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Abstract: This review will provide an overview of what is currently known about mechanisms
linking poor glycaemic control with increased thrombotic risk. The leading causes of death in people
with diabetes are strokes and cardiovascular disease. Significant morbidity is associated with an
increased risk of thrombosis, resulting in myocardial infarction, ischaemic stroke, and peripheral
vascular disease, along with the sequelae of these events, including loss of functional ability, heart
failure, and amputations. While the increased platelet activity, pro-coagulability, and endothelial
dysfunction directly impact this risk, the molecular mechanisms linking poor glycaemic control with
increased thrombotic risk remain unclear. This review highlights the complex mechanisms under-
lying thrombosis prevalence in individuals with diabetes and hyperglycaemia. Post-translational
modifications, such as O-GlcNAcylation, play a crucial role in controlling protein function in diabetes.
However, the role of O-GlcNAcylation remains poorly understood due to its intricate regulation and
the potential involvement of multiple variables. Further research is needed to determine the precise
impact of O-GlcNAcylation on specific disease processes.
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1. Introduction

Diabetes is a chronic metabolic disease characterised by elevated levels of blood
glucose due to the body’s impaired ability to produce or respond to the hormone insulin.
The number of adults living with diabetes is estimated to be over 420 million, with its
prevalence predicted to increase to become the seventh leading cause of global deaths by
2030. The majority of those with a diagnosis of diabetes have type 2 diabetes mellitus
(T2DM) [1]. Evidence has shown that the NHS spends around GBP 10 billion a year
on diabetes care, equating to around 10% of the entire budget [2]. As the incidence
of T2DM is projected to increase significantly over the next 10–15 years, the effective
prevention and management of diabetes pose a significant challenge for health and social
care systems under increasing pressure from an ageing population in which it is a common
co-morbidity [3].

People with diabetes have a 2–4-fold increased risk of developing cardiovascular dis-
ease (CVD) and stroke. Approximately 80% of people with diabetes will die of atherothrom-
botic CVD [4], including major cardiovascular events (MACE), such as acute myocardial
infarction (MI) and ischaemic stroke, occurring when platelets aggregate at sites of blood
vessel damage to form blood clots, interrupting blood flow and causing tissue hypop-
erfusion. Poor glycaemic control is known to lead to adverse cardiovascular outcomes,
including the increased risk of thrombosis [5].

Multiple mechanisms contribute to the increased risk of thrombosis in diabetes, in-
cluding activation of coagulation pathways, endothelial dysfunction, and alteration of
signalling pathways, leading to an increase in the adhesion, activation, and aggregation of
platelets [6]. While high blood glucose can predict susceptibility to CVD, direct mechanisms
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linking high blood glucose levels associated with poorly controlled diabetes with increased
platelet aggregation are unclear.

Hyperglycaemia, a major feature used to determine poor diabetic control, is the main
focus of improving clinicians’ management. Rather than a single glucose measurement, the
focus has moved to measuring glycated haemoglobin levels (HbA1c), which gives an aver-
age blood glucose reading over the life cycle of the red blood cell—usually 8–12 weeks [7].
A person can be diagnosed as having diabetes with an HbA1c level of ≥48 mmol/mol.
There is no specific definition of what constitutes “poor control” of diabetes. An HbA1c
of >63.9 mmol/mol (8% DCCT, average blood glucose 10.1 mmol/L) is generally used in
the USA [8], whereas >53 mmol/mol (7% DCCT, average blood glucose 8.6 mmol/L) is
suggested by The National Institute for Health and Care Excellence (NICE) [9]. Targets are
based on appropriateness, judged by individual assessment and by weighing up individual
risks, particularly of hypoglycaemia.

Antiplatelet medications remain the mainstay of treatment strategies for both primary
and secondary prevention of MACE. Despite guidelines detailing when these drugs should
be utilised in diabetes, eligible subjects often miss out on these important medications with
the potential for devastating results [10]. With regards to surgical intervention for MACE,
such as coronary artery bypass surgery, it has been shown in large studies that both short
and long-term outcomes are worse in those with diabetes [11].

In this review, we will evaluate mechanisms thought to increase the risk of thrombotic
events in diabetes. By recognising new modifications, we may be able to develop targeted
medicines to reduce CVD and MACE in people with diabetes whilst minimising side effects.

2. Mechanisms Influencing Thrombosis
2.1. Endothelial Dysfunction

Endothelial cells, which line the lumen of all blood vessels, act as a cellular monolayer
between the blood and underlying vascular smooth muscle cells. The endothelium has a
critical role in homeostasis, regulating blood flow by undergoing vasodilation and vasocon-
striction, preventing blood loss as well as having pro and anti-inflammatory effects. An
imbalance in any of these factors triggers a shift in endothelial cells from a predominantly
anti-inflammatory and anti-thrombotic phenotype to a dysfunctional pro-inflammatory
and pro-thrombotic one [12].

Hyperglycaemia causes oxidative stress, resulting in raised levels of glycated proteins
and lipids (Figure 1). Advanced glycated end products (AGEs) are proteins or lipids that
become glycated and oxidised through a non-enzymatic reaction with glucose or other
glycating compounds, such as 3-deoxyglucosone, methylglyoxal, and glyoxal, produced
from an increase in fatty acid oxidation [13,14]. This post-translational modification can
disrupt the normal functioning of biological processes and is associated with many diseases,
including diabetes [15]. Increased levels of AGE and the subsequent modifications of
proteins are known to not only play a causative role in cardiovascular complications, such
as atherosclerosis and peripheral vascular disease [16], in diabetes but also correlate with
the severity of diabetic complications [17].

Damage as a result of AGE modification can occur in multiple ways—by altering the
specific function of a protein, modifying the extracellular matrix, resulting in an interac-
tion with matrix receptors on the surface of vascular endothelial cells, and also binding
to AGE receptors (RAGE) on macrophages and endothelial cells [14]. RAGE activation
results in the activation of multiple transcription pathways, including transcription factor
nuclear factor-κB—a universal transcription factor involved in inflammatory and immune
responses, which ultimately results in the upregulation of inducible nitric oxide synthase
(iNOS) [15,18]. RAGE activation on vascular endothelial cells triggers activation of the
coagulation pathway, pro-inflammatory cytokines (such as interleukin-1, interleukin-6, and
tumour necrosis factor-alpha), which induce endothelial tissue factor, and the chemokine
monocyte chemoattractant protein-1 [19,20].
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Medications used to improve blood glucose control improve outcomes in people with
diabetes. Metformin works by not only improving glycaemic control by improving the
body’s response to glucose but also inhibiting AGE formation in renal tubular cells [21,22].
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Figure 1. The Maillard reaction. Formation of AGE by the Maillard reaction. It involves a highly
intricate process wherein reducing sugars and proteins react under the influence of heat. The Maillard
reaction initiates with the interaction of a reducing sugar and an amine, resulting in the formation
of glycosylamine. These compounds then undergo Amadori rearrangement to yield a derivative of
amino deoxy fructose. The reaction is ongoing, generating highly reactive intermediate substances
that ultimately convert glucose molecules to AGE. (Figure adapted from [23]).

2.2. Oxidative Stress

Oxidative stability is the balance between the rate of free radical formation and
elimination and is important in healthy individuals. A decrease in the elimination or an
increase in the production results in free radicals and subsequent tissue damage termed
oxidative stress [24].

Reactive oxygen species (ROS) are produced during reduction–oxidation reactions in
the progression from O2 to H2O. The superoxide anion (O2•−) influences vascular function
and serves as a precursor to most other ROS. Superoxide dismutase (SOD) catalyses the
conversion of O2•− into hydrogen peroxide (H2O2) by partitioning. Partial reduction of
H2O2 forms hydroxyl radicals (OH•). Catalase and glutathione peroxidase (GPx) fully re-
duce H2O2 to H2O. Myeloperoxidase (MPO) metabolism of H2O2 produces a hypochlorous
acid [25].

In diabetes, oxidative stress is thought to be a major contributor to the development
of diabetic complications due to the increased production of free radicals in states of
hyperglycaemia [26]. The link between hyperglycaemia-induced oxidative stress and
complications in diabetes is complex, and four hypotheses have been suggested to explain
this: increased polyol (sorbitol) pathway flux, increased AGE formation, activation of
protein kinase C (PKC) isoforms, and increased hexosamine pathway flux (Figure 2) [27–29].

Glycaemic variability has also been shown to increase morbidity by increasing the risk
of diabetic complications, which may not be apparent when looking at overall diabetes
control using current methods, such as HbA1c monitoring [30,31]. These intermittent
swings of high glucose have been shown to cause an increase in oxidative stress and
endothelial dysfunction.

Overall, glycaemic control seen in poorly controlled diabetes (including hypergly-
caemia and glycaemic variability) leads to an increase in ROS and suppression of host
antioxidant defence systems (Figure 3) [28].
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The disruption in oxidative equilibrium is believed to contribute to nervous degen-
eration, leading to peripheral diabetic neuropathy [32]. Damage to DNA from oxidative
stress prompts excessive activation of the nuclear enzyme poly (ADP-ribose) polymerase-1
(PARP-1). A study conducted by Obrosova et al. (2009) demonstrated that inhibiting PARP
alleviated dysfunction and degeneration in small sensory nerve fibres [33].
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Figure 3. Hyperglycaemia and subsequent effects on the endothelium. The consequences of hyper-
glycaemia and insulin resistance, as seen in T2DM, on oxidative stress and subsequent endothelial
damage. (Figure adapted from [34]).

2.3. Platelet Hyperactivity

Platelet hyperactivity is detectable in diabetes well before any vascular changes
occur [35]. Platelets isolated from patients with diabetes are known to have higher
rates of aggregation than those without diabetes when exposed to low concentrations
of pro-thrombotic agonists, such as collagen, ADP, and thrombin [36,37]. The consump-
tion of platelets by aggregation results in an accelerated production of more reactive
platelets. This acceleration of platelet turnover subsequently results in higher levels of
larger, hyper-reactive, reticulated platelets [38,39]. There is also increased potential for
aggregation due to the release from alpha-granules of serotonin and the C-X-C chemokine
beta-thromboglobulin and increased production of thromboxaneA2. This lowers the thresh-
old for platelet activation, possibly explaining why there is an increased incidence of
thrombosis and vascular dysfunction [40].
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Various adhesion molecules are involved in platelet activation and atherosclerosis, and
accelerated atherosclerosis is the main underlying factor contributing to the high risk of
atherothrombotic events in patients with diabetes mellitus. Specific adhesion molecules are
involved in acute platelet activation; CD62P is found on the surfaces of activated endothelial
cells and activated platelets and functions as a cell adhesion molecule. CD36, a receptor
for thrombospondin-1, functions as a suppressor of angiogenesis [41]. CD31, also known
as platelet-endothelial cell adhesion molecule-1, acts as both an adhesive and a signalling
protein [42]. They are stored in granules and rapidly mobilised from intracellular membrane
stores to the cell surface, where they can then interact with binding partners in acute platelet
activation [43–46]. Elevated levels of platelets CD62P and CD63 have been described in
people with type 1 and type 2 diabetes [47,48] and were significantly higher in people
with long-term complications of diabetes, such as diabetic nephropathy [46]. The role of
CD31 in platelets remains unclear [45], but there has been a hypothesised link between
thrombosis and inflammation [44,49]. Other adhesion molecules, such as CD36 and CD49b,
are constitutively expressed on the platelet surface, and their expression increases in chronic
metabolic dysfunction, as seen in obesity, insulin resistance, and atherosclerosis [50–53].
Generally, improved control of glycaemia leads to a reduction in the expression of platelet
activation markers CD31, CD49b, CD62P, and CD63 in people with T2DM. This beneficial
effect may play a role in the strong association between improved metabolic control and
reduced development of diabetic complications [48].

