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Abstract 
 

Diabetes mellitus (DM) is a metabolic disorder characterized by insufficient regulation of 

glucose levels in the bloodstream. The prevalence of diabetes is increasing globally and is 

associated with various complications, including an increased risk of cardiovascular 

diseases (CVDs). Platelet dysfunction is a key factor in the development of these 

complications. Platelets release extracellular vesicles (EVs), which play a role in 

inflammation, thrombosis, and the transmission of biological information. In diabetes, 

platelet-EVs can promote endothelial dysfunction and contribute to the progression of 

diabetic complications. By extracting platelet proteins and studying their proteome, as 

well as the proteome of plasma-derived EVs, valuable insights can be gained into the 

molecular mechanisms that underlie platelet hyperactivity, thrombus formation, and 

complications related to diabetes. A proper protein extraction method is essential for 

reliable platelet proteomics research. The SDS-SP3 method was chosen due to its cost-

effectiveness and high data reproducibility for extracting platelet proteins. The platelet 

proteome changes in individuals with diabetes compared to healthy controls, with distinct 

patterns observed in different age groups. In young individuals with diabetes, a significant 

downregulation of GUCY1A3 and GNAS compared to controls was observed. These 

downregulated proteins, which are involved in ion channel function in the vascular 

endothelium, may contribute to platelet hyperactivity and increase the risk of thrombus 

formation in this group. On the other hand, the upregulation of C6 and C8G suggests 

enhanced complement activation in young-aged diabetes, potentially leading to increased 

platelet aggregation. In middle-aged individuals with diabetes, PF4, F12, and A2M are 

significantly upregulated and are involved in fibrin clot formation. The upregulation of 

PF4 and F12 may increase platelet activation and elevate the risk of CVDs in this group. 

However, the upregulation of A2M may act as a compensatory mechanism to reduce 

platelet activation. In old-aged individuals with diabetes, the downregulation of GMPPA 

and ALG5, which are involved in N-glycan precursor biosynthesis, may increase the risk 

of thrombus formation. The analysis of plasma-derived EVs in middle-aged diabetes 

patients highlighted the presence of dysregulated proteins that may impact platelet 

function and thrombus formation. Specifically, proteins involved in focal adhesion, 

including RAC2, ROCK2, and RELN, were significantly downregulated in the EVs 
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proteome of middle-aged individuals with diabetes compared to controls. The low level of 

RAC2 may serve as a compensatory mechanism to reduce vascular oxidative stress and 

inflammation in diabetes patients. Additionally, low levels of ROCK2 and RELN may act 

as compensatory mechanisms to reduce the risk of thrombus formation in this group. On 

the other hand, in the EVs proteome of diabetes patients, JAK2, CAPZB, VPS45, and 

PPBP are significantly upregulated and show enrichment in the hemostasis pathway. 

Among these proteins, JAK2 and PPBP may enhance platelet activation, thereby 

increasing the risk of thrombus formation. The study of the platelet membrane fraction 

proteome indicated a significant downregulation of GPIBB and GP9 in diabetes compared 

to controls, which may be related to the bleeding complications in diabetes patients. 

These findings may contribute to the development of novel therapeutic approaches and 

biomarkers for diabetes patients across various age groups, as well as their related 

complications. 
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Zusammenfassung 
 

Diabetes mellitus (DM) ist ein Stoffwechselzustand, der sich durch unzureichende 

Regulation der Blutzuckerspiegel auszeichnet. Die weltweite Häufigkeit von Diabetes 

nimmt zu und steht in Verbindung mit verschiedenen Komplikationen, einschließlich 

eines erhöhten Risikos für kardiovaskuläre Erkrankungen (KVDs). Eine Schlüsselrolle 

bei der Entwicklung dieser Komplikationen spielt die Dysfunktion der Blutplättchen. 

Blutplättchen setzen extrazelluläre Vesikel (EVs) frei, die bei Entzündungen, 

Thrombosen und der Übertragung von biologischer Information eine Rolle spielen. Bei 

Diabetes wurde beobachtet, dass Plättchen-EVs eine wesentliche Rolle bei der 

Entwicklung von endothelialer Dysfunktion und der Fortschreitung diabetischer 

Komplikationen spielen. Durch die Extraktion von Proteinen aus Blutplättchen und die 

anschließende Analyse ihres Proteoms zusammen mit dem Proteom von 

plasmaderivierten EVs können signifikante Erkenntnisse über die molekularen Wege 

gewonnen werden, die der Plättchenüberaktivität, der Thrombusbildung und den mit 

Diabetes zusammenhängenden Komplikationen zugrunde liegen. Eine geeignete 

Proteingewinnungstechnik ist entscheidend, um die Zuverlässigkeit der Proteomik-

Forschung an Blutplättchen zu gewährleisten. Die SDS-SP3-Methode wurde aufgrund 

ihrer kostengünstigen Eigenschaften und der hohen Datenreproduzierbarkeit für die 

Extraktion von Blutplättchenproteinen ausgewählt. Das Proteom der Blutplättchen 

verändert sich bei Personen mit Diabetes im Vergleich zu gesunden Kontrollpersonen, 

wobei in verschiedenen Altersgruppen unterschiedliche Muster beobachtet werden. Bei 

jungen Personen mit Diabetes wurde eine signifikante Herunterregulierung von 

GUCY1A3 und GNAS im Vergleich zu Kontrollpersonen festgestellt. Diese 

herunterregulierten Proteine, die an der Ionkanalfunktion in der Gefäßendothelium 

beteiligt sind, könnten zur übermäßigen Aktivität von Blutplättchen beitragen und das 

Risiko für die Bildung von Thromben in dieser Gruppe erhöhen. Andererseits deutet die 

beobachtete Überexpression von C6 und C8G bei jungen Personen mit Diabetes auf eine 

gesteigerte Aktivierung des Komplementsystems hin, was zu einer verstärkten 

Aggregation von Blutplättchen führen kann. Bei mittelalten Personen mit Diabetes ist die 

Expression von PF4, F12 und A2M deutlich erhöht, was auf ihre Beteiligung am Prozess 
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der Bildung von Fibringerinnseln hinweist. Die Hochregulierung von PF4 und F12 könnte 

die Aktivierung von Blutplättchen verstärken und das Risiko von kardiovaskulären 

Erkrankungen in dieser Gruppe erhöhen. Dennoch könnte die Überexpression von A2M 

als kompensatorischer Mechanismus dienen, um die Aktivierung von Blutplättchen 

abzuschwächen. Bei älteren Personen mit Diabetes könnte die Herunterregulierung von 

GMPPA und ALG5, die an der Biosynthese von N-Glykan-Vorläufern beteiligt sind, das 

Risiko der Thrombusbildung erhöhen. Die Analyse von plasmaderivierten EVs bei 

Patienten mittleren Alters mit Typ-2-Diabetes ergab das Vorhandensein von 

dysregulierten Proteinen, die die Plättchenfunktion und die Thrombusbildung 

beeinflussen könnten. Die proteomische Analyse von EVs bei Personen mittleren Alters 

mit Diabetes zeigte eine signifikante Herunterregulierung von Proteinen im 

Zusammenhang mit fokaler Adhäsion, einschließlich RAC2, ROCK2 und RELN, im 

Vergleich zur Kontrollgruppe. Das geringe Niveau von RAC2 könnte als 

kompensatorischer Mechanismus dienen, um oxidativen Stress und Entzündungen in den 

Blutgefäßen von Diabetespatienten zu verringern. Darüber hinaus könnten niedrige levels 

von ROCK2 und RELN als kompensatorische Mechanismen in dieser Population 

fungieren, um die Wahrscheinlichkeit von Thrombusbildung zu verringern. Andererseits 

zeigt das Proteom von EVs bei Diabetespatienten eine deutliche Hochregulierung von 

JAK2, CAPZB, VPS45 und PPBP, die im Hämostase-Weg angereichert sind. Von diesen 

Proteinen könnten JAK2 und PPBP das Risiko einer Thrombusbildung erhöhen, indem 

sie die Plättchenaktivierung verstärken. Die Analyse des Proteoms der 

Thrombozytenmembranfraktion zeigte eine signifikante Herunterregulierung von GPIBB 

und GP9 bei Diabetes im Vergleich zu Kontrollen, was mit diabetesbedingten 

Blutungskomplikationen in Verbindung gebracht werden könnte. Diese Erkenntnisse 

könnten zur Entwicklung neuer Behandlungsmethoden und Biomarker für 

Diabetespatienten jeden Alters sowie deren assoziierte Begleiterkrankungen führen. 
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1. Introduction  

 

1.1. Diabetes 
 

Diabetes is a term used to describe a group of medical conditions that interfere with the 

body's ability to control blood glucose levels effectively. In 2017, about 425 million had 

diabetes, a number predicted to reach 629 million by 2045 [1]. The effects of long-term 

hyperglycemia on the body's tissues and organs include diabetic nephropathy, diabetic 

retinopathy, coronary heart disease, stroke, and other vascular complications. These 

complications not only increase the mortality and disability of diabetic patients but also 

impose a significant financial burden on them. According to previous studies, patients 

with type 2 diabetes (T2DM) have an increased risk of cardiovascular complications, 

which further complicates the prognosis of the disease [2]. Both T2DM and type 1 

diabetes mellitus (T1DM) are heterogeneous diseases with a wide range of clinical 

presentations and disease progressions. Although classification is crucial for selecting a 

form of therapy, some patients cannot be clearly categorized as having type 1 or type 2 

diabetes at the time of diagnosis. The traditional beliefs that type 2 diabetes exclusively 

affects adults and type 1 diabetes only affects children are no longer true, as both diseases 

can affect people of all ages. Polyuria/polydipsia is the hallmark symptom of type 1 

diabetes in children, and diabetic ketoacidosis (DKA) is present in about one-third of 

cases [3]. The onset of type 1 diabetes in adults may vary more compared to children, and 

they may not exhibit the classic symptoms seen in children. Patients with T2DM, 

especially those from ethnic minorities, might exhibit DKA [4].  

 

1.1.1. Etiology 

There are several modifiable and non-modifiable risk factors that can influence the 

likelihood of acquiring diabetes. The main non-modifiable risk factors for diabetes are 

increasing age, some specific ethnicities, lower socioeconomic circumstances, male 

gender, history of smoking, history of poor blood glucose management, pancreatic 

disorders, genetic susceptibility, and a family history of the disease [5]. On the other 
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hand, modifiable risk factors include smoking, abnormal cholesterol levels, physical 

inactivity, obesity, and hypertension [6], [7]. 

In humans, glucose reserves are stored as the polymer glycogen. The liver and muscle 

tissues have the highest concentrations of glycogen. The peptide hormones insulin and 

glucagon play a significant role in the regulation of glycogen and, consequently, glucose. 

Insulin and glucagon are produced by beta cells and alpha cells, respectively, in the 

pancreatic Islet of Langerhans [8]. In the case of diabetes mellitus (DM), insulin is either 

absent or not functioning properly, leading to hyperglycemia [9]. Although the exact 

causes of type 2 diabetes are unknown, patients do not experience autoimmune 

destruction of cells or have any of the other known causes of diabetes. Patients with 

T2DM generally tend to be overweight or obese, but not always. Patients who do not 

meet the traditional weight criteria for obesity or overweight may have an elevated 

percentage of body fat primarily located in the abdominal area [10]. Genetics and lifestyle 

have a complicated role in T2DM. There is unambiguous proof that T2DM has a stronger 

hereditary profile than T1DM. Most patients with the disease have at least one parent who 

also has type 2 diabetes [11]. To date several polymorphisms have been identified that 

either increase the incidence or provide protection for T2DM. These genes encode 

proteins that have a role in a number of DM-related pathways, such as pancreatic 

development, insulin synthesis, secretion, and development, amyloid accumulation in beta 

cells, insulin resistance, and gluconeogenesis regulatory dysfunction [12], [13]. The 

majority of genetic loci linked to T2DM have been detected in populations of European 

ancestry. A recent meta-analysis of genome-wide association studies (GWAS) of almost 

900,000 individuals of European ancestry identified >240 loci impacting T2DM risk 

[14].  

 

1.1.2. Pathophysiology 

In the pathophysiology of T2DM, insulin resistance and insulin secretion deficiencies 

play a key role [15]. β-cells are prompted to secrete more insulin under conditions of 

insulin resistance than under conditions in which insulin sensitivity is normal [16]. 

Hyperglycemia and, subsequently, T2DM are caused by insufficient insulin secretion, 

especially when there is insulin resistance, glucolipotoxicity, and inflammation associated 

with obesity [17]. In a prior investigation, the insulin sensitivity index did not 
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substantially predict incident pre-diabetes or T2DM after accounting for the amount of 

visceral adipose tissue. It is worth noting that insulin secretion was related to the 

progression to pre-diabetes or T2DM after a mean of 2.5 years [18]. There are mixed 

findings for the pathogenesis of T2DM in terms of impaired insulin secretion and insulin 

resistance. Cross-sectional investigations conducted in Shanghai suggested that patients 

with T2DM had worse β-cell function than those with pre-diabetes, while insulin 

sensitivity was similar among the groups [19], [20]. 

According to the history of T1DM, environmental factors in genetically susceptible 

individuals are more likely to cause autoimmunity against several islet β-cells antigens, 

which are driven by T cells [21]. Recent research describes the role of β-cell-associated 

immunogenicity in addition to the auto-immune component. This role could potentially 

be linked to genetic or environmental factors. In fact, the susceptibility of islet β-cells 

causes cell stress and the production of neoantigens, which are targeted by the immune 

system [22]. 

 

1.1.3. Evaluation 

Increased serum glucose levels (fasting glucose levels above 126 mg/dL, random glucose 

levels over 200 mg/dL, or hemoglobin A1c (HbA1c) value greater than 6.5%) either with 

or without antibodies to insulin and glutamic acid decarboxylase are used in the diagnosis 

of T1DM. For the early detection of T2DM, fasting glucose levels and HbA1c testing are 

helpful. A glucose tolerance test can be used to assess both fasting glucose levels and 

serum reaction to an oral glucose tolerance test (OGTT) if they are borderline. The 

development of T2DM is usually preceded by prediabetes, which can be diagnosed by 

impaired fasting blood glucose level (100 to 125 mg/dL) or impaired glucose tolerance (a 

2-hour glucose level between 140 and 200 mg/dL after OGTT) [23], [24]. 

 

1.1.4. Microvascular and Macrovascular Complications 

The root cause of the development of diabetic complications is exposure to a 

hyperglycemic environment, which triggers or accelerates various metabolic pathways, 

including the polyol pathway, the Protein Kinase C (PKC) pathway, and the formation of 
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advanced glycation end products (AGEs) [25]. AGEs, which are a diverse group of 

compounds, are created through irreversible non-enzymatic reactions between reducing 

sugars and proteins, lipids, or nucleic acids, a process called glycation [26]. AGEs can 

either be derived from exogenous sources such as food, or can be synthesized within the 

body through endogenous processes [27]. AGEs may induce changes in the extracellular 

matrix (ECM), which is the potential mechanism that could link to the consequences of 

inflammation-related diabetes, such as atherosclerosis [28]. In addition to atherosclerosis, 

the buildup of AGEs in the ECM is believed to play a significant role in other 

complications of diabetes, such as an elevated risk of renal failure and retinopathy [29]. 

Diabetes can cause higher mortality rates and numerous major complications such as 

renal issues, cardiovascular diseases (CVDs), blindness, and many other health concerns, 

that are expensive to manage and so result in decreasing the quality of life [1]. According 

to epidemiologic research, there is a strong correlation between vascular complications in 

diabetes [31], [30]. For instance, diabetic retinopathy (DR) is a strong predictor of stroke 

and CVDs and is highly linked to the risk of developing diabetic kidney disease (DKD) 

[31]. Although the exact mechanisms of hyperglycemia-induced vascular damage are 

complex and poorly understood, it is thought that elevated intracellular glucose levels 

enhance the production of reactive oxygen species (ROS), which changes a number of 

important downstream pathways such as polyol pathway flux, formation and activation of 

AGE, activation of PKC, and hexosamine pathway flux [32]. 

The development of macrovascular and microvascular complications is significantly 

impacted by the rising prevalence of diabetes and the increase in life years lived with the 

disease [33]. Typically, microvascular complications develop over several years [34]. Its 

etiology, development, and progression are considerably influenced by the synergistic 

effects of smoking, diabetes duration, dyslipidemia (low level of high-density lipoprotein 

(HDL) and often increased triglycerides), and hypertension. The interaction between 

genetic and environmental changes (diet, lifestyle) is a feasible mechanism for the 

development of microvascular complications in diabetes [35]. Cardiovascular outcomes 

have also been linked to microvascular disorders, particularly DKD and DR. Although 

DKD diagnosis, lower estimated glomerular filtration rate (eGFR), and higher 

albuminuria are all linked to the increased risk of CVDs. This indicates that diabetes 

complications, both macrovascular and microvascular, can occur together [36], [37], [38]. 

According to research on the co-occurrence of DKD and DR, decreased kidney function 
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is linked to higher rates of DR in both T1DM and T2DM [39]. Additionally, individual 

microvascular complications in T2DM patients demonstrate cardiovascular risk better 

than classic risk factors including blood pressure, HbA1c, and low-density lipoprotein 

(LDL)-cholesterol [40]. 

Macrovascular complications bear coronary artery disease (CAD, myocardial infarction, 

coronary revascularization, angina), cerebrovascular disease (CVD, stroke, transient 

ischaemic attack, carotid endarterectomy or stenting), peripheral artery disease (PAD, 

diabetic foot, amputation) and heart failure. Macrovascular complications can lead to 

various symptoms, such as angina, claudication, dyspnoea or weakness, which can 

significantly limit patients' physical abilities and their ability to interact with others. As a 

result, they may be at a higher risk of depression and experience a decline in their overall 

quality of life. The effect of microvascular complications on quality of life is less precise. 

In the early stages, retinopathy and nephropathy usually do not cause symptoms or 

limitations that would have a detrimental impact on quality of life. However, in later 

stages, such as blindness or end-stage renal disease, they can significantly impair a 

patient's well-being. Conversely, neuropathy is typically detected only when symptoms 

are present, which might account for the correlation between neuropathy and worse 

physical quality of life [41]. 

 

1.2. Platelet Development and Function 
 

Platelets are anucleate blood cells (2–4 μm in diameter) [42] derived from mature 

megakaryocytes. The process of platelet formation can be divided into two stages. The 

initial stage involves the maturation and development of megakaryocytes (MKs), which 

takes several days to finish and requires specific growth factors for the MK. This stage 

involves nuclear proliferation and enlargement of the cytoplasm of the MK, leading to the 

accumulation of platelet-specific granules, cytoskeletal proteins, and enough membrane to 

complete the platelet assembly process. On the other hand, the second phase is relatively 

fast, taking just a few hours to complete. In this phase, MKs produce platelets by 

reorganizing their cytoplasm into proplatelets. These proplatelets then mature into 

preplatelets, which further undergo fission processes to form discoid platelets. In humans, 

it takes approximately five days for MKs to complete polyploidization, mature, and 
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release platelets [43], [44], [45]. Platelets have multiple functions with an average 

lifespan of 7–10 days in humans, after which platelets are removed from the bloodstream 

and are eliminated in the liver [46]. Platelets play a vital role in thrombus formation and 

hemostasis [47]. The presence of various blood components, including red blood cells, 

white blood cells, platelets, and plasma constituents, along with the shear force within 

blood vessels, prevents platelets from flowing in the central flow of the vessel. As a 

result, platelets are mainly found near the vessel wall. This specific location of platelets 

allows them to effectively and promptly respond to vascular injuries, thereby playing a 

crucial role in hemostasis [48]. When the blood vessel walls are damaged, components in 

the subendothelial extracellular matrix may bind to platelet surface receptors. For 

example, platelet glycoprotein Ib-IX-V-receptor (GPIb-IX-V) interacts with collagen-

bound von Willebrand factor (vWF). This enables the interaction of glycoprotein VI 

(GPVI) with collagen and thereby the shift of integrins (integrin αIIbβ3 and integrin 

α2β1) to a high-affinity state [49], [50]. At this point, a structural transformation of 

platelets leads to the secretion of granule contents, which promotes platelet aggregation 

and platelet plug formation [51]. Platelets contain 3 types of granules with different 

functions: 1) α-granules, which are critical to normal platelet function and contain 

different proteins, growth factors (such as vascular endothelial growth factor, endostatin, 

thrombospondin-1), chemokines and cytokines including stromal-derived factor 1 α and 

Interleukin-8 [52], [53]. 2) Platelet δ-granules are critical to hemostasis and contain small 

molecules such as adenosine diphosphate (ADP), serotonin, polyphosphates, glutamate, 

and calcium [54]. 3) Platelet lysosomes contain various enzymes (such as α-fucosidase, β-

glucoronidase, acid phosphatase, and β-galactosidase), which can lead to the degradation 

of glycoproteins, glycolipids, and glycosaminoglycans [55], [52]. The heterogeneity of 

circulating platelets in size, surface receptors, and age stems from differences in the 

platelet-producing megakaryocytes and environmental conditions of platelets. Therefore, 

the heterogeneity of circulating platelets can lead to the different responses of individual 

platelets to the same agonist. Consequently, they may form populations with specific 

phenotypes and their associated functional attributes [56], [57]. Larger platelets are more 

dynamic and contain more dense granules, leading to a stronger procoagulant effect and 

an increased likelihood of blood clots. Therefore, there may be a direct connection 

between the mean platelet volume (MPV) and the vascular complications associated with 

T2DM. However, it is important to note that an increase in MPV may also be a result of 
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thrombotic events caused by the rapid consumption of small platelets and the accelerated 

production of immature platelets by the bone marrow, known as reticulated platelets [58]. 

Pathological factors can change normal hemostasis and lead to clot formation and vessel 

occlusion in either the arteries or veins. Arterial thrombosis is caused by the formation of 

platelet aggregates around ruptured atherosclerotic plaques and endothelium after injury. 

Arterial thrombosis can lead to myocardial infarction (MI) and stroke, while venous 

thrombosis may occur either around an intact endothelial wall or under low shear flow 

[51], [59]. In addition to the role of platelets in hemostasis and thrombosis, platelets are 

suggested to have distinct roles in regulating and supporting immune responses and 

inflammatory reactions [60]. Herein, platelets have pattern recognition receptors (PRRs) 

that detect various components that enhance during infection. These components can 

either be pathogen-associated molecular patterns, which are microbial structures, or 

damage-associated molecular patterns, which are host-derived components. Platelets have 

distinct types of PRRs, including Toll-like receptors, C-type lectin receptors, and 

nucleotide-binding oligomerization domain-like receptors [61]. When pathogens or 

antigens bind to these receptors, it triggers platelet activation, differential release of 

granules, and interaction with leukocytes. Thus, platelets can perform the dual roles of 

thrombotic and immune cells [62], [61], [63]. 

 

1.3. Platelet Dysfunction in Diabetes 
 

Hyperglycemia  

Hyperglycemia is a key contributor to the various vascular abnormalities that lead to 

diabetic patients having a higher risk of blood clots (prothrombotic state) [64], [65]. 

Postprandial hyperglycemia, which can occur before a formal diabetes diagnosis, is a 

metabolic abnormality and an independent risk factor for CVDs in T2DM [66]. The 

detrimental effects of glucose fluctuations during the postprandial period may occur 

through mechanisms such as increased oxidative stress and endothelial dysfunction, 

which can both contribute to the activation of platelets [67], [68]. Santilli et al. suggested 

that newly diagnosed T2DM patients treated with acarbose, an α-glucosidase inhibitor 

that reduces postprandial hyperglycemia, experienced a significant decrease in platelet 
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activation [69]. Additionally, evidence suggests that an acute, short-term hyperglycemia 

increases platelet activation in T2DM patients, especially when exposed to high-shear 

stress, which increases the risk of arterial thrombosis. This is partly attributed to the acute 

enhancement of vWF in the bloodstream [70]. In vitro exposure of platelets from healthy 

individuals to glucose concentrations seen in DM patients resulted in reduced platelet 

adhesion and a decrease in GPIIIa expression on the platelets, suggesting that 

hyperglycemia per se decreases the adhesion potential of platelets rather than increasing 

it. Despite the decrease in GPIIIa levels, there was no notable increase in the soluble form 

of GPIIIa. This may be attributed to the antigen being better preserved or the significant 

involvement of GPIIIa derived from the endothelial cells in the intravital conditions [71]. 

 

 Insulin resistance 

Obesity and disruptions in lipid metabolism are important factors in the pathogenesis and 

development of insulin resistance, followed by T2DM [72]. Moreover, mitochondrial 

dysfunction can lead to insulin resistance, which can cause metabolic and cardiovascular 

morbidities [73]. Insulin has a direct influence on platelet functions via a functional 

insulin receptor located on the surface of platelets [74]. The reduced number and 

sensitivity of insulin receptors on platelets in T2DM patients can lead to platelet 

hyperactivation [75]. On the other hand, abnormal intracellular insulin signaling through 

the second messenger system can result in a decrease in platelet sensitivity to insulin [76], 

[77], [78]. A previous finding indicated that platelet counts, as well as BMI, HbA1c, and 

triglyceride levels, are all independent predictors of insulin resistance in non-obese 

patients with T2DM [79]. This statement highlights that the increased activity of platelets 

in individuals with insulin resistance and obesity cannot be attributed solely to these 

factors. In addition to these factors, hyperglycemia plays a role by promoting the 

glycation of platelet proteins (non-enzymatic glycosylation) and increasing their 

reactivity. Insulin normally acts to counteract platelet activation and thrombus formation. 

However, platelet reactivity can increase when there is insufficient insulin, which can be 

due to either insulin resistance or insulin deficiency. Endothelial dysfunction, a common 

complication of diabetes, can further promote platelet activation by decreasing the release 

of nitric oxide (NO) from capillary vessel cells. The activation of these events exacerbates 

blood vessel constriction and facilitates thrombus formation, which results in the 
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development of atherosclerosis. Therefore, platelet hyperactivity in individuals with 

insulin resistance and obesity is a complex phenomenon with multiple contributing 

factors [80], [81]. 

 

Oxidative stress 

It has been reported that T2DM patients have elevated levels of oxidative stress. This 

increase in oxidative stress contributes to the activation of platelets and facilitates the 

response of platelet aggregation [82]. It has been found that oxidative stress can damage 

mitochondria, which can contribute to an increased risk of thrombosis. Additionally, a 

basal autophagy process plays an important role in normal platelet activation. In diabetic 

platelets, there is a substantial induction of mitophagy (above basal autophagy levels), 

which protects the platelets from apoptosis by removing damaged mitochondria in 

response to oxidative stress through JNK activation. This, in turn, reduces the risk of 

thrombosis [83].  

Platelet hyperactivity can be triggered by increased oxidative stress, particularly in 

uncontrolled cases of T2DM, through three distinct mechanisms. The first mechanism 

involves the increase in the production of F2 isoprostane, a prostaglandin-like compound 

that serves as a marker of oxidative stress. The increased production of F2 isoprostane 

may intensify platelet response to agonists. The second mechanism is attributed to a 

reduction in the activity of endothelial NO synthase, leading to decreased NO production. 

Finally, the third mechanism involves an increase in the signaling of platelet receptors 

[81]. Platelet ROS production involves both NADPH oxidase 1 (NOX1) and NADPH 

oxidase 2 (NOX2) enzymes, but their roles differ. When platelets respond to collagen, 

NOX1 is the primary source of oxygen radicals, as shown in an in vitro study. 

Conversely, NOX2 is essential for activation by thrombin. Elevated levels of oxidative 

stress are exhibited by platelets from T2DM patients. This is due to the increased 

production of ROS, which is partially mediated by NOX2 activation, resulting in 

increased platelet aggregation [84], [85], [86]. While NOX1 and NOX2 both contribute to 

the production of ROS in platelets, the precise function of NOX1 in diabetic platelets is 

not well-established.  
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Dyslipidemia 

T2DM patients are at a high risk of developing dyslipidemia, which involves a rise in 

triglycerides, an increase in LDL cholesterol, and a decrease in HDL cholesterol [87], 

[88]. It has been observed that both native HDL and reconstituted HDL (rHDL) can 

promote cholesterol efflux from platelets and influence platelet function, although the 

effect of rHDL on platelet cholesterol efflux is stronger than that of native HDL. A 

previous finding indicated that rHDL decreases platelet aggregation in patients with 

diabetes, partly by reducing the cholesterol content of platelet membranes [89]. It is well 

known that triglycerides are transported by triglyceride-rich lipoproteins (TGRL) in the 

bloodstream, which includes chylomicrons, very low-density lipoproteins, and their 

remnants [90]. Boulet et al. suggested that healthy platelets, when preincubated with large 

TGRL from T2DM patients, showed a significant increase in collagen-stimulated or 

thrombin-stimulated platelet aggregation via the activation of the arachidonic acid 

signaling pathway compared to those exposed to only subthreshold concentrations of 

collagen or thrombin. This increase in platelet aggregation may play a role in the 

development of atherothrombosis in T2DM patients. In contrast, large TGRL from 

healthy blood donors had no effect on platelet aggregation [91]. 

 

1.4. Extracellular Vesicles  
 

Extracellular vesicles (EVs), including exosomes, microvesicles (MVs), and apoptotic 

bodies [92], are released by various cell types, including platelets, and can be found in 

body fluids, such as plasma [93]. Exosomes are produced through an endocytic process, 

whereas MVs are generated by budding and blebbing of the plasma membrane. On the 

other hand, apoptotic bodies are generated during the process of programmed cell death 

[94]. EVs exhibit distinct characteristics based on their size and cellular origin. Exosomes 

typically range in size from 40 to 100 nm, while the larger MVs have diameters between 

100 and 500 nm. Apoptotic bodies, on the other hand, span from 500 nm to 2 µm. EVs 

serve as important mediators of cell-to-cell communication and play a role in both 

protective and pathologic effects within the body [95]. EVs have the ability to influence 

the target cell in various ways, including: 1) merging with the target cell and transferring 

their contents, 2) internalizing and releasing their contents through endocytosis, and 3) 
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binding to the target cell and transmitting signals [96]. By carrying specific cargo such as 

proteins, growth factors, protease inhibitors, lipids, sugars, adhesion integrins, and nucleic 

acids, EVs facilitate the transfer of information and molecules between cells, thereby 

influencing cellular processes and signaling pathways. Additionally, EVs play a role in 

regulating cellular homeostasis through their involvement in the removal of cellular 

contents [95].  

 

1.4.1. Platelet-Derived Extracellular Vesicles in Thrombosis and 
Hemostasis 

 

Platelets have the ability to release EVs under diverse conditions, including activation, 

shear stress, apoptosis, and storage [97], [98]. The precise proportion of platelet-derived 

EVs (PDEVs) is a topic of debate and can vary from 30% to 85%, with the majority of 

studies indicating higher percentages [97]. PDEVs have significant functions in both 

hemostasis and thrombosis [99]. PDEVs exhibit a procoagulant role, promoting clot 

formation by reducing clotting time and facilitating the production of thrombin, a crucial 

enzyme involved in blood coagulation. Additionally, aside from their procoagulant 

characteristics, PDEVs might possess anticoagulant properties. These differences could 

be attributed to the presence of various subsets of PDEVs [100]. The presence of 

negatively charged phospholipids, such as phosphatidylserine and 

phosphatidylethanolamine, on the surface of PDEVs provides an additional platform for 

the formation of coagulation cascade complexes [101]. Platelet-derived exosomes (PLT-

Exos), the main subtype of EVs released by platelets, play a crucial role in intercellular 

communication. Studies indicate that the functions of PLT-Exos differ among various 

donors. In the case of healthy volunteers or mice, PLT-Exos can inhibit platelet 

aggregation and reduce inflammation in endothelial cells. However, in some patients, 

PLT-Exos can promote endothelial cell apoptosis and trigger an inflammatory response 

mediated by neutrophils. It is known that the levels of PLT-Exos increase upon platelet 

activation and contribute to the progression of atherothrombosis by transporting cargo to 

recipient cells [102]. 
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1.4.2. Extracellular Vesicles in Diabetes Mellitus 

 

EVs play a role in the pathological changes of insulin resistance, inflammation, and 

endothelial injury, and are involved in the development of DM and its complications. 

These complications include diabetic foot, cardiomyopathy, nephropathy, retinopathy, 

neuropathy, and atherosclerosis [103]. Wu et al. suggested that the protein profiles 

associated with inflammation in EVs are varied by diabetes status. EVs derived from 

diabetes patients possess an inflammatory protein cargo that can have functional effects 

on endothelial cells, leading to alterations in endothelial cell morphology and migration 

[104]. Increased levels of EVs have been reported in disease states characterized by a 

prothrombotic tendency, including thrombotic thrombocytopenic purpura. Additionally, 

individuals with cardiovascular risk factors like DM also exhibit elevated levels of EVs 

[105]. 

 

1.5. A General Overview of Mass Spectrometry 
 

The emergence of genome sequencing and DNA microarray technologies in the 1990s 

paved the way for the "omics" era of research [106]. While the genome sequence and 

identified genes offer valuable insights, they provide an incomplete picture of an 

organism's comprehensive biological complexity. The proteome, on the other hand, 

exhibits significant diversity across different cells and over time, offering a profound 

description of biological phenotype. Post-translational modifications (PTMs) further 

contribute to the diversity of protein species, expanding beyond what is predicted by the 

genome alone. Mass spectrometry (MS)-based proteomics has wide-ranging applications, 

from descriptive to quantitative, and plays a pivotal role in systems biology initiatives and 

biomarker discovery for diagnostics. Recent advancements in MS technologies and 

sample preparation techniques have enhanced our understanding of the biological 

complexity across various sample types, including organelles, membranes, biofluids, 

tissues, and organs [107]. The basic concept of MS is to determine the mass of a 

molecule, which provides valuable information across various levels and types. Its 

underlying technique primarily focuses on ionizing molecules, involving the conversion 

of molecules from a solution to the gas phase. After the generation of ions, they are 
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focused into a beam and directed towards a collision cell where their dissociation can be 

induced. Following that, the mass analysis of the intact ions and/or their fragments is 

performed by evaluating their resulting mass-to-charge ratios (m/z) [108]. 

 

1.5.1.  Peptide Ionization 

Electron ionization (EI) is a preferred method for analyzing small (<1000 Da), nonpolar, 

and volatile compounds. It is classified as a hard ionization technique. In EI, the 

compound is ionized by electrons possessing approximately 70 electron volts of energy. 

The energy level is sufficient to produce reproducible mass spectra with numerous 

fragments. Due to the high internal energy transferred to the precursor molecules during 

this ionization process, the resulting mass spectra often do not contain molecular ions of 

the radical type (M+) [109]. The absence of molecular weight information represents a 

major drawback of this method [110]. Currently, soft ionization techniques such as 

electrospray ionization (ESI) and atmospheric pressure chemical ionization are commonly 

employed for ionizing organic analytes that are thermally labile and moderately polar 

[111]. In the current study, ESI was utilized as a soft ionization method. 

ESI employs electrical energy to aid in the transfer of ions from a solution to the gas 

phase, where they can be further analyzed using MS.  By utilizing ESI-MS, ionic species 

present in a solution can be analyzed with heightened sensitivity. Additionally, neutral 

compounds can be converted into ionic form either in solution or in the gas phase through 

processes like protonation or cationization (e.g., using metal cations), enabling the study 

of these neutral compounds using ESI-MS. ESI involves three steps in transferring ionic 

species from a solution to the gas phase: (1) creating a fine spray of charged droplets, (2) 

evaporating the solvent, and (3) ejecting ions from the highly charged droplets. The 

process involves maintaining a high voltage in a capillary tube, generating charged 

droplets with the same polarity, and enhancing the sample flow rate with nebulizing gas. 

The charged droplets travel toward the mass spectrometer's analyzer region, where they 

are continuously reduced in size through solvent evaporation by utilizing an elevated ESI-

source temperature and/or introducing a stream of nitrogen drying gas. This process 

results in an enhanced surface charge density and a decrease in the radius of the droplets. 

When the electric field strength within the droplets reaches a critical point, ions on the 
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droplet surface are ejected into the gas phase. These emitted ions are then sampled, 

accelerated into the mass analyzer, and analyzed for molecular mass and ion intensity 

measurement (Figure 1) [112], [113]. A notable benefit of employing soft ionization 

methods is the generation of ions with low internal energy. Consequently, when 

conducting a single-stage MS experiment, the fragmentation of these ions is minimal or 

negligible [110]. 

 

Figure 1: Schematic representation of droplet formation through electrospray 

ionization source. In the electrospray ionization (ESI) source, a steady flow of sample 

solution is directed through a capillary made of stainless steel or quartz silica [113]. 

 

1.5.2.  Peptide Fragmentation 

In a typical liquid chromatography tandem mass spectrometry (LC-MS/MS) procedure, 

the first step is to obtain an initial mass spectrum (MS1) of the intact (precursor) peptide. 

Next, the targeted precursor ion is isolated and fragmented into smaller fragments. These 

smaller fragments undergo mass analysis (MS2) to determine their individual masses. 

This entire process is repeated throughout the duration of the liquid chromatography 

separation of the peptide mixture [107]. Peptide fragmentation commonly occurs through 

various methods such as higher-energy C-trap dissociation (HCD), collision-induced 

dissociation (CID), electron transfer dissociation (ETD), and electron-transfer/higher-

energy collision dissociation (EThcD) [114], [107]. In this study, HCD was used for 

peptide fragmentation. To induce fragmentation using HCD, a gas-filled quadrupole 

known as the HCD cell is positioned immediately after the C-trap. This arrangement, 

referred to as the dead-end geometry, is primarily designed to place the HCD cell at a 
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significant distance from the linear ion trap mass analyzer. The purpose of this 

configuration is to reduce the flow of gas back into the linear trap. In the HCD cell, ions 

are fragmented by adjusting the direct current (DC) offset applied to the rod electrodes. 

This adjustment provides the necessary collision energy to induce fragmentation in a 

manner similar to that of a conventional collision cell [114]. 

 

1.5.3.  MS Quantification Methods 

Data-Dependent Acquisition (DDA) and Data-Independent Acquisition (DIA) are two 

distinct MS quantification methods used in the field of proteomics [115]. Among them, 

LC-MS/MS with DDA is a commonly employed technique in proteomic analysis. 

Typically, DDA involves an initial MS1 scan to gather precursor m/z information from all 

peptide peaks, followed by an MS2 scan of selected peaks based on the MS1-scan data. 

This approach allows for high-purity MS2 scans for individual peptides, but unselected 

peptide features are missed due to instrument cycle time limitations. In contrast, the DIA 

method involves fragmenting all precursor ions within a predetermined MS1 m/z isolation 

window during the MS2 scan. This process is repeated until MS2 spectra are obtained for 

all the MS1 windows [116]. 

DDA generates MS2 spectra that target a particular ion, ensuring confidence in the source 

of observed fragment ions. However, DDA has limited reproducibility and coverage as it 

only fragments a subset of sample ions. On the other hand, DIA provides 

chromatographic traces for all detected fragment ions, facilitating the identification of 

complex samples and isomers. DIA is more reproducible and does not rely on MS1 

survey scans, potentially resolving coverage issues by assigning MS2 fragments to any 

detected MS1 ion [115]. In this study, the DDA method was used as the MS 

quantification method. 

 

1.5.4.  Sequence Identification 

Fragment ion spectra are utilized in "bottom-up" proteomics to identify peptide 

sequences. Methods have been developed to generate and match peptide fragment ion 
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spectra to their sequences. In the bottom-up proteomic approach, peptides are identified 

by searching databases for peptide-spectrum matches. Acquired fragment ion spectra are 

compared to theoretical peptide fragment ion spectra generated from a specified sequence 

database. The database search is limited to a user-defined precursor mass tolerance. The 

match between experimental and theoretical spectra is evaluated using multiple scores, 

such as the number of matching or nonmatching fragments and consecutive fragment ion 

matches. Some search engines in peptide identification utilize the relative intensities of 

acquired fragment ion signals. The relative fragment ion intensity pattern obtained from 

controlled fragmentation conditions can serve as a distinctive "fingerprint" for a given 

precursor. Community efforts in acquiring and sharing datasets have mapped out 

proteomes of certain species. Access to experimental fragment ion spectra for entire 

proteomes is increasing through spectral databases [117]. 
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1.6. Aim of the Study 
 

The hyperactivity of blood platelets in diabetes patients significantly contributes to the 

development of thrombosis and increases the risk of CVDs. In addition to mitochondrial 

dysfunction and ER stress, various other factors, including chronic inflammation, 

oxidative stress, insulin resistance, abnormal lipid metabolism, and endothelial 

dysfunction, can contribute to platelet dysfunction and CVDs in diabetes patients. In this 

study, quantitative bottom-up proteomics was utilized as a valuable technique to 

investigate and characterize the protein composition and changes associated with platelet 

hyperactivity in diabetes. This study followed the hypothesis that through quantification 

of protein abundance, insights into the dysregulated pathways and potential therapeutic 

targets for the development of antiplatelet therapies in diabetes patients will be obtained. 

This study had three main objectives. Firstly, it was aimed to examine the proteome 

profiles of platelets in individuals with diabetes across different age groups (young, 

middle, and old age) compared to controls. This analysis would provide valuable insights 

into how age-related changes in the proteome impact platelet function in diabetes patients. 

This knowledge is important for developing targeted therapies for different age groups in 

diabetes patients and managing CVDs. Secondly, the focus was on analyzing the 

proteome of plasma-derived EVs from diabetes patients and controls. This analysis would 

yield valuable information about proteins that can directly or indirectly trigger platelet 

activation and their role in diabetes-related complications. Lastly, the focus was on the 

platelet fraction containing soluble proteins and loosely membrane-associated proteins. 

This research aimed to expand our understanding of the specific proteins that play crucial 

roles in platelet function and signaling pathways. 
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2. Material and Reagents 
          

Table 1 contains the list of chemicals, antibodies, and enzymes used in this study. Table 2 

contains the list of instruments and devices used for various analyses and measurements. 

The list of reusable and disposable items can be found in table 3, while table 4 presents 

the list of software used for data processing, analysis, and visualization in this study. 

 

Table 1: List of chemicals, antibodies, and enzymes, along with their corresponding     

manufacturers. 

Chemicals, antibodies, and enzymes Manufacturer 

2-Mercaptoethanol Sigma-Aldrich (St. Louis, Missouri, USA) 

2-Propanol Sigma-Aldrich (St. Louis, Missouri, USA) 

30% Acrylamide/Bis Solution, 29:1 BIO-RAD (USA) 

4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid (HEPES) 

Sigma-Aldrich (St. Louis, Missouri, USA) 

Acetonitrile (ACN), LC-MS grade Merck (Darmstadt, Germany) 

Ammonium hydrogen carbonate (AmbiCA) Sigma-Aldrich (St. Louis, Missouri, USA) 

Ammonium persulphate Roth (Germany) 

Anti-Phosphotyrosine Antibody, #05321 Merck Millipore (Darmstadt, Germany) 

Brilliant Violet 421™ anti-human CD63 

Antibody 

Biolegend (California, USA) 

Bromophenol Blue Sigma-Aldrich (St. Louis, Missouri, USA) 

Citrate Concentrated Solution Sigma-Aldrich (St. Louis, Missouri, USA) 

Citric acid Sigma-Aldrich (St. Louis, Missouri, USA) 

Collagen Reagens HORM® Suspension 

(KRH) 

Takeda (Linz, Austria) 

D-(+) Glucose Sigma-Aldrich (St. Louis, Missouri, USA) 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich (St. Louis, Missouri, USA) 

Dithiothreitol (DTT) Sigma-Aldrich (St. Louis, Missouri, USA) 

Donkey anti-Mouse #926-68022 LI-COR (USA) 

Donkey anti-Rabbit #926-32213 LI-COR (USA) 
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Ethylene glycol bis(beta-aminoethyl ether)-

N,N,N',N'-tetraacetic acid (EGTA)  

Sigma-Aldrich (St. Louis, Missouri, USA) 

Flow Cytometry Sub-micron Particle Size 

Reference Kit, Green fluorescent 

Thermo Fisher (Waltham, Massachusetts, 

USA) 

Formic acid (FA) Sigma-Aldrich (St. Louis, Missouri, USA) 

Glycerol Sigma-Aldrich (St. Louis, Missouri, USA) 

Glycine Sigma-Aldrich (St. Louis, Missouri, USA) 

Hydrochloric acid (HCL) Roth (Germany) 

Indomethacin Sigma-Aldrich (St. Louis, Missouri, USA) 

Intercept® Blocking Buffer LI-COR (USA) 

Iodoacetamide (IAA) Sigma-Aldrich (St. Louis, Missouri, USA) 

Magnesium chloride (MgCl2) Sigma-Aldrich (St. Louis, Missouri, USA) 

Methanol for LC-MS Sigma-Aldrich (St. Louis, Missouri, USA) 

Methanol for Western blot J.T.Baker (Poland) 

Phosphatase inhibitor cocktails 2 and 3 Sigma-Aldrich (St. Louis, Missouri, USA) 

Phosphate buffered saline (PBS) Thermo Fisher Scientific (UK) 

Potassium Chloride (KCl)  Sigma-Aldrich (St. Louis, Missouri, USA) 

Powdered milk Roth (Germany) 

Prostaglandin E1 (PGE1) Sigma-Aldrich (St. Louis, Missouri, USA) 

Protease inhibitor, a Roche complete mini 

tablet 

Sigma-Aldrich (St. Louis, Missouri, USA) 

ROTI®Histofix Roth (Germany) 

Sera-Mag™ Magnetic carboxylate (Buckinghamshire, UK) 

Sodium chloride (NaCl) Sigma-Aldrich (St. Louis, Missouri, USA) 

Sodium deoxycholate (SDC) Sigma-Aldrich (St. Louis, Missouri, USA) 

Sodium Dihydrogen Phosphate (NaH2PO4) Sigma-Aldrich (St. Louis, Missouri, USA) 

Sodium dodecyl sulfate (SDS) Sigma-Aldrich (St. Louis, Missouri, USA) 

Sodium hydroxide (NaOH) Roth (Germany) 

Tetramethylethylenediamine Bio-Rad (USA) 

Thrombin Sigma-Aldrich (St. Louis, Missouri, USA) 

Triethylammonium bicarbonate Thermo Fisher (Waltham, Massachusetts, 

USA) 

Trisodium citrate dihydrate Sigma-Aldrich (St. Louis, Missouri, USA) 

Triton X-100 Sigma-Aldrich (St. Louis, Missouri, USA) 

Trizma ® base Sigma-Aldrich (St. Louis, Missouri, USA) 

Trypsin Promega (Madison, WI USA) 



       2. Material and Reagents 
 

20 
 

Tween Sigma-Aldrich (St. Louis, Missouri, USA) 

Urea Sigma-Aldrich (St. Louis, Missouri, USA) 

VASP (A-11) Antibody, # SC-46668 Santa Cruz (Texas, USA) 

Water, LC-MS grade Merck (Darmstadt, Germany) 

 

 

          

Instruments and devices Manufacturer 

100 µm x 20 mm, 100 Å pore size, 5 µm 

particle size, C18, Nano Viper 

Thermo Fisher (Waltham, Massachusetts, 

USA) 

25 cm C18 reversed-phase column (75 µm x 

250 mm, 130 Å pore size, 1.7 µm particle size, 

peptide BEH C18) 

NanoEase, Waters (Milford, Massachussets, 

USA) 

490 4+4 aggregometer Chrono-Log (Havertown, USA) 

Analytical scale ALS 120-4 Kern & Sohn GmbH (Balingen-Frommern, 

Germany) 

Centrifuge 5424 Eppendorf (Hamburg, Germany) 

ChemiDoc MP Imaging System BIO-RAD (USA) 

Corning™ Stripettor Ultra Thermo Fisher (Waltham, Massachusetts, 

USA) 

Hybrid quadrupole-orbitrap mass spectrometer 

(Q Exactive) 

Thermo Fisher Scientific (Bremen, Germany) 

Incubation/Inactivation Bath 1002 GFL (Germany) 

Invitrogen PowerEase 500 Power Supply Life Technologies (USA) 

Magnetic rack BIO-RAD (USA) 

Microplate Reader Tecan Life Sciences (Männedorf, 

Switzerland) 

Midi CO2 Incubator, 40 L Thermo Fisher (Waltham, USA) 

Table 2: List of instruments and devices, along with their corresponding   
manufacturers.



       2. Material and Reagents 
 

21 
 

MIKRO 220 Centrifuge Hettich (Tuttlingen, Germany) 

nano-UPLC (Dionex Ultimate 3000 UPLC 

system) 

Thermo Fisher Scientific (Waltham, MA, 

USA) 

NovoCyte Quanteon Flow Cytometer System Agilent (Santa Clara, USA) 

Probe sonicator Sonoplus Bandelin electronic GmbH & Co. KG 

(Berlin, Germany) 

S140-AT Fixed Angle Rotor Thermo Fisher (Waltham, Massachusetts, 

USA) 

Sorvall Discovery M120 SE Ultracentrifuge LabMakelaar Benelux B.V. (Netherlands) 

Speedvac Thermo Fisher (Waltham, Massachusetts, 

USA) 

Thermomixer compact Eppendorf (Hamburg, Germany) 

Tribrid quadrupole-orbitrap-ion trap mass 

spectrometer (Fusion) 

Thermo Fisher Scientific (Bremen, Germany) 

Universal 320R Centrifuge Hettich (Tuttlingen, Germany) 

 

 

Table 3: List of reusable and disposable items, along with their corresponding   

manufacturers. 

Reusable and disposable items Manufacturer 

0.1 µm Sartorius Minisart™ NML Syringe 

Filters, Sterile 

Thermo Fisher (Waltham, Massachusetts, 

USA) 

Amicon Ultra 0.5 ml 30K centrifugal filters  Merck Millipore (Billerica, Massachussets, 

USA) 

BD Plastipak ™ - 3-Piece Syringe Thermo Fisher (Waltham, Massachusetts, 

USA) 

Immobilon-P Membrane, PVDF Merck Millipore (Darmstadt, Germany) 

Pipette Tips Sarstedt (Nümbrecht, Germany) 

Reaction Tubes Sarstedt (Nümbrecht, Germany) 

Serological Pipettes Thermo Fisher (Waltham, USA) 
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Single-channel microlitre pipette Eppendorf 

Research® plus, 100 to 1000 µl, blue 

Roth (Germany) 

S-Monovette® - Sarstedt Nümbrecht, Germany 

Ultracentrifuge tubes Thermo Fisher (Waltham, Massachusetts, 

USA) 

 

 

        Table 4: List of softwares and their corresponding manufacturers or developers. 

Softwares Manufacturer/Developer 

GraphPad Prism 8 (San Diego, CA, USA) 

Image J 1.47v (Wayne Rasband, National Institute of 

Health, USA) 

Magellan Tecan Life Sciences (Männedorf, 

Switzerland) 

Perseus 2.0.3.0 Max-Planck-Institut (München, Germany) 

ProteomeDiscoverer 2.0 Thermo Fisher (Waltham, Massachusetts, 

USA) 

R-Software 4.2.2 (New Zealand) 
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3. Methods		
 

3.1. Platelet Isolation 
 

Peripheral blood samples were collected from diabetes patients and healthy controls using 

S-Monovette® - Sarstedt under the approval of Ethik-Kommission der Ärztekammer 

Hamburg, PU2322. All the samples utilized in this study were processed and analyzed at 

the laboratories of Prof. Schlüter and Prof. Renné, Institute for Clinical Chemistry and 

Laboratory Medicine at UKE. Platelet-rich plasma (PRP) was isolated from whole blood 

through a first centrifugation step at 200 g for 15 minutes. Platelets were then isolated 

from PRP through a second centrifugation step at 500 g for 15 minutes in the presence of 

indomethacin (10µM) and PGE1 (100 ng/ml). Once platelets were isolated, they were 

resuspended in warm modified Tyrode’s buffer (136 mM NaCl, 5.5 mM glucose, 1 mM 

MgCl2, 2.7 mM KCl, 10 mM HEPES, PH 7.4) at 37ºC containing 0.5% w/v citrate, 

indomethacin (10µM), and PGE1 (100 ng/ml). Following that, they were centrifuged at 

500 g for 15 minutes to reduce plasma proteins. Isolated platelets were subsequently 

resuspended in warm modified Tyrode’s buffer at a density of 2 × 108 platelets/ml during 

the entire study. 

 

3.2. Isolation of Platelet Soluble Proteins Along with Loosely 
Associated Membrane Proteins 

 

The platelet pellets from diabetes and healthy individuals were mixed with a hypotonic 

solution containing 100 μl of citrate wash buffer (11 mM glucose, 128 mM NaCl, 4.3 mM 

NaH2PO4, 4.8 mM sodium citrate, 2.4 mM citric acid, pH 6.5) and 900 μl of deionized 

water. The mixture was then placed on ice for 1 hour. To disrupt cell membranes and 

large cytoskeletal fragments, the mixture was sonicated twice for five seconds at 20% 

amplitude. Subsequently, the whole platelet homogenate (W) was centrifuged at 1,500 g 

for 10 minutes to precipitate any cellular debris. The supernatant (S1) was further 

centrifuged at 100,000 g for one hour at 4°C to isolate platelet soluble proteins along with 

loosely associated membrane proteins. The protocol was modified from Donovan et al.'s 

work and used in the study [118]. 
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3.3. Plasma-Derived Extracellular Vesicles Isolation 
 

Peripheral blood samples were collected from diabetes patients and healthy controls using 

S-Monovette® - Sarstedt. PRP was isolated from the whole blood by a first centrifugation 

step at 200 g for 15 minutes. Platelet-poor plasma (PPP) was obtained from PRP through 

a second centrifugation step at 500 g for 15 minutes, with the presence of indomethacin 

(10µM) and PGE1 (100 ng/ml). After that, PPP was further centrifuged at 3000 g for 15 

minutes to remove any remaining platelets, and then the platelet-free plasma (PFP) was 

centrifuged at 100,000 g for 4 hours. The EVs pellet was resuspended in 1 ml of modified 

Tyrode’s buffer along with citrate buffer (in a 1:7 ratio) and centrifuged at 100,000 g for 4 

hours. The EVs pellet was then resuspended either in 40 µl of modified Tyrode’s buffer 

for flow cytometry and aggregation study or lysed with radioimmunoprecipitation assay 

(RIPA) buffer (50 mM Tris-HCl, pH 8, 1% v/v Triton X-100, 0.5% w/v sodium 

deoxycholate, 0.1% w/v sodium dodecyl sulfate, 150 mM NaCl) for the plasma-derived 

EVs proteomics. 

 

3.4. Counting Plasma-Derived Extracellular Vesicles Using Flow 
Cytometry 

 

The Brilliant Violet 421™ anti-human CD63 (BioLegend) was used to stain plasma-

derived extracellular vesicles for 15 minutes at 37°C in the dark. Following that, samples 

were fixed with 4% paraformaldehyde (PFA) for 15 minutes at room temperature and 

diluted with PBS immediately before measurement. To minimize background 

interference, both PFA and PBS were filtered through a 0.1 µm filter. The samples were 

then analyzed on a NovoCyte Quanteon Flow Cytometer (Agilent, Santa Clara, CA, 

USA) with a slow flow rate. Initially, a histogram was used to identify the CD63 positive 

population of plasma-derived EVs. Subsequently, gating was performed based on the 

CD63-positive plasma-derived EVs subpopulation (sized between 0.1-1 micrometers, 

determined by previous measurements using size beads). This gating was carried out 

using a dot plot, and the selected population was counted. The resulting data are presented 

as event densities (events/µl). 
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3.5. Platelet Aggregation Assay 
 

Healthy platelets resuspended in modified Tyrode's buffer containing 5mM glucose at a 

density of 2 × 108 platelets/ml. These platelets (250 µl) were then pre-incubated with 

20,000 EVs obtained either from the plasma of diabetes patients or from healthy 

individuals. The mixture was incubated for 30 minutes at 37°C. Following this, platelets 

were assayed using a Chrono-Log 490 4+4 aggregometer. After 10 minutes, aggregation 

was induced using either 0.05 U/ml thrombin or 10 µg/ml collagen. The absorbance of the 

mixture was measured for a period of 10 minutes in the case of collagen-induced 

aggregation, or 20 minutes in the case of thrombin-induced aggregation. Control samples 

were not treated with EVs.  

 

3.6. The Effect of Extracellular Vesicles on Platelets: Phosphotyrosine 
Immunoblotting  
 

Isolated healthy platelets were prepared and resuspended in modified Tyrode's buffer 

containing 5mM glucose, achieving a density of 2 x 108 platelets/ml. The platelet 

suspension was then divided into aliquots of 250 μl each. In order to investigate the 

effects of plasma-derived EVs on platelets, 20,000 plasma-derived diabetes EVs (n=4) or 

20,000 plasma-derived control EVs (n=4) with CD63-positive identification (0.1-1 µm) 

were added to platelet suspension aliquots. An additional aliquot of the platelet 

suspension without EVs was used as the control group. Subsequently, all samples were 

incubated at 37°C for 30 minutes. After the incubation period, 1.25 μl of 200 mM EGTA 

was added to achieve a final concentration of 1 mM. Following this, 250 μl of 2x RIPA 

lysis buffer, supplemented with protease inhibitor (1 20$  of a Roche complete mini tablet) 

and diluted phosphatase inhibitor cocktails 2 and 3 (1 in 50 dilution), were added to the 

samples. Notably, as a second control, 20,000 EVs from each donor in 20 μl of modified 

Tyrode's buffer were mixed with 20 μl of 2x RIPA lysis buffer. Subsequently, all samples 

were rotated at 4°C for 90 minutes. At the end of the 90 minutes rotation, all aliquots 

were centrifuged at 2,000 g for 5 minutes. The supernatants were carefully collected, and 

the protein concentration was determined using the BCA assay. Platelet proteins and EVs 

proteins were separated using SDS-polyacrylamide gel electrophoresis (SDS-PAGE). 

Subsequently, they were transferred onto a polyvinylidene difluoride (PVDF) membrane, 
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and analyzed by immunoblotting for anti-Phosphotyrosine (Millipore), and VASP (Santa 

Cruz Biotechnologies). The relative phosphorylation of p-Tyr over total VASP (i.e. 

loading control) was quantified using image analysis software, Image J 1.47v (Wayne 

Rasband, National Institute of Health, US).  

 

3.7. Statistical Analysis 
 

Statistical analysis was performed using GraphPad Prism 8 (San Diego, CA, USA). The 

normality test was assessed using the D'Agostino-Pearson omnibus (K2) test. To evaluate 

whether the variances among the compared groups were statistically equal or significantly 

different, the Brown-Forsythe test and Bartlett's test were employed. The one-way 

analysis of variance (ANOVA) is used to determine whether there are any statistically 

significant differences between the means of three independent groups. To identify which 

specific groups were significantly different from each other, post hoc multiple 

comparison tests were performed. 

 

3.8. Sample Preparation and Tryptic Digestion for Mass Spectrometric 
Analysis 
 

3.8.1. Single-Pot, Solid-Phase, Sample-preparation (SP3) protocol 

Following the platelet isolation method previously described. Platelet pellets from 

diabetes samples and their matched healthy controls were lysed using SDS lysis buffer 

(0.05M Tris-HCl at pH 7.6 and 2% (v/w) SDS) or SDC lysis buffer (0.05M Tris-HCl at 

pH 7.6 and 2% (v/w) SDC), while plasma-derived EVs from diabetes patients and their 

matched controls were lysed with RIPA buffer. Lysed samples were boiled at 95°C for 5 

minutes and sonicated three times at 20% using a probe sonicator. Following this, a 0.5 µl 

solution of 1 M DTT (a final concentration of 10 mM) was added to the sample, which 

was then incubated for 30 minutes at 60°C on a heating block. Subsequently, a 2 µl 

solution of 0.5 M IAA (a final concentration of 20 mM) was added to the sample and 

incubated for 30 minutes at 37°C in the dark. For bead addition, 2 µl of the mixed bead 

solution was added. Afterwards, the sample was mixed with acetonitrile (ACN, a final 
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concentration of approximately 70%) and incubated for 18 minutes at room temperature. 

The sample tube was placed on a magnetic rack to allow the beads to settle for 2 minutes. 

The beads were washed twice by adding 200 µl of 100% ACN, incubating for 30 seconds, 

and allowing the beads to settle for 2 minutes on the magnetic rack before removing the 

supernatant. This washing process was repeated two more times using 200 µl of 70% 

ethanol for each wash, followed by the removal and discarding of the supernatant. The 

resulting pellet was then resuspended in 50 µl of 50 mM AmbiCA. Trypsin was added to 

the sample at a 1:100 ratio (approximately 250 ng), and the sample was incubated 

overnight at 37°C. Subsequently, 950 µl of ACN (a final acetonitrile concentration of 

95%) was added.  The sample was then vortexed and incubated for 8 minutes. The sample 

was washed twice with 200 µl of ACN, discarding the supernatant after each wash. 

Finally, the peptides were eluted using 20 µl of a 2% DMSO/1% FA solution. The 

samples were dried in a vacuum centrifuge and resuspended in 0.1% FA to achieve a final 

protein concentration of 1 µg/µl [119], [120]. 

 

3.8.2. Filter-aided sample preparation (FASP) protocol 

Following the platelet isolation method previously described. Protein pellets from healthy 

control samples (platelet) were lysed using SDS lysis buffer (0.05M Tris-HCl at pH 7.6 

and 2% (v/w) SDS), boiled at 95°C for 5 minutes and sonicated three times at 20% using 

a probe sonicator. Up to 30 μl of a protein extract (20 μg) was mixed with 200 μl of UA 

(8 M urea in 0.1 M Tris–HCl, pH 8.5) in the filter unit and centrifuged at 10,000 g for 10-

15 minutes until less than 10 μl of the sample remained in the filter. 200 μl of UA was 

then added to the filter unit and the centrifugation step was repeated. The flow-through 

from the collection tube was discarded. Next, 100 μl of IAA (0.05 M iodoacetamide in 

UA) solution was added and mixed at 600 rpm in a thermo mixer for 1 minute. The filter 

units were centrifuged at 10,000 g for 10 minutes. 100 μl of UA was added to the filter 

unit and was centrifuged at 10,000 g for 15 minutes. This step was repeated twice. 

Afterward, 100 μl of digestion buffer (DB) (0.05 M Tris–HCl, pH 8.5) was added to the 

filter unit and centrifuged at 10,000 g for 10 minutes. This step was repeated twice as 

well. Then, 40 μl of DB with trypsin (enzyme-to-protein ratio 1:100) was added, and the 

mixture was mixed at 600 rpm in a thermomixer for 1 minute. The units were incubated 

in a humid chamber at 37°C for 1.5-18 hours. Finally, the filter units were transferred to 
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new collection tubes. The filter units were centrifuged at 10,000 g until the solution 

completely passed the filter membrane (about 5 minutes). Subsequently, 100 μl of DB 

was added, and the filter units were centrifuged at 10,000 g. The samples were dried in a 

vacuum centrifuge and resuspended in 0.1% FA to achieve a final protein concentration 

of 1 µg/µl [121]. 

 

3.8.3. LC-MS/MS in Data Dependent Acquisition Mode 

 

Quadrupole-iontrap-orbitrap mass spectrometer (Orbitrap Fusion)  

The platelet proteome or EVs proteome was analyzed using LC-MS/MS, utilizing a 

quadrupole-ion-trap-orbitrap mass spectrometer (Orbitrap Fusion, Thermo Fisher) 

coupled to a nano-UPLC. Chromatographic separation of peptides was achieved using a 

two-buffer system: buffer A containing 0.1% FA in water, and buffer B containing 0.1% 

FA in ACN. Connected to the UPLC system was a peptide trap (100 µm x 20 mm, 100 Å 

pore size, 5 µm particle size, C18, Nano Viper, Thermo Fisher) designed for online 

desalting and purification. This was followed by a 25 cm C18 reversed-phase column (75 

µm x 250 mm, 130 Å pore size, 1.7 µm particle size, peptide BEH C18, nanoEase, 

Waters). The separation of peptides was accomplished by using an 80-minute gradient, 

linearly increasing ACN concentration from 2% to 30% over a span of 60 minutes. The 

eluting peptides underwent ionization using a nano-electrospray ionization source (nano-

ESI) with a spray voltage set at 1,800. Subsequently, they were transferred into the MS, 

and analyzed in DDA mode. For each MS1 scan, ions were collected for up to 120 

milliseconds or until they reached a charge density of 2 x 105 ions (AGC Target). Fourier-

transformation based mass analysis of the data from the orbitrap mass analyzer was 

conducted, covering a mass range of 400 – 1,300 m/z with a resolution of 120,000 at m/z 

= 200. Peptides with charge states ranging from 2+ to 5+ and an intensity greater than 

1,000 were isolated within a 1.6 m/z isolation window in Top Speed mode for 3 seconds 

for each precursor scan. Subsequently, they underwent fragmentation utilizing HCD with 

a normalized collision energy of 30%. MS2 scanning was conducted using an ion trap 

mass analyzer at a rapid scan rate, covering a mass range starting at 120 m/z. Data 
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accumulation continued for 60 milliseconds or until achieving an AGC target of 1 x 105. 

Already fragmented peptides were excluded for a duration of 30 seconds. 

 

Quadrupole-orbitrap mass spectrometer (QExactive) for the platelet fraction 

Regarding platelet fraction, the eluting peptides were analyzed using a Quadrupole 

Orbitrap hybrid mass spectrometer (QExactive, Thermo Fisher Scientific). Herein, the 

ions responsible for the top 15 signal intensities per precursor scan (1 × 106 ions, 70,000 

Resolution, 240ms fill time) were analyzed by MS/MS (HCD at 25 normalized collision 

energy, 1 × 105 ions, 17,500 Resolution, 50 ms fill time) in a range of 400–1200 m/z. 

Additionally, a dynamic precursor exclusion of 20 seconds was applied. 

 

3.8.4. LC-MS/MS data processing and analysis 

 

The LC-MS/MS data obtained through DDA mode were searched against the human 

SwissProt protein database, which was downloaded from the Uniprot protein database 

(release December 2018, EMBL, Hinxton, Great Britain). The search was performed 

using the Sequest search engine integrated into the protein identification software 

"Proteome Discoverer". The mass tolerances for precursor ions were set at 10 ppm, and 

for fragment ions, it was set at 0.02 Da. Only peptides with a high level of confidence, 

determined by a false discovery rate of less than 1% using a decoy database approach, 

were considered as identified [122]. The relative abundance of proteins was imported into 

the Perseus statistical analysis software. Perseus software, version 2.0.3.0, was used for 

further analysis, including profile plots and multi-scatter plots. One outlier from the 

profile plot of the platelet proteome of middle-aged diabetes patients was identified and 

excluded for further analysis. Similarly, one outlier from the profile plot of the plasma-

derived EVs proteome of a middle-aged healthy individuals was also identified and 

excluded for further analysis. Additionally, t-tests were used to generate volcano plots 

and heat maps after performing statistical testing and filtering for valid values using 

Perseus software. 
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3.8.5. Pathway and enrichment analysis 

 

The genes, which code for significantly differentially upregulated or downregulated 

proteins between diabetes and healthy individuals from EVs lysate or platelet lysate, were 

used for pathway analysis separately. Pathway analysis was performed using EnrichR by 

choosing BioPlanet2019. Then, clustergram was generated by considering the p-value and 

adjusted p-value less than 0.05 for the involved pathways. 
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4. Result        
 

4.1. Platelet Protein Extraction and Analysis: Methods, Protein Yield, 
and Data Reproducibility 

 

Due to the absence of a nucleus in platelets and the resulting limited levels of protein 

synthesis, together with the regulation of platelet activity through PTMs, proteomics 

becomes an invaluable tool for characterizing the fundamental processes that impact 

platelet homeostasis. Understanding these processes is crucial for determining the roles of 

platelets in both health and disease [123]. Both reproducible sample preparation and high-

yield generation of peptides are the prerequisites for a successful bottom-up proteomics 

workflow [119], [124]. In the current study, different detergent-based methods were used 

to extract platelet proteins with the aim of getting insight into selecting a suitable method 

based on factors such as data reproducibility, protein yield, and cost-effectiveness. 

 

4.1.1. Detergent-based Methods for Platelet Protein Extraction 

Human platelet proteins were extracted using three different methods: one SDC-based 

method and two SDS-based methods. The SDC-based method involved the use of SP3 

technique [119], [120], which is represented as SDC-SP3. The SDS-based methods 

involved the use of FASP [121] and SP3 sample preparation techniques, which are 

represented as SDS-FASP and SDS-SP3, respectively. Three samples, with technical 

duplicates in each group, were used to identify proteins from the human platelet lysate. 

The proteins identified in equivalent samples prepared by the SDC-SP3, SDS-SP3 and 

SDS-FASP methods were compared using Venn diagram to present the total, unique, and 

shared protein identifications among the experimental groups. The SDS-FASP method for 

extracting platelet proteins resulted in a greater protein yield (2092 proteins) when 

compared to the SDC-SP3 (1833 proteins), and SDS-SP3 (1772 proteins) methods 

(Figure 2). 
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Figure 2: Venn diagram visualization of total, unique, and shared protein 

identifications among the experimental groups (SDC-SP3, SDS-SP3 and SDS-FASP). 

Among all identified proteins, 2195 proteins were found in at least two samples in at least 

one method and used further. A total of 1833, 1772, and 2092 proteins were identified in 

the SDC-SP3, SDS-SP3 and SDS-FASP preparations, respectively. 1581 (72%) proteins 

were common between SDC-SP3, SDS-SP3 and SDS-FASP extraction methods. Three 

samples with technical duplicates were used in each group (n=6). 

 

4.1.2. Quantitative Comparison of Identified Proteins from SDC-SP3, 
SDS-SP3, and SDS-FASP Sample Preparation 

 

Protein yield 

All 2195 identified proteins, which were found in at least two samples of all experimental 

groups (SDC-SP3, SDS-SP3, and SDS-FASP) from the Label-Free Quantification (LFQ) 

experiment, were transformed to log2 and then used to create a Profile Plot to visualize 

the relative abundance of proteins in different samples and groups. The Boxplot in the 

Profile Plot was utilized to visualize the distribution of protein abundance in each sample 

and identify potential outliers. Notably, a significantly lower total protein amount was 
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 (7.6%) 

 1581 
(72%) 

       52 
    (2.4%)        18 

    (0.8%)         33 
    (1.5%) 

SDC-SP3 
    1833 

SDS-SP3 
   1772 

      223 
  (10.2%) 



       4. Result 
 

33 
 

detected for the SDS-SP3 experimental group, compared to both SDS-FASP and SDC-

SP3 groups (Figure 3). 

 

 

 

 

 

 

 

 

 

 

Figure 3: Profile Plot visualization of all 2195 identified proteins, across all analyzed 

samples, based on the log2 transformed unnormalized protein abundance from the 

SDC-SP3, SDS-SP3, and SDS-FASP groups. Each point represents the relative 

abundance of a protein in the corresponding sample and each horizontal line depicts the 

trend of a protein abundance identified in the total proteome in different samples and 

groups. Boxplot indicates the scattering around the mean value of the protein abundance 

of each sample. Data is displayed from the Perseus database. Three samples with 

technical duplicates were used in each group (n=6). 

 

Data Reproducibility  

The LFQ intensity values of the samples that were processed using the SDS-FASP, SDS-

SP3, and SDC-SP3 methods were normalized. To evaluate the quantitative reproducibility 

of the applied techniques, the Pearson correlation coefficient was calculated. In addition, 

the abundance of all quantified proteins was plotted by comparing each possible sample 

pair across all methods of sample preparation. The resulting multi-scatter plot 

demonstrated a correlation of >80% for all techniques. The mean R-squared (R2) value in 
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the SDC-SP3 group was above 0.8, whereas the mean R2 values in both the SDS-SP3 and 

SDS-FASP groups were above 0.9 (Figure 4). Taken together, the SDS-SP3 and SDS-

FASP groups displayed higher data reproducibility compared to the SDC-SP3 group. 

Therefore, it can be concluded that protein lysis with SDS, followed by processing with 

either SP3 or FASP, is a suitable method for the processing of platelet proteins in 

quantitative bottom-up proteomics. The SDS-SP3 method was selected for subsequent 

experiments based on its cost-effectiveness in comparison to the SDS-FASP method 

[125], [120]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Multi scatter plot comparing the protein intensities obtained by the three 

experimental groups (SDC-SP3, SDS-SP3, and SDS-FASP) from three samples (A, 

B, and C) with technical duplicates. Each dot represents a protein. The depicted number 
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in each of the individual scatter plots is the Pearson correlation value. The R2 value for 

each sample is displayed. The correlation between technical replicates is marked in 

brown. Three samples with technical duplicates were used in each group (n=6). 

 

4.2. Platelet Proteome Changes between Diabetic and Healthy 
Individuals  

 

Platelets from patients with diabetes have increased reactivity and baseline activation 

compared to those from healthy individuals [81]. Furthermore, platelets play a key role in 

hemostasis and thrombosis [126], and their dysfunction in diabetes patients increases the 

risk of cardiovascular complications [127]. Platelet proteome changes in diabetes can 

provide valuable insights into the molecular mechanisms that contribute to platelet 

dysfunction in diabetes [126], [128]. 

 

4.2.1. Selection Criteria for Diabetes Patients and Healthy Controls 

Peripheral blood samples were collected from 24 diabetes patients and 24 age- and sex-

matched healthy controls. The selection of participants was based on their HbA1c levels. 

Diabetes patients were selected based on HbA1c values > 7.0% (indicative of 

hyperglycemia), while healthy controls were chosen with HbA1c < 6.0% (indicative of 

euglycemia). Following that, the samples were classified into three groups based on age: 

A) Young age (under 55) with 6 diabetic samples and 6 controls. B) Middle age (55-75) 

with 12 diabetic samples and 12 controls. C) Old age (over 75) with 6 diabetic samples 

and 6 controls (Table 5). 
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Table 5: Selection criteria for diabetes patients and healthy controls based on HbA1c 

values.  
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4.2.2. Workflow Overview 

Washed platelets from the peripheral citrated blood of diabetes (HbA1c values > 7.0%) 

and controls (HbA1c values < 6.0%) were isolated by centrifugation and lysed by 

ultrasonication in the presence of SDS. Extracted proteins were proteolyzed by trypsin 

and identified by LC-MS/MS (Figure 5).  

 

 

Figure 5: Overall scheme of platelet proteome profiling by using differential 

quantitative bottom-up proteomics. These include the key steps that were undertaken 

for protein identification and quantification in platelets from diabetic and healthy 

individuals. 
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4.2.3. Platelet Proteome Changes in Young Diabetics versus Healthy 
Controls 

 

In the platelet proteome of young, middle-aged, and old individuals, a total of 2860 

proteins were identified. Among the platelet proteome of young individuals, 37 unique 

proteins were found to be significantly more abundant (at least 1.5-fold) in individuals 

with diabetes compared to age- and sex-matched healthy controls, meeting the threshold 

for statistical significance (p-value < 0.05). Meanwhile, 29 unique proteins were found to 

be significantly less abundant (at least 1.5-fold) in individuals with diabetes compared to 

controls. A volcano plot was generated to highlight these differences. Among the 

significantly differentially downregulated genes, KCMF1, GNAS, GUCY1A3, APOOL, 

PDHA1, and PRDX2, and among the significantly differentially upregulated genes, MIF, 

C8G, SIRT2, C6, CFH, PDE3A, DAB2, SERPINF1, and INPP5D, may play a role in 

platelet function (Figure 6A).   

102 proteins were identified as significant (p-value < 0.05) and able to clearly separate 

between diabetes and control in young patients. Out of these, 37 proteins were found to be 

at least 1.5 times more abundant in diabetes, and 29 proteins were found to be at least 1.5 

times less abundant in diabetes, both of which were used for further statistical analysis. 

The supervised cluster analysis clearly separated diabetes patients from healthy controls 

and revealed a distinct heatmap pattern for upregulated and downregulated proteins 

(Figure 6B). 

To further elaborate on the function of proteins identified as significantly differentially 

abundant between young diabetes and healthy controls, pathway analysis was performed, 

based on the Bioplanet 2019 database. Proteins, up and down-regulated in diabetes were 

analyzed separately (Figure 6C, and 6D). Ion channel function in vascular endothelium 

was the only significant enriched term that was identified from the significantly 

downregulated gene set in young diabetes patients compared to controls. The genes 

GUCY1A3 and GNAS, which code for "Guanylate cyclase soluble subunit alpha-3" and 

"Guanine nucleotide-binding protein G(s) subunit alpha isoforms XLas," respectively, 

were found to be significantly enriched in this term (Figure 6C). In contrast, the terminal 

pathway of complement was identified as the most significantly enriched term from the 

significantly upregulated gene set in young diabetes patients compared to controls. The 
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genes C8G and C6, which code for ''Complement component C8 gamma chain'' and 

''Complement component C6'', respectively, were found to be significantly enriched in 

this term. Of note, C8G and C6 were the main contributors to the all significantly 

enriched gene sets (Figure 6D). 
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Figure 6: Differentially expressed proteins and altered pathways in the platelet 

proteome of young individuals with diabetes compared to healthy sex- and age-

matched controls. A) The volcano plot shows the two-sided unpaired t-test results for all 

quantified proteins from the platelet lysate in both diabetic and control groups of the 

young age group after applying a randomForest-based algorithm for missing data 

imputation. Each dot indicates a protein. B) A heatmap and supervised cluster analysis of 

proteins extracted from platelets of young individuals with diabetes, compared to healthy 

sex- and age-matched controls, after applying a randomForest-based imputation strategy. 

The color intensity in the heatmap represents the relative abundance of proteins detected 

in each sample. In the heatmap, each column represents a sample, each row represents a 

protein, and each rectangle indicates the Pearson's correlation coefficient between a pair 

of data for the relative abundance of a protein in a sample. The value for the correlation 

coefficient is represented by the intensity of the orange or green color, as indicated on the 

color scale. C) and D) To elucidate the biological functions and pathways associated with 

the significantly differentially expressed proteins between diabetes and control groups, 

gene set enrichment analysis of the downregulated and upregulated genes in diabetes 

compared to controls from the whole platelet lysate in the young age group was 

performed, based on the Bioplanet 2019 database, using EnrichR. Ion channel function in 

vascular endothelium was the only significant enriched term that was identified from the 

significantly downregulated gene set in young diabetes patients compared to controls. The 

genes GUCY1A3 and GNAS were found to be significantly enriched in this term (Figure 

6C). The terminal pathway of complement was identified as the most significantly 

enriched term from the significantly upregulated gene set in young diabetes patients 

compared to controls. The genes C8G and C6 were found to be significantly enriched in 

this term (Figure 6D). 
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4.2.4. Platelet Proteome Changes in Middle-Aged Diabetics versus 
Healthy Controls  

 

Among the platelet proteome of middle-aged individuals, 42 unique proteins were found 

to be significantly more abundant (at least 1.5-fold) in individuals with diabetes compared 

to age- and sex-matched healthy controls, meeting the threshold for statistical significance 

(p-value < 0.05). Meanwhile, 37 unique proteins were found to be significantly less 

abundant (at least 1.5-fold) in individuals with diabetes compared to controls. A volcano 

plot was generated to highlight these differences. Among the significantly differentially 

downregulated genes, GSK3A, ANXA1, EXOC3L4, VIM, EFNB1, and GRK5, and 

among the significantly differentially upregulated genes, PF4, PRKD2, F12, C7, and 

A2M, may play a role in platelet function (Figure 7A). 

162 proteins were identified as significant (p-value < 0.05) and able to clearly separate 

between middle-aged diabetes patients and healthy controls. Out of these, 42 proteins 

were found to be at least 1.5 times more abundant in diabetes, and 37 proteins were found 

to be at least 1.5 times less abundant in diabetes, both of which were used for further 

statistical analysis. The supervised cluster analysis clearly separated diabetes patients 

from healthy controls and revealed a distinct heatmap pattern for upregulated and 

downregulated proteins (Figure 7B).  

To further elaborate on the function of proteins identified as significantly differentially 

abundant between middle-aged diabetes and healthy controls, pathway analysis was 

performed, based on the Bioplanet 2019 database. Proteins, up and down-regulated in 

diabetes were analyzed separately. Fibrin clot formation (clotting cascade) was identified 

as the most significantly enriched term from the significantly upregulated gene set in 

middle-aged diabetes patients compared to controls. The genes F12, A2M, and PF4 which 

code for ''Coagulation factor XII'', ''Alpha-2-macroglobulin'', and ''Platelet factor 4'', 

respectively, were found to be significantly enriched in this term. Of note, F12 and A2M 

were the main contributors to the all significantly enriched gene sets (Figure 7C). 
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Figure 7: Differentially expressed proteins and altered pathways in the platelet 

proteome of middle-aged individuals with diabetes compared to healthy sex- and 

age-matched controls. A) The volcano plot shows the two-sided unpaired t-test results 

for all quantified proteins from the platelet lysate in both diabetic and control groups of 

the middle-aged group after applying a randomForest-based algorithm for missing data 
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imputation. Each dot indicates a protein. B) A heatmap and supervised cluster analysis of 

proteins extracted from platelets of middle-aged individuals with diabetes, compared to 

healthy sex- and age-matched controls, after applying a randomForest-based imputation 

strategy. The color intensity in the heatmap represents the relative abundance of proteins 

detected in each sample. In the heatmap, each column represents a sample, each row 

represents a protein, and each rectangle indicates the Pearson's correlation coefficient 

between a pair of data for the relative abundance of a protein in a sample. The value for 

the correlation coefficient is represented by the intensity of the orange or green color, as 

indicated on the color scale. C) To elucidate the biological functions and pathways 

associated with the significantly differentially expressed proteins between diabetes and 

control groups, gene set enrichment analysis of the upregulated genes in diabetes 

compared to controls from the whole platelet lysate in the middle-aged group was 

performed, based on the Bioplanet 2019 database, using EnrichR. Fibrin clot formation 

(clotting cascade) was identified as the most significantly enriched term from the 

significantly upregulated gene set in middle-aged diabetes patients compared to controls. 

The genes F12, A2M, and PF4 were found to be significantly enriched in this term. Of 

note, F12 and A2M were the main contributors to the all significantly enriched gene sets. 

 

4.2.5.  Platelet Proteome Changes in Old-Aged Diabetics versus 

Healthy Controls 

Among the platelet proteome of old individuals, 31 unique proteins were found to be 

significantly more abundant (at least 1.5-fold) in individuals with diabetes compared to 

age- and sex-matched healthy controls, meeting the threshold for statistical significance 

(p-value < 0.05). Meanwhile, 23 unique proteins were found to be significantly less 

abundant (at least 1.5-fold) in individuals with diabetes compared to controls. A volcano 

plot was generated to highlight these differences. Among the significantly differentially 

downregulated genes, GMPPA, ALG5, INPPL1, and GYG1, and among the significantly 

differentially upregulated genes, ATP2C1, SH3GL1, FTH1, and GSK3A may play a role 

in platelet function (Figure 8A).  

113 proteins were identified as significant (p-value < 0.05) and able to clearly separate 

between old individuals with diabetes and healthy controls. Out of these, 31 proteins were 
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found to be at least 1.5 times more abundant in diabetes, and 23 proteins were found to be 

at least 1.5 times less abundant in diabetes, both of which were used for further statistical 

analysis. The supervised cluster analysis clearly separated diabetes patients from healthy 

controls and revealed a distinct heatmap pattern for upregulated and downregulated 

proteins (Figure 8B). 

To further elaborate on the function of proteins identified as significantly differentially 

abundant between old individuals with diabetes and healthy controls, pathway analysis 

was performed, based on the Bioplanet 2019 database. Proteins, up and down-regulated in 

diabetes were analyzed separately. N-glycan precursor substrate biosynthesis was 

identified as the most significantly enriched term from the significantly downregulated 

gene set in old individuals with diabetes compared to controls. The genes GMPPA and 

ALG5 which code for Mannose-1-phosphate guanyltransferase alpha'', and ''Dolichyl-

phosphate beta-glucosyltransferase'', respectively, were found to be significantly enriched 

in this term (Figure 8C). 
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Figure 8: Differentially expressed proteins and altered pathways in the platelet 

proteome of old-aged diabetes compared to healthy sex- and age-matched controls. 

A) The volcano plot shows the two-sided unpaired t-test results for all quantified proteins 

from the platelet lysate in both diabetic and control groups of the old age group after 
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applying a randomForest-based algorithm for missing data imputation. Each dot indicates 

a protein. B) A heatmap and supervised cluster analysis of proteins extracted from 

platelets of old individuals with diabetes, compared to healthy sex- and age-matched 

controls, after applying a randomForest-based imputation strategy. The color intensity in 

the heatmap represents the relative abundance of proteins detected in each sample. In the 

heatmap, each column represents a sample, each row represents a protein, and each 

rectangle indicates the Pearson's correlation coefficient between a pair of data for the 

relative abundance of a protein in a sample. The value for the correlation coefficient is 

represented by the intensity of the orange or green color, as indicated on the color scale. 

C) To elucidate the biological functions and pathways associated with the significantly 

differentially expressed proteins between diabetes and control groups, gene set 

enrichment analysis of the downregulated genes in diabetes compared to controls from 

the whole platelet lysate in the old age group was performed, based on the Bioplanet 2019 

database, using EnrichR. N-glycan precursor substrate biosynthesis was identified as the 

most significantly enriched term from the significantly downregulated gene set in old 

individuals with diabetes compared to controls. The genes GMPPA and ALG5 were 

found to be significantly enriched in this term. 

 

4.3. Assessment of Platelet Reactivity Utilizing Plasma-derived 
Extracellular Vesicles 

Plasma-derived EVs are released by a variety of cell types including platelets, 

erythrocytes, and endothelial cells into the circulation [129]. They possess diverse 

biological functions including modulating platelet reactivity. Both hyperactivity of 

platelets and platelet-derived EVs play a key role in thrombus formation [130]. The 

increased tendency of activated platelets to make thrombi has been observed in diabetes 

patients [131]. Furthermore, acute thrombosis is associated with an increased risk of 

cardiovascular events [130]. To gain a comprehensive understanding of how plasma-

derived EVs from diabetes patients and healthy individuals affect platelet reactivity and 

the proteome profile of platelets, plasma-derived EVs from diabetes and control groups 

were enriched. Healthy platelets were then treated with the CD63-positive population of 

plasma-derived EVs from diabetes patients and healthy individuals. 
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4.3.1. Plasma-derived Extracellular Vesicles Counting Using Flow 
Cytometry 

The CD63-positive plasma-derived EVs population from both diabetes and healthy 

individuals were selected in the histogram using flow cytometry. Next, a dot plot was 

used with forward scattering on the X axis and side scattering on the Y axis to count the 

CD63-positive plasma-derived EVs subpopulation (0.1-1 micrometer) (Figure 9). The 

figure shows the gating strategy for a representative sample. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9: A schematic representation of plasma-derived EVs counting using flow 

cytometry. First, the histogram was used to select the CD63-BrilliantViolet420 -positive 

plasma-derived EVs population. Then, using a dot plot, the CD63-positive plasma-

derived EVs subpopulation (0.1-1 micrometer, based on previous measurement with size 

beads) was selected and counted. The NovoCyte Quanteon Flow Cytometer System 

allows for real number measurements expressed as concentrations. 
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4.3.2. Platelet Aggregation in Response to Plasma-derived 
Extracellular Vesicles from Diabetic and Healthy Individuals 

Healthy platelets were pre-incubated with plasma-derived EVs either from diabetes 

patients or control subjects, followed by the addition of 10μg/ml collagen (a platelet 

agonist), and the resulting platelet aggregation was represented by red and blue curves, 

respectively (Figure 10A). Similarly, healthy platelets were pre-incubated with plasma-

derived EVs either from diabetes patients or control subjects, followed by the addition of 

0.05 U/ml thrombin (a platelet agonist), the resulting platelet aggregation was represented 

by red and blue curves, respectively (Figure 10B). The green curve in both figures 

indicated the control without EVs treatment. This finding reveals a significant increase in 

platelet aggregation in response to diabetic EVs in the presence of platelet agonists 

(thrombin and collagen).  

 

 

Figure 10: Stimulated aggregation study of healthy platelets in response to plasma-

derived EVs from diabetic and healthy individuals, based on the CD63-positive 

B 
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population of plasma-derived EVs (0.1-1 micrometer). A) Healthy platelets were pre-

incubated with EVs extracted from the plasma of diabetes patients (n=10) and control 

subjects (n=10), followed by the addition of 10μg/ml collagen (the results are shown in 

red and blue curves, respectively), while the green curve indicates the control without 

EVs treatment. B) Healthy platelets were pre-incubated with EVs extracted from the 

plasma of diabetes patients (n=10) and control subjects (n=10), followed by the addition 

of 0.05 U/ml thrombin (the results are shown in red and blue curves, respectively), while 

the green curve indicates the control without EVs treatment. The figures on the right show 

the numerical data analyzed by one-way ANOVA. Asterisks represent statistical 

significance at * p < 0.05 and *** p < 0.001. The abbreviation 'ns' represents the concept 

of 'not significant'. 

 

4.3.3. Phosphorylation of Tyrosine Residues in Healthy Platelets 
Treated with Plasma-Derived Extracellular Vesicles from 
Diabetic and Healthy Individuals 

 

Phosphorylation of tyrosine residues in platelet proteins belonging to various signaling 

pathways is associated with platelet activation [132]. The objective is to investigate the 

phosphorylation of tyrosine residues in platelet proteins of healthy platelets treated with 

diabetic plasma-derived EVs or control plasma-derived EVs, as platelet aggregation was 

found to be higher in response to diabetic EVs compared to control EVs in the presence 

of platelet agonists like collagen and thrombin. To this end, approximately 50 million 

healthy platelets were treated with either 20,000 diabetes EVs positive for CD63 or 

20,000 control EVs positive for CD63. Platelets were then lysed with RIPA buffer, and 

immunoblotting was performed using anti-p-Tyr antibody. Phosphorylation of tyrosine 

residues (p-Tyr) in the proteome of platelets treated with diabetic EVs was significantly 

increased compared to platelets that were not treated with EVs (p<0.05) or platelets 

treated with control EVs (Figure 11). 
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Figure 11: Phosphorylation of tyrosine residues in platelets treated with diabetes and 

healthy EVs, based on the CD63-positive population of EVs. A) Healthy platelets 

(approximately 50 million) were treated with either 20,000 diabetes-derived EVs positive 

for CD63 (n=4) or 20,000 control EVs positive for CD63 (n=4). Lanes with only diabetic 

EVs or control EVs served as controls. VASP A11 was used as loading control. B) The 

relative phosphorylation of p-Tyr over total VASP was determined using image J, 

statistical significance was assessed by one-way ANOVA for repeated measures. Asterisk 

represents statistical significance at * p < 0.05. The abbreviation 'ns' represents the 

concept of 'not significant'. 
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4.4. Comparison of Plasma-Derived Extracellular Vesicles Proteome 
Changes between Diabetic and Healthy Individuals Using the 
RIPA-SP3 Method 

 

Given the observed significant increase in platelet aggregation in response to plasma-

derived diabetic EVs in the presence of platelet agonists (thrombin and collagen) 

compared to those with plasma-derived control EVs, and the identification of increased 

platelet aggregation partly resulting from increased phosphorylation of tyrosine residues 

induced by plasma-derived diabetic EVs, the objective was to analyze the protein 

composition of plasma-derived EVs from both diabetic and healthy individuals. 

 

4.4.1.  Selection Criteria for Diabetes Patients and Healthy Controls 

To obtain a broad understanding of the proteome of plasma-derived EVs in diabetes and 

healthy controls, the analysis was centered on plasma-derived EVs from middle-aged 

diabetes and healthy individuals. This approach could facilitate a comparison between 

groups that are relatively homogenous in terms of age and health status, while also 

minimizing the impact of age-related variations in the proteome. Blood samples were 

collected from a total of 24 individuals, comprising 12 individuals with diabetes and 12 

healthy controls, age and gender matched. The volunteers were in the middle age range of 

55 to 75 years. Diabetes patients were selected based on HbA1c values > 7.0% (indicative 

of hyperglycemia), while healthy controls were chosen with HbA1c < 6.0% (indicative of 

euglycemia). Following that, plasma-derived EVs from both diabetic and control groups 

were used for the experimental methods (Table 6). 

 

 

 

 

 



       4. Result 
 

52 
 

Table 6: Selection criteria for diabetes patients and healthy controls based on the 

HbA1c values.  

 

 

 

  

 

 

 

 

 

 

 

 

4.4.2.  Workflow Overview 

An overview of the workflow used in the experiment in this study is represented in figure 

12 below. To extract plasma-derived EVs, PPP was obtained from the peripheral citrated 

blood of both diabetes patients (with HbA1c values > 7.0%) and controls (with HbA1c 

values < 6.0%) through centrifugation. Then, PFP was obtained through additional 

centrifugation of PPP. The plasma-derived EVs were isolated from PFP using 

ultracentrifugation and then lysed by ultrasonication in the presence of RIPA buffer. 

Extracted proteins were proteolyzed by trypsin and identified by LC-MS/MS.  
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Figure 12: Overall scheme of plasma-derived EVs proteome profiling by using 

differential quantitative bottom-up proteomics. These include the key steps that were 

undertaken for protein identification and quantification in plasma-derived EVs from 

diabetes and healthy individuals. 

 

4.4.3. Plasma-derived Extracellular Vesicles Proteome in Middle-
Aged Diabetics versus Healthy Controls  

 

In the plasma-derived EVs proteome of middle-aged individuals, a total of 1652 proteins 

were identified. Among the plasma-derived EVs proteome of middle-aged individuals, 26 

unique proteins were found to be significantly more abundant (at least 1.5-fold) in 

individuals with diabetes compared to age- and sex-matched healthy controls, meeting the 
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threshold for statistical significance (p-value < 0.05). Meanwhile, 18 unique proteins were 

found to be significantly less abundant (at least 1.5-fold) in individuals with diabetes 

compared to controls. A volcano plot was generated to highlight these differences. 

Among the significantly differentially downregulated genes, PDIA3, BIN2, GRN, RAC2, 

RELA, ROCK2, and RELN, and among the significantly differentially upregulated genes, 

CAPZB, CAT, PPBP, JAK2, VPS45, SNX9, CLTC, and GPD2 may play a role in platelet 

function (Figure 13A).  

66 proteins were identified as significant (p-value < 0.05) and able to clearly separate 

between middle-aged diabetes and healthy controls. Out of these, 26 proteins were found 

to be at least 1.5 times more abundant in diabetes, and 18 proteins were found to be at 

least 1.5 times less abundant in diabetes, both of which were used for further statistical 

analysis. The supervised cluster analysis clearly separated diabetes patients from healthy 

controls and revealed a distinct heatmap pattern for upregulated and downregulated 

proteins (Figure 13B). 

To further elaborate on the function of proteins, identified as significantly differentially 

abundant between middle-aged diabetes and healthy controls, pathway analysis was 

performed, based on the Bioplanet 2019 database. Proteins, up and down-regulated in 

diabetes were analyzed separately (Figure 13C, and 13D). Adaptive immune system was 

identified as the most significantly enriched term that was identified from the 

significantly downregulated gene set in middle-aged diabetes patients compared to 

controls. The genes PDIA3, and RELA, which code for "protein disulfide-isomerase A3", 

and "transcription factor p65", respectively, were found to be significantly enriched in this 

term. Additionally, ROCK2, RAC2, and RELN, which code for "Rho-associated protein 

kinase 2", and "Ras-related C3 botulinum toxin substrate 2", and " Reelin", respectively, 

were found to be significantly enriched in focal adhesion. Of note, RELA was the main 

contributor to the all significantly enriched gene sets (Figure 13C). In contrast, hemostasis 

pathway was identified as one of the most significantly enriched term from the 

significantly upregulated gene set in middle-aged diabetes patients compared to controls. 

The genes JAK2, CAPZB, VPS45, and PPBP, which code for ''tyrosine-protein kinase 

JAK2'', ''F-actin-capping protein subunit beta'', ''vacuolar protein sorting-associated 

protein 45'' and ''platelet basic protein'', respectively, were found to be significantly 

enriched in hemostasis pathway (Figure 13D). 
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Figure 13: Differentially expressed proteins and altered pathways in plasma-derived 

EVs proteome of middle-aged individuals with diabetes compared to healthy sex- 

and age-matched controls. A) The volcano plot shows the two-sided unpaired t-test 

results for all quantified proteins from the plasma-derived EVs lysate in both diabetic and 

control groups of the middle-aged group after applying a randomForest-based algorithm 

for missing data imputation. Each dot indicates a protein. B) A heatmap and supervised 

cluster analysis of proteins extracted from plasma-derived EVs of middle-aged 

individuals with diabetes, compared to healthy sex- and age-matched controls, after 

applying a randomForest-based imputation strategy. The color intensity in the heatmap 

represents the relative abundance of proteins detected in each sample. In the heatmap, 

each column represents a sample, each row represents a protein, and each rectangle 

indicates the Pearson's correlation coefficient between a pair of data for the relative 

abundance of a protein in a sample. The value for the correlation coefficient is represented 

by the intensity of the orange or green color, as indicated on the color scale. C) and D) To 

elucidate the biological functions and pathways associated with the significantly 

differentially expressed proteins between plasma-derived diabetes EVs and control EVs, 

gene set enrichment analysis of the downregulated and upregulated genes in diabetes 

compared to controls from the plasma-derived EVs lysate in the middle-aged group was 

performed, based on the Bioplanet 2019 database, using EnrichR. Adaptive immune 

system was identified as the most significantly enriched term that was identified from the 

significantly downregulated gene set in middle-aged diabetes patients compared to 

controls. The genes PDIA3, and RELA were found to be significantly enriched in this 

term (Figure 13C). In contrast, hemostasis pathway was identified as one of the most 

significantly enriched term from the significantly upregulated gene set in middle-aged 

diabetes patients compared to controls. The genes JAK2, CAPZB, VPS45, and PPBP, 

were found to be significantly enriched in hemostasis pathway (Figure 13D).  
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4.5. Comparison of Proteome Changes in Platelet Soluble Fraction, 
along with Loosely Associated Membrane Proteins between 
Diabetic and Healthy Individuals  

 

EVs can affect the target cell through different mechanisms: 1) by combining with the 

target cell and transferring their contents 2) by endocytosis and release of their contents; 

and 3) by binding to the target cell and transmitting signals [133]. 

It is known that Jak2 can increase the phosphorylation of tyrosine residues in the platelet 

proteome and affect platelet reactivity [134]. Another possible explanation for the 

increased phosphorylation of tyrosine residues in the proteome of platelets treated with 

diabetic EVs, compared to those with control EVs (Figure 11), could be the transfer of 

Jak2 from the EVs' contents into the platelets. Additional information on the platelet 

proteome that might be influenced by EVs was sought by focusing on the soluble fraction, 

along with loosely associated membrane proteins of the platelet proteome in both diabetes 

patients and healthy controls. 

 

4.5.1.  Selection Criteria for Diabetes Patients and Healthy Controls 

Peripheral blood samples were collected from five diabetes patients and five healthy 

controls. Due to the requirement for a larger blood volume to enrich loosely associated 

membrane proteins and the limited number of volunteers willing to donate a large volume 

of blood, the focus was placed on diabetes patients with HbA1c values ≥ 6.5%, regardless 

of sex or age-matched controls. Diabetes patients were selected based on HbA1c values ≥ 

6.5% (indicative of hyperglycemia), while healthy controls were chosen with HbA1c < 

6.0% (indicative of euglycemia) (Table 7). 
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4.5.2.  Workflow Overview 

An overview of the workflow used in the experiment in this study is represented in figure 

14 below. Washed platelets from the peripheral blood of diabetes (HbA1c values ≥ 6.5%) 

and controls (HbA1c values < 6.0%) were isolated by centrifugation and lysed by 

ultrasonication in the presence of a citrate wash buffer (hypotonic solution). The soluble 

fraction, along with loosely associated membrane proteins (S2), was proteolyzed by 

trypsin and identified by LC-MS/MS. 

 

 

 

 

 

 

Table 7: Selection criteria for diabetes patients and healthy 
controls based on the HbA1c values. 
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Figure 14: Overall scheme of platelet proteome profiling from different fractions of 

platelets between diabetic and healthy individuals by using differential quantitative 

bottom-up proteomics. These include the key steps that were undertaken for protein 

identification and quantification in soluble fraction, along with loosely associated 

membrane proteins. 
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4.5.3. Proteome Changes in Platelet Soluble Fraction, along with 
Loosely Associated Membrane Proteins, in Diabetics versus 
Healthy Controls 

 

Among all identified proteins in S2 (1969), 32 unique proteins were found to be 

significantly more abundant (at least 1.5-fold) in individuals with diabetes compared to 

healthy controls, meeting the threshold for statistical significance (p-value < 0.05). 

Meanwhile, 35 unique proteins were found to be significantly less abundant (at least 1.5-

fold) in individuals with diabetes compared to controls. A volcano plot was generated to 

highlight these differences. Among the significantly differentially downregulated genes, 

GP1BB, and GP9, and among the significantly differentially upregulated genes, NCK1 

may play a role in platelet function (Figure 15A).  

139 proteins were identified as significant (p-value < 0.05) and able to clearly separate 

between diabetes patients and healthy controls. Out of these, 32 proteins were found to be 

at least 1.5 times more abundant in diabetes, and 35 proteins were found to be at least 1.5 

times less abundant in diabetes, both of which were used for further statistical analysis. 

The supervised cluster analysis clearly separated diabetes patients from healthy controls 

and revealed a distinct heatmap pattern for upregulated and downregulated proteins 

(Figure 15B). 

To further elaborate on the function of proteins, identified as significantly differential 

abundant between individuals with diabetes and healthy controls, pathway analysis was 

performed, based on the Bioplanet 2019 database. Proteins, up and down-regulated in 

diabetes were analyzed separately (Figure 15C, and 15D). Platelet adhesion to exposed 

collagen was the most significant enriched term that was identified from the significantly 

downregulated gene set in diabetes patients compared to controls. The genes GP9, 

GP1BB and ITGB1, which code for "Platelet glycoprotein IX", "Platelet glycoprotein Ib 

beta chain" and "Integrin beta-1", respectively, were found to be significantly enriched in 

this term (Figure 15C). In contrast, Y branching of actin filaments was identified as one of 

the most significantly enriched term from the significantly upregulated gene set in 

diabetes patients compared to controls. The gene NCK1, which code for "Cytoplasmic 

protein NCK1", was found to be significantly enriched in this term (Figure 15D). 
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Figure 15: Differentially expressed proteins and altered pathways in the platelet 

soluble fraction, along with loosely associated membrane proteins from diabetes 

platelets compared to healthy controls. A) The volcano plot shows the two-sided 

unpaired t-test results for all quantified proteins from the S2 fraction of both diabetes and 
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control platelets after applying a randomForest-based algorithm for missing data 

imputation. Each dot indicates a protein. B) A heatmap and supervised cluster analysis of 

proteins from S2 fraction extracted from platelets of diabetes, compared to healthy 

controls, after applying a randomForest-based imputation strategy. The color intensity in 

the heatmap represents the relative abundance of proteins detected in each sample. In the 

heatmap, each column represents a sample, each row represents a protein, and each 

rectangle indicates the Pearson's correlation coefficient between a pair of data for the 

relative abundance of a protein in a sample. The value for the correlation coefficient is 

represented by the intensity of the orange or green color, as indicated on the color scale. 

C) and D) To elucidate the biological functions and pathways associated with the 

significantly differentially expressed proteins between diabetes and control groups, gene 

set enrichment analysis of the downregulated and upregulated genes in diabetes compared 

to controls from S2 was performed, based on the Bioplanet 2019 database, using EnrichR. 

Platelet adhesion to exposed collagen was the most significant enriched term that was 

identified from the significantly downregulated gene set in diabetes patients compared to 

controls. The genes GP9, GP1BB and ITGB1 were found to be significantly enriched in 

this term (Figure 15C). In contrast, Y branching of actin filaments was identified as one of 

the most significantly enriched term from the significantly upregulated gene set in 

diabetes patients compared to controls. The gene NCK1 was found to be significantly 

enriched in this term (Figure 15D). 

 

 

  



      5. Discussion 
 

63 
 

5. Discussion 
 

Abnormal platelet function in individuals with DM can be attributed to oxidative stress, 

dyslipidemia, and a combination of insulin resistance/hyperglycemia [80]. The manner in 

which platelets are activated determines the size, content, and quantity of released 

platelet-EVs, which can lead to different effects and varying degrees of involvement in 

the development of diseases related to platelet activation [135]. In diabetes, platelet-

derived EVs may contribute to diabetic complications such as DR, diabetic nephropathy 

(DN), and atherosclerosis [136], [137], [138]. However, the role of plasma-derived EVs 

in diabetes is still not fully understood. 

Platelets play a crucial role in blood clotting, and their hyperactivity in diabetes can 

contribute to thrombus formation, a hallmark of many CVDs. Additionally, platelet 

hyperactivity can cause endothelial dysfunction, which is a significant contributor to the 

development of several complications associated with diabetes. However, the molecular 

mechanisms underlying the abnormal activity of platelets in diabetes are not yet fully 

understood. Studying the platelet proteome, plasma-derived EVs, and platelet fractions 

from both diabetic and healthy individuals can provide a more comprehensive 

understanding of the molecular mechanisms involved in platelet hyperactivity, thrombose 

formation, increased risk of CVDs, and impaired hemostasis in diabetes compared to 

healthy controls and help to identify potential biomarkers for the hyperactivity of platelet 

in diabetes. 

 

5.1. Platelet Protein Extraction Using Detergent-Based Methods 
 

Choosing the most appropriate protein extraction method is a critical step in proteomics 

research. To extract proteins successfully, it is crucial to consider both the nature of the 

sample and the biological question being pursued [139]. Information about protein yield 

and data reproducibility is important in choosing an appropriate protein extraction method 

[140]. Different detergents, such as SDS and SDC, can be used to extract proteins from 

cells [141], [142]. However, since detergents may suppress both MS signal and protease 

activity, they have to be removed before protein digestion and MS analysis. FASP and 
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SP3 are common methods used to remove detergents [143]. The results of the prior 

investigation suggest that substituting 1% SDC for 4% SDS (based on FASP protocol) in 

the protein extraction process from THP1 cell lysate can increase the protein yield. Thus, 

it is possible to use 1% SDC as a detergent for THP1 cell lysis instead of 4% SDS [144]. 

Another study indicated that the use of the SP3-based method resulted in the 

identification of a higher number of total and unique proteins compared to the FASP-

based method from the cell lysate of Symbiodinium tridacnidorum (cell lysis was 

performed using a sonicator) [145]. Mikulášek et al. suggested that the SP3 method using 

carboxylated magnetic beads was superior to the FASP method in terms of protein yield, 

data reproducibility, cost per assay, and reduced handling time for removing SDS and 

other impurities from Arabidopsis thaliana lysate [143]. 

Various lysis buffers have been utilized to extract platelet proteins for mass spectrometry 

analysis. In a recent study, ammonium bicarbonate (NH4HCO3) was used as a lysis 

buffer to extract platelet proteins from COVID-19 patients and healthy controls [146]. A 

prior study utilized a lysis buffer with 8 M urea (pH 8.0) to extract platelet proteins from 

both healthy individuals and patients with Alzheimer's disease [147]. Additionally, the 

platelet proteome of mice with mild hyperlipidemia and control mice was extracted using 

SDS lysis buffer [148]. While the FASP method is widely used to remove detergents and 

impurities from platelet lysates [149], [148], it has been determined that there is no single 

sample preparation method that can be used universally for all types of samples [150]. 

Therefore, in the current study, three different experimental methods, namely SDC-SP3, 

SDS-SP3, and SDS-FASP, were utilized to determine the appropriate protein extraction 

method for extracting platelet proteins [119], [120], [151]. The SDS-FASP (2092) method 

had the highest protein yield, followed by SDC-SP3 (1833) and then SDS-SP3 (1772). 

Although the SDS-FASP method provided a higher protein yield than SDC-SP3 and 

SDS-SP3, there were no substantial differences in the number of identified proteins 

among the three groups (Figure 2 and figure 3). Regarding data reproducibility, both 

SDS-SP3 and SDS-FASP exhibited higher data reproducibility (R2= 0.9) than SDC-SP3 

(R2= 0.8) (Figure 4), suggesting that the SDS-SP3 and SDS-FASP methods generate more 

reliable and accurate outcomes than SDC-SP3. Despite the high data reproducibility 

observed in both SDS-SP3 and SDS-FASP, the SDS-SP3 protocol was chosen for 

extracting platelet proteins due to its cost-effectiveness [125], [120]. 
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5.2. Platelet Proteome Changes between Diabetic and Healthy 
Individuals 

 

The risk of developing cardiovascular disease increases with age, partly due to the higher 

prevalence of comorbid conditions (such as diabetes, obesity, hypertension, 

hyperlipidemia, etc.) that are commonly observed in older individuals. Since platelets 

play a crucial role in the progression of thrombotic vascular disease in diabetes patients 

and are affected by age-related changes in function [152], [127], the platelet proteome 

was examined in individuals with diabetes and healthy controls across three different age 

categories (young, middle-aged, and old). The purpose of this analysis was to identify 

which proteins from diabetes patients in different age groups can impact platelet 

reactivity and increase the risk of vascular disease. In young-aged, middle-aged, and old-

aged diabetes patients, significant downregulation and upregulation of specific platelet 

proteins were observed (Figures 6A, 7A, and 8A). These changes were associated with 

increased platelet hyperactivity, increased thrombus formation, and an elevated risk of 

CVDs in diabetes. Furthermore, certain proteins exhibited a compensatory mechanism, 

resulting in decreased platelet activation. 

 

5.2.1. Platelet proteome changes between young-aged diabetic and 
healthy individuals 

 

E3 ubiquitin-protein ligase KCMF1 

The different types of ubiquitin ligases, including E1, E2, and E3 ubiquitin ligases, play a 

crucial role in regulating platelet biology. For example, the E3 ligase RNF181 binds to 

the platelet integrin αIIbβ3. Another study has indicated that mice lacking the ubiquitin 

ligase c-Cbl show hyperactivation of platelets when stimulated with GPVI agonists, 

which corresponds to the loss of Syk ubiquitylation [153]. In the obtained data, E3 

ubiquitin-protein ligase KCMF1 was significantly downregulated (Figure 6A), which 

might be a reason for platelet hyperactivity in young-aged diabetes. 
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Mitochondrial contact site and cristae organizing system complex subunit MIC27 

The abnormal mitochondrial inner membrane structure is associated with several diseases, 

including diabetes. The mitochondrial contact site and cristae organizing system 

(MICOS) complex is involved in controlling the shape and formation of the 

mitochondrial cristae [154]. In the obtained data, the MICOS complex subunit MIC27 

was significantly downregulated (Figure 6A), which may contribute to mitochondrial 

dysfunction and platelet hyperactivity in young individuals with diabetes.  

 

Pyruvate dehydrogenase E1 component subunit alpha, somatic form, mitochondrial  

Platelets from diabetes patients display increased pyruvate dehydrogenase E2 activity and 

higher levels of acetyl-CoA, resulting in a more significant accumulation of ATP/ADP 

than platelets from healthy control. Therefore, thrombin caused higher ATP/ADP release 

in diabetic platelets, leading to excessive production of ROS and stronger platelet 

aggregation compared to platelets from healthy controls. The function of PDHA1, which 

code for pyruvate dehydrogenase E1 component subunit alpha, somatic form, 

mitochondrial is not known in diabetes platelets [155]. In the obtained data, PDHA1 

protein was significantly downregulated in platelet of young-aged diabetes compared to 

control (Figure 6A). This may be a compensatory mechanism to reduce platelet 

aggregation in diabetes platelet. 

 

Peroxiredoxin-2 

Peroxiredoxin-2 negatively regulates platelet activation through the collagen-GPVI 

engagement pathway. Deficiency of peroxiredoxin-2 increased GPVI-mediated platelet 

activation and resulted in elevated levels of tyrosine phosphorylation of Syk, Btk, and 

phospholipase Cγ2. In mice, peroxiredoxin-2 deficiency led to increased thrombus 

formation in injured carotid arteries when compared to control mice [156]. Furthermore, 

peroxiredoxins maintain the balance of ROS levels against excessive ROS production that 

can contribute to the pathogenesis of CVDs [157]. In the obtained data, peroxiredoxin-2 

was significantly downregulated (Figure 6A), which may increase platelet activation, 

ROS generation, and the risk of CVDs in young diabetic individuals. 
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Guanylate cyclase soluble subunit alpha-3 

Guanylate cyclase soluble subunit alpha-3 (GUCY1A3), which encodes the α1-subunit of 

the soluble guanylyl cyclase (sGC), is highly expressed in both platelets and vascular 

smooth muscle cells [158], [159]. The sGC complex serves as the receptor for NO and 

catalyzes the production of cyclic guanosine monophosphate (cGMP), which has various 

cellular functions, such as the inhibition of platelet aggregation and smooth muscle cell 

relaxation [160]. In this study, the downregulation of GUCY1A3 in platelets of young 

patients with diabetes (Figure 6A) is likely due to several factors. The exact mechanism 

by which GUCY1A3 is downregulated in diabetes platelets is unknown. However, it is 

proposed that hyperglycemia, oxidative stress, and inflammation, all of which are known 

to occur in diabetes, can contribute to the downregulation of GUCY1A3 expression. 

Additionally, the reduction in cGMP synthesis due to the downregulation of GUCY1A3 

might be linked to platelet hyperactivity and increased risk of thrombotic events in 

diabetes. Therefore, strategies to increase GUCY1A3 expression or enhance cGMP 

production may have potential therapeutic benefits in diabetes. 

 

Guanine nucleotide-binding protein G(s) subunit alpha isoforms XLas  

Guanine nucleotide-binding protein G(s) subunit alpha isoforms XLas (GNAS) can 

encode a large variant of Gsα called extra-large α-subunit (XLαs), and changes in XLαs 

abundance or activity have been linked to several human disorders [161]. The Gsα 

protein, which includes the XLαs isoform, is expressed in platelets [162]. The majority of 

platelet physiological activators such as thrombin, thromboxane A2, and ADP act through 

G-protein-coupled receptors (GPCRs), which implies that Gsα protein plays a role in this 

process [163]. At the biochemical level, XLαs acts comparably to Gαs and increases the 

production of cyclic adenosine monophosphate (cAMP) through activation of GPCRs 

when its abundance is raised [164], [165]. In the obtained data, the downregulation of 

GNAS in platelets of young-aged diabetes patients (Figure 6A) can lead to decreased 

cAMP production and increased platelet activation and aggregation. This can result in an 

increased risk of thrombosis in diabetes patients. 

As discussed before GUCY1A3 and GNAS play a role in platelet activation and 

aggregation, as well as in regulating intracellular signaling pathways that modulate 
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platelet function. Therefore, the downregulation of GUCY1A3 and GNAS expression in 

diabetes platelets may contribute to platelet hyperactivity and increased release of 

vasoconstrictive and pro-inflammatory factors, ultimately leading to impaired ion channel 

function in vascular endothelial cells and the development of cardiovascular 

complications (Figure 6C). 

 

Macrophage migration inhibitory factor 

Macrophage migration inhibitory factor (MIF) is released from activated platelets and is 

involved in various biological processes, including inflammation, glucose metabolism, 

insulin resistance, diabetes, and cardiovascular disease [166], [167], [168]. The 

interaction between MIF and CXCR7 modulates the survival of platelets and leads to a 

reduction in thrombus formation, as observed in both in vitro and in vivo conditions 

[169]. The upregulation of MIF in the platelet proteome in young-aged diabetes patients 

(Figure 6A) may act as a compensatory mechanism to reduce the risk of thrombotic 

events and CVDs. 

 

C6, C8G, and complement factor H 

Complement activation may lead to CVDs in T2DM patients [170]. The presence of C3, 

C5, C6, C7, C8, and C9 of human complement enhances thrombin-mediated platelet 

aggregation and release. The arachidonic acid transformation pathway is likely 

responsible for the enhancement of platelet function induced by complement [171]. In 

C6-deficient rats, platelet aggregation induced by adenosine diphosphate was 

significantly decreased. Furthermore, the rats exhibited prolonged tail bleeding times, 

which were ameliorated by administering purified rat C6 protein [172]. Schmiedt et al. 

proposed that deficiency of C6 complement in rabbits provides protection against the 

development of atherosclerotic plaques induced by a cholesterol-rich diet [173]. In the 

obtained data, significant upregulation of C6 and C8G in young-aged diabetes patients 

was observed (Figure 6A). These proteins were found to be enriched in various pathways, 

such as the terminal pathway of complement, alternative complement pathway, 

complement and coagulation cascade, lectin-induced complement pathway, and the 

complement cascade (Figure 6D). Although it has been shown that inhibitors of cyclo-
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oxygenase, such as aspirin and indomethacin, can reduce thrombin-induced release of 

platelet serotonin in the presence of C3, C5, C6, C7, C8, and C9 [171], it remains unclear 

whether the complement proteins interact directly with platelets or indirectly through 

other factors. Furthermore, since the previous study used a mixture of complement 

proteins, it is difficult to determine which specific complement components were 

responsible for the observed effect. However, given the upregulation of C6 and C8G in 

young-age diabetes patients, it is possible that these complement proteins may be 

involved in the enhanced platelet aggregation seen in diabetic patients. Further research is 

needed to fully understand the relationship between complement activation and platelet 

function in diabetes and to identify potential targets for drug development. In contrast, 

complement factor H (CFH) significantly upregulated in the obtained data (Figure 6A) 

and enriched in complement and coagulation cascade, and complement cascade (Figure 

6D). CFH is the major inhibitor of the alternative pathway of the complement system and 

prevents the activation of the complement system by inhibiting the formation of the C3 

convertase enzyme complex. CFH can be secreted by different cells including platelet.  

Additionally, CFH can bind to the platelet αIIbβ3 integrin, which could possibly decrease 

the ability of platelets to bind to adhesive ligands during thrombus formation [174]. The 

involvement of CFH in cardiovascular diseases has been observed elsewhere [175], [176], 

[177]. The upregulation of CFH in the young-aged diabetes patients can be considered as 

a compensatory mechanism to counterbalance the increased complement activation and 

chronic inflammation associated with diabetes. It is notable that, except for CFH, there is 

no recorded proof of platelets secreting C6 and C8G. Interestingly, the fact that these 

complements are absent in the obtained EVs proteome data suggests that they are unlikely 

to come from EVs that coated platelets. Instead, their presence in the platelet proteome 

might result from interactions involving binding or scavenging. The higher levels of C6 

and C8G in the platelet proteome of diabetes patients compared to those with healthy 

platelets could be due to the complex interplay between platelets and the immune system, 

possibly linked to inflammatory processes. 

 

Sirtuin-2 

Sirtuins are implicated in various physiological processes and are associated with 

diabetes, cardiovascular disease, oxidative stress, insulin resistance, endothelial 
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dysfunction, and other conditions [178], [179], [180]. According to a previous finding, the 

expression of NAD-dependent protein deacetylase sirtuin-2 (SIRT2) was found to be 

reduced in various parts of the vasculature of aged mice, including the aorta, aortic valve, 

and cardiac endothelial cells. This decrease in SIRT2 expression was accompanied by an 

increase in both global cellular senescence and endothelial dysfunction [179]. Another 

study indicated that SIRT2 can reduce oxidative stress and mitochondrial dysfunction, 

ultimately improving insulin sensitivity in hepatocytes [178]. It was revealed that Sirt1, 

Sirt2, and Sirt3 are expressed in platelets and increased platelet survival via deacetylation 

and ubiquitination of P53. Therefore, sirtuins may be considered a potential therapeutic 

target to reduce the severity of thrombosis and thrombocytosis [181]. In the obtained data, 

the upregulation of SIRT2 in young-age diabetes patients (Figure 6A) may increase 

platelet survival and the risk of thrombosis. 

 

cGMP-inhibited 3',5'-cyclic phosphodiesterase A  

cGMP-inhibited 3',5'-cyclic phosphodiesterase A (PDE3A) is an enzyme that is crucial in 

controlling cAMP-related signaling within cardiac myocytes and platelets [182]. 

Thrombin stimulation of platelets can increase the activity of PDE3A via the 

phosphorylation of Ser312, Ser428, Ser438, Ser465, and Ser492 in a PKC-dependent manner 

[183]. PDE3A can cause platelet activation by hydrolyzing intracellular cAMP [182]. A 

previous finding indicated that cilostazol, a PDE3A inhibitor, was effective in preventing 

graft occlusion in an experimental model of thrombosis in rabbits [184]. Moreover, in 

vivo study suggested that cilostazol results in reduced platelet accumulation and decreases 

the initial rate of platelet accrual by increasing intracellular cAMP levels. The 

intracellular cAMP level controls the rate at which platelets attach and detach from sites 

of arteriolar injury [185]. The upregulation of PDE3A has been observed in diabetic 

cardiomyopathy [186]. PDE3A was significantly upregulated in young-aged diabetes 

patients (Figure 6A). Using a known PDE3A inhibitor such as cilostazol or developing 

inhibitors for different phosphorylation sites of PDE3A may be a possible approach to 

reduce PDE3A activity in young patients with diabetes. 
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The adapter protein disabled-2 

The adapter protein disabled-2 (DAB2) is highly expressed in platelets and is distributed 

in platelet alpha-granules. Upon platelet activation, DAB2 can be released from these 

granules [187]. The phosphotyrosine-binding domain (PTB) of Dab2 exhibits 

involvement in various cellular functions, such as signal transduction, membrane 

trafficking, and cytoskeleton assembly [188]. Notably, this domain does not show a 

preference for phosphorylation in tyrosine residues or nonphosphorylated NPX(Y/F)-

containing proteins, despite its initial characterization [189]. Dab2, through its PTB 

domain, hinders platelet aggregation by competing with fibrinogen for binding to the 

αIIbβ3 integrin receptor [187]. According to a recent finding, Dab2-serine 723 

phosphorylation (Dab2-pSer723) is predominantly found in the cytosol of activated 

platelets and is involved in integrin inside-out signaling. On the other hand, Dab2-serine 

24 phosphorylation (Dab2-pSer24) is primarily located in the membrane fraction of 

activated platelets and is associated with integrin outside-in signaling [190]. However, it 

is worth noting that Dab2 is necessary for normal hemostasis, as Dab2−/− mice exhibited 

prolonged bleeding time and impaired thrombus formation [191]. In addition to its crucial 

role in regulating platelet-platelet aggregation, Dab2 also modulates platelet-leukocyte 

interactions [192]. Dab2 is implicated in CVDs, and elevated expression of Dab2 has 

been observed in cases of acute myocardial infarction [193]. While increased levels of 

Dab2 are associated with CVDs, the upregulation of Dab2 in young-age diabetes patients 

(Figure 6A) may serve as a compensatory mechanism to impede platelet aggregation. 

 

Phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase  

SHIP1, a phosphatidylinositol 3,4,5-trisphosphate 5-phosphatase, plays a crucial role in 

regulating phosphoinositide levels in platelets. It downregulates PtdIns(3,4,5)P3-

dependent events and initiates PtdIns(3,4)P2-mediated mechanisms. SHIP1 knock-out 

mice demonstrate an accumulation of PtdIns(3,4,5)P3, a decrease in PtdIns(3,4)P2, 

impaired arterial thrombus formation, and a prolonged tail bleeding time. Additionally, 

SHIP1 serves a dual function in platelets, negatively regulating adhesion and spreading on 

fibrinogen-coated surfaces, while positively influencing platelet-platelet interactions and 

facilitating thrombus growth in suspension [194], [195]. Upregulation of SHIP1 in young-
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aged diabetes patients (Figure 6A) may enhance platelet aggregation and elevate the risk 

of thrombus formation. 

 

Pigment epithelium-derived factor 

Pigment epithelium-derived factor (PEDF) is a type of glycoprotein that can prevent the 

overexpression of platelet CD40L in individuals with diabetes by blocking the impact of 

AGEs on platelets. Consequently, this mechanism could potentially have a protective 

effect against CVDs in diabetes patients [196]. In vitro, PEDF significantly decreased the 

production of ROS in collagen-induced platelets, which subsequently led to the inhibition 

of platelet activation and aggregation. In vivo, PEDF administration can prevent the 

formation of thrombi by inhibiting platelet activation and aggregation, which is attributed 

to its anti-oxidative properties [197], [198], and reduced tail bleeding time in diabetic rats 

[199]. PEDF reduces platelet aggregation not only through its anti-oxidative properties 

but also by suppressing the activity of plasminogen activator inhibitor-1 (PAI-1), a key 

inhibitor of fibrinolysis [200]. PEDF plays a protective role against CVDs and increased 

levels of PEDF have been observed in individuals with T2DM [201]. Increased levels of 

PEDF have been seen in DR and DN patients [202], [203]. The upregulation of PEDF in 

young-aged diabetes patients (Figure 6A) may act as a compensatory mechanism to 

reduce platelet activation and aggregation. It may also reduce the risk of CVDs.  

 

5.2.2. Platelet proteome changes between middle-aged diabetic and 
healthy individuals 

 

Glycogen synthase kinase 3 alpha 

Glycogen synthase kinase 3 (GSK3) alpha, and GSK3β are phosphorylated on Ser21 and 

Ser9, respectively, via phosphoinositide 3-kinase (PI3K) activity in human platelets 

stimulated with collagen, convulxin, and thrombin [204]. Phosphorylation of a serine at 

the N-terminal region (Ser21 in GSK3α and Ser9 in GSK3β) reduces their kinase activity 

towards substrates. Differential roles of GSK3α and GSK3β phosphorylation in regulating 

platelet function were revealed through GSK3 single knock-in mouse models. Enhanced 
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GPVI-mediated platelet activation was observed upon expression of phosphorylation-

resistant GSK3α, whereas a decrease in PAR-mediated platelet activation and impairment 

in vitro thrombus formation under flow was observed upon expression of 

phosphorylation-resistant GSK3β [205]. There are multiple pathways involved in 

phosphorylating GSK3α/β in platelets. Another study indicated that both the PI3K-

independent pathway, which involves protein Kinase C α (PKCα), and the PI3Kβ/Akt 

pathway play a role in mediating the phosphorylation of GSK3α/β in platelets. Herein, 

early thrombin-mediated GSK3 phosphorylation is predominantly associated with PKCα, 

while late thrombin-mediated GSK3 phosphorylation is dependent on the PI3K/Akt 

pathway [206]. The role of GSK3 has been reported in retinal neuron apoptosis in early 

diabetic retinopathy. It has been observed that the administration of lithium chloride, an 

inhibitor of GSK3, can effectively reduce retinal neuron apoptosis [207]. Additionally, in 

streptozotocin-induced diabetic rat liver, the stability of glycogen synthase kinase-3 alpha 

mRNA is modified by insulin, leading to a decrease in its levels [208]. Downregulation of 

GSK3α in middle-aged diabetes patients (Figure 7A) may have different reasons: In 

diabetes, impaired insulin signaling is often observed. Insulin typically activates the 

PI3K/protein kinase B (Akt) pathway, which in turn inhibits GSK3 [209], [210], [211], 

[205]. The downregulation of GSK3α in the platelet proteome of middle-aged diabetes 

(Figure 7A) may result in increased GPVI-mediated platelet activation due to a decrease 

in the phosphorylation of GSK3α. Additionally, pro-inflammatory cytokines, such as 

interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and interleukin-1 beta (IL-1β), 

can inhibit GSK3 activity [212]. Therefore, the downregulation of GSK3α isoform in 

platelets of middle-aged diabetes may be a result of the chronic inflammatory state. 

 

Annexin A1 

Annexin A1 (ANXA1) regulates platelet function, and its deletion upregulates the 

expression of its receptor, Fpr2/3, which is the orthologue of the human FPR2/ALX. 

Furthermore, ANXA1 plays a role in enhancing the phagocytosis of activated human 

platelets by neutrophils, initiating the resolution of thromboinflammation. Platelets 

derived-Anxa1−/− mice show reduced levels of GPIbα. Additionally, in the presence of 

CRP-XL and ADP, the reactivity of Anxa1−/− platelets was significantly reduced in a 

dose-dependent manner compared to those in the control group [213]. In a recent study, 
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the addition of full-length ANXA1 to platelets effectively prevented thrombosis in vivo 

by inhibiting their activation and diminishing their aggregating capability [214]. Annexin 

A1 has anti-inflammatory properties and can contribute to reducing inflammation in 

cardiovascular tissues [215]. Several studies demonstrated that expression of ANXA1 is 

reduced in diabetes. This protein has been proposed as a novel therapeutic target for 

addressing diabetes and managing microvascular diseases [216]. However, the expression 

of ANXA1 in platelets of individuals with diabetes has not been investigated so far. The 

reduced level of ANXA1 in platelets of middle-aged diabetes (Figure 7A) may increase 

platelet activation and aggregation. 

 

Exocyst complex component 3-like protein 4 

Exocyst complex component 3 (EXOC3) knockout (KO) platelets exhibited significant 

deficiencies in platelet aggregation, integrin activation, and the secretion of various 

granules, including α-granules, dense granules, and lysosomal granules, following 

treatment with collagen-related peptide (CRP). However, when the KO platelets were 

stimulated through protease-activated receptor 4 (PAR4) activation, either via PAR4-

activating peptide or thrombin, a paradoxical effect was observed. Dense granule 

secretion, integrin activation, and surface expression of CD41 were notably increased, 

although calcium responses remained unaffected. The increased integrin activation 

responses were effectively suppressed by a P2Y12 receptor antagonist, indicating that 

enhanced secretion of adenosine 5'-diphosphate from dense granules played a crucial role 

in these responses. Moreover, the knockout mice exhibited accelerated arterial thrombosis 

and reduced tail bleeding times [217]. It is probable that EXOC3-like protein 4 

(EXOC3L4) is a component of the exocyst complex. The presence of variability in the 

splicing regulatory element (SRE) sites within EXOC3L4 could potentially affect the 

transport of vesicles, leading to the emergence of phenotypes associated with Alzheimer's 

disease [218]. EXOC3-like 2 (EXOC3L2), is likely a component of the exocyst complex, 

which plays a role in normal cardiovascular development in mice [219]. The function of 

EXOC3L4 in platelets and its association with CVDs in diabetes patients remains unclear. 

As EXOC3L4 is a member of the EXOC3 family, the diminished expression of 

EXOC3L4 (Figure 7A) may potentially increase or decrease the risk of thrombus 
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formation in middle-aged diabetes patients, depending on the type of platelet agonist 

involved. 

 

Vimentin 

Platelet vimentin, which is part of the platelet cytoskeleton, has the potential to modulate 

fibrinolysis in both plasma and thrombi. This regulation occurs through its interaction 

with platelet-derived vitronectin (Vn)·type 1 plasminogen activator inhibitor (PAI)-

complexes, thereby influencing the fibrinolytic process [220]. Vimentin plays a role in 

diminishing the adherence of human leukocytes to platelets and the endothelium through 

its binding to P-selectin, which is present on leukocytes and endothelial cells. As 

leukocyte adhesion to vascular endothelium and platelets is an early step in the acute 

inflammatory response, the use of recombinant vimentin may attenuate inflammation 

[221]. The co-expression of insulin and vimentin within the cytoplasm of pancreatic islet 

cells, as well as the coexpression of vimentin and glucagon, has been detected in T2DM 

[222]. Additionaly, vimentin plays a role in atherosclerosis [223]. The function of 

vimentin in diabetes platelets is not clear. The decreased expression of vimentin in the 

platelet proteome of middle-aged diabetes patients (Figure 7A) may enhance the 

formation of platelet-leukocyte aggregates, thereby potentially increasing thrombus 

formation. 

 

Ephrin-B1 

EphA4 and EphB1, two types of Eph kinases, as well as their ligand ephrinB1, can be 

found on the surface of human platelets. By itself, EphB1 is insufficient to cause the 

binding of soluble fibrinogen to αIIbβ3 and subsequent platelet aggregation. However, it 

can potentiate platelet aggregation in the presence of platelet agonists (SFLLRN, U46619, 

and ionomycin) [224]. EFNB1 mutation has been observed in a girl and her mother, both 

of whom have craniofrontonasal syndrome along with T1DM and Autoimmune 

Thyroiditis [225]. Overexpression of EphB2 in atherosclerotic tissue has been mentioned 

elsewhere [226]. Downregulation of EphB1 in middle-aged diabetes patients (Figure 7A) 

may act as a compensatory mechanism to reduce the risk of thrombus formation in this 

group. 
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G protein-coupled receptor kinase 5 

G protein-coupled receptor kinase 5 (GRK5) plays a regulatory role in the platelet 

response to thrombin via the PAR-1 pathway. When platelets were exposed to thrombin, 

an increased response was observed in Grk5−/− platelets. The activation of human platelets 

by thrombin leads to the binding of GRK5 to PAR-1, and the deletion of the mouse 

equivalent Grk5 enhances the sensitivity of platelets to thrombin-induced activation, 

resulting in increased platelet accumulation at the site of vascular injury. Additionally, the 

presence of the G allele of rs10886430 (rs10886430-G) in humans is associated with 

lower GRK5 transcript levels in platelets, increased platelet sensitivity to PAR-1 

activation, and an elevated risk for cardiovascular disease [227], [228]. GRK5 serves as a 

positive regulator for insulin sensitivity and may associate with the pathogenesis of 

T2DM [229]. A variant of GRK5 (rs10886471) has been observed in T2DM patients 

[230]. Low levels of GRK5 in the platelet proteome of middle-aged diabetes patients 

(Figure 7A) may increase thrombin-induced platelet activation and the risk of CVDs in 

T2DM patients.  

 

Platelet factor 4 

Platelet factor 4 (PF4) is a protein that is produced in the maturing megakaryocytes. It is 

then packaged into the platelet α-granules and released upon platelet activation [231]. The 

greatest concentration of PF4 is released in the vicinity of growing fibrin clots, and even 

tiny quantities of PF4 at subnanomolar levels boost the polymerization of fibrin fibers. 

This process occurs during blood clot formation as part of the coagulation cascade [232]. 

Despite its primary role in promoting blood coagulation, PF4 also plays a significant role 

in the immune response. Specifically, when platelets become activated in response to 

infections, PF4 participates in both innate and adaptive immunity processes [233]. PF4 

can bind to vWF at the site of vascular injury, resulting in the formation of a complex 

known as PF4/vWF. This complex might play a crucial role in platelet activation and 

inflammation, which can contribute to the development and exacerbation of immune-

associated thrombosis [234]. Elevated levels of plasma PF4 have been noted in diabetes 

patients and also in individuals with CAD [235], [236]. The increased expression of PF4 

in the platelet proteome of middle-aged diabetes patients (Figure 7A) may increase 

platelet activation and CVDs in this group. 



      5. Discussion 
 

77 
 

Coagulation factor XII 

Factor XII in the coagulation cascade serves as the trigger for the contact phase of 

coagulation, which is important in facilitating blood clot formation on negatively charged 

surfaces. While FXII plays a role in intravascular thrombus formation, it is not essential 

for hemostasis in both humans and mice [237], [238]. Although activated coagulation 

factor XII (α-FXIIa) is involved in clot formation, it may have indirect effects on 

fibrinolysis through its effect on clot stability and plasminogen activation [239]. FXII 

deficiency is associated with an increased risk of arterial thrombosis and myocardial 

infarction. Despite the role of FXII in thrombin generation, the deficiency of FXII does 

not significantly impact the profiles of thrombin generation [240]. FXII levels were 

higher in T2DM than in T1DM [241]. The increased expression of factor XII in the 

platelet proteome of middle-aged diabetes patients (Figure 7A) may increase the risk of 

thrombus formation and CVDs in this group. 

 

Alpha-2-macroglobulin 

Alpha-2-macroglobulin (A2M) has been seen in platelets and blood plasma [242], [243]. 

A2M serves a dual role in hemostasis, acting as both an inhibitor of fibrinolysis by 

targeting plasmin and kallikrein and as an inhibitor of coagulation by targeting thrombin 

[244]. Although A2M can inhibit thrombin, which is known to be involved in platelet 

activation, the impact of A2M on platelet activation and aggregation has not been 

extensively studied [245]. Increased plasma concentration of A2M has been observed in 

diabetes patients [243]. The increased expression of A2M in the platelet proteome of 

middle-aged diabetes patients (Figure 7A) may act as a compensatory mechanism to 

reduce platelet activation in this group. 

 

Complement component C7 

As discussed previously, the presence of C3, C5, C6, C7, C8, and C9 of the human 

complement enhances thrombin-mediated platelet aggregation and release [171]. The 

regulation of complements can be affected by the aging process, which is considered a 

prominent risk factor for the occurrence of diseases such as diabetes and cardiovascular 
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disorders [246], [247], [248]. Upregulation of C7 in middle-aged diabetes patients (Figure 

7A) may increase the risk of platelet aggregation and CVDs in this group. 

PF4, F12, and A2M are significantly involved in fibrin clot formation. Additionally, F12, 

A2M, and C7 are enriched in the complement and coagulation cascades (Figure 7C). 

 

Serine/threonine-protein kinase D2 

Serine/threonine-protein kinase D (PKD) is a subfamily of kinases that specifically 

phosphorylate serine and threonine residues. There are three isoforms of PKD, namely 

PKD1, PKD2, and PKD3, which are alternatively referred to as PKCμ, PKD2, and PKCv 

in humans. PKD2 is the major isoform of PKD found in both human and mouse platelets. 

In platelets, PKD2 is a frequently targeted signaling molecule activated by various agonist 

receptors. PKD2 can be activated in a Gq-dependent manner downstream of PAR4, as 

well as by calcium and specific isoforms of novel PKC, notably PKCδ. Therefore, PKD2 

may mediate dense granule secretion [249]. In a mouse model with mutations 

(Ser707Ala/Ser711Ala) in two crucial phosphorylation sites of PKD2, dense granule 

secretion in platelets was significantly reduced upon agonist stimulation. Consequently, 

this led to decreased platelet aggregation and a significant decrease in thrombus formation 

[250]. A recent finding indicated that obesity and its associated diabetes can be alleviated 

by inhibiting PKD2 [251]. The role of platelet-derived PKD2 in diabetes has not been 

investigated. In the obtained data, PKD2 is significantly upregulated in middle-aged 

diabetes patients (Figure 7A) compared to controls. The upregulation of PKD2 may 

potentially contribute to increased platelet aggregation and thrombus formation in this 

group. 

 

 

 

 

 



      5. Discussion 
 

79 
 

5.2.3. Platelet proteome changes between old-aged diabetic and 
healthy individuals 

 

GDP-mannose pyrophosphorylase A and dolichyl-phosphate beta-

glucosyltransferase 

GDP-mannose pyrophosphorylase is an enzyme involved in glycosylation processes. It 

facilitates the synthesis of GDP-mannose by catalyzing a reaction between mannose-1-

phosphate and guanosine triphosphate (GTP) [252], [31]. GMPP-alpha plays a role in the 

initial steps of protein glycosylation [253]. Alterations in glycosylation patterns can have 

important implications for platelet function and hemostasis [254]. Congenital disorders of 

glycosylation (CDG), is associated with hypoglycosylation. Patients with CDG exhibit 

abnormalities in clotting and anticlotting factors, leading to an increased risk of both 

thrombosis and bleeding [255]. Abnormal glycosylation can contribute to the 

development of different diseases, including diabetes [256]. Another enzyme involved in 

protein glycosylation is dolichyl-phosphate beta-glucosyltransferase, which is located in 

the endoplasmic reticulum (ER). It facilitates the transfer of glucose from UDP-glucose to 

dolichyl phosphate through its catalytic activity, resulting in the formation of dolichyl 

phosphate glucose. This reaction is an essential step in N-linked protein glycosylation in 

the ER [257]. In pathway analysis related to N-glycan precursor substrate biosynthesis 

and the biosynthesis of the N-glycan precursor and transfer to a nascent protein, GMPP-

alpha and dolichyl-phosphate beta-glucosyltransferase have been found to be enriched in 

individuals with old-aged diabetes (Figure 8C). However, the specific function of GMPP-

alpha and dolichyl-phosphate beta-glucosyltransferase in platelets remains unknown. The 

downregulation of these enzymes in old-aged diabetes (Figure 8A) could potentially have 

significant implications in the initial stages of N-glycosylation. This downregulation may 

affect the synthesis and modification of complex N-glycan structures attached to proteins, 

potentially leading to an increased tendency for thrombus formation. 

 

SH2-containing inositol phosphatase 2 

SHIP2, also referred to as SH2-containing inositol phosphatase 2, is an essential regulator 

of phosphoinositide levels in platelets. Similar to SHIP1, SHIP2 plays a significant role in 
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regulating phosphoinositide levels in platelets. It downregulates PtdIns(3,4,5)P3-

dependent events and initiates PtdIns(3,4)P2-mediated mechanisms. Additionally, it 

participates in the control of membrane ruffling through its interaction with filamin [258], 

[259], [260]. Herein, SHIP2 interacts with actin, filamin, and the GPIb-IX-V complex, 

which serves as the receptor for the vWF glycoprotein. This complex may contribute to 

the localized breakdown of PtdIns(3,4,5)P3, thereby influencing the arrangement and 

function of actin structures in the cortical and submembraneous regions of platelets [259]. 

It is known that the actin cytoskeleton undergoes remodeling upon platelet activation 

[261]. A previous study has indicated an association between SHIP2 and diabetes [262]. 

However, the precise mechanism by which SHIP2 influences platelet function through 

actin rearrangement remains unclear. The downregulation of SHIP2 in old-aged diabetes 

(Figure 8A) may work as a compensatory mechanism to reduce platelet activation in this 

group. 

 

Glycogenin-1 

Elevated levels of glycogenin-1 (GYG1), a glycogenin glucosyltransferase, have been 

observed in platelets following prolonged storage. The authors of the study suggested that 

the increased GYG1 levels in aged platelets (after 13 days of storage) could be attributed 

to either the ingestion of this protein by platelets or its binding to platelets during storage. 

However, the authors did not mention the possibility that the elevated protein levels may 

be a result of mRNA translation in platelets, which could be influenced by various factors 

including aging (platelet storage effect) [263]. Interestingly, the level of GYG1 in 

platelets from individuals with old-age diabetes was significantly lower compared to 

those in healthy individuals (Figure 8A). The downregulation of GYG1 in old-aged 

diabetes (Figure 8A) may work as a compensatory mechanism to reduce platelet 

activation in this group. 

 

Glycogen synthase kinase-3 alpha 

Glycogen synthase kinase-3 (GSK3), a widely expressed cytoplasmic serine/threonine 

protein kinase, includes the GSK3α and GSK3β isoforms found in human platelets. 

Platelet stimulation via collagen, convulxin, and thrombin in a time- and concentration-
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dependent manner induces GSK3α phosphorylation mediated by PI3K activity [204]. 

Phosphorylation of GSK3α at Ser21 is essential for inhibiting GPVI-induced platelet 

activation [205]. Elevated expression and activity of GSK3 have been observed in 

diabetic rodents and humans [264]. However, it is still unclear whether both isoforms of 

GSK3 or only one of them are increased in diabetes. Furthermore, the role of the GSK3α 

isoform in platelet from diabetes has not been investigated. In the obtained data, a 

significant upregulation of GSK3α in the platelet proteome of old-aged diabetes 

compared to healthy controls was observed (Figure 8A). The correlation between 

increased GSK3α expression and phosphorylation at Ser21 of GSK3α needs to be 

investigated. If there is a positive correlation between increased GSK3α expression and 

phosphorylation of GSK3α at Ser21, it is possible that the upregulation of GSK3α in this 

group may serve as a compensatory mechanism to reduce platelet activation by inhibiting 

GPVI-induced platelet activation. 

 

Ferritin heavy chain 

Ferritin is a widely distributed protein involved in storing iron within cells in various 

organisms, including animals, plants, molds, and bacteria. Its primary role is to protect 

these cells from the harmful effects of excessive intracellular iron levels. Ferritin stores 

iron within a hollow protein shell composed of two types of subunits, H and L [265]. The 

identification of extracellular ferritin and its presence in exosomes suggests that ferritin 

may also be implicated in the regulation of tissue and body iron homeostasis [266]. 

Previous studies indicated that serum ferritin serves as a significant marker for both 

inflammatory diseases and oxidative stress [267], [268]. Animal studies indicated that 

female livers and kidneys exhibit higher levels of ferritin expression and greater iron 

accumulation compared to males. The expression of both FtL and FtH, the subunits of 

ferritin, is influenced by factors such as sex, sex hormones, and age [269]. Besides, 

elevated serum ferritin is associated with diabetes [270], [271]. T1DM patients with 

microvascular complications demonstrated higher serum ferritin concentrations compared 

to those without microvascular complications [272]. A recent finding suggested that 

increased level of plasma ferritin leads to platelet hyperactivity [273]. The increased 

expression of ferritin heavy chain in the platelet proteome of old-aged diabetes compared 

to controls (Figure 8A) can be attributed to several reasons. Firstly, it remains unclear 
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whether ferritin directly influences platelet reactivity or acts indirectly through 

mechanisms involving oxidative stress and inflammation. Secondly, the expression of 

ferritin in platelets has not been thoroughly investigated. Although platelets lack a 

nucleus, it is plausible that the presence of ferritin heavy chain in platelets from old 

individuals may be due to remnants of mRNA that persist in platelets and retain the 

capacity to synthesize certain proteins. Thirdly, considering that ferritin has been 

identified in exosomes, it is possible that platelet-derived EVs from old-aged diabetes 

exhibit higher levels of ferritin heavy chain compared to those in control subjects. 

Consequently, these EVs may transfer their cargo, including ferritin heavy chain, to 

platelets, offering another potential explanation for the elevated ferritin levels observed in 

platelets from old-aged diabetes. 

 

Endophilin A2 

Endophilin A2 and B2, members of the endophilin protein family, have the potential to 

influence cargo uptake and receptor trafficking in platelets. Endophilin A2 has a higher 

copy number compared to endophilin B2. Both endophilin A2 and B2 participate in the 

uptake of cargo through clathrin-mediated endocytosis. In platelets, endocytosis plays a 

crucial role in loading specific cargo, including fibrinogen, into α-granules. Moreover, the 

process of endocytosis can have implications for thrombosis by affecting proteins such as 

αIIbβ3 [274]. The increased expression of endophilin A2 in platelets from old-aged 

diabetes compared to controls has not been investigated. However, if endophilin A2 

levels are elevated in these platelets (Figure 8A), it could potentially impact the content of 

alpha granules, including fibrinogen. Consequently, platelet activation in diabetes may 

trigger the release of stored fibrinogen, enabling its involvement in the formation of a 

fibrin clot at the site of vascular injury. This, in turn, can contribute to platelet 

aggregation and thrombus formation. 

 

ATPase secretory pathway Ca2+ transporting 1 

ATPase secretory pathway Ca2+ transporting 1 (ATP2C1) is a protein found on the Golgi 

apparatus that plays a role in Ca2+/Mn2+ transport [275], as well as in membrane 

trafficking. A previous study demonstrated that a deficiency of ATP2C1 disrupts the 
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secretory pathways. Platelets contain both ATP2C1 RNA and protein. While platelets are 

known to release ATP2C1, it has been observed that this release is diminished when 

platelets interact with E. coli strains K12 and O18:K1. In the presence of bacteria, the 

diminished levels of ATP2C1 RNA within platelets, as well as the decreased ATP2C1 

protein levels in the supernatant, suggest that there might be an active translation of 

ATP2C1 protein and its subsequent retention within the platelets [276]. Except for its role 

as a defense mechanism against E. coli, the role of platelet-derived ATP2C1 protein 

remains poorly investigated. Increased expression of ATP2C1 has been observed in 

platelets from old-aged diabetes compared to controls (Figure 8A). Chronic low-grade 

inflammation and oxidative stress associated with diabetes may influence the expression 

of ATP2C1 in platelets, suggesting that ATP2C1 may serve as a defense mechanism in 

this group. Additionally, ATP2C1 is involved in the transport of Ca2+ and Mn2+, which 

may potentially impact cytosolic Ca2+ levels in platelets. Further investigation is 

necessary to clarify the precise role of this protein in platelets from old-aged diabetes. 

 

5.3. Plasma-derived Extracellular Vesicles  
 

Plasma-derived EVs are released into the circulation by various cell types, such as 

platelets, erythrocytes, and endothelial cells [277], and play a crucial role in various 

physiological and pathophysiological processes, including T1DM [278], and T2DM 

[279]. Plasma-derived EVs are particularly important in mediating thrombotic events, 

inflammation, endothelial dysfunction [280], and vascular complications associated with 

diabetes. Additionally, during both healthy and diseased conditions, EVs play a crucial 

role in facilitating cell communication. Specifically, the release of the majority of EVs 

occurs when platelets are activated or during the process of aging [281].  

Based on the obtained data, there was a significant increase in platelet aggregation when 

exposed to plasma-derived diabetic EVs in the presence of platelet agonists (thrombin and 

collagen), compared to plasma-derived control EVs (Figure 10). Increased platelet 

aggregation can be attributed, at least in part, to the increased phosphorylation of tyrosine 

residues caused by diabetic EVs (Figure 11). Considering that phosphorylation of tyrosine 

residues in platelet proteins can activate various signaling pathways involved in platelet 

aggregation [236], it is possible that the EVs proteome in diabetes directly affects platelet 
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activation and aggregation through factors like phosphatases and kinases, or indirectly 

influences the phosphorylation of tyrosine residues. By analyzing the protein composition 

of plasma-derived EVs obtained from both diabetic and healthy individuals, we can gain a 

better understanding of the proteins involved in platelet activation and aggregation, 

thrombus formation, and the pathophysiology of diabetes-associated complications, such 

as CVDs. Furthermore, this study can contribute to the advancement of targeted 

therapeutic strategies that aim to modulate platelet activation in diabetes patients. 

 

5.3.1. Plasma-derived Extracellular Vesicles Proteome in Middle-
Aged Diabetics versus Healthy Controls 

 

Protein disulfide-isomerase A3  

Protein disulfide isomerase (PDI) consists of four main domains (a, b, b', and a') along 

with an acidic C-terminal extension and an x-linker sequence. The substrate binding b' 

domain of PDI is crucial for its interaction with αIIbβ3 on platelets, while a, and a' 

domains contribute to efficient binding. Within a' domain, the C-terminal CGHC active 

site motif plays a role in activating the platelet αIIbβ3 integrin, which is necessary for 

platelet aggregation and accumulation in vivo [282]. Protein disulfide-isomerase A3 

(PDIA3) is a member of the PDI family [283]. PDIA3, primarily found in ER [284], and 

plays a role in a wide range of physiological and pathological processes. It is expressed in 

various cell types, such as neuronal cells, immune cells, and certain cancer cells [285], 

[286], [287]. Furthermore, it can be released from platelets and translocate to the cell 

surface after activation. It is known that platelet-derived PDIA3 exhibits a direct 

interaction with the αIIbβ3 receptor during its activation, playing a crucial role in 

facilitating the incorporation of platelets into a developing thrombus. Additionally, 

platelet-derived microparticle fractions contain PDIA3, indicating its potential role in 

regulating coagulation and platelet function [288], [289]. Activation of platelet GPVI can 

enhance the release of PDIA3 from platelets [290]. Furthermore, the administration of 

catalytically inactive PDIA3 in mice increased tail bleeding time, indicating the potential 

involvement of circulating or intravascular PDIA3 in the process of hemostasis [291]. 

Previous study indicated that the secretion of PDIA3 from vascular cells is essential for 

complete thrombus formation in vivo [292]. PDIA3 is an essential component of the 
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peptide loading complex, which is necessary for presenting antigens through MHC Class 

I molecules [293]. Consequently, PDIA3 plays a role in adaptive immunity [294]. In the 

obtained data, the proteome of plasma-derived EVs from middle-aged individuals with 

diabetes showed significant downregulation of PDIA3 compared to healthy controls 

(Figure 13A). Additionally, PDIA3 is found to be significantly enriched in the immune 

system and adaptive immune system (Figure 13C). The decreased expression of PDIA3 in 

the plasma-derived EVs proteome of middle-aged individuals with diabetes, compared to 

healthy controls, may serve as a compensatory mechanism and reduce the risk of 

thrombus formation in this group.  It is important to further investigate the role of PDIA3 

in platelet activation as it can be released from diverse cell types. 

 

Bridging integrator 2 

The BIN (bridging integrator) family has been associated with diverse cellular functions, 

such as membrane dynamics, actin cytoskeleton organization, cell cycle regulation, and 

tumor suppression. Bridging integrator 2 (BIN2) is one of the isoforms within the BIN 

family [295]. Bin2 expression has been observed in both myeloid and lymphoid lineages, 

indicating its potential involvement across all types of leukocytes. It influences key 

aspects of leukocyte function, including podosome formation, cellular motility, and 

phagocytosis [296]. In platelets, BIN2 is primarily localized in the cytoplasm and 

regulates Ca2+ signaling through direct or indirect interactions with both STIM1 and 

IP3R. Deletion of BIN2 in platelets led to the diminished release of Ca2+ from 

intracellular stores and reduced Ca2+ influx in response to various platelet agonists. These 

included GPCR agonists such as ADP, thrombin, and the stable TxA2 analog U46619, as 

well as (hem)ITAM-dependent agonists that act on GPVI, such as CRP and convulxin 

(CVX), and on CLEC-2, such as rhodocytin (RC). Notably, platelets lacking BIN2 

exhibited significantly diminished aggregation responses compared to wild-type (WT) 

platelets when stimulated with (hem)ITAM-dependent agonists targeting GPVI (CVX) 

and CLEC-2 (RC). However, there were no discernible differences in platelet aggregation 

between the two groups when stimulated with GPCR agonists such as thrombin, ADP, 

and U46619, or the combination of ADP/U46619. Additionally, deficiency of BIN2 in 

platelets leads to impaired formation of thrombi under flow and provides significant 

protection against arterial thrombosis [295]. BIN2 has not been reported in extracellular 
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vesicles and also in diabetes patients. The low level of BIN2 in plasma-derived diabetes 

EVs compared to plasma-derived control EVs (Figure 13A) may have several reasons: 1) 

Low expression of BIN2 from their origin cells 2) Differential packaging of BIN2 from 

their origin cells into EVs 3) Cellular stress and inflammation. Given that individuals with 

diabetes face an increased risk of oxidative stress and inflammation, these conditions can 

affect protein stability and their release from cells. The low level of BIN2 in plasma-

derived diabetes EVs compared to plasma-derived control EVs may work as a 

compensatory mechanism to reduce thrombosis in this group. 

 

Progranulin 

Progranulin (PGRN) is extensively present in a range of cell types, including 

hematopoietic cells, T cells, dendritic cells, and chondrocytes. It serves various functions 

including the regulation of neuropathology, promotion of cancer cell proliferation, 

involvement in immune responses against infections, and facilitation of the wound 

healing process [297], [298], and antiplatelet and anticoagulant properties. The 

antiplatelet and anticoagulant properties of progranulin may play a significant 

physiological role in providing protection against thrombotic disorders linked to obesity 

and atherosclerosis [299]. Elevated levels of plasma progranulin have been observed in 

individuals with T2DM and obesity [300]. Moreover, serum levels of PGRN were 

significantly higher in T2DM patients with microvascular complication [301]. In 

streptozotocin-induced diabetic mice, a decrease in PGRN levels has been observed in 

kidney samples compared to healthy controls. Additionally, PGRN deficiency increased 

mitochondrial dysfunction in podocytes from diabetic mice. In vitro, the addition of 

recombinant human PGRN (rPGRN) was found to reduce high glucose-induced 

mitochondrial dysfunction in podocytes. These findings suggest that progranulin plays a 

role in regulating mitochondrial homeostasis, and this could have therapeutic potential for 

the treatment of DN [302]. Another study indicated that PGRN is primarily released in its 

N-glycosylated form, in association with exosomes. However, in the case of the 

progranulin gene (GRN) mut human fibroblasts, there is a significant decrease in the 

amount of exosomal progranulin released [303]. A previous finding indicated that Grn-/- 

mice exhibited higher levels of brain EVs and distinct protein compositions within these 

EVs in an age-dependent manner compared to wild-type mice [304]. Taking into 
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consideration that T2DM patients exhibit elevated levels of larger circulating EVs, the 

diminished presence of PGRN in plasma-derived diabetes EVs (Figure 13A) may increase 

the risk of thrombus formation, and may attribute to a decreased expression of this protein 

in the originating cells. Consequently, this may influence the size of EVs released from 

various cell types in diabetes patients, providing a possible explanation for the larger EVs 

observed in this group. 

 

Ras-related C3 botulinum toxin substrate 2  

Ras-related C3 botulinum toxin substrate 1 (Rac1) GTPase and Ras-related C3 botulinum 

toxin substrate 2 (Rac2) GTPase play distinct and crucial roles in intracellular signaling 

pathways downstream of H4 receptor-PI3K in histamine-induced chemotaxis of mast 

cells. Herein, the downregulation of Rac1 resulted in a reduced response in calcium 

mobilization, whereas the downregulation of Rac2 led to a diminished response in ERK 

activation [305]. Another research study provided evidence that Rac2 is a crucial 

regulator responsible for the activation of neutrophil NADPH oxidase, acting downstream 

of chemoattractant and Fcgamma receptors [306]. The involvement of RAC2 in 

extracellular vesicles has been reported. Liu et al. proposed that RAC2 levels are 

upregulated in exosomes derived from mesenchymal stem cells obtained from both 

umbilical cord and adipose tissue [307]. The involvement of Rac2 in vascular oxidative 

stress and inflammation in diabetes patients is suggested. Treating diabetic mice with 

atorvastatin reduces the activation of Rac1/2 and Nox, leading to a decline in vascular 

oxidative stress and inflammation [308]. The Rac2 GTPase, which represents the active 

form of Rac2, contributes to cathepsin H-mediated protection against cytokine-induced 

apoptosis in insulin-secreting cells. This protective effect was abolished when Rac2 was 

knocked down. These findings suggest that Rac2 could be a potential candidate gene 

associated with the development of T1DM [309]. RAC2 plays a crucial role in regulating 

the dynamic organization of focal adhesions and is associated with cancer cell migration 

[310]. In the obtained data, Rac2 shows significant downregulation in plasma-derived 

diabetes EVs compared to plasma-derived control EVs (Figure 13A). Additionally, it 

plays a role in the chemokine signaling pathway and focal adhesion (Figure 13C). While 

Rac2 expression is limited to hematopoietic cells [311], it has not been detected in 

platelets. The decreased levels of RAC2 in plasma-derived diabetes EVs may serve as a 
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compensatory mechanism to reduce vascular oxidative stress and inflammation in 

diabetes patients. However, it remains to be investigated whether RAC2 present in 

plasma-derived EVs can impact platelet reactivity. For example, RAC2 may influence 

NADPH activation in platelets through cargo transfer or binding to platelet receptors. 

 

Rho-associated protein kinase 2 

ROCK2, a specific isoform of Rho-associated coiled-coil containing kinase (ROCK), has 

a crucial role in platelet activation and thrombus formation. The lack of ROCK2 in 

platelets results in decreased binding of αIIbβ3 integrin to fibrinogen and reduced 

expression of P-selectin. As a result, platelets lacking ROCK2 form significantly fewer 

aggregates with both leukocytes and other platelets, compared to WT platelets. In the 

ferric chloride-induced carotid artery injury model, it was observed that the selective 

absence of ROCK2 in platelets resulted in decreased thrombus formation at the site of 

injury [312]. The involvement of ROCK2 in mediating lysophosphatidic acid-induced 

monocyte migration and monocyte adhesion to endothelial cells underscores its critical 

function as a regulator of endothelial inflammation. Therefore, targeting endothelial 

ROCK2 can be a promising candidate for attenuating atherosclerosis [313]. The 

involvement of ROCK2 in the shedding of microparticles from endothelial cells has been 

reported elsewhere [314]. Patients with poorly controlled diabetes exhibit elevated ROCK 

activity in their platelets [315]. Another study indicated an increased ROCK activity in 

T2DM [316]. ROCK2 is significantly downregulated in plasma-derived diabetes EVs 

compared to plasma-derived control EVs (Figure 13A). Additionally, ROCK2 is enriched 

in focal adhesion and chemokine signaling pathways (Figure 13C). Although various 

studies have indicated increased ROCK activity in diabetes patients, there is currently no 

evidence suggesting the presence of ROCK expression in EVs associated with diabetes. 

The low expression of ROCK2 in plasma-derived diabetes EVs could potentially 

attributed to the reduced expression of these proteins in their origin cells. Since ROCK2 

plays a role in EV shedding from endothelial cells, the reduced levels of ROCK2 in 

plasma-derived diabetes EVs might be due to impaired ROCK2 function in endothelial 

cells or even platelets. The impact of ROCK2 in plasma-derived EVs on platelet function 

remains to be elucidated. It is possible that the decreased levels of ROCK2 in diabetes 
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EVs act as a compensatory mechanism to reduce the risk of thrombus formation in this 

group. 

 

Reelin 

Reelin is a glycoprotein that is predominantly located in the extracellular matrix. It is 

produced by Cajal-Retzius cells during brain development and plays a vital role in 

controlling neural migration and the maturation of dendritic spines. Additionally, Reelin 

can be detected in other tissues, including blood [317], [318]. Reelin can be found in 

various cell types such as platelets. The interaction between extracellular Reelin and 

platelets occurs through a receptor belonging to the low-density lipoprotein receptor gene 

family. This interaction facilitates platelet spreading on fibrinogen, leading to an increase 

in lamellipodia formation and bundling of F-actin. However, Reelin does not impact the 

activation of integrin αIIbβ3 or platelet aggregation induced by agonists [319]. A few 

years later, Tseng et al. proposed that the receptors known to interact with Reelin, namely 

ApoE receptor 2 (ApoER2), very low-density lipoprotein receptor (VLDLR), integrin β1, 

and platelet integrin β3, are not involved in the interaction between Reelin and platelets. 

Instead, Reelin can bind to various other molecules present on platelets, including 

phosphatidylserine (PS), phosphatidic acid (PA), cardiolipin, and to a lesser extent, 3-

sulfogalactosylceramide. Additionally, Reelin can interact with coagulation factors such 

as thrombin and FXa. Reelin-deficient mice exhibited a significant increase in both the 

duration of bleeding and the rate of rebleeding [320]. Moreover, Reelin protects mice 

against arterial thrombosis. Interestingly, Reelin can be secreted upon platelet activation 

and subsequently regulates platelet activation through the interaction between amyloid 

precursor protein (APP) and GPIb. This underscores Reelin's role in GPIb signaling 

[321]. Besides, Reelin interacts with GPVI, leading to the GPVI-dependent 

phosphorylation of tyrosine residues. This interaction enhances platelet binding to 

collagen, triggers RAC1 activation, facilitates PLC gamma 2 phosphorylation, and 

ultimately promotes platelet activation and aggregation [322]. A significant rise in Reelin 

expression was observed in the retinas of a mouse model with DR induced by 

streptozotocin [323]. Circulating Reelin exacerbates atherosclerosis by promoting 

vascular inflammation, whereas depletion of Reelin protects against atherosclerosis by 

reducing the adhesion of leukocytes to the blood vessels [324], [325]. It has been 
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observed that Reelin is enriched in focal adhesions (Figure 13C). Reelin shows significant 

downregulation in plasma-derived diabetes EVs compared to plasma-derived control EVs 

(Figure 13A). Furthermore, it is enriched in innate immune system. Regarding innate 

immunity, neutrophils release human neutrophil peptides (HNPs) into the extracellular 

milieu upon activation. HNPs have been implicated in endothelial dysfunction, platelet 

activation, and aggregation, and these effects were mediated by the interaction between 

the ApoER2 and its ligand, Reelin [325]. It is known that diabetes patients often exhibit 

dysregulated immune responses and increased inflammation, which can further 

exacerbate the negative consequences of HNPs on endothelial function, platelet 

activation, and aggregation. Low levels of Reelin in plasma-derived diabetes EVs may act 

as a compensatory mechanism to reduce the risk of thrombus formation in this group. 

 

Transcription factor p65  

The most prominent biological function of NF-κB is its involvement in the development 

and function of the immune system, where it regulates both innate and adaptive immune 

responses [326]. In innate immune cells, the NF-κB pathway plays a crucial role in the 

transcriptional induction of pro-inflammatory cytokines, chemokines, and other 

inflammatory mediators [327]. In adaptive immune cells, NF-κB plays a role in regulating 

lymphopoiesis, which is the process of producing lymphocytes, including B cells and T 

cells. Additionally, NF-κB is involved in the regulation of anti-apoptotic factors that are 

necessary for the survival of early lymphoid cells when faced with pro-apoptotic stimuli 

[326]. The NFκB family comprises five transcription factors: p50, p52, p65, RelB, and c-

Rel. Normally, NFκB complexes are inactive and reside in the cytoplasm, bound to 

inhibitory proteins called IκBs. NF-κB has non-genomic functions in platelets. Platelet 

activation by thrombin triggers the activation of IKK, which phosphorylates IκB, leading 

to its degradation. Consequently, Transcription factor p65 (NF-κB p65) is released from 

the IκB complex. Within the cytoplasm of platelets, NF-κB p65 can interact with other 

signaling molecules and participate in various cellular processes, such as the expression 

of p-selectin and the binding of fibrinogen to integrin αIIbβ3 [328], [329]. Not only 

thrombin but also collagen can induce NF-κB p65 phosphorylation. Auraptene reduces 

the phosphorylation of both NF-κB p65 and IκBα, thereby reversing the degradation of 

IκBα in collagen-activated platelets. This suggests that auraptene reduces the risk of 
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arterial thrombus formation by modulating the NF-κB pathway [330]. Another non-

genomic function of NF-κB p65 is the regulation of platelet responses induced by Toll-

like receptor 2 and 4 ligands. This suggested that targeting NF-κB p65 could be a 

promising approach to prevent platelet activation in inflammatory or infectious diseases 

[331]. Another study indicated that the pathway mediated by NF-κB p65 is implicated in 

the release of small EVs from senescent and proinflammatory mesenchymal stem cells 

(MSCs) [332]. In a recent study the involvement of NF-κB p65 in DN has been reported 

[333]. In the obtained data, RELA (gene name of Transcription factor p65) is significantly 

downregulated in plasma-derived diabetes EVs compared to plasma-derived control EVs 

(Figure 13A). It is enriched in different pathways, including the innate and adaptive 

immune systems, as well as the chemokine signaling pathway (Figure 13C). The exact 

mechanism by which NF-κB p65 in diabetes EVs can influence platelet reactivity remains 

unclear. However, it is possible that the lower levels of NF-κB p65 in diabetes EVs are a 

result of reduced NF-κB p65 levels in their origin cells, such as platelets. This could 

provide an additional explanation for the larger size of EVs observed in diabetes patients 

compared to healthy controls. 

 

Glycerol-3-phosphate dehydrogenase, mitochondrial 

Glycerol-3-phosphate dehydrogenase, mitochondrial (mGPDH), plays a significant role in 

regulating glucose-induced insulin secretion and has been suggested as a potential 

contributor to the pathogenesis of T2DM [334], [335]. Decreased activity of this enzyme 

has been reported in T2DM [335]. The downregulation of podocyte-dominated mGPDH 

has been indicated in the glomeruli of both patients and mice suffering from DKD and 

adriamycin nephropathy [336]. A previous study indicated that mice lacking mGPDH 

exhibited increased ER stress, hepatic steatosis, accumulation of lipid droplets, and 

increased liver weight-to-body weight ratio (LW/BW) and triglyceride (TG) content when 

compared to control mice following tunicamycin treatment [337]. Given that ER stress 

can contribute to the development of diabetes, the upregulation of mGPDH in plasma-

derived diabetes EVs compared to plasma-derived control EVs (Figure 13A) may serve as 

a compensatory response to mitigate the effects of ER stress in this group. 
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Clathrin heavy chain 1 and Sorting nexin-9 

Clathrin is a key protein present on the inner surface of certain cellular compartments 

known as coated vesicles and coated pits. These specialized compartments play essential 

roles in the intracellular trafficking of receptors and the process of endocytosis, which 

involves the uptake of various macromolecules within the cell [338]. Ma et al. suggested 

that the mRNA of clathrin heavy chain 1 (CLTC) is downregulated in peripheral blood 

mononuclear cells of patients with T2DM [339]. According to a previous study, it was 

proposed that clathrin heavy chain 1 (CHC1) has a significant function in the brain for the 

recycling of vesicles and the release of neurotransmitters at the nerve terminals of pre-

synaptic neurons [340]. Interestingly, the internalization of exosomes through clathrin-

mediated endocytosis has been reported in non-senescent bone marrow stem cells [341]. 

CLTC (the gene name of CHC1) is significantly upregulated in plasma-derived diabetes 

EVs compared to plasma-derived control EVs (Figure 13A), and it is enriched in clathrin-

derived vesicle budding (Figure 13D). The upregulation of CHC1 in diabetes EVs may 

have several reasons. First, CHC1 is likely involved in the formation of clathrin-coated 

vesicles during endocytosis in platelets or other cells. This process potentially enables 

platelets to uptake various substances, including growth factors and adhesion molecules, 

which play essential roles in platelet activation and function. Second, as mentioned 

earlier, clathrin-mediated endocytosis has been implicated in the biogenesis of specific 

EV types, such as exosomes. This could provide an additional explanation for the larger 

size of EVs in diabetes blood compared to those in healthy individuals, potentially due to 

the uptake of exosomes from platelets or other cells. Further research is required to 

determine the CHC1 function in platelet reactivity. 

Sorting nexin-9 is another protein, which is significantly upregulated in plasma-derived 

diabetes EVs compared to plasma-derived control EVs (Figure 13A), and it is enriched in 

clathrin-derived vesicle budding (Figure 13D). SNX9 consists of an amino terminus that 

includes a Src homology 3 (SH3) domain and a region with predicted low complexity. It 

also has a carboxyl-terminal part containing the phox domain. The low complexity region 

in SNX9 exhibits cooperative binding with the alpha and beta2-appendages of the adaptor 

protein complex 2 (AP-2), a crucial protein involved in the formation of clathrin-coated 

vesicles at the plasma membrane. On the other hand, dynamin-2 binds to the SH3 domain 

of SNX9 [342]. Knockdown of SNX9 using small-interfering RNA (siRNA) resulted in a 

decrease in synaptic vesicle endocytosis. It is proposed that the impact of SNX9 on 
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endocytosis is largely attributed to its interaction with dynamin 1 [343]. SNX9 facilitates 

the recruitment of dynamin to the plasma membrane and enhances its GTPase activity. 

Furthermore, SNX9 plays a crucial role in the late stages of clathrin-mediated endocytosis 

in non-neuronal cells, where it synergizes with dynamin to facilitate the formation and 

scission of the vesicle neck, which is essential for efficient membrane internalization 

[344], [345]. Another study indicated that suppression of bulge formation in adrenaline-

stimulated endothelial cells was observed when sorting nexin-9, involved in clathrin-

mediated endocytosis, was knocked down using siRNA [346]. Considering the 

involvement of SNX9 in the late stages of clathrin-mediated endocytosis in non-neuronal 

cells, it could serve as an additional reason for the larger EVs observed in diabetes 

compared to healthy individuals. 

 

Catalase 

Catalase, an enzymatic antioxidant, maintains redox balance in platelets. Platelet 

activation leads to the generation of ROS, which, in turn, increase platelet activation. 

Antioxidants mitigate ROS effects, regulate redox signaling, and exert anti-thrombotic 

effects by converting ROS into stable molecules and increasing NO production [347]. The 

activation of platelets during collagen-induced aggregation is accompanied by a rapid 

generation of hydrogen peroxide (H2O2), an oxidative compound that plays a crucial role 

in platelet activation. The production of H2O2 during collagen-induced platelet 

aggregation was found to be effectively neutralized by the presence of catalase [348]. The 

increased expression of catalase in diabetes EVs compared to control EVs (Figure 13A) 

may result from the increased oxidative stress observed in individuals with diabetes 

compared to healthy controls. This elevated catalase expression likely serves as a 

compensatory mechanism aimed at reducing ROS levels, thereby decreasing platelet 

activation, and reducing the risk of thrombus formation. 

 

Tyrosine-protein kinase JAK2, Platelet basic protein, F-actin-capping protein 

subunit beta, and vacuolar protein sorting-associated protein 45 

Tyrosine-protein kinase JAK2 is a protein involved in the activation of platelets. The 

JAK2-STAT3 pathway participates in collagen-induced platelet activation by activating 
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the JAK2-JNK/PKC-STAT3 signaling. Inhibiting JAK2 effectively reduces collagen-

induced platelet aggregation and calcium mobilization. Furthermore, it inhibits the 

phosphorylation of PLCγ2, PKC, Akt, and JNK in collagen-induced platelet aggregation 

[349]. As observed in the current study, the presence of diabetes EVs, followed by the 

addition of collagen or thrombin, significantly enhanced the aggregation of healthy 

platelets (Figure 10). Additionally, healthy platelets treated with diabetes EVs exhibited 

higher levels of tyrosine phosphorylation compared to the control group (Figure 11B). 

Based on the proteomics data, tyrosine-protein kinase JAK2 may play a role in the 

tyrosine phosphorylation of the platelet proteome when treated with diabetes EVs in the 

presence of collagen. To further validate this, the tyrosine phosphorylation of PLCγ2, 

PKC, Akt, and JNK can be investigated. The JAK/STAT pathway is proposed to 

contribute to the development and progression of DKD by influencing autophagy in 

podocytes [350]. Furthermore, the involvement of JAK2/STAT3/SOCS1 pathway has 

been reported in DKD rats [351]. Mice lacking JAK2 exhibited hemostatic defects and 

impaired thrombus formation [134]. 

Platelet basic protein (PBP) is a chemokine produced by megakaryocytes and stored in 

the alpha-granules of platelets [352], [353]. PBP is released upon platelet activation and 

acts as a chemoattractant for neutrophils and monocytes, promoting their recruitment to 

inflammation sites [354]. It is suggested that the expression of PBP and its derivatives is 

not limited to the lineage of megakaryocytic cells [355]. The function of PBP in diabetes 

patients is not clear. PBP may contribute to the inflammatory response associated with the 

disease.  Furthermore, the elevated levels of PBP in plasma-derived EVs from diabetes 

patients (Figure 13A) may indicate increased platelet activation within the diabetes group 

compared to healthy individuals. 

The function of F-actin-capping protein subunit beta (CapZ beta) in platelets is poorly 

understood, but the available information suggests that it may play a role in platelet 

function. This is demonstrated by its identification in a study analyzing the sulfenylome 

of pathogen-inactivated platelets. During platelet activation, various changes occur, 

including protein modification through post-translational modifications. Sulfenic acid 

modifications are one type of modification that can occur during platelet activation. 

Sulphenylated CapZ beta, which refers to cysteine residues of the protein oxidized to 

sulfenic acid, may be involved in the function of this protein in platelet cytoskeleton 

regulation [356]. Increased levels of CapZ beta in plasma-derived diabetes EVs compared 
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to control (Figure 13A) and its effect on platelet function may have several reasons: 

Firstly, CapZ beta might affect platelet reactivity by transferring its RNA and impacting 

cytoskeleton regulation. Secondly, the elevated level of CapZ beta in diabetes EVs could 

result from the increased CapZ beta levels in their origin cells, such as platelets, which 

may lead to platelet shape change. Thirdly, CapZ beta may undergo post-translational 

modifications, such as the oxidation of cysteine residues, which could serve as a marker 

of increased oxidative stress in diabetes compared to controls. 

Although the precise function of vacuolar protein sorting-associated protein 45 remains 

unknown, its prominent expression in peripheral blood mononuclear cells indicates its 

involvement in protein trafficking, including the transportation of inflammatory mediators 

[357]. The mutation in the VPS45 gene, which was reported in primary infantile 

myelofibrosis, causes platelet dysfunction [358]. 

Vacuolar protein sorting-associated protein 45, tyrosine-protein kinase JAK2, platelet 

basic protein, and F-actin-capping protein subunit beta are significantly enriched in the 

hemostasis pathway (Figure 13D).  

 

5.4. Platelet Soluble Fraction, along with Loosely Associated 
Membrane Proteins 

 

The findings of the platelet aggregation study revealed that treating healthy platelets with 

diabetes EVs resulted in increased tyrosine phosphorylation compared to control EVs 

(Figure 11B). This increase in tyrosine phosphorylation could be attributed to the 

presence of the protein kinase JAK2, which was found to be elevated in diabetes EVs 

compared to control EVs. In order to enhance the understanding of platelet proteins and 

their potential interaction with EVs in diabetes patients, the objective was to analyze the 

soluble fraction along with loosely associated membrane proteins in platelets obtained 

from both diabetes patients and healthy controls. The findings may contribute to the 

reduction of the risk of blood clot formation and bleeding complications in diabetes 

patients, including the investigation of proteins undergoing phosphorylation and proteins 

associated with phosphotyrosine residues. 
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5.4.1. Proteome Changes in the Soluble Fraction of Platelets, along 
with Loosely Associated Membrane Proteins, in Diabetics 
versus Healthy Controls 

 

Platelet glycoprotein Ibβ and platelet glycoprotein IX 

Platelet glycoprotein Ibβ (GPIbβ), which is a subunit of GPIb, and platelet glycoprotein 

IX (GP9) are important components of the GPIb-IX-V complex. GPIb-IX-V acts as a 

receptor for vWF. This complex is found on the surface of platelets and alpha granule 

membranes [359], [360], [361]. The binding of GPIb-IX to vWF allows platelets to 

adhere to exposed vWF on the subendothelium at sites of vascular injury, initiating the 

hemostatic process [362]. L. Springer et al. revealed that GPIbβ is significantly 

downregulated in the platelet proteome of diabetes patients compared to controls. On the 

other hand, platelet GP9 did not show significant differences in the platelet proteome 

between diabetes and controls in this study. However, after five days of platelet storage, 

both GPIbβ and GP9 were significantly upregulated in the plasma membrane of platelets 

from individuals with diabetes compared to healthy controls [363]. This upregulation 

could be attributed to platelet activation and the release of alpha granules, which may 

increase the level of platelet GP9 and GPIbβ on the surface of platelets. Another 

possibility is that the age of platelets during storage may affect the mRNA expression of 

GP9 and GPIbβ. 

Interestingly, the frequency of GPIbβ is two times higher than that of GP9 in the platelet 

GPIb-IX receptor complex [364]. This disparity might be one of the reasons why GP9 did 

not emerge as a significant protein in the results of L. Springer et al. prior to the impact of 

platelet storage. In the obtained data, GPIbβ, similar to the previous findings, was 

significantly downregulated in diabetes patients compared to controls. Surprisingly, we 

were able to identify GP9 as a significant protein between these two groups without the 

influence of platelet storage. The significant downregulation of GPIBB and GP9 in the 

platelet fraction of diabetes compared to controls (Figure 15A), which is enriched in 

platelet adhesion to exposed collagen and the hemostasis pathway (Figure 15C), may 

provide a potential explanation for bleeding complications in diabetes patients. 
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Cytoplasmic protein NCK1 

Nck is an adapter protein widely expressed in cells, composed of one SH2 domain and 

three SH3 domains [365]. The SH2 domain of Nck binds to phosphotyrosine residues on 

proteins and is involved in protein-protein interactions and signaling pathways [366]. The 

SH3 domains of Nck facilitate the formation of a local signaling scaffold by interacting 

with proteins that have proline-rich regions. This interaction brings together proteins 

responsible for cytoskeletal remodeling [367]. The role of the cytoplasmic protein NCK1 

in diabetes patients is still not fully understood. However, it is known that NCK is 

connected to misshapen/Nck-interacting kinase (NIK)–related kinase 1 (MINK1), which 

plays a role in platelet function, hemostasis, and thrombus formation [368]. The specific 

mechanisms by which NCK1 affects MINK1 in platelets require further investigation. It 

is worth noting that the increased expression of NCK1 in the platelet proteome of diabetes 

patients (Figure 15A) may potentially contribute to an elevated risk of thrombus 

formation through the involvement of MINK1. Furthermore, NCK1 exhibits a notable 

enrichment in the Y-branching of actin filaments (Figure 15D). Considering the essential 

role of the platelet cytoskeleton in maintaining the proper hemostatic function [369], the 

increased expression of NCK1 in platelet of diabetes patients may be implicated in the 

occurrence of bleeding complications in this group. 
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6. Conclusion and Outlook     
		   

This study provided valuable insights into age-related platelet activation, thrombus 

formation, and CVDs in diabetes patients. This was partially achieved by analyzing 

platelet proteins in young, middle-aged, and old individuals with diabetes and comparing 

them to healthy matched controls using bottom-up proteomics. Additionally, the study 

aimed to gain better insight into the role of plasma-derived EVs on platelet activation in 

diabetes patients by analyzing EV proteins from middle-aged diabetes patients compared 

to healthy matched controls using bottom-up proteomics. The findings of the platelet 

aggregation study revealed that treating healthy platelets with diabetes EVs resulted in 

increased tyrosine phosphorylation compared to control EVs. This increase in tyrosine 

phosphorylation could be attributed to the presence of protein kinase JAK2, which was 

found to be elevated in diabetes EVs compared to control EVs. However, other EVs 

proteins that may increase platelet activation and aggregation and thereby increase 

tyrosine phosphorylation need to be investigated. Moreover, the larger size of diabetes 

EVs may be attributed to the downregulation of progranulin, downregulation of 

transcription factor p65, upregulation of sortin nexin-9, and upregulation of clatherin 

heavy chain 1. This may highlight the importance of EV size in understanding their 

functional implications since large platelet-derived EVs have been associated with 

inflammation and thrombosis [370]. However, the role of large plasma-derived EVs in 

these processes remains unknown and requires further investigation. Additionally, 

proteome analysis of the soluble fraction along with loosely associated membrane 

proteins in platelets between two groups indicated an increased expression of cytoplasmic 

protein NCK1 in diabetes group, which may increase the risk of thrombus formation 

through the involvement of MINK1. It may also bind to phosphotyrosine residues on 

proteins and thereby play a role in platelet signaling pathway. One limitation of this study 

is that the sample size was relatively small. To confirm the findings, further studies with 

larger and more diverse populations are needed. The study also did not investigate the 

underlying mechanisms through which specific proteins in diabetes platelets and diabetes 

EVs could potentially increase platelet activation. Functional studies are necessary to 

validate the role of the identified proteins in platelet activation, aggregation, and 

thrombus formation in diabetes group. Additionally, exploring the impact of other factors, 

such as lifestyle factors and comorbidities, on platelet activation would be beneficial. 
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Moreover, investigating the potential clinical implications of the identified proteins and 

pathways as targets for preventative and therapeutic strategies in managing diabetes-

associated CVDs and thrombosis would be of interest. 
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8. Risk and safety statements 
 

Table: List of hazardous chemicals used in this study according to the Globally 

Harmonized System of Classification and Labelling of Chemicals (GHS), including GHS 

hazard and precautionary statements. 

Chemicals GHS symbol 
GHS hazard 

statement 
GHS precautionary statements 

2-Mercaptoethanol 

 

H301, H302, 
H310, H311, 
H314, H315, 
H317, H318, 
H331, H332, 
H336, H361, 
H373, H400, 

H410, and 
H411 

P203, P260, P261, P262, P264, 
P264+P265, P270, P271, P272, 

P273, P280, P301+P316, 
P301+P317, P301+P330+P331, 
P302+P352, P302+P361+P354, 
P304+P340, P305+P354+P338, 
P316, P317, P318, P319, P321, 
P330, P332+P317, P333+P313, 
P361+P364, P362+P364, P363, 
P391, P403+P233, P405, and 

P501 

2-Propanol 
 

H225, H319, 
and H336 

P210, P233, P240, P241, P242, 
P243, P261, P264+P265, P271, 

P280, P303+P361+P353, 
P304+P340, P305+P351+P338, 
P319, P337+P317, P370+P378, 
P403+P233, P403+P235, P405, 

and P501 

Acetonitrile 
 

H225, H302, 
H312, H319, 

and H332 

P210, P233, P240, P241, P242, 
P243, P261, P264, P264+P265, 
P270, P271, P280, P301+P317, 
P302+P352, P303+P361+P353, 
P304+P340, P305+P351+P338, 
P317, P321, P330, P337+P317, 

P362+P364, P370+P378, 
P403+P235, and P501 

Ammonium hydrogen 

carbonate  
H302 

 
P264, P270, P301+P317, P330, 

and P501 

Ammonium 

persulphate 

 

 H272, H302, 
H315, H317, 
H319, H334, 

and H335 

P210, P220, P261, P264, 
P264+P265, P270, P271, P272, 

P280, P284, P301+P317, 
P302+P352, P304+P340, 

P305+P351+P338, P319, P321, 
P330, P332+P317, P333+P313, 

P337+P317, P342+P316, 
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P362+P364, P370+P378, 
P403+P233, P405, and P501 

Bromophenol Blue 

 

 

H312, H319, 
and H332 

P261, P264+P265, P271, P280, 
P302+P352, P304+P340, 

P305+P351+P338, P317, P321, 
P337+P317, P362+P364, and 

P501 

 

Citric acid 

 

 

H319, and 
H335 

P261, P264+P265, P271, P280, 
P304+P340, P305+P351+P338, 
P319, P337+P317, P403+P233, 

P405, and P501 

 

Dimethyl sulfoxide 

 

 

H315, H319, 
and H335 

P261, P264, P264+P265, P271, 
P280, P302+P352, P304+P340, 
P305+P351+P338, P319, P321, 

P332+P317, P337+P317, 
P362+P364, P403+P233, P405, 

and P501 

Dithiothreitol 

 

  

H302, H315, 
H318, H319, 

and H335 

P261, P264, P264+P265, P270, 
P271, P280, P301+P317, 
P302+P352, P304+P340, 

P305+P351+P338, 
P305+P354+P338, P317, P319, 

P321, P330, P332+P317, 
P337+P317, P362+P364, 

P403+P233, P405, and P501 

Formic acid 

 

 

H314 

P260, P264, P280, 
P301+P330+P331, 

P302+P361+P354, P304+P340, 
P305+P354+P338, P316, P321, 

P363, P405, and P501 

 

Hydrochloric acid 
 

 

H314, and 
H331 

P260, P261, P264, P271, P280, 
P301+P330+P331, 

P302+P361+P354, P304+P340, 
P305+P354+P338, P316, P321, 
P363, P403+P233, P405, and 

P501 

Indomethacin 

 

H300, H301, 
H317, H318, 
H335, H336, 
H360, H373, 

and H413 

P203, P260, P261, P264, 
P264+P265, P270, P271, P272, 

P273, P280, P301+P316, 
P302+P352, P304+P340, 

P305+P354+P338, P317, P318, 
P319, P321, P330, P333+P313, 
P362+P364, P403+P233, P405, 

and P501 

 

Iodoacetamide 

 

H301, H317, 
H334, and 

H413 

P261, P264, P270, P272, P273, 
P280, P284, P301+P316, 

P302+P352, P304+P340, P321, 
P330, P333+P313, P342+P316, 

P362+P364, P405, and P501 
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Methanol 

 

H225, H301, 
H311, H331, 

and H370 

P210, P233, P240, P241, P242, 
P243, P260, P261, P264, P270, 

P271, P280, P301+P316, 
P302+P352, P303+P361+P353, 
P304+P340, P308+P316, P316, 

P321, P330, P361+P364, 
P370+P378, P403+P233, 

P403+P235, P405, and P501 

 

Prostaglandin E1 

 

 

 
H301, and 

H361 

 
P203, P264, P270, P280, 

P301+P316, P318, P321, P330, 
P405, and P501 

 

Sodium chloride  
H319 

P264+P265, P280, 
P305+P351+P338, and 

P337+P317 

 

Sodium deoxycholate  

H302, H315, 
H319, and 

H335 

P261, P264, P264+P265, P270, 
P271, P280, P301+P317, 
P302+P352, P304+P340, 

P305+P351+P338, P319, P321, 
P330, P332+P317, P337+P317, 
P362+P364, P403+P233, P405, 

and P501 

 

Sodium dodecyl 

sulfate 
 

H228, H302, 
H315, H318, 
H319, H332, 

H335, and 
H412 

P210, P240, P241, P261, P264, 
P264+P265, P270, P271, P273, 
P280, P301+P317, P302+P352, 
P304+P340, P305+P351+P338, 
P305+P354+P338, P317, P319, 

P321, P330, P332+P317, 
P337+P317, P362+P364, 

P370+P378, P403+P233, P405, 
and P501 

 

Sodium hydroxide  
H314 

P260, P264, P280, 
P301+P330+P331, 

P302+P361+P354, P304+P340, 
P305+P354+P338, P316, P321, 

P363, P405, and P501 

Tetramethylethylened

iamine 

 

H225, H302, 
H314, and 

H332 

 
P210, P233, P240, P241, P242, 
P243, P260, P261, P264, P270, 

P271, P280, P301+P317, 
P301+P330+P331, 
P302+P361+P354, 

P303+P361+P353, P304+P340, 
P305+P354+P338, P316, P317, 
P321, P330, P363, P370+P378, 

P403+P235, P405, and P501 
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R script for imputing missing data using a randomForest approach 

 

#Load libraries  

library(randomForest) 

library(openxlsx) 

library(readxl) 

data <- read_excel(file.choose ()) 

#load my data /transfer it to matrix 

data<-readWorkbook("……",rowNames = TRUE) 

datamatrix<-as.matrix(data) 

 

#Impute with 100 Trees  

RFimputedspikein<-rfImpute(datamatrix,y=NULL,iter=10, ntree=1000) 

#Create an output 

library(MASS) 

write.table(RFimputedspikein, file = "……", append = FALSE, quote = TRUE, sep = " ", 

            eol = "\n", na = "NA", dec = ".", row.names = TRUE, 

            col.names = TRUE, qmethod = c("escape", "double"), 

            fileEncoding = "") 
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Table 8: List of significantly dysregulated proteins from the platelet proteome of 
young individuals with diabetes compared to healthy sex- and age-matched controls 
(p-value < 0.05). Significantly downregulated proteins (at least 1.5-fold less abundant) 
are shown in blue, and significantly upregulated proteins (at least 1.5-fold more abundant) 
are shown in red. 
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Table 9: List of significantly dysregulated proteins from the platelet proteome of 
middle-aged individuals with diabetes compared to healthy sex- and age-matched 
controls (p-value < 0.05). Significantly downregulated proteins (at least 1.5-fold less 
abundant) are shown in blue, and significantly upregulated proteins (at least 1.5-fold more 
abundant) are shown in red. 
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       9. Appendix 

 141 

Table 10: List of significantly dysregulated proteins from the platelet proteome of 
old-aged diabetes compared to healthy sex- and age-matched controls (p-value < 
0.05). Significantly downregulated proteins (at least 1.5-fold less abundant) are shown in 
blue, and significantly upregulated proteins (at least 1.5-fold more abundant) are shown in 
red. 
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Table 11: List of significantly dysregulated proteins from plasma-derived EVs 
proteome of middle-aged individuals with diabetes compared to healthy sex- and 
age-matched controls (p-value < 0.05). Significantly downregulated proteins (at least 
1.5-fold less abundant) are shown in blue, and significantly upregulated proteins (at least 
1.5-fold more abundant) are shown in red. 
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Table 12: List of significantly dysregulated proteins from the platelet soluble 
fraction, along with loosely associated membrane proteins from diabetes platelets 
compared to healthy controls (p-value < 0.05). Significantly downregulated proteins (at 
least 1.5-fold less abundant) are shown in blue, and significantly upregulated proteins (at 
least 1.5-fold more abundant) are shown in red. 

 

 

 

 



       9. Appendix 

 144 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



       10. Acknowledgment 

 145 

 

10. Acknowledgment 
 

I want to say thank you to everyone who helped me complete this thesis successfully. 

Firstly, I would like to give my thanks and highest respect to Prof. Dr. Hartmut Schlüter 

for affording me the opportunity to complete my Ph.D. thesis in his lab, with his direct 

supervision and support during my work. 

Furthermore, I would like to acknowledge my co-supervisor, Dr. Hannah Voß, who has a 

shining example of a knowledgeable scientist. I am truly thankful for her guidance in both 

lab work and writing. Additionally, I would like to thank my previous co-supervisor, Dr. 

Giordano Pula, for his help and initial supervision. 

I also extend my gratitude to the members of the Institute for Clinical Chemistry and 

Laboratory Medicine at UKE for sharing their scientific knowledge and creating a 

friendly working environment. A special thanks to Dr. Nina Wolska for guiding me 

through essential experimental techniques during my initial lab period. 

I would like to express my appreciation to all of Prof. Schlüter's lab members for their 

friendly support. Dr. Maria Riedner, Manuela Moritz, Bente Siebels, Bojia Peng, and 

Thomas Mair, your guidance has been invaluable. 

Moreover, I extend my sincere thanks to Dr. Pia Roser and Dr. Salma Wollin for 

generously providing the clinical samples essential to my research. 

Last but not least, I would like to thank my parents and my brother, Koosha, for always 

supporting me in both my personal life and studies. 



       11. Declaration 
 

 146 

11. Declaration 
 

Declaration on oath 

I hereby declare that this thesis has been generated by me from my own research and 

experiments. I have not used other than the acknowledged resources and aids. The 

submitted written version corresponds to the version on the electronic storage medium. 

Furthermore, I assure that this work has not been submitted elsewhere as a thesis. 

 

Eidesstattliche Versicherung 

Hiermit erkläre ich, dass ich diese Arbeit eigenständig anhand meiner eigenen Forschung 

und Experimente verfasst habe. Ich habe keine anderen als die anerkannten Quellen und 

Hilfsmittel verwendet. Die eingereichte schriftliche Version entspricht der Version auf 

dem elektronischen Speichermedium. Weiterhin versichere ich, dass diese Arbeit noch 

nicht an anderer Stelle als Abschlussarbeit vorgelegen hat. 

 

 

 

 

      Hamburg, 24.11.2023                                           Rosa Haghiri Limoudehi 

      Place and Date Signature 

 

 
 

 

 


