solely annotated by their retention time and molecule masses. This raises the 
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possibility of substances with the same mass being confused for one another. 

Because of this, it would be crucial to confirm the annotation by substance-specific 

methods such as ELISA or by MS approaches in the future. PAF and its precursor 

lysoPAF displayed stimulatory actions on insulin secretion of isolated rat islets440. 

Even though PAF was not detected by the applied LC-MS approach, it is known to be 

continuously generated by platelets and released upon activation441,442. The fact that 

lysoPAF was presumably detected in mPS, but is increased in the serum of platelet-

depleted mice might be explainable by platelet-derived enzymes that structurally 

modify or degrade it. In order to make a reliable conclusion, exact concentrations of 

PAF and lysoPAF in mPS/hPS and serum would need to be quantified.  Here, a 

concentration-dependent stimulatory action of PAF and lysoPAF upon 2.8 mM and 

25 mM glucose was confirmed in MIN6-cells (Figure 25B, C). PAF is known to act 

through the PAFR, with the respective gene being highly transcribed in the endocrine 

cells of the pancreas443. It has further been shown to be also associated with Gαq
510. 

The application of the PAFR antagonist SR27417 reduced the stimulatory action, 

proving that the observed effect is not due to cell destruction (Figure 26). It additionally 

inhibited overall GSIS, suggesting the existence of a stimulatory autocrine mechanism 

acting through PAFR or off-target effects of SR27417 (Figure 26). However, restricting 

the SR27417 application only to the high glucose stimulation period recovered GSIS 

but strikingly, abolished the promoting effect of mPS (Figure 26). Again, the total 

depletion of hPS-induced insulin secretion speaks for an off-target effect of SR27417, 

as also inhibition and silencing of GPCR40 caused a partial depletion of this effect. 

Although diminished GSIS upon PAFR antagonization, absolute values of insulin 

secretion were still significantly increased upon stimulation with PAF and lysoPAF 

(Figure 26). Therefore, at the applied concentrations, these substances could act 

through additional signaling pathways. GPCR119 is a thinkable candidate, as its 

signaling axis is known to promote GSIS and it additionally can be activated by PAF 

and lysoPAF123,124. As GPCR119 is associated with Gαs, its activation by a platelet-

derived substance/s could be investigated by the measurement of intracellular cAMP 

levels124,125. Furthermore, lysophospholipids were thought to act as membrane 

fusigens, thereby promoting degranulation processes440.   

In general, many lipids were identified to be released by platelets. Based on limited 

sensitivity, it can be assumed that other lipids are present at concentrations where 
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they may be bioactive. The lipid extraction from hPS has demonstrated that 

substances of the lipid class execute the major effect on insulin secretion. Although 

20-HETE and PAF/lysoPAF have been validated to play a role in PSIS, other lipids 

might still contribute to this effect. The above-mentioned GPCR119 also gets activated 

by LPC, which was identified by LC-MS as well125. Similarly, GPCR55, which is 

associated with Gαq or Gα12/13, can be activated by LPC, LPI, and PEA, upon others, 

leading to the activation of PLC, Rho-associated protein, and ERK, thus leading to 

increased [Ca2+]i117,126-130. These substances were also found by the LC-MS analysis, 

with LPI being drastically elevated in mPS. Here again, increased levels in the serum 

of platelet-depleted mice might be due to a reduced half-life in the presence of 

degranulating platelets. Independent of any signaling cascade, some lipids might 

diffuse into the cell directly prompting the fusion of granules with the cell membrane, 

as was shown for MAG135. To evaluate these hypotheses, the existence of these 

substances would first need to be verified by ELISA or MS approach. To study their 

potential influence on PSIS, the respective receptors and their associated G-proteins 

would further need to be silenced or inhibited in β-cells.  