Oxidised low-density lipoprotein (OxLDL) influences the function of platelets through
mechanisms that go further than direct activation. It has been shown that both aggregated
platelets and platelets in whole blood continue to produce ROS in response to OxLDL.
Platelets are targeted by ROS as well as being a source, and the role of ROS is essential
for regulating activation and aggregation [54]. Studies have shown that OxLDL and its
ligation to CD36 increases ROS in platelets. This pathway may result in unwanted platelet
activation [55]. CD36 is a membrane glycoprotein expressed on the surface of macrophages,
endothelial cells, and platelets. On macrophages, CD36 is involved in the formation of
atherosclerotic lesions through its interaction with OxLDL. Macrophages differentiate
during atherosclerosis into foam cells. Foam cells formed by LDL-saturated macrophages
and subsequent cell death of macrophages occur at the site of fatty streaks, which are present
during the early stages of atherosclerotic plaque development. This process causes the
progression of atherosclerosis and the development of unstable plaques that are more liable
to rupture [56]. Inflammation caused by foam cells causes arterial narrowing, resulting
in established vascular disease. It has also been found that CD36 deficiency reduces
atherosclerotic lesion formation [57]. Platelet CD36 promotes atherosclerotic inflammatory
processes and is involved in further thrombus formation following atherosclerotic plaque
rupture [58].

Acute hyperglycaemia also results in increased activation of platelets, with high
levels of P-selectin and other soluble markers of platelet activation observed. This may be
responsible for the precipitation of acute adverse cardiovascular events, such as MI, and
also stresses the importance of effective management of hyperglycaemia in acute vascular
events [59,60].

Studies have shown that an improvement in blood sugar control, proven by reduced
levels of HbA1c following treatment with oral hypoglycaemic agents and/or insulin,
results in a significant decrease in levels of the platelet activation markers CD62P and CD63.
There was no change, however, in levels of LDL and HDL, as well as total cholesterol and
triglycerides. Baseline assessments showed raised levels of CD31, CD49b, CD62P, and
CD63 in the diabetes group when compared to the non-diabetes control [48].

Platelet activation status is a major factor influencing the individual propensity for
thrombosis in people with diabetes [61]. In combination with the modification of lifestyle
factors, such as smoking and cholesterol levels, the inhibition of platelets with medications
such as aspirin remains the mainstay of treatment [62]. The treatment approach may need
to be reviewed with the evolving evidence of platelet activation markers.



Int. J. Mol. Sci. 2023, 24, 17465 6 of 14

2.4. Coagulation Pathways

Haemostasis is defined as a process that stops bleeding at the site of an injury while
maintaining normal blood flow elsewhere in the circulation [63]. It is formed of two
pathways, intrinsic and extrinsic, which join at a specific point, leading to the generation
of fibrin, which, together with activated platelets, results in clot formation at sites of
vascular injury.

Haemostasis is reliant on two important processes: primary haemostasis, which is
the generation of a platelet “plug” at sites of vascular injury, and secondary haemostasis,
which is the deposition of fibrin and subsequent crosslinking by Factor XIIIa formed by the
coagulation pathway (Figure 4), which forms a mesh strengthening the platelet plug [64].
Factor VII and exposed tissue factor bind, forming a complex. This subsequently activates Factor
IX and Factor X, which then results in the activation of Factor V. Thrombin also exerts action on
Factor VIII, forming a complex with Factor IXa and enhancing the coagulation process [65].

The fibrinolysis pathway balances this to allow the avoidance of pathological bleeding
or thrombosis.

Increased levels of thrombin are seen in people with diabetes but are particularly sig-
nificant in those with poor glycaemic control [66]. It has been found in a study by Cefalu
et al. [67] that in those with poorly controlled diabetes (defined as an HbA1c > 53 mmol/mol
in their study), there were very high concentrations of plasminogen activator inhibitor-1
(PAI-1) detected, indicating hypofibrinolysis, leading the authors to conclude that poor
glycaemic control is accompanied by significant increases in PAI-1.

Previous identification of increased factor VII levels in those with diabetes, important
in the coagulation cascade, led to studies that proved hyperglycaemia, both induced and in
those with diabetes, caused an increase in factor VII levels. Maintenance of euglycaemia
corrected these levels and further cemented the theory that hyperglycaemia plays a pivotal
role in thrombosis formation in hyperglycaemia in diabetes [68].
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It seems that hyperinsulinemia contributes to the pro-thrombotic effects of hyper-
glycaemia. Studies show that hyperinsulinaemia affects thrombotic markers even when
euglycaemic but does show an additive effect when both are present, such as in T2DM.
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Tissue factor procoagulant activity (TF-PCA) levels are raised in those with T2DM and
are the initiator of blood coagulation [70]. In a study by Boden et al., it was found that
raising insulin levels alone raised TF-PCA by 30%, whereas raising insulin and glucose
levels together increased TF-PCA by 80% [71].

2.5. Post-Translational Modifications

Diabetes triggers multiple changes that can ultimately impact post-translational modi-
fications (PTMs), which modulate the function and activity of proteins. [72]. Many non-
enzymatic PTMs have been connected to the complications of diabetes due to the harmful
effects they have on the structure of proteins [73].

Phosphorylation is vital for the proper functioning of pancreatic-β cells, which are
responsible for the production of insulin [74]. The phosphorylation of IRS proteins inhibits
function and interferes with insulin signalling, ultimately leading to an insulin-resistant
state. The subsequent stress that is placed on the β-cells results in dysfunction, resulting in
reduced or absent production of insulin [75]. Activation of phosphorylation of IRS-1 by
agents such as cytokines, angiotensin II, and cellular stress results in a negative feedback
loop on insulin production [76]. Studies have found that protein acetylation proves a new
mechanism for insulin secretion [77]. Acetylation can increase the tendency of proteins
to become phosphorylated. Enzymes that control the modification of other proteins and
proteins that form large complexes are most likely to undergo the process of acetylation [78].

O-GlcNAcylation

O-GlcNAcylation is a novel PTM that may be responsible for altering critical platelet
proteins [7,79]. By changing the function of important platelet proteins, these modifications
may increase the risk of inappropriate blood clot formation to trigger heart attack and
stroke in people with diabetes. Uncontrolled diabetes results in hyperglycaemia, and it is
thought that this causes an increase in the O-GlcNAcylation of specific proteins through the
hexosamine biosynthesis pathway (HBP) [80]. This converts up to 5% of cellular glucose to
UDP-GlcNAc, a nucleotide sugar for O-GlcNAc transferase (OGT) (Figure 5). It is currently
unknown if a clear mechanism exists, but hypothetically, if this were to occur in platelets, it
may partly explain why platelets in those with diabetes show increased responsiveness or
hyperactivity and, therefore, an increased risk of thrombosis.

