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Abstract

Diabetes mellitus—in particular, Type 2 diabetes mellitus (T2DM)—is one of the most
prevalent chronic illnesses in many countries. Diabetes mellitus is regarded as an independent
risk factor for cardiovascular disease (CVD). Cardiovascular disease is one of the main causes
of mortality in patients with diabetes, mainly due to macrovascular complications. One of these
macrovascular complications in diabetes is atherosclerosis, which involves a complicated
pathophysiological process. In addition to hyperglycaemia, oxidative stress (OS) plays a
significant role in the pathogenesis of diabetes and its associated risk of CVD. Platelet
hyperactivity, in the presence of OS, has a major effect on the progression of atherosclerosis
and thrombotic events. Aspirin (AS) is the most-used antiplatelet therapy for the prevention of
thrombotic complications in people with T2DM. AS attenuates platelet hyperactivity. Although
aspirin is a frequently used therapy for the inhibition of platelet hyperactivity, there is much
evidence for AS non-responsiveness. The anthocyanin (AC) antioxidant has been shown to
have an inhibitory effect on platelets and consequently may be used as a complement to other
antiplatelet therapies to attenuate the negative effect of atherosclerosis and CVD in people with

T2DM.

Although many dietary intervention studies have shown that intake of AC-rich food may be
negatively related to some CVD risk factors, the effect of pure AC on thrombotic markers such
as platelet hyperactivity and haemostasis is yet to be explored. The main aim of the studies
commenced for this thesis were to examine the effect of AC on thrombotic parameters and
reveal the pathways by which AC might affect platelet hyperactivity, thereby providing

individuals with T2DM with better protection against CVD.



The aim of the first study (see Chapter 4) was to evaluate the in vitro effect of AC on platelet
activation and aggregation. Fasting blood samples were collected from 13 screened and healthy
volunteers after obtaining ethics clearance and signed informed consent. A full blood
examination was conducted, and a dose-response curve was created by incubating platelets
with five concentrations of AC (25-200 mg/L). Flow-cytometer assessed platelet activity by
recording platelet surface marker expression of activation independent (CD41a) and dependent
(P-selectin and PAC-1). Platelet aggregation studies were performed using the turbidimetric
method by stimulating platelets using three different agonists: adenosine diphosphate (ADP),
collagen and arachidonic acid (AA). The results of this study confirmed that AC at 50 mg/L
significantly lowered platelet activation as expressed by the P-selectin surface activation
marker and AA-stimulated platelet aggregation. However, a similar effect of AC was not
detected when ADP or collagen was applied to induce platelet aggregation. Reduced AA-
stimulated platelet aggregation by in vitro—adding of AC suggests that AC may reduce platelet
hyperactivity, thus reducing the risk of vascular thrombosis and promoting cardioprotective

effects.

Following the results of Chapter 4, a subsequent study (see Chapter 5) was conducted to assess
if AC had a comparable antithrombotic effect ex vivo. Twenty-six randomly recruited healthy
(25-75-year-old) participants contributed to this study and consumed 320 mg of AC a day in
the form of Medox® capsules for 28 days. This study was conducted in laboratories of the
School of Medical Science at Griffith University. Fasting blood samples were collected pre-
and post-intervention to perform platelet activation studies, which were done by measuring
platelet surface marker expression of CD41a and P-selectin, and platelet—-monocyte aggregates
in ADP-stimulated platelets. Platelet aggregation studies were performed by stimulating
platelets with various agonists such as ADP, collagen and AA. Full blood examination,
coagulation and biochemistry profile analyses were also evaluated pre- and post-intervention.