 

 

4.4 Platelet-stimulated insulin secretion decreases with age 

To investigate whether antithrombotic drugs prescribed to humans affect glucose 

homeostasis, mice were administered clopidogrel and ASA. Notably, mice receiving 

clopidogrel showed reduced glucose tolerance and GSIS, whereas ASA did not affect 

glucose homeostasis (Figure 27). Above, it was described that platelets are 

presumably activated specifically in the vasculature of the pancreatic islets. Platelet-

derived ADP is the major mediator of second-wave activation to amplify the hemostatic 

event234,235.  Therefore, it can be hypothesized that inhibition of the ADP receptor 

P2Y12 results in reduced amplification of islet-restricted platelet activation, resulting 

in decreased platelet-induced insulin secretion. ASA inhibits the activity of COX1 and 

therefore the synthesis of TxA2 and its mediated platelet activation448,449. Thus, its 

application should also reduce the second-wave activation of platelets. In general, 

lower daily dosages than 40 mg/kg of orally applied ASA have been demonstrated to 

significantly reduce TxA2 generation and platelet aggregation511,512. Here, ASA was 

administered ad libitum via drinking water, which means that the calculated dose of 
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40 mg/kg may not be reached.  The inhibition of TxA2 production and corresponding 

inhibition of TxA2-mediated platelet aggregation does not act linearly, as more than 

95 % of TxA2 needs to be depleted to affect platelet function513. Thus, the applied 

dosage might have been below this threshold. Furthermore, the GTT was performed 

after 4 weeks of ASA administration, possibly resulting in the development of ASA 

resistance, a phenomenon observed in 2 % to 57 % of patients514-516. In this context, 

also compensatory mechanisms such as the upregulation of other second-wave 

platelet receptors might play a role. Finally, ASA or depletion of systemic COX1 

function was shown to reduce the generation of antiaggregatory PGD2 and PGI2 at 

non-platelet sites, potentially promoting thrombotic events517.  To validate the inhibitory 

effect of the applied ASA administration, platelet activation and aggregation would 

need to be measured by flow cytometry and an in vivo vessel-occlusion model, 

respectively. Nevertheless, the absence of changes in glucose homeostasis with ASA 

administration may be taken as an indication that no insulinotropic platelet-derived 

substance originates downstream of the COX1 synthesis pathway. 

The inhibitory effect of clopidogrel on GSIS has not been documented in humans, 

although the average age of clopidogrel patients is 69 years450. This raised the 

hypothesis that PSIS decreases with age. Indeed, clopidogrel administration to mice 

older than 61 weeks did not affect GTT or GSIS, and GTT was neither changed in 

aged platelet-depleted mice. Strikingly, this was accompanied by a decrease in 20-

HETE serum levels in aged mice and humans (Figure 28). The question of what 

causes this reduction, as well as how glucose homeostasis occurs in aged individuals 

independently of platelets, remains a matter of speculation. Further lipidomic studies 

of the platelet secretome of young and aged individuals would need to be performed 

to determine whether the occurrence of other lipids is also changed by aging. On one 

hand, other lipids such as lysoPAF might be identified to be reduced as well, 

contributing to the loss of platelet-induced insulin secretion. On the other hand, the 

results might enable the identification of certain synthesis pathways that might be 

downregulated with advanced age. Subsequently, key enzymes of these pathways 

could be characterized regarding their expression and activity. Also, the source of 20-

HETE needs to be determined. 20-HETE gets synthesized by CYP450 of the 4A and 

4F gene families518. Furthermore, its synthesis can be also mediated by the 

CYP4502U1, which has been shown to be present in platelets519. However, CYP450 
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products were shown to be integral components of the platelet membrane in humans, 

which can be released by receptor-induced de-esterification of phospholipids310. Thus, 

CYP450 products including 20-HETE might be taken up by platelets and integrated 

into the membrane until they get released upon activation303,306,311. Therefore, the 

expression of the respective CYP450 enzymes needs to be analyzed in platelets. 

Studies focusing on the expression of different CYP450 enzymes in rat livers revealed 

that CYP450-4A1, which is one of the 20-HETE-producing isoforms, continuously 

decreases between the ages of 60 and 800 days520. Similar trends might be also 

present in other tissues and cell types, finally leading to a reduced amount of platelet-

releasable 20-HETE. The finding that PSIS declines with age, while insulin secretion 

and glucose tolerance remain intact, raises questions. The occurrence of T2D strongly 

correlates with age, which is, upon others, due to a reduced baseline and 

compensatory β-cell replication521,522.  Surprisingly, decoupling β-cells from the cell-

division cycle was shown to increase the GSIS of β-cells in aged mice and humans. 

Hence, the senescence effector p16(Ink4a) is increasingly expressed in β-cells of 

aged humans and promotes GSIS through enhanced glucose uptake and 

mitochondrial activity523. Also, epigenetics were shown to be changed with age 

specifically in β-cells. The methylation status was demonstrated to be shifted favoring 

the activation of metabolic regulators resulting in improved β-cell functioning524. 

Furthermore, the expression of transcription factors like SIX2 and SIX3 were displayed 

to be elevated in β-cells from aged individuals, which was sufficient for elevated insulin 

content and secretion525. Thus, isolated islets from 27 months old WT mice presented 

a threefold GSIS compared to islets from 1 month old mice523. Therefore, the 

decreased impact of PSIS with advanced age might be covered up and compensated 

by these mechanisms. Of note, platelet-depletion in aged mice even improved glucose 

tolerance (Figure 28). This suggests an additional weak inhibitory effect of platelets on 

insulin secretion, which is overridden in young mice by the presence of the stronger 

positive stimulus. 

 

In search for the origin of the reduced PSIS in aged mice, 59 weeks old C57BL/6JRj 

mice were lethally irradiated before being reconstituted with bone marrow of 59 weeks 

or 7 weeks old C57BL/6JRj donor mice. Even though there was a transient reduction 

in glucose tolerance of mice that received BM of young donor mice, no change in GTT, 



 DISCUSSION  

115 
 

GSIS, or ITT was observed after 8 weeks of BMC generation (Figure 29). In general 

bone marrow transplantation has been shown to cause transient glucose 

intolerance526-528. In comparison to patients who get autologous transplants, 

allogeneic hematopoietic stem cell transplantation recipients have a greater chance of 

developing posttransplant diabetes mellitus529. For this reason, the non-matching age 

of the donor animals might promote the allogenic phenotype causing a temporary 

reduction in glucose tolerance. The result of generated BMCs indicates that the 

reduced impact of platelets on insulin secretion in aged mice does not originate from 

age-dependent changes of MKs. However, the transplantation process might cause a 

selection process of MKs, by which only functional MKs are successfully reconstituting 

in recipient mice. Therefore, it can not be excluded that unfunctional or senescent MKs 

might cause reduced PSIS in aged mice. Furthermore, the platelet environment such 

as the vasculature and plasma components might affect platelets in a way that they 

execute reduced PSIS. Finally, an often observed age-dependent drop in platelet 

count might be explanational396-398. For further analysis, platelet transfusion 

experiments between young and aged mice could be performed to investigate whether 

this can restore PSIS in old animals. As described earlier, PSIS might also be 

mediated by alterations in blood circulation through pancreatic islets. Advanced age 

might therefore lead to changes in the vasculature that lead to a loss of this 

mechanism. Finally, reduced PSIS in aged individuals might be also partially due to 

alterations of β-cells. Therefore, the response of pancreatic islets isolated from aged 

mice and humans to the supernatant of activated platelets could be tested.  

 

Whereas PSIS decreased with increasing age, glucose tolerance remained disturbed 

in 55 weeks old GαqGα13 PF4 Δ/Δ mice. Histological analysis revealed reduced islet 

vascularity in these animals (Figure 30). It has been shown that a pancreas-restricted 

knockdown of VEGF-A led to reduced islet vascularization, which was associated with 

strongly reduced glucose tolerance452. Platelets are important regulators of 

angiogenesis and release multiple angiogenic substances, such as VEGFs, PDGF, 

and fibroblast growth factor (FGF)-2), upon others231-233. Furthermore, it has been 

shown that platelet-derived angiogenic factors do not only promote angiogenesis after 

vascular injuries but also during developmental processes and for the maintenance of 

vasculature530-534.  In this context, studies demonstrated that the binding of platelets 



 DISCUSSION  

116 
 

to the vasculature is a crucial step to execute their angiogenetic effect532. Here, 

increased adhesion of platelets to the vasculature of pancreatic islets was revealed, 

allowing the assumption that platelets might also affect angiogenesis in islets. It could 

be determined, whether platelets of GαqGα13 PF4 Δ/Δ mice display a reduced 

attachment within islets vasculature. In addition, the strongly inhibited response to 

soluble activators in GαqGα13 PF4 Δ/Δ mice might cause an insufficient supply of 

angiogenic stimuli. The upregulation of β-cells' VEGF-A expression might be due to a 

compensatory mechanism. In addition to the quantity of the islet vasculature, its 

integrity should be investigated as well. Furthermore, different mouse models could 

be applied to investigate the impact of platelets on islet vascularization. Mice deficient 

for the neurobeachin-like (NBEAL)2 gene, that exhibit a defect in α-granule release in 

which most of the angiogenic factors are stored, could be used to screen for 

differences in the islet vasculature249,535. As an attempt to narrow down the actual 

angiogenic factor/s, mice with platelet-restricted depletion of VEGFs, PDGF, and other 

factors could be additionally used. However, the pharmacologically induced platelet 

defects prove a stimulating effect of platelets on insulin secretion independently of the 

degree of islet vascularization. Nevertheless, in all genetic models in which platelet 

defects were present for several weeks, it needs to be investigated whether these 

defects resulted in reduced islet vascularization and to what extent glucose 

homeostasis might be altered by this. 

 

 

4.5 Closing remarks and future perspectives 

In the here presented thesis, the impact of platelets on β-cells insulin secretion was 

studied. It was shown that both glucose and a β-cell-derived factor/s promote platelet 

activation. Further work needs to be done to identify this factor/s and the underlying 

mechanisms of these findings. In this context, also the contribution of the observed 

platelet adhesion within the islet vasculature needs to be determined. A stimulatory 

effect of platelets on insulin secretion was shown, which could be attributed to lipids, 

specifically to 20-HETE and presumably lysoPAF. Future studies need to investigate 

which other lipid receptors besides GPCR40, GPCR75, and PAFR might be involved 

in platelet-stimulated insulin secretion. The same counts for additional lipids that were 

identified in the secretome of platelets and potentially contribute to the insulinotropic 
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effect. Here it would also be important to understand how exactly the secretion of these 

lipids occurs and how it is initiated. Besides their direct action on β-cells, platelets were 

demonstrated to be crucial for the development or maintenance of the islet 

vasculature, hence indirectly affecting glucose homeostasis. Therefore, further studies 

need to be initiated to understand the exact angiogenic mechanism. Finally, it has 

been shown that the acute insulinotropic effect of platelets decreases with age, which 

was associated with declining serum levels of 20-HETE. On the one hand, it would be 

important to find out whether other properties of the platelets change with age and 

could thus contribute to this effect. On the other hand, it would be interesting to identify 

the origin that leads to these altered platelet characteristics in aged subjects. Finally, 

the mechanism of platelet-induced insulin secretion in humans would need to be 

examined, for example, in young humans undergoing clopidogrel administration. 

In summary, an unexpected effect of platelets on β-cell function was discovered in this 

thesis. This work may serve as a basis for further research allowing a more detailed 

understanding of the unraveled mechanism. Thus, it may open new therapeutic 

avenues for the treatment of impaired glucose homeostasis.
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AEA   N-arachidonoylethanolamine 

AGE   Advanced glycation end products 

Akt   Protein kinase B 

ALA   α-Linolenic acid 

ALDH   Aldehyde dehydrogenas 

AM   Acetoxymethyl ester  

ANOVA  Analysis of variance 

APS   Ammonium peroxidisulphate  

AR   Aldose reductase 

ASA   Acetylsalicylic acid 

BM   Basement membrane 

BW   Body weight 

BSA   Bovine serum albumin 

CaCl2   Calcium chloride 

cGMP   Cyclic guanosine monophosphate 

CMLE   Classic maximum likelihood estimation 
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CO2   Carbon dioxide 
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DNA   Deoxyribonucleic acid 
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DTS   Dense tubular system 

ECL   Enhanced chemiluminescence 

EDTA   Ethylenediaminetetraacetic acid 

EET   Epoxyeicosatrienoic acids 

EGF   Epidermal growth factor 

ELISA   Enzyme-linked immunosorbent assay 

eNOS   Endothelial nitric oxide synthase 

EOS   Eosinophil 

EPA   Eicosapentaenoic acid 

EPAC   Exchange protein directly activated by cAMP 

ER   Endoplasmic reticulum 

FA   Fatty acid  
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GTT   Glucose tolerance test 
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H&E   Hematoxylin and eosin 

Hb   Hemoglobin 

HCl   Hydrogen chloride 

HEPES  (4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid) 

HETE   Hydroxyeicosatetraenoic acid 

HLA   Human leukocyte antigen 

hPS   Supernatant of activated human platelets 

HRP   Horseradish peroxidase 

IA   Insulinoma-associated antigen 

ICAM   Intercellular adhesion molecule 

IL   Interleukin 

IL2RA   Interleukin-2 receptor subunit alpha 

IF   Immunofluorescence 

IFN   Interferon  

IP3    Inositol (3,4,5)-trisphosphate 

i.p.   Intraperitoneal 

ITAM   Immunoreceptor tyrosine-based activation motif  

ITT   Insulin tolerance test 

i.v.   Intravenous 

K2HPO4  Dipotassium phosphate 

KCl   Potassium chloride 

LOX   Lipoxygenase 

LPA   Lysophosphatidic acid 

LPC   Lysophosphatidylcholine 

LPE   Lysophosphatidylethanolamine 

LPI   L-α-lysophosphatidylinositol 

LPS   Lysophosphatidylserine 

LYM   Lymphocyte 

lysoPAF  Lyso-precursor of platelet-activating factor 

MAC-1  Macrophage-1 antigen 

MAG   Monoacylgycerol 
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MgCl2   Magnesium chloride 

MgSO4  Magnesium sulfate 

MK   Megakaryocyte 

MON   Monocyte 

mPS   Supernatant of activated mouse platelets 

munc   Mammalian uncoordinated 

N   Asparagine 

NaCl   Natrium chloride 

NADH   Nicotinamide adenine dinucleotide 

NaHCO3  Sodium hydrogencarbonate 

Na2HPO4  Disodium hydrogen phosphate 

NaH2PO4  Sodium dihydrogen phosphate 

NaIO4   Sodium periodate 

NaOH   Sodium hydroxide 

NBEAL  Neurobeachin-like 

NO   Nitric oxide 

NOS   Nitric oxide synthase 

NS   Not significant 

NSCC   Nonselective cation channel 

OCS   Open canalicular system 

OEA   Oleoylethanolamide 

PACAP  Pituitary adenylate cyclase-activating polypeptide 

PAF   Platelet activating factor 

PAR   Protease activated receptor 

PBS   Phosphate buffered saline 

PC   Phosphatidylcholine 

PDGF   Platelet derived growth factor 

PE   Phosphatidylethanolamine 

PEA   Phosphatidylethanolamine 

PF4   Platelet factor 4 

PG   Prostaglandin 
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PH   Pleckstrin homology 

PIP2   Phosphatidylinositol-4,5-bisphosphate 

PIP3   Phosphatidylinositol (3,4,5)-trisphosphate 

PI3K   Phosphoinositide 3 kinase 

PKC   Protein kinase C 

PL   Phospholipid 

PLC   Phospholipase C 

PP   Pancreatic polypeptide 

PPAR   Peroxisome proliferator-activated receptor 

PRP   Platelet rich plasma 

PS   Phosphatidylserine 

PSIS   Platelet-stimulated insulin secretion 

PSGL-1  P-selectin glycoprotein ligand-1 

PVDF   Polyvinylidene fluoride 

RAGE   Receptor for advanced glycation end products 

RBC   Red blood cell 

RIPA   Radioimmunoprecipitation assay buffer 

ROS   Reactive oxygen species 

RPMI   Roswell Park memorial institute 

S1P   Sphingosine-1-phosphate 

SD   Standard deviation 

SDS   Sodium dodecyl sulfate 

SEM   Standard error of the mean 

SERCA  Sarcoendoplasmic reticulum Ca2+-ATPase 

SNAP   Synaptosomal-associated protein  

SNARE  Soluble N-ethylmaleimide-sensitive-factor attachment receptor 

STIM   Stromal interaction molecule 

TAE   TRIS-acetic acid-EDTA 

TBS   TRIS-buffered saline 

TBST   TRIS-buffered saline + Tween 20 

TCA   Tricarboxylic acid 
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TEMED  Tetramethylethylenediamine  

TF   Tissue Factor 

THC   Tetrahidrocannabinol 

TNF   Tumor necrosis factor 

TRAP   Thrombin receptor agonist peptide 

TRIS   Tris(hydroxymethyl)aminomethane 

TRP   Transient receptor potential 

Tspan   Tetraspanin 

Tx   Thromboxane 

VDCC   Voltage-dependent Ca2+ channel  

VEGF   Vascular endothelial growth factor 

vWF   Von Willebrand factor 

WBC   White blood cell 

ZnT   Zinc transporter 

2-AG   2-arachidonoyglycerol 

5HT   5-hydroxytryptamine / serotonin 
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