For a comprehensive analysis of O-GlcNAcylation, an enrichment step is required to
ensure that modified peptides are sufficiently abundant and to ensure they are automat-
ically selected for fragmentation analysis [81]. Many PTMs, including phosphorylation,
have site-specific antibodies available for multiple applications. Developing specific anti-
bodies for O-GlcNAc is difficult due to the low immunogenicity of the neutral O-GlcNAc
sugar. Two commonly used pan-antibodies for O-GlcNAc are CTD110.6 [82] and RL2 [83].
Lectins have also been used to detect O-GlcNAc. Wheat germ agglutinin (WGA) was first
used in 1979 [84], but its lack of specificity for O-GlcNAc has limited its use, although
succinylated WGA has been used as it selectively binds to GlcNAc but not to sialic acid,
thereby increasing its selectivity versus unmodified WGA [85]. Recombinant lectin PVL
produced from Escherichia coli has been produced more recently with higher specificity and
affinity for proteins with multiple GlcNAc than WGA, as well as Agrocybe aegerita lectin
2 and Psathyrella velutina lectin [86]. A recent advance has been the development of selec-
tive high-affinity substrate traps based on the catalytically inactive mutant of Clostridium
perfringens NagJ, an orthologue of eukaryotic OGA (termed CpOGAD298N). Importantly,
CpOGAD298N has been reported to bind O-GlcNAcylated peptides with nanomolar affin-
ity [87] and has been used to enrich O-GlcNAcylated proteins from Drosophila embryos
for downstream mass spectrometry analysis and characterisation of the O-GlcNAcome
associated with embryonic development [88].

Chemical labelling of O-GlcNAc also allows the identification and quantification of
O-GlcNAcylated proteins [89]. Metabolic chemical reporters (MCRs) of glycosylation have
been used to label complex glycans, including GlcNAc [90]. The use of 1,3,5,6-tetra-O-
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acetyl-N-azidoacetyl-glucosamine was able to identify 1500 O-GlcNAcylated proteins, and
when used with B-elimination reactions, it was able to identify 185 O-GlcNAcylated sites
on 80 proteins [91]. The development of further MCRs has resulted in higher specificity
and sensitivity for detecting O-GlcNAcylated proteins, including the creation of MCRs
resistant to hydrolysis [92]. Stable Isotope Labelling with Amino Acids in Cell Culture
(SILAC) and tandem mass tagging are two approaches that allow quantitative analysis of
dynamic changes in protein modifications between different cellular populations [93].

To improve the stability of the O-glycosidic bond, which can result in the loss of
identification in collision-induced mass-spectrometry [94], β-elimination followed by the
Michael addition with dithiothreitol was developed. This converts the serine and threonine
residues of O-GlcNAcylated proteins into more stable derivatives [95], improving the
identification of these modified proteins [96]. Mass spectrometry technology has enabled
the quantifying and mapping of O-GlcNAc sites with significantly improved accuracy. ETD
mass spectrometry is useful to characterise proteins with PTMs and, thus, is a useful tool to
detect GlcNAc-modified proteins [97]. The use of high-energy C-trap dissociation (HCD)
along with electron transfer dissociation (ETD) complement each other in the identification
of O-GlcNAc proteins [98].

O-GlcNAc-regulated pathways have been discovered to play an important role in cell
signalling. In a study by Pedowitz et al. [99], it was hypothesised that O-GlcNAc levels may
contribute to deficits in wound healing. They found that O-GlcNAcylation blocked MYPT1
phosphorylation and cellular contraction and caused downstream dephosphorylation of
myosin light chains. Levels of O-GlcNAc also altered the sensitivity of fibroblasts involved
during wound healing. This would be important in diabetes, where substrates for O-
GlcNAcylation are increased. The balance between MYPT1 and myosin light chain kinase
(MLCK) activities is a critical determinant of MLC phosphorylation responsible for platelet
contraction important for clot stability [100,101]. Therefore, if a similar phenomenon was
found to occur in platelets, there would be significant implications for platelet function.
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glycosylation in the endoplasmic reticulum and Golgi apparatus and O-GlcNAc modification of
cellular proteins by OGT (O-GlcNAc transferase). (Figure taken from [102] under the terms of the
Creative Commons Attribution 4.0 International License.)
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Endothelial production of nitric oxide (NO) generation by endothelial NO synthase
(eNOS) helps to prevent vascular disease by limiting thrombosis and inflammation [103].
It is known that insulin enhances eNOS activity by activating insulin receptor substrates
(IRSs), and insulin resistance causes impaired activation of this pathway [104]. Federici
et al. [105] studied the effect of O-GlcNAcylation on human coronary artery endothelial cells.
They found that the O-GlcNAcylation of IRS and p85 proteins increased with increasing
glucose concentration. This supports the idea that hyperglycaemia may contribute to
macrovascular complications in diabetes by impairing certain branches of insulin signalling
pathways. They also observed that carotid plaques from people with T2DM showed
increased levels of O-GlcNAcylated endothelial cells in comparison to those without
diabetes by immunostaining with RL2 antibody.

Activation of AKT is important for the calcification of vascular smooth muscle cells
through oxidative stress [106,107]. Heath et al. [108] found that activation of AKT by
O-GlcNAcylation was key to vascular calcification in diabetes. Chronic hyperglycaemia
resulted in increased O-GlcNAcylation, ultimately causing an increase in calcification in
vasculature. This study proved that O-GlcNAcylation is an independent contributor to
vascular calcification, leading to a higher risk of MACE, and identified O-GlcNAcylation of
AKT as a possible therapeutic target in diabetes mellitus.

In a study by Luanpitpong et al. [109], it was discovered that levels of O-GlcNAcylated
proteins reduce during the differentiation of megakaryocytic cells, which are responsible for
the production of platelets, from hematopoietic stem and progenitor cells. Under healthy
conditions, O-GlcNAcylation stabilises the transcription factor c-Myc, a key regulator of
cellular metabolism and differentiation, by interfering with its normal process of degra-
dation. Inhibition of O-GlcNAc transferase (OGT) inhibits the O-GlcNAcylation of c-Myc,
thus increasing c-Myc degradation and subsequent platelet production. Inhibition of OGT-
mediated O-GlcNAcylation may increase platelet production, potentially increasing the
risk of thrombosis. As such, this could be a target for future strategies to reduce the risk of
thrombosis in those most at risk.

He et al. [110] investigated how hypoglycaemia may affect O-GlcNAcylation along-
side phosphorylation rather than hyperglycaemia. They found that glucose deprivation
increased O-GlcNAcylaction with glucose deprivation, whereas eNOS phosphorylation
was not affected. They found through an analysis of immunoblotting that low glucose
levels increased O-GlcNAcylation by 50% through activation of AMP-activated protein
kinase (AMPK). In times of low blood glucose, ATP decreases whilst AMP increases. This
subsequently leads to activation of the AMPK pathway [111] as AMPK is a sensor of low
intracellular ATP levels. As the ATP:AMP ratio decreases, AMPK is activated, and the
metabolism moves towards increased catabolism and decreased anabolism [112]. In the
liver, AMPK inhibits the production of glucose, cholesterol, and triglycerides and stimulates
fatty acid oxidation [113].

Crawford et al. [114] studied the aggregation profiles of platelets obtained from mice.
Streptozotocin (STZ) 60 mg/Kg was used to induce hyperglycaemia, mimicking a type 1
model in one group, and leptin-deficient mice, mimicking a type 2 model, were used as a
second group. These were both compared to non-hyperglycaemic mice. Their response to
low levels of thrombin was measured using aggregometry. Platelets from the STZ-treated
mice were hypersensitive and showed aggregation at lower concentrations of agonists
compared to the control. Platelets from the leptin-deficient mice showed no differences
in reactivity. They found that in platelets treated with O-GlcNAcase and then exposed to
variable levels of thrombin, there was an increase in levels of O-GlcNAc. There was not,
however, any change to the aggregation profiles compared to untreated platelets. This
was backed up by performing the same experiment with banked human platelets, which
yielded the same results. Certain alterations of proteins may lead to small, but important,
changes in functionality that would not be seen when measuring aggregation alone. This
experiment only used exposure to activating stimuli, so it may be possible that responses
to inhibitors, such as prostacyclin and NO, are preferentially affected.
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3. Conclusions

This review proves that the mechanisms involved in the increased prevalence of
thrombosis in those with diabetes, and therefore hyperglycaemia, are very complex. Future
research should focus on disease-specific mechanisms to identify why there is such a high
thrombotic burden in those with diabetes.

Many PTMs have been identified to control protein function and turnover in DM [74].
A particular area of interest would be further research into O-GlcNAcylation. Protein O-
GlcNAcylation is tightly regulated with only one enzyme catalysing removal (O-GlcNAse)
and one catalysing formation (O-GlcNAc transferase). The lack of evidence describing
the role of O-GlcNAcylation is very complex, with the potential for multiple variables
contributing to its over- or under-expression. More research is required in this area to
determine the exact role O-GlcNAcylation has in specific disease processes.

PTMs are seen in large amounts of proteins involved in diabetes and can affect the
stability and, therefore, function of the proteins. There is the possibility for many novel
therapeutic targets to be explored in the management of diabetes and the prevention
of complications.
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60. Undas, A.; Wiek, I.; Stêpień, E.; Zmudka, K.; Tracz, W. Hyperglycemia Is Associated With Enhanced Thrombin Formation, Platelet
Activation, and Fibrin Clot Resistance to Lysis in Patients With Acute Coronary Syndrome. Diabetes Care 2008, 31, 1590–1595.
[CrossRef] [PubMed]

61. Gaiz, A.; Mosawy, S.; Colson, N.; Singh, I. Thrombotic and cardiovascular risks in type two diabetes; Role of platelet hyperactivity.
Biomed. Pharmacother. 2017, 94, 679–686. [CrossRef]

62. Davidson, K.W.; Barry, M.J.; Mangione, C.M.; US Preventive Services Task Force. Aspirin use to prevent cardiovascular disease:
US preventive services task force recommendation statement. JAMA 2022, 327, 1577–1584.

63. Sierra, C.; Moreno, M.; García-Ruiz, J.C. The physiology of hemostasis. Blood Coagul. Fibrinolysis 2022, 33 (Suppl. S1), S1–S2.
[CrossRef]

64. Gale, A.J. Continuing education course #2: Current understanding of hemostasis. Toxicol. Pathol. 2011, 39, 273–280.
65. Chaudhry, R.; Usama, S.M.; Babiker, H.M. Physiology, Coagulation Pathways; StatPearls Publishing LLC: Treasure Island, FL, USA,

2022.
66. Lemkes, B.A.; Hermanides, J.; Devries, J.H.; Holleman, F.; Meijers, J.C.M.; Hoekstra, J.B.L. Hyperglycemia: A prothrombotic

factor? J. Thromb. Haemost. 2010, 8, 1663–1669. [CrossRef]
67. Cefalu, W.T.; Schneider, D.J.; Carlson, H.E.; Migdal, P.; Gan Lim, L.; Izon, M.P.; Kapoor, A.; Bell-Farrow, A.; Terry, J.G.; Sobel, B.E.

Effect of combination glipizide GITS/metformin on fibrinolytic and metabolic parameters in poorly controlled type 2 diabetic
subjects. Diabetes Care 2002, 25, 2123–2128. [CrossRef] [PubMed]

68. Ceriello, A.; Giugliano, D.; Quatraro, A.; Dello Russo, P.; Torella, R. Blood glucose may condition factor VII levels in diabetic and
normal subjects. Diabetologia 1988, 31, 889–891. [CrossRef]

69. Shrestha, S.K. Simple Coagulation Cascade with Mnemonics Epomedicine. 2017. Available online: https://epomedicine.com/
medical-students/simple-coagulation-cascade-mnemonics/ (accessed on 19 October 2022).

https://doi.org/10.1182/blood.V75.1.128.128
https://doi.org/10.1002/cyto.990110515
https://doi.org/10.1182/blood.V99.1.137
https://doi.org/10.1159/000045292
https://doi.org/10.2337/dc13-2718
https://www.ncbi.nlm.nih.gov/pubmed/24879840
https://doi.org/10.1111/j.1365-2362.2004.01320.x
https://doi.org/10.1055/s-2007-979117
https://www.ncbi.nlm.nih.gov/pubmed/9497903
https://doi.org/10.1055/s-0038-1657502
https://doi.org/10.1038/oby.2009.179
https://www.ncbi.nlm.nih.gov/pubmed/19521352
https://doi.org/10.1016/j.cardiores.2007.03.010
https://doi.org/10.3109/13813455.2010.543136
https://doi.org/10.3390/ijms21144866
https://doi.org/10.1182/blood-2014-05-574491
https://www.news-medical.net/life-sciences/Macrophage-to-Foam-Cell-Differentiation-Pathway.aspx
https://www.news-medical.net/life-sciences/Macrophage-to-Foam-Cell-Differentiation-Pathway.aspx
https://doi.org/10.1172/JCI9259
https://www.ncbi.nlm.nih.gov/pubmed/10772649
https://doi.org/10.1038/emm.2014.38
https://www.ncbi.nlm.nih.gov/pubmed/24903227
https://doi.org/10.1016/S0735-1097(02)02972-8
https://doi.org/10.2337/dc08-0282
https://www.ncbi.nlm.nih.gov/pubmed/18487475
https://doi.org/10.1016/j.biopha.2017.07.121
https://doi.org/10.1097/MBC.0000000000001099
https://doi.org/10.1111/j.1538-7836.2010.03910.x
https://doi.org/10.2337/diacare.25.12.2123
https://www.ncbi.nlm.nih.gov/pubmed/12453948
https://doi.org/10.1007/BF00265372
https://epomedicine.com/medical-students/simple-coagulation-cascade-mnemonics/
https://epomedicine.com/medical-students/simple-coagulation-cascade-mnemonics/


Int. J. Mol. Sci. 2023, 24, 17465 13 of 14

70. Sambola, A.; Osende, J.; Hathcock, J.; Degen, M.; Nemerson, Y.; Fuster, V.; Crandall, J.; Badimon, J.J. Role of risk factors in the
modulation of tissue factor activity and blood thrombogenicity. Circulation 2003, 107, 973–977. [CrossRef] [PubMed]

71. Boden, G.; Vaidyula, V.R.; Homko, C.; Cheung, P.; Rao, A.K. Circulating tissue factor procoagulant activity and thrombin
generation in patients with type 2 diabetes: Effects of insulin and glucose. J. Clin. Endocrinol. Metab. 2007, 92, 4352–4358.
[CrossRef]

72. Hayden, M.R.; Tyagi, S.C.; Kerklo, M.M.; Nicolls, M.R. Type 2 diabetes mellitus as a conformational disease. Jop 2005, 6, 287–302.
73. Harding, J.J.; Ganea, E. Protection against glycation and similar post-translational modifications of proteins. Biochim. Biophys.

Acta 2006, 1764, 1436–1446. [CrossRef]
74. Chatterjee, M.; Thakur, S.S. Investigation of post-translational modifications in type 2 diabetes. Clin. Proteom. 2018, 15, 32.

[CrossRef] [PubMed]
75. Szabat, M.; Lynn, F.C.; Hoffman, B.G.; Kieffer, T.J.; Allan, D.W.; Johnson, J.D. Maintenance of β-cell maturity and plasticity in the

adult pancreas: Developmental biology concepts in adult physiology. Diabetes 2012, 61, 1365–1371. [CrossRef]
76. Gual, P.; Le Marchand-Brustel, Y.; Tanti, J.F. Positive and negative regulation of insulin signaling through IRS-1 phosphorylation.

Biochimie 2005, 87, 99–109. [CrossRef]
77. Zhang, Y.; Zhou, F.; Bai, M.; Liu, Y.; Zhang, L.; Zhu, Q.; Bi, Y.; Ning, G.; Zhou, L.; Wang, X. The pivotal role of protein acetylation

in linking glucose and fatty acid metabolism to β-cell function. Cell Death Disease 2019, 10, 66. [CrossRef]
78. Choudhary, C.; Kumar, C.; Gnad, F.; Nielsen, M.L.; Rehman, M.; Walther, T.C.; Olsen, J.V.; Mann, M. Lysine Acetylation Targets

Protein Complexes and Co-Regulates Major Cellular Functions. Science 2009, 325, 834–840. [CrossRef]
79. diabetes.co.uk. Diabetes and Heart Disease [Website]. 2019. Available online: https://www.diabetes.co.uk/diabetes-

complications/heart-disease.html (accessed on 10 June 2022).
80. Paneque, A.; Fortus, H.; Zheng, J.; Werlen, G.; Jacinto, E. The Hexosamine Biosynthesis Pathway: Regulation and Function. Genes

2023, 14, 933. [CrossRef] [PubMed]
81. Maynard, J.C.; Chalkley, R.J. Methods for Enrichment and Assignment of N-Acetylglucosamine Modification Sites. Mol. Cell.

Proteom. 2021, 20, 100031. [CrossRef]
82. Comer, F.I.; Vosseller, K.; Wells, L.; Accavitti, M.A.; Hart, G.W. Characterization of a Mouse Monoclonal Antibody Specific for

O-Linked N-Acetylglucosamine. Anal. Biochem. 2001, 293, 169–177. [CrossRef] [PubMed]
83. Snow, C.M.; Senior, A.; Gerace, L. Monoclonal antibodies identify a group of nuclear pore complex glycoproteins. J. Cell Biol.

1987, 104, 1143–1156. [CrossRef]
84. Monsigny, M.; Sene, C.; Obrenovitch, A.; Roche, A.C.; Delmotte, F.; Boschetti, E. Properties of succinylated wheat-germ agglutinin.

Eur. J. Biochem. 1979, 98, 39–45. [CrossRef]
85. Nakanuma, Y.; Sasaki, M.; Kono, N. Succinylated wheat germ agglutinin lectin binding in intrahepatic vessels. A New Histochem.

Tool. Arch. Pathol. Lab. Med. 1993, 117, 809–811.
86. Machon, O.; Baldini, S.F.; Ribeiro, J.P.; Steenackers, A.; Varrot, A.; Lefebvre, T.; Imberty, A. Recombinant fungal lectin as a new

tool to investigate O-GlcNAcylation processes. Glycobiology 2017, 27, 123–128. [CrossRef]
87. Mariappa, D.; Selvan, N.; Borodkin, V.; Alonso, J.; Ferenbach, A.T.; Shepherd, C.; Hopkins-Navratilova, I.; van Aalten, D.M.F.

A mutant O-GlcNAcase as a probe to reveal global dynamics of protein O-GlcNAcylation during Drosophila embryonic
development. Biochem. J. 2015, 470, 255–262. [CrossRef]

88. Selvan, N.; Williamson, R.; Mariappa, D.; Campbell, D.G.; Gourlay, R.; Ferenbach, A.T.; Aristotelous, T.; Hopkins-Navratilova, I.;
Trost, M.; van Aalten, D.M.F. A mutant O-GlcNAcase enriches Drosophila developmental regulators. Nat. Chem. Biol. 2017, 13,
882–887. [CrossRef]

89. Zhu, Q.; Yi, W. Chemistry-Assisted Proteomic Profiling of O-GlcNAcylation. Front. Chem. 2021, 9, 702260. [CrossRef] [PubMed]
90. Prescher, J.A.; Bertozzi, C.R. Chemistry in living systems. Nat. Chem. Biol. 2005, 1, 13–21. [CrossRef] [PubMed]
91. Hahne, H.; Sobotzki, N.; Nyberg, T.; Helm, D.; Borodkin, V.S.; van Aalten, D.M.; Agnew, B.; Kuster, B. Proteome wide purification

and identification of O-GlcNAc-modified proteins using click chemistry and mass spectrometry. J. Proteome Res. 2013, 12, 927–936.
[CrossRef] [PubMed]

92. Li, J.; Wang, J.; Wen, L.; Zhu, H.; Li, S.; Huang, K.; Jiang, K.; Li, X.; Ma, C.; Wang, P.G.; et al. An OGA-Resistant Probe Allows
Specific Visualization and Accurate Identification of O-GlcNAc-Modified Proteins in Cells. ACS Chem. Biol. 2016, 11, 3002–3006.
[CrossRef] [PubMed]

93. Chen, X.; Wei, S.; Ji, Y.; Guo, X.; Yang, F. Quantitative proteomics using SILAC: Principles, applications, and developments.
Proteomics 2015, 15, 3175–3192. [CrossRef] [PubMed]

94. Greis, K.D.; Hayes, B.K.; Comer, F.I.; Kirk, M.; Barnes, S.; Lowary, T.L.; Hart, G.W. Selective detection and site-analysis of
O-GlcNAc-modified glycopeptides by beta-elimination and tandem electrospray mass spectrometry. Anal. Biochem. 1996, 234,
38–49. [CrossRef] [PubMed]

95. Whelan, S.A.; Hart, G.W. Identification of O-GlcNAc sites on proteins. Methods Enzymol. 2006, 415, 113–133. [PubMed]
96. Wells, L.; Vosseller, K.; Cole, R.N.; Cronshaw, J.M.; Matunis, M.J.; Hart, G.W. Mapping sites of O-GlcNAc modification using

affinity tags for serine and threonine post-translational modifications. Mol. Cell. Proteom. 2002, 1, 791–804. [CrossRef]
97. Syka, J.E.; Coon, J.J.; Schroeder, M.J.; Shabanowitz, J.; Hunt, D.F. Peptide and protein sequence analysis by electron transfer

dissociation mass spectrometry. Proc. Natl. Acad. Sci. USA 2004, 101, 9528–9533. [CrossRef]

https://doi.org/10.1161/01.CIR.0000050621.67499.7D
https://www.ncbi.nlm.nih.gov/pubmed/12600909
https://doi.org/10.1210/jc.2007-0933
https://doi.org/10.1016/j.bbapap.2006.08.001
https://doi.org/10.1186/s12014-018-9208-y
https://www.ncbi.nlm.nih.gov/pubmed/30258344
https://doi.org/10.2337/db11-1361
https://doi.org/10.1016/j.biochi.2004.10.019
https://doi.org/10.1038/s41419-019-1349-z
https://doi.org/10.1126/science.1175371
https://www.diabetes.co.uk/diabetes-complications/heart-disease.html
https://www.diabetes.co.uk/diabetes-complications/heart-disease.html
https://doi.org/10.3390/genes14040933
https://www.ncbi.nlm.nih.gov/pubmed/37107691
https://doi.org/10.1074/mcp.R120.002206
https://doi.org/10.1006/abio.2001.5132
https://www.ncbi.nlm.nih.gov/pubmed/11399029
https://doi.org/10.1083/jcb.104.5.1143
https://doi.org/10.1111/j.1432-1033.1979.tb13157.x
https://doi.org/10.1093/glycob/cww105
https://doi.org/10.1042/BJ20150610
https://doi.org/10.1038/nchembio.2404
https://doi.org/10.3389/fchem.2021.702260
https://www.ncbi.nlm.nih.gov/pubmed/34249870
https://doi.org/10.1038/nchembio0605-13
https://www.ncbi.nlm.nih.gov/pubmed/16407987
https://doi.org/10.1021/pr300967y
https://www.ncbi.nlm.nih.gov/pubmed/23301498
https://doi.org/10.1021/acschembio.6b00678
https://www.ncbi.nlm.nih.gov/pubmed/27622469
https://doi.org/10.1002/pmic.201500108
https://www.ncbi.nlm.nih.gov/pubmed/26097186
https://doi.org/10.1006/abio.1996.0047
https://www.ncbi.nlm.nih.gov/pubmed/8742080
https://www.ncbi.nlm.nih.gov/pubmed/17116471
https://doi.org/10.1074/mcp.M200048-MCP200
https://doi.org/10.1073/pnas.0402700101


Int. J. Mol. Sci. 2023, 24, 17465 14 of 14

98. Zhao, P.; Viner, R.; Teo, C.F.; Boons, G.J.; Horn, D.; Wells, L. Combining high-energy C-trap dissociation and electron transfer
dissociation for protein O-GlcNAc modification site assignment. J. Proteome Res. 2011, 10, 4088–4104. [CrossRef]

99. Pedowitz, N.J.; Batt, A.R.; Darabedian, N.; Pratt, M.R. MYPT1 O-GlcNAc modification regulates sphingosine-1-phosphate
mediated contraction. Nat. Chem. Biol. 2021, 17, 169–177. [CrossRef] [PubMed]

100. Feghhi, S.; Tooley, W.W.; Sniadecki, N.J. Nonmuscle Myosin IIA Regulates Platelet Contractile Forces Through Rho Kinase and
Myosin Light-Chain Kinase. J. Biomech. Eng. 2016, 138, 1045061–1045064. [CrossRef] [PubMed]

101. George, M.J.; Litvinov, J.; Aroom, K.; Spangler, L.J.; Caplan, H.; Wade, C.E.; Cox, C.S., Jr.; Gill, B.S. Microelectromechanical System
Measurement of Platelet Contraction: Direct Interrogation of Myosin Light Chain Phosphorylation. Int. J. Mol. Sci. 2021, 22, 6448.
[CrossRef] [PubMed]

102. Akella, N.M.; Ciraku, L.; Reginato, M.J. Fueling the fire: Emerging role of the hexosamine biosynthetic pathway in cancer. BMC
Biol. 2019, 17, 52. [CrossRef]

103. Lusis, A.J. Atherosclerosis. Nature 2000, 407, 233–241. [CrossRef]
104. Muniyappa, R.; Sowers, J.R. Role of insulin resistance in endothelial dysfunction. Rev. Endocr. Metab. Disord. 2013, 14, 5–12.

[CrossRef]
105. Federici, M.; Menghini, R.; Mauriello, A.; Hribal, M.L.; Ferrelli, F.; Lauro, D.; Sbraccia, P.; Spagnoli, L.G.; Sesti, G.; Lauro, R.

Insulin-Dependent Activation of Endothelial Nitric Oxide Synthase Is Impaired by O-Linked Glycosylation Modification of
Signaling Proteins in Human Coronary Endothelial Cells. Circulation 2002, 106, 466–472. [CrossRef]

106. Byon, C.H.; Javed, A.; Dai, Q.; Kappes, J.C.; Clemens, T.L.; Darley-Usmar, V.M.; McDonald, J.M.; Chen, Y. Oxidative stress induces
vascular calcification through modulation of the osteogenic transcription factor Runx2 by AKT signaling. J. Biol. Chem. 2008, 283,
15319–15327. [CrossRef]

107. Deng, L.; Huang, L.; Sun, Y.; Heath, J.M.; Wu, H.; Chen, Y. Inhibition of FOXO1/3 promotes vascular calcification. Arterioscler.
Thromb. Vasc. Biol. 2015, 35, 175–183. [CrossRef]

108. Heath, J.M.; Sun, Y.; Yuan, K.; Bradley, W.E.; Litovsky, S.; Dell’Italia, L.G.; Chatham, J.C.; Wu, H.; Chen, Y. Activation of AKT by
O-linked N-acetylglucosamine induces vascular calcification in diabetes mellitus. Circ. Res. 2014, 114, 1094–1102. [CrossRef]

109. Luanpitpong, S.; Poohadsuan, J.; Klaihmon, P.; Kang, X.; Tangkiettrakul, K.; Issaragrisil, S. Metabolic sensor O-GlcNAcylation
regulates megakaryopoiesis and thrombopoiesis through c-Myc stabilization and integrin perturbation. Stem Cells 2021, 39,
787–802. [CrossRef] [PubMed]

110. He, A.; Hu, S.; Pi, Q.; Guo, Y.; Long, Y.; Luo, S.; Xia, Y. Regulation of O-GlcNAcylation on endothelial nitric oxide synthase by
glucose deprivation and identification of its O-GlcNAcylation sites. Sci. Rep. 2020, 10, 19364. [CrossRef] [PubMed]

111. Cheung, W.D.; Hart, G.W. AMP-activated protein kinase and p38 MAPK activate O-GlcNAcylation of neuronal proteins during
glucose deprivation. J. Biol. Chem. 2008, 283, 13009–13020. [CrossRef] [PubMed]

112. Herzig, S.; Shaw, R.J. AMPK: Guardian of metabolism and mitochondrial homeostasis. Nat. Rev. Mol. Cell Biol. 2018, 19, 121–135.
[CrossRef]

113. Schimmack, G.; Defronzo, R.A.; Musi, N. AMP-activated protein kinase: Role in metabolism and therapeutic implications.
Diabetes Obes. Metab. 2006, 8, 591–602. [CrossRef]

114. Crawford, G.L.; Hart, G.W.; Whiteheart, S.W. Murine platelets are not regulated by O-linked β-N-acetylglucosamine. Arch.
Biochem. Biophys. 2008, 474, 220–224. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1021/pr2002726
https://doi.org/10.1038/s41589-020-0640-8
https://www.ncbi.nlm.nih.gov/pubmed/32929277
https://doi.org/10.1115/1.4034489
https://www.ncbi.nlm.nih.gov/pubmed/27548633
https://doi.org/10.3390/ijms22126448
https://www.ncbi.nlm.nih.gov/pubmed/34208643
https://doi.org/10.1186/s12915-019-0671-3
https://doi.org/10.1038/35025203
https://doi.org/10.1007/s11154-012-9229-1
https://doi.org/10.1161/01.CIR.0000023043.02648.51
https://doi.org/10.1074/jbc.M800021200
https://doi.org/10.1161/ATVBAHA.114.304786
https://doi.org/10.1161/CIRCRESAHA.114.302968
https://doi.org/10.1002/stem.3349
https://www.ncbi.nlm.nih.gov/pubmed/33544938
https://doi.org/10.1038/s41598-020-76340-7
https://www.ncbi.nlm.nih.gov/pubmed/33168911
https://doi.org/10.1074/jbc.M801222200
https://www.ncbi.nlm.nih.gov/pubmed/18353774
https://doi.org/10.1038/nrm.2017.95
https://doi.org/10.1111/j.1463-1326.2005.00561.x
https://doi.org/10.1016/j.abb.2008.03.014

	Introduction 
	Mechanisms Influencing Thrombosis 
	Endothelial Dysfunction 
	Oxidative Stress 
	Platelet Hyperactivity 
	Coagulation Pathways 
	Post-Translational Modifications 

	Conclusions 
	References