A flow-cytometry analysis showed that AC had a significant effect on the expression of P-
selectin as measured by the platelet surface expression of CD62p. A significant decrease in
ADP-stimulated platelet aggregation was detected in the blood of healthy individuals. These
results endorse the idea that AC might reduce platelet aggregation by affecting a mechanism
of platelet activation, specifically the P2Y>—P2Y 12 receptor. Similarly, AC significantly reduced
platelet activation, as a lesser concentration of fibrinogen and decreased mean platelet volume
(MPV) were detected due to AC effects in normal participants. The results from Chapter 5
suggest that AC consumption may enhance protection against platelet hyperactivity—related

thrombosis.

Based on the results of Chapter 5, the aim of the next study (see Chapter 6) was to identify and
elucidate any possible influence of AC on thrombotic risks in people with T2DM. This study
involved patients with T2DM. Twenty-four patients with T2DM were recruited for this study,
and they consumed 320 mg of AC a day in the form of Medox® capsules for 28 days. Blood
pressure and anthropometric measures were taken before and after the intervention period.
Fasting blood samples were collected pre- and post-intervention to perform platelet activation
studies, which were done by measuring platelet surface marker expression of CD41a and P-
selectin in ADP-stimulated platelets. Platelet aggregation, full blood examination, coagulation
and biochemistry profile analyses were also evaluated pre- and post-intervention. The data
from this study showed that AC had a probable lowering effect on collagen and ADP-induced
platelet aggregation in T2DM. This clinical trial also demonstrated the reducing effect of AC
on the TC level in the blood. The figures shown in Chapter 6 suggest that the ingestion of AC

may mitigate the development of thrombotic risks due to platelet hyperactivity.

Following the outcome of Chapter 6, a fourth study (see Chapter 7) was conducted to assess if

AC was comparable to AS in lowering different thrombotic biomarkers as well as platelet



activation and aggregation. Antiplatelet medications, such as AS, diminish platelet
hyperactivity and aggregation and decrease the risk of thrombosis. These antiplatelet drugs
inhibit platelet activation through different pathways. Antiplatelet agents are indicated for
mitigating thrombosis, which is partly mediated by platelet hyperactivity. However, AS non-
responsiveness and side effects have been reported. Antioxidants alleviate the development of
atherosclerosis and mitigate the prognosis of CVD. Two groups of healthy participants
consumed AC and AS for four weeks. They were tested before and after the intervention period
for different parameters including full blood count, platelet activation and aggregation,
biochemical tests of lipid profile, uric acid, glucose and C-reactive protein, and coagulation
assay. This study (see Chapter 7) showed a significant decrease in platelet hyperactivity—as
expressed by CD62p (P-selectin) caused by AC—in the participants, yet the effect of AS was
more powerful. AC had a reducing effect on ADP and collagen-stimulated platelet aggregation,
but AS applied a greater inhibitory effect on this. Alleviated platelet activation, along with
reduced platelet aggregation, were also detected. Lower platelet degranulation correlates with
a decrease in thrombus size, as P-selectin (which is expressed by platelets upon activation) is
recognised to attract nearby white blood cells (WBCs) dynamically, thus increasing thrombus
size. The outcomes from this study (see Chapter 7) suggest that AC could possibly be used to
decrease platelet function. However, this study also showed AC to be less useful than AS in

lowering the risk of thrombosis.

The results achieved from the studies completed for this thesis demonstrate a positive
relationship between the consumption of AC and a decrease in platelet activity, which may be
instrumental in lowering the risk of thrombosis, thus providing better prevention against CVD.
The hypothesised total antioxidant effect of AC may be responsible for reduced platelet
activity, which is expected to delay or even prevent macrovascular or microvascular events in
patients who suffer from elevated OS as a result of different diseases such as T2DM. Reduced
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MPV and lowered fibrinogen levels also suggest that ingestion of AC may have an effect in
suspending the early stages of atherosclerosis. Thus, AC has the potential to alleviate

thrombotic risk and probably reduce the risk of cardiovascular events.
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1.1. Introduction

Diabetes mellitus is one of the most prevalent chronic illnesses in many countries, and it is
gradually increasing in incidence.(3) This high incidence is partly attributed to a sedentary
lifestyle, which results in obesity and weight gain.(4) DM consists of two main types: Type 1,
which is insulin dependent; and Type 2, which is non-insulin dependent. Type 2 diabetes
mellitus (T2DM) is much more prevalent globally and in Australia.(3) Kaiser et al. (5)
estimated that there were more than 500 million patients with T2DM globally in the year 2018.
Evaluation of the ongoing increase in the incidence of T2DM is necessary to organise social
and medical resources, clarify the effects of lifestyle, and support actions to reverse figures of
increased incidence.(6) There has been a progressive increase in the incidence of T2DM in

Australia, with 3.5% from 2007 to 2008 and 4.1% in 2018.(3)



A cardiovascular disease (CVD) is caused by macrovascular complications such as
atherosclerosis and represents a risk factor for mortality in individuals with T2DM.(7) Platelets
are enucleated blood cells and their hyperactivity, in the presence of free radicals, has a major
effect on the progression of atherosclerosis.(8) Aspirin (AS) is an antiplatelet drug and acts by
reducing platelet hyperactivity. Although AS plays a major role in the inhibition of platelet
hyperactivity, many studies have indicated the non-responsiveness and side effects of AS. It
has been shown that OS, which occurs in T2DM,(9,10) may lead, at least in part, to a
diminished response to AS, with several underlying pathways affected at different steps.(10)
The anthocyanin (AC) antioxidant has an inhibitory effect on platelets and may have a role in
preventing atherosclerosis and CVD. Consequently, AC may have the potential to complement
other antiplatelet drugs.(8) This chapter will discuss the effectiveness of AC as an antiplatelet

therapy to prevent CVD in diabetics.

1.2. Role of Platelets in Diabetes

1.2.1. Platelet Functions

Through their aggregation, platelets release constituents from their granules, which are
necessary for thrombus formation. Platelet activation leads to a change in the expression of
surface glycoproteins (GPs). During the stimulation and activation phase of platelets, P-selectin
translocates from alpha granules and Weibel-Palade bodies of endothelial cells (ECs) to the
cell membrane.(11) On the platelet surface membrane, GPIIb-1lla undergoes an activation-
dependent conformational change, which allows it to bind to fibrinogen.(12) The binding of
thrombospondin to GPIV is elevated, and the von Willebrand factor (VWF) binding site on the
GPIb-1X complex is downregulated in thrombin-activated platelets.(13) Recognition of these
alterations that occur on the membrane of platelets has been applied in research to analyse

platelet activation by specific antibodies.(14)



1.2.2. Proaggregators of Platelets

Diabetes, hypertension, heart disease and atherosclerosis patients share the characteristic of
being at high risk of thrombus formation due to platelet activation. Researchers believe that
procoagulant mechanisms are not the single reason behind increased platelet action. Loss of
the preventive effect of anti-aggregatory actions can lead to hyperactivity of platelets as well.
Insulin resistance (IR), which characterises T2DM, predisposes augmented platelet
activity.(15) Platelets have insulin receptors that are able to bind insulin, which consequently
leads to autophosphorylation.(15) The resistance of platelets to the suppressive effect of insulin
and the decreased endothelial release of anti-aggregants—including nitric oxide (NO) and
prostaglandin I (PGl2)—result in loss of control of the platelets and reduced platelet contact
with the endothelium.(16) Possibly, all systems involved in regulating platelet activity—such
as platelet—agonist relations, platelet—vascular wall contact, the platelet—platelet interface, and

platelet—coagulation factor relationships—may be impaired.(16)

Through their aggregation, platelets release constituents from their granules, which are
necessary for thrombus formation. Key in vivo activating factors that stimulate platelets are
thromboxane Az (TXA>), adenosine diphosphate (ADP), collagen and thrombin. Adrenaline
and serotonin are also weak stimulants of platelets.(17) There are different receptors for these
agonists and for other mediators such as the VWF and fibrinogen.(17) Some platelet receptors

and their corresponding agonists are shown in Figure 1.1.



Figure 1.1: Platelet receptors and their corresponding agonists.

Stimulation of platelet aggregation is initiated by production and release of TXA., and
exocytosis of dense granules secreting ADP, serotonin and thrombin.(17) Release of P-selectin
from a-granules is initiated in response to platelet activation and is expressed on the plasma
membrane.(17) Platelet proaggregators perform in an interactive way; therefore, platelet
activation is highly affected when one of the mechanisms of platelet aggregation is
impaired.(17) Platelet activation leads to a change in the level of expressed surface GPs. These
GPs include integrins and non-integrins, which play an important role in platelet adhesion and
aggregation and work as receptors for platelet agonists.(18) In the stimulation and activation
phase of platelets, P-selectin is translocated from alpha granules in platelets and Weibel-Palade
bodies of ECs to the cell membrane.(11) On the platelet surface membrane, GPIllb-llla
undergoes an activation-dependent conformational change, which allows it to bind to

fibrinogen.(12) In addition, the binding of thrombospondin to GPIV is elevated, and the VWF



binding site on the GPIb-1X complex is downregulated in thrombin-activated platelets.(13,19)
Recognition of these alterations that occur on the membrane of platelets, by special antibodies,

is used for accurate analysis of platelet activation in the blood.(14,20)

1.2.3. Anti-Aggregators of Platelets

The most important anti-aggregants include PGl and NO, which are released by the normal
vascular endothelium and regulate the action of proaggregants to prevent the formation of
thrombi in the intact blood vessels.(14) Unlike anti-aggregants and proaggregants, which apply
their actions by attaching to specific receptors on the plasma membrane of platelets, NO crosses
the membrane and stimulates guanylate cyclase, hence inhibiting platelet activation.(21) The
released signals from the stimulated receptor are transferred inside the platelet by a group of
signal transduction processes, each including guanosine triphosphate (GTP)-binding proteins
(G-proteins).(18) G-proteins represent many groups of variable cellular proteins that take part
in different cellular processes, including regulation of signal transduction pathways.(22) The
outcome of the activation of the proaggregatory signal transduction processes is the stimulation
of other systems, such as phospholipase C (PLC)-activated hydrolysis of inositol
phospholipids and the unlocking of ion channels. In contrast, the activator systems of the anti-
aggregatory processes initiate adenylate and guanylate cyclase, hence inhibiting platelet
activation.(21) Promotion of these activator systems results in different biological responses
due to the many changes in phosphorylation conditions, enzymatic actions and physical
characteristics of the main proteins in platelets.(14) Diabetes, hypertension, heart disease and
atherosclerosis patients share the characteristic of being at high risk of thrombus formation due
to platelet activity. It is believed that the procoagulant mechanisms are not the single reason
behind increased platelet action. Loss of the preventive effect of anti-aggregatory actions can

lead to hyperactivity of platelets as well.(1)



1.2.4. Platelet-Endothelial-White Blood Cell Immunopathological Interactions
Platelet adherence and aggregation on the vascular endothelium can be prevented by anti-

aggregators, such as NO and PGl (14, 24), as shown in Figure 1.2.

Abbreviations: Cell surface prostacyclin receptors (IP), guanylate cyclase (GC), adenylate cyclase (AC),
adenosine monophosphate (AMP), guanosine monophosphate (GMP), cyclic adenosine monophosphate (CAMP),
cyclic guanosine monophosphate (cGMP) and calcium (Ca++).

Figure 1.2: Platelet-endothelium interaction and the role of NO and PGl.. (23)

There are many components—Ilike plasma thrombin and bradykinin, platelet-released
serotonin, platelet-derived growth factor, interleukin-1, and ADP—which enhance the
endothelial production of these anti-aggregators in the presence of aggregating platelets.(25)
Further, the purpose of this inhibitory effect of NO and PGl is to bind the platelet plug to the
site of vascular damage. PGl binds to a specific platelet receptor, which is linked to G-proteins,
to activate adenylate cyclase. An adenylate cyclase inhibitory G-protein is associated with an
ap-adrenergic receptor, which relates to epinephrine.(26) In addition, NO disperses through the

plasma membrane of the platelet and stimulates guanylate cyclase.(23) Consequently,



phosphorylation by cyclic adenosine monophosphate (CAMP)-dependant and cyclic guanosine
monophosphate (cGMP)-dependant protein kinases, and consequent suppression of platelet
proteins (which are fundamental for the process of aggregation), represent the outcome of these
preventive mechanisms.(14,27) It is reported that there is reduced endothelial production of
PG, (28,29) and decreased formation of NO in diabetic models.(30,31) However, it was shown
in animal models that the vascular production of PGI> returns to normal after correction of the
metabolic state by insulin or transplantation of pancreatic islet cells in animals.(27) The activity
and interaction of platelets with the proaggregators is enhanced when there is a dysfunctional
anti-aggregator. Similarly, this event may occur in diabetes in the case of reduced platelet
sensitivity to the anti-aggregators. It has been demonstrated that the diminished response of
platelets to NO and PGl occurs in individuals presenting with vascular disease, particularly in
diabetes. Further, a decreased response of platelets to PGl (32) and NO has been detected in
patients with diabetes.(24) Moreover, a reduced response to NO by the smooth muscles of the
coronary arteries was detected in an acute attack of ischaemic heart disease,(33) suggesting
that the attenuated response to NO can be considered a common finding in a vascular disease
such as atherosclerosis. Conversely, many studies have demonstrated the effects of different
proinflammatory mediators in the pathogenesis of atherosclerosis involving the adhesion
molecule,(34) tumour necrosis factor-a (TNF-a),(35) C-reactive protein (CRP) (36) and
interleukins.(37) Therefore, increased expression of different cell adhesion molecules (CAMs)
displays endothelial dysfunction or inflammation.(38) As shown in Figure 1.3, CAMs can be
expressed by various types of cells—such as vascular cell adhesion molecule (VCAM)-1,
which is released by smooth muscle cells and ECs—and intercellular adhesion molecule
(ICAM)-1 may be produced by fibroblast, bone marrow cells and ECs as well.(39) In addition,

E-selectin is expressed significantly by activated ECs.



Adhesion of ECs to leukocytes represents the first step of the pathological process of
atherosclerosis.(40) Figure 1.3 shows WBCs and endothelial CAMs—which include VCAM-
1, ICAM-1, integrins and selectins—that play a significant role in the adhesion of ECs and

monocytes.(41)
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Rolling and adhesion of leukocytes to endothelial cells with the aid of cellular adhesion molecules (CAMs), such
as integrins, intercellular adhesion molecules (ICAMs) and vascular cell adhesion molecules (VCAMSs), which
are affected by cytokines on EC firming adhesion and transmigration of WBCs, and selectins (P-selectin), which
is stored in ECs and platelet granules expressed on cell surface on stimulation and release.(42)

Figure 1.3: Pathophysiology of atherosclerosis and interaction of white blood cells with the endothelium.(42)

The normal EC expresses ICAM-1 and VCAM-1 in lower concentrations than in response to
other activators such as oxidants and cytokines, to initiate the adhesion of ECs to other

cells.(40)

1.2.5. Intrinsic Abnormalities of Platelets in Type 2 Diabetes Mellitus
Different mechanisms of platelet dysfunction in T2DM are shown in Table 1.1. There are many
in vitro studies demonstrating increased platelet response to various agonists.(43,44) However,

whether extrinsic or intrinsic causes may affect the activity of platelets in the presence of



immune complexes of insulin that occur in T2DM is not entirely understood. T2DM patients
show high platelet sensitivity to epinephrine, ADP and thrombin.(44) However, it is difficult
to show high platelet response to the proaggregants in reasonably controlled patients with
T2DM.(45,46) Elevated platelet aggregation in diabetes is not mainly dependent on the AA
and ADP pathways,(47) and it would not be suppressed by administration of insulin to these

patients for seven days, although this treatment returns glucose levels to normal.(48)

Table 1.1: Evidence of platelet disorders in diabetes mellitus.

Platelet dysfunction Evidence Reference

Enhanced aggregation Increased platelet sensitivity to epinephrine, ADP and (43,44)
thrombin

Improved formation of TXA, (49)

Impaired arachidonic acid function (50)

Reduced magnesium and increased calcium inside platelets (51)

Platelet injury Vascular disease (52)

Reduced platelet disorders Suppression of the effect of cyclooxygenase (53)

Platelet hyperactivity Decreased response of platelets to PGI, and NO (24)

Oxidative stress (8)

Increased F2 isoprostane production (54)

Decreased activity of endothelial nitric oxide synthase

Reduced production of NO

Elevated signalling of platelet receptors

Reduced membrane fluidity (50)

Varied lipid structure of the platelet membrane

Protein glycation

Increased expression of the adhesion molecules of the (55)

platelets such as CD63, CD62p, CD49b, CD36 and CD31

Upregulation of P-selectin, GPIIb/Illa and GPIb receptors of (56)

platelets

Increased platelet release reaction (57)

Abnormal magnesium and calcium hemostasis in platelets (57)
Adhesion of platelets to EC in Increased cytokines and chemokines, which involve CD40L, (58)
endothelial dysfunction interleukin-1 g and platelet factor-4




Adhesion of platelets to EC in Expression of E-selectin, ICAM-1, and VCAM-1 by EC, (59)
endothelial dysfunction more than normal
Platelet adhesion Suppressed CAMP (57)

Reduced insulin sensitivity

Increased signalling of P,Y 1. (ADP) receptors in the platelet

Reduced magnesium and increased calcium inside platelets (51)

According to Colwell et al.,(52) vascular disorder can precipitate platelet injury, and any
change in platelet function will lead to vascular disease, that is, vascular and platelet
impairments are related to each other. Consequently, an impaired interaction between these
cellular elements may represent a specific aetiological factor underlying the vascular disease
of patients with diabetes, even though it is evident that an internal disorder of platelets may
have a significant effect on the pathogenesis of this condition in T2DM patients. There is plenty
of research evidence referring to the impairment of the AA function in the hyperaggregation of
platelets in T2DM patients. Sagel et al. (53) stated that the suppression of the effect of
cyclooxygenase (COX) might reduce platelet disorders in T2DM. Further, this action may
occur due to increased formation of TXA: in stimulated platelets of patients with diabetes.(49)
TXA: is not conclusively the only link to the aggregation of platelets (49) because, in T2DM,
platelets are not significantly affected by the prevention of the production and activity of

TXA:2.(50) The increased aggregation of platelets seems to be multifactorial.

Therefore, a vascular disorder is not specifically the single factor responsible for the enhanced
aggregation of platelets. Animal experiments on diabetes have shown increased aggregation of
platelets and TXA: production even before evidence of a vascular disease.(29) Activation of
platelets and synthesis of mitogens are also predisposing factors for vascular disease, which is
attributed to the stimulation of smooth muscle cells of the vessels by these mitogens. Therefore,

research findings suggest that platelets have a significant role in the pathogenesis of
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atherosclerosis.(24) Figure 1.3 shows the primary pathophysiological process of

atherosclerosis.

1.2.6. Diabetes-Induced Platelet Hyperactivity

Many causes lead to the increased aggregation and adhesion of platelets in T2DM patients.(57)
One of these causes is the reduction of membrane fluidity of platelets owing to the variation of
the lipid structure of the platelet membrane or due to the glycation of its protein.(57) Increased
sensitivