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Highlights

¢ Increased oxidative stress in type-2 diabetes is associated with increased CVD risk

e Thrombosis, inflammation, vascular homeostasis and cellular proliferation act as
major CVD risk factors

e Reactive oxygen species can significantly elevate CVD risk by promoting these risk

factors via multiple pathways

Abstract:

Aims: Type-2 Diabetes Mellitus (T2DM) is the most prevalent and progressive metabolic
conditions affecting approximately 6.4% of the global population. Individuals with T2DM
have a significantly increased risk of developing chronic conditions such as cardiovascular
disease (CVD) and its associated complications, therefore, it is of great importance to establish
strategies for combatting T2DM and its associated chronic conditions. Current literature has
identified several biomarkers that are known to play a key role in the pathogenesis of CVD.
Many of these biomarkers affecting CVD are influenced by an increase in oxidative stress as
seen in T2DM. The purpose of this review is to analyse and correlate the oxidative stress-
related biomarkers that have been identified in the literature to provide an updated summary of
their significance in CVD risk factors.
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Data synthesis: This review has analysed current research on T2DM, CVD and oxidative
stress. Four key cardiovascular risk factors: thrombosis, inflammation, vascular homeostasis
and cellular proliferation were searched to identify potential biomarkers for this review. These
biomarkers stem from six major cellular pathways; NF-kB, Protein kinase-C, macrophage
activation, arachidonic acid mobilization, endothelial dysfunction and advanced glycation end
products.

Conclusions: The pathways and biomarkers were analysed to show their role as contributing
factors to CVD development and a summary is made regarding the assessment of
cardiovascular risk in T2DM individuals.
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Introduction

Obesity and a sedentary lifestyle as part of urbanisation along with ageing are considered as
one of the primary causes for a constant rise in type-2 diabetes mellitus (T2DM) [1]. In 2014,
it was estimated that the world prevalence of diabetes was 8.5% of the global population. It has
been predicted that by 2030 the incidence of diabetes will rise significantly, with an estimated
69% increase in developing countries especially, making diabetes the 7" leading cause of
mortality [2]. A vast range of chronic conditions are known to be associated with T2DM and
cardiovascular diseases (CVD) being one of the primary causes of mortality within individuals

[3].

Type-2 diabetes mellitus is characterised by chronically elevated blood glucose levels; this may
be caused by increased insulin resistance and glucose intolerance. Chronic hyperglycaemia in
T2DM can lead to increased oxidative stress and over time, it can generate a vicious cycle of
reactive oxygen species (ROS) generation, thus, leading to alterations in vascular endothelium
[4]. Elevated oxidative stress in T2DM individuals has been shown to be one of the major risk
factors for an increased risk of CVD [5]. Increased free radical production has been shown to
alter and induce several risk factors for CVD such as lipid peroxidation, endothelial
dysfunction, inflammation and platelet activation [6]. Hence identifying the mechanisms and
possible treatments to reduce the incidence of CVD has become a field of great significance.
Chronic hyperglycaemia due to factors such as impaired glucose tolerance and insulin

resistance can often lead to a range of chronic diseases in later life of individuals with T2DM

[4].



As per a previous report, CVD can account for up to 65% of the mortality in individuals with
T2DM. It is believed that the changes in an individual’s thrombotic and inflammatory state
through oxidative stress can be one of the causes for an increased mortality rates in T2DM [7].
These changes can individually or synergistically play a significant role in the elevating the
risk of intravascular thrombosis and subsequent CVD [4]. Increased thrombogenicity, vascular
cell proliferation, inflammation and reduced vascular homeostasis, may not only accelerate the

progression of CVD but further contribute to the production of ROS in a positive feedback loop

[8].

Oxidative stress and diabetes

The current understanding of T2DM associated oxidative stress and its influence on vascular
disease revolve around four key aspects and they are: thrombogenicity, vascular homeostasis,
inflammation and cellular proliferation, as shown in Figure 1. Oxidative stress is an imbalance
between the oxygen/nitrogen free radical production and the endogenous physiological
antioxidant mechanisms [8]. Based on the literature, it is clear that the pathogenesis of CVD is
multifactorial and therefore it is crucial identify specific ROS molecules and their associated
pathways of production, in order to develop an effective and targeted therapy [9]. Glutathione,
glutathione peroxidase (GPx), super oxide dismutase (SOD), and heme-oxygenase are some of
the crucial antioxidant enzymes that negate the deleterious effects of excess free radicals [6].
In T2DM high blood glucose and free fatty acids (FFA) are responsible for an increase in ROS
production due to metabolic stress resulting in changes within the electron transport chain
(ETC) [10]. Literature shows that excessive mitochondrial ROS formation namely superoxide
(O2) and hydrogen peroxide (H202), is primarily due to the abnormalities seen in the
mitochondrial respiratory chain when present in hyperglycaemic environments [11]. It is
believed that this takes place in complex | of the ETC, through the activation of the receptor
for advanced glycation end-products (RAGE) and a reduction in oxidative phosphorylation
enzymes [12]. Previous research has shown that polyol pathway flux exacerbates intercellular
oxidative stress and ROS interaction within the cell due to an increase in intracellular glucose
and the hyperglycaemic environment found in T2DM [13]. The changes from the polyol
pathway flux include increased enzyme activity of Aldose reductase resulting in excessive

fructose, inactive alcohols and NADP*. This changed metabolic environment often leads to a
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decrease in cellular NADPH and thus a reduction in NADPH dependent antioxidants like
glutathione, thus possibly aggravating the intercellular oxidative stress [14]. The compromise
of physiological antioxidant defences may be a cause of increased oxidative stress in T2DM
individuals [15]. Itis believed that hyperglycaemia, glucose toxicity and excessive production
of FFA’s are the three main sources of diabetes related NADP* development. Furthermore,
previous studies have shown hyperglycaemia directly contributes to atherosclerotic tissue
damage through changes in the gene expression of endothelial cells caused by the increased
hexamine pathway activity [16]. The increased production of FFA’s alters metabolic pathways
(insulin receptor substrate-1/P13-Kinase/akt) increasing platelet aggregation and the production
of oxidative free radicals exacerbating oxidative stress, ROS production and increasing the
risk of CVD [17].

Major Pathways Leading to Cardiovascular Disease

Many studies have identified that the altered metabolic state associated with T2DM is one of
the major issues causing an increase in oxidative stress and the subsequent changes in vascular
homeostasis [8]. Evidence for literature has exemplified that antioxidants play a promising role
in the field of preventative therapies [18]. Chronic hyperglycaemia and insulin resistance in
T2DM has been associated with specific change in platelet physiology leading to an increase
in platelet activation and aggregation [13]. Increase in platelet activation can occur through
multiple stimulating factors, where oxidative stress has been identified as one of the key
contributor to positively influence these activation pathways [8]. Numerous studies have
already shown the ability of free radicals (O2’, H202, NADPH Oxidase; NOX) to increase
cellular adhesion molecules such as P-selectin, PCAM, E-selectin and VCAM-1 on platelet
and endothelial cell surfaces. P-Selectin is a cellular adhesion molecule released from activated
platelet and endothelial cells; it is known to play a key role in leukocyte recruitment and the
formation of large thrombus [19, 20]. Similarly E-Selectin, an endothelial-leukocyte adhesion
molecule, is overexpressed under elevated oxidative stress and inflammatory states. Other
thrombogenic factors associated with an increase in oxidative stress include arachidonic acid
mobilization, thromboxane A2 and prostaglandin (PG) production [21]. On an endothelial
level, oxidative stress has shown to directly increase vessel wall damage and disruption to the
endothelium [13]. Furthermore, oxidative stress also directly reduces endothelial nitric oxide
synthase (eNOS) activity, thereby reducing Nitric oxide (NO) production[22]. Nitric oxide is
a key platelet aggregation inhibitor and is known to play a significant role in maintaining

vascular homeostasis [23]. High levels of H2O2 and Oz generated from and over active NOX,
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can perforate the lipid bilayer of endothelial cells releasing inflammatory and apoptotic
cytokines that lead to a cascade of thrombogenic and inflammatory events [24]. Damaged
endothelial cells also lead to the exposure of collagen where glycoprotein receptors on the
platelet surface interact with the damaged endothelium, stimulating platelet activation and

aggregation at the site, thus promoting thrombotic and inflammatory activity [13].

Atherosclerosis, is an inflammatory condition that is associated with plaque formation and
narrowing of arteries. Increased vascular inflammation is considered as one of the primary
steps in the initiation of atherosclerosis, as it eases the passage of macrophages into the vessel
endothelium and triggers that formation of foam cells [25]. Many pro-inflammatory pathways
including Nuclear factor kappa-light-chain-enhancer of activated B cells (NF-xB) and
Mitogen-activated protein kinase (MAP-kinase) elevate O, levels, leading to the subsequent
increase in peroxynitrite (ONOO") as seen in T2DM [26]. The activation of inflammatory
pathways can occur via multiple mechanisms throughout the cell, however the synergistic
effect of these radical oxidant activated pathways along with hyperglycaemic conditions in
T2DM individuals can lead to chronic inflammatory state, which can be pathogenic in nature.
Endothelial dysfunction/deregulation often converges with white cell migration and the already
disturbed state of the vasculature, enhancing the problem of atherosclerosis [27]. Excessive
oxidative stress also increases endothelial and vascular smooth muscle cell proliferation
through the increase of NF-«B, Transforming growth factor alpha (TGF-a) and Transforming
growth factor beta (TGF-B) [5]. Excessive cellular proliferation significantly adds to the
pathology of atherosclerosis by rapidly increasing atherogenesis. Figure 2 shows a detailed
overview of the major cellular pathways affected by oxidative stress in CVD. The main
pathways are stemming from macrophage activation, methylglyoxal/AGEs, cellular adhesion
molecules/endothelial dysfunction, protein kinase-C, peroxynitrite/arachidonic acid and NF-
kB. As shown in Figure 2, the presence of oxidative stress alters the thrombotic, inflammatory,
cellular proliferation and homeostatic pathways. The figure aims to show an overall
understanding of the concepts discussed in this review, exemplifying the cellular oxidative

stress pathways involved in the pathogenesis of CVD.
Methylglyoxal and Advanced Glycation End Products

Advanced glycation end products (AGE’s) are formed from sugar derived substances,
gradually accumulating over time. However, in T2DM, this process is rapidly accelerated by

the hyperglycaemic environment in conjunction with elevated oxidative stress, leaving the



individual more susceptible to atherosclerosis and CVD [28]. Methylglyoxal and AGE has been
known to induce apoptosis/necrosis and thrombosis, implicating them as major contributing
factors in CVD and atherosclerotic plaque formation [29]. Alterations in metabolites found in
T2DM increase the production of AGE’s like diacyglycerol, 3-deoxyglucoseone,
glyceraldehyde’s methylglyoxal and glycoaldehyde. These metabolites can be attributed to the
changes found in the glyoxal and polyol pathways that have been altered due to the presence
of oxidative/glycaemic environments [13]. An increase in AGE’s furthermore triggers an
increase in the expression of receptor of AGE (RAGE). The RAGE can be found on endothelial
cells and vascular smooth muscle cells, it is understood that with activation of AGE-RAGE
binding, downstream cellular effects can occur leading to an increase in the production of
altered substrates. Hyperglycaemia is a key contributor to the elevation of AGE’s as the altered
metabolic state promotes the increase of glycated proteins and lipids [30].

Methylglyoxal, which is a by-product of several metabolic pathways has been identified to play
a key role in the accumulation of AGE’s and elevating cellular oxidative stress, thereby
contributing in the development of arterial atherogenesis [13]. The result of AGE-RAGE
binding triggers the activation of ROS sensitive biochemical pathways and increases in TGF-
a and TGF-B, promoting vascular cell proliferation [31]. Furthermore, the activation of the
AGE-RAGE pathway also activates the transcription factor NF-xB, thus increasing O, and
inflammatory cytokine production. The activation of ROS sensitive biochemical pathways
disrupts the regulation of vascular homeostatic enzymes such as eNOS and increase
intracellular O-Linked B-N-acetylglucosamine (O-GIcNACc) [32]. O-GIcNAc is an intracellular
single sugar modification on the hydroxyl moieties of amino acids serine and threonine. An
increase in O-GIcNAc is associated with an elevated risk of intravascular thrombosis by
reducing NO bioavailability via inhibiting eNOS function, upregulating plasminogen activator
inhibitor-1 (PAI-1). Plasminogen activator inhibitor-1 (PAI-1) is an inhibitor of tissue
plasminogen activator (tPA), which is central to the breakdown of blood clots, elevated levels
of PAI-1 is associated with an increased risk of thrombosis [33]. Homeostasis is also affected
by the deregulation of other vascular homeostatic enzymes and proteins (NF-kB) [5]. Elevation
of AGE’s and the presence of hyperglycaemia not only effects homeostatic and thrombotic
functions in the vessel, but can reduce the enzymatic antioxidant capacity used in the cellular

defence mechanisms [31].

Macrophage activation



Oxidation of low density lipoprotein (LDL) by free radicals, also known as lipid peroxidation,
is considered one of the hallmark risk factors for CVD. Several studies have shown a direct
relationship between T2DM, oxidative stress and Oxidised LDL (OxLDL) [34]. Studies have
shown that the excessive oxLDL within the vessel endothelium leads to the expression of
monocyte chemo attractant protein-1 (MCP-1). MCP-1 is a chemoattractant known to initiate
macrophage migration and foam cell formation [35]. The atherosclerotic foam cells further
promote disruptions to the vessel endothelium and increasing thrombogenicity by enabling
mobilisation of arachidonic acid (AA) [36]. The influx of activated macrophages and foam
cells leads to a cascade of inflammatory and thrombotic pathways exacerbated in elevated
oxidative stress environments [37]. Activated macrophages along with elevated oxidative
stress further promote cyclooxygenase-1 (COX-1) enzymatic activity and inflammatory
cytokines [38]. An increase in COX-1 coincides with an increase in AA, as COX-1 can
metabolise AA into PG G1/Hs to be further converted to thromboxane A2, prostacyclin I, and
PG E», D», F> causing altered platelet aggregation and activation [39]. Macrophage activation
has also been shown to increase free AA production within the foam cell thus further promoting
the thrombotic and deregulatory pathways seen in atherosclerosis [38]. Macrophage activation
is also associated with an increase in the production of inflammatory cytokines such as
Interleukin 1 Beta (IL-1p), Interleukin 6 (IL-6), Interleukin 8 (IL-8), Interleukin 23 (IL-23),
Tumour necrosis factor Alpha (TNF-a) and Interferon | (INF-I) [40]. Excessive inflammation
is marked by C reactive protein (CRP), an acute phase protein produced in hepatic cells,
enabling up-regulation of IL-6 through autocrine and paracrine signalling to macrophages [41].
An increased endothelial CRP was shown to be associated with increased platelet activity as
well as upregulating cellular and platelet adhesion. This further enables pro-inflammatory
processes increasing the production of fibrinogen from monocytes within the vasculature
enhancing the thrombogenic state [42]. The upregulation of CRP also increases tissue factor
production, activating the extrinsic blood coagulation pathway. Increased adhesion of
macrophages upregulates transcription factor NF-xB, and it has recently been identified that
NF-xB plays a substantial role in the enhancement of platelet aggregation [43]. The
upregulation of activated NF-xB furthermore leads to increased smooth muscle and vascular
cell inflammation through the increase of cytokines like IL-6 [13]. The initial activation of
macrophages increases the cellular reactive nitrogen species (ONOO’) and adds to the

intracellular oxidative stress [38].

NF-kB



The nuclear factor kappa-light-chain-enhancer of activated B cells is a key cellular response
protein, involved in cytokine production and a regulator of specific DNA transcription [43].
NF-xB primarily serves as a regulator of cellular control in response to cellular stress factors,
I.e. oxidative stress, inflammatory cytokines [44]. The NF-xB pathway is believed to be the
key driving force behind inflammatory pathways within the vascular endothelium in the
presence of oxidative stress [45]. Inflammation in conjugation with a state of elevated oxidative
stress can accelerate the pathogenesis of vascular disease largely due to its role in foam cell
formation in atherosclerosis. Under excessive oxidative stress conditions it is understood that
the p65 subunit of NF-xB is activated and upregulated leading to both increased cytokine
production and gene encryption of monocyte chemoprotein-1 (MCP-1)/vascular cell adhesion
molecule-1 (VCAM-1) [44]. The increase in MCP-1/VCAM-1 is directly associated with an
increase in TNF-a and monocyte adhesion to the endothelium, both factors promoting
inflammation. The cytokines and growth factors implicated, include angiotensin II, IL-1 B,
endothelial growth factor (EGF), platelet derived growth factor (PDGF), transforming growth
factor (TGF), macrophage-activating factor-1 and TNF-a [46].

Keapl-Nrf2

In addition to NF-«xB, the Keapl-Nrf2 pathway is also a critical transcriptional pathway. The
Kelch-like ECH-associated protein 1 (Keapl)-Nuclear factor (erythroid-derived 2)-like 2
(Nrf2) pathway plays a crucial role in the regulation of the environmental stress response. In
the Keapl-Nrf2 system, Keapl is responsible for the ubiquination of Nrf2 under normal
conditions. However, when oxidative stress (ie. OONO™ and the resulting O2" in T2DM) is
present, Keapl loses its ability to ubiquinate the nuclear factor, leading to its activation [47].
Once Nrf2 is activated it responds by enhancing gene expression of a vast number of genes,
including those that regulate antioxidant and detoxification enzymes as well as inflammatory
responses [32]. Therefore, an increase in the Keapl-Nrf2 pathway would indicate increased
levels of intracellular oxidative stress as seen in T2DM. In individuals with T2DM it has been
identified that enhanced levels of Nrf2 are present in the kidneys suggesting that increased Nrf2
levels is a physiological adaptive response when oxidative stress is at play [48]. Studies have
shown that the activation of the Keapl-Nrf2 pathway specifically reduces inflammatory
regulators such as NF-«B and thrombotic activators such as VCAM-1 [48]. The activation of
Nrf2 aids in achieving an oxidative stress balance. A recent animal study by Bhakkiyalakshmi
et al. showed that elevated levels of activated Nrf2 in a murine model lead to a reduction in

lipid peroxidation and disturbances in the lipid profile [49]. It has also been shown that in the
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absence of Nrf2, the risk of vascular complications in diabetes is increased [48]. Studies have
suggested that the enhancement of the Keap1-Nrf2 system, may be useful as pharmacological
intervention [32]. Furthermore, current research has shown that activation of the Keap1-Nrf2
pathway may be particularly helpful in combatting the deleterious effects of hyperglycaemic
stress seen in disorders like T2DM [50].

Cellular adhesion molecules and endothelial dysfunction

Many cellular adhesion molecules play significant roles in the pathogenesis of CVD. With
correct identification they have the potential to be used as cellular biomarkers for an increased
pro-thrombotic susceptibility. Cellular adhesion molecules such as intra-cellular adhesion
molecule 1 (ICAM-1), VCAM-1, P-Selectin and E-Selectin moderate the interactions between
thrombotic factors and the vessel endothelium [51]. It is believed that elevated oxidative stress
contributes to an increase in the expression of these adhesion molecules. Furthermore,
hyperglycaemia has also been implicated in this molecular activity due to the altered
metabolites found in T2DM [52]. Endothelial expression of these adhesion molecules plays a
major role in platelet aggregation and the atherogenesis. Studies have shown that with the
increase in expression of P-Selectin and E-Selectin, elevated platelet-fibrin and platelet-
leukocyte aggregation ensues thrombogenic activity [19]. The elevated ICAM-1 and VCAM-
1 at the endothelial cell also contribute to the increased state of platelet aggregation and
adhesion. Research has also shown that the increase of ICAM-1 and VCAM-1 allows for
enhanced white cell migration into the vasculature through rolling adhesion to vascular cells in
atherosclerosis formation [53]. Dysfunction of the endothelial cell lining reduces crucial
enzymatic activity e.g. eNOS, reducing NO and further promoting platelet aggregation. The
increased oxidative stress seen in T2DM has shown to increase surface glycoproteins such as
ICAM-1 and VCAM-1 in the vasculature. In normal physiology these molecules mediate
inflammation, intracellular signalling, and immune responses. However, in T2DM the
increased levels of H?0? and O lead to the elevated adhesion to both platelets and white cells
to the endothelial monolayer through rolling adhesion. This increased adhesion leads to
promotion of white cell migration in to the endothelium, foam cell formation and platelet
aggregation [54]. These mechanisms increase the atherosclerotic and thrombotic tendencies
seen in CVD within T2DM individuals.

Protein Kinase-C



A large and growing body of literature is implicating protein kinase-C (PK-C) as a major
activator both thrombotic and homeostatic pathways [55, 56]. The increased intracellular PK-
C concentration and its activation is believed to arise from multiple hyperglycaemic and
oxidative stress related pathways. One of the major activating pathways of PK-C occurs though
increased intracellular H202 present in T2DM. The increase in H20; leads to the increase of
NOX and the subsequent increase in PK-C activity. The increased activity of PK-C is further
promoted though the increase of diacylglycerol and/or a change in calcium ions induced though
increased cellular oxidative stress, namely O>" [13]. The activation of PK-C works as a protein-
phosphorylating enzyme, the phosphorylation PK-C can alter the outcome of signal
transduction pathways. It has been indicated that PK-C is a mediator of cellular function,
inflammation and vasculature homeostasis. Activation of PK-C can be seen in vascular smooth
muscle and platelets activating serotonin g-protein coupled receptor signalling, causing platelet
aggregation and changes to the vascular homeostasis [57]. Under oxidative stress environments
a direct upregulation of PK-C has previously been identified, as PK-C is a key cell mediator.
This increase has significant effects in CVD progression [5]. Research investigating oxidative
stress related up regulation of PK-C has identified direct changes to Mitogen-activating
Protein-Kinase (MAP-K), eNOS, COX-2 and endothelin-1 (ET-1) [13]. Enhanced platelet
activation can be seen through both reductions in eNOS and through the COX 2 pathway.
Increases in PK-C have been correlated with a direct reduction of eNOS leading to a reduction
in NO bioavailability [58].

PK-C contributes to increased thrombotic state through the up regulation of COX-2 in the
endothelial cell, COX-2 enzymatic activity increases prostacyclin and thromboxane A2 [59].
The increase in prostacyclin alters vascular homeostasis and inhibition of platelet activation.
Meanwhile thromboxane A2 production via the COX-2 pathway can increase platelet
activation and aggregation despite the prostacyclin production [60]. Upregulation of COX-2
by PK-C has a direct correlation to an increase of vascular inflammation [59]. Additionally the
increase in PK-C enhances the expression of the P38 subunit of MAP-K, further contributing
to vascular inflammation through cytokine release, increasing ET-1 and vasoconstriction,

promoting a loss in vascular homeostasis [61].

Recent studies have outlined PK-C as a potential therapeutic target for the treatment of
cardiovascular disease in a human model [62]. To date, there have been numerous clinical
studies have investigated the effects of PKC inhibitors/inhibition on murine models showing a

reduced risk in CVD risk factors [63, 64] Furthermore, several clinical studies have linked PK-
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C inhibition to assist in the attenuation of the diabetes related neuropathy and nephropathy,
with some studies showing promising results in CVD [65, 66]. In addition, there are a number
of studies that relate to the reduction of PK-C activity though inhibition of NADPH oxidase
[67].

Peroxynitrite and Arachidonic Acid

Peroxynitrite (ONOO") is a highly unstable reactive nitrogen species formed through the
elevation of ROS primarily O2” found in T2DM, the increased oxidative stress increases the
susceptibility of NO oxidization by hyperglycaemia induced superoxide (O2) [23].
Peroxynitrite is a powerful oxidative molecule that can perforate the phospholipid bilayer and
cause damage to other cellular structures either destroying the cell or disrupting cellular
functions. Furthermore, research has shown that ONOO™ has a key role in eNOS uncoupling
[68], which leads to a reduced NO capacity and endothelial dysfunction [69]. Several studies
have identified effect of oxidative stress on NO [70], and as NO is a key modulator of clotting
in vivo, it is of great importance in the synopsis of CVD. To date, previous studies have shown
that regulation of platelet aggregation occurs through cyclic guanosine monophosphate
(cGMP) in NO regulation, providing a powerful anti-aggregation mechanism when in
sufficient quantities [71]. However in diseases like T2DM, production of NO is reduced leading
to platelet-endothelium adhesion, triggering platelet aggregation and thrombi formation [70].
Furthermore several studies have documented that reduced NO availability is directly linked
with adverse cardiovascular outcomes [72]. Reduction’s in NO furthermore contributes to
atherogenic activity by increasing oxLDL, disruptions to vascular homeostasis monocyte
adhesion and smooth muscle cell proliferation, making it a key element to the development of
atherosclerosis [73]. Unstable metabolites, in combination with elevated quantities reactive
species including ONOO", Oz  and hydrogen peroxide (H202) are found in individuals with
diabetes, this leads to further destruction of the phospholipid bilayer increasing free AA
through the activation of Phospholipase A [74]. Arachidonic acid is a fundamental part of the
phospholipid membrane, when perforated or destroyed excessive amounts of AA is mobilised.
When AA is mobilised conversion to Prostaglandin G, (PGG2) occurs through COX 1 and
COX 2, PGG: is then converted to Prostaglandin Hz (PGHy). The rise in PGH; then increases
prostacyclin and thromboxane A2 [10]. The conversion of PGH> functions as a key activator
of platelets and disruption to the vascular homeostasis. Free AA is also metabolised by 5-
lipoxyginase to 5-hydroperoxyeicosatetraenoic acid (5-HTEPE), promoting a cascade of

leukotrienes (As, C4, E4, D4) increasing vasodilation and vascular permeability [36].
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Conclusion

As the incidence of T2DM is ever on the rise, the prevalence of related pathologies are
continually increasing. By summarising and identifying the biomarkers reviewed in this paper,
a better diagnostic and therapeutic treatment can be established. This review gives an updated
summary of the major pathways and significant markers associated with atherosclerosis and
CVD in T2DM. Novel methods in the assessment and identification of people with diabetes at-
risk of cardiovascular diseases like atherosclerosis and thromboembolisms can be identified.
This review will aid health professionals and researchers in profiling individuals with diabetes
in their relevant CVD risk categories, allowing for quicker and more effective treatment by
targeting specific pathways. The ability to collaboratively identify the changes caused from
oxidative damage in thrombotic factors, vascular inflammation, cellular proliferation and
reduced vascular homeostasis will further help researchers in identifying pathways in the
processes of CVD prevalence and the associated risk for T2DM individuals.

Summary

Figure 3 is a summary of the effects of oxidative stress on thrombosis, inflammation, vascular
cell proliferation and vascular homeostasis. As shown, many factors can contribute to more
than one category of the atherosclerotic development (PK-C) where as others are more specific
to one pathway (ONOO-; thrombosis, NF-xB; inflammation, TGF-; vascular cell proliferation

and O-GIcNAcylation; vascular homeostasis).
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Figure 1. Oxidative stress changing thrombotic state, vascular homeostasis, inflammation and cellular
proliferation in T2DM.

Figure 2. Cellular pathways involved in diabetes derived oxidative stress. P65 subunit of NF-xB Pathway
increases the gene expression of MCP-1 and VCAM-1 allowing for increased TNF-a, white cell adhesion and
greater white cell migration leading to vascular inflammation. P65 subunit of NF-«kB also increases cytokine
production further upregulating NF-xB and CR-P. Increased ROS synergistically amplifies endothelial
dysfunction, AA mobilisation, ONNO- and oxLDL. Increased endothelial dysfunction promotes the production
of cellular and platelet adhesion molecules, increasing platelet aggregation and white cell adhesion. Mobilised
AA adds to the increase in thromboxane A2 and prostacyclin, altering both platelet aggregation and vessel
dilation. ROS activates PK-C Production leading to an increase in cyclooxygenase activity, ET-1, MAP-Kinase
and decreasing eNOS causing platelet aggregation, vaso-constriction and vascular inflammation. Methylglyoxal
and ROS add to the accumulation in AGE’s, creating an increase in AGE-RAGE binding. Binding contributes to
vascular proliferation through TGFa and TGFp while O-GIcNAcylation and deregulation of enzymatic activity
leads to platelet aggregation and the reduction of vascular homeostasis.

AA, Arachidonic acid; AGE, Advanced glycation end-products; C-RP, C-Reactive protein; COX-1,
Cyclooxygenase-1; COX-2, Cyclooxygenase-2; ET-1, Endothelin-1; eNOS, Endothelial nitric oxide synthase;
ICAM-1, Intercellular adhesion molecule-1; Keap1-NRF2, Kelch-like ECH-associated protein 1-Nuclear factor
(erythroid-derived 2)-like 2; MAP-K, Mitogen-activated protein kinase’s; MCP-1, Monocyte Chemo-attractant
protein-1; NF-kB, Nuclear factor kappa-light-chain-enhancer of activated B cells; NO, Nitric oxide; ONOO-,
Peroxynitrite; oxLDL, Oxidised low density lipoproteins; PAI-1, Plasminogen activator inhibitor-1; RAGE,
Receptor of Advanced glycation end-products; ROS, Reactive oxygen species; TGF, Transforming growth
factor; TNF o, Tumour necrosis factor alpha; VCAM-1, Vascular cell adhesion molecule-1; 5-HTEPE, 5-
Hydroperoxyeicosatetraenoic acid.

Figure 3. Summary of biomarkers implicated by ROS in Platelet hyperactivity, vascular homeostasis, vascular
inflammation and cellular proliferation.

AA, Arachidonic acid; AGE, Advanced glycation end-products; C-RP, C-Reactive protein; COX-1,
Cyclooxygenase-1; COX-2, Cyclooxygenase-2; EGF, Endothelial growth factor; ET-1, Endothelin-1; eNOS,
Endothelial nitric oxide synthase; ICAM-1, Intercellular adhesion molecule-1; IL, Interleukin; INF-I, Interferon-
I; Keapl-NRF2, Kelch-like ECH-associated protein 1-Nuclear factor (erythroid-derived 2)-like 2; MAF-1,
Monocyte activating factor-1; MAP-K, Mitogen-activated protein kinase’s; MCP-1, Monocyte Chemo-attractant
protein-1; NF-xB, Nuclear factor kappa-light-chain-enhancer of activated B cells; NO, Nitric oxide; ONOO-,
Peroxynitrite; oxLDL, Oxidised low density lipoproteins; PAI-1, Plasminogen activator inhibitor-1; PDGF,
Platelet-derived growth factor; PGH Gy, Prostaglandin G1; PGH Hg, Prostaglandin Hi; PK-C, Protein Kinase-C;
RAGE, Receptor of Advanced glycation end-products; ROS, Reactive oxygen species; TGF, Transforming
growth factor; TNF o, Tumour necrosis factor alpha; VCAM-1, Vascular cell adhesion molecule-1; 5-HTEPE,
5-Hydroperoxyeicosatetraenoic acid.

Figure 1: Simple overview of T2DM induced oxidative stress
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Figure 3. Various biomarkers involved in ROS induced CVD
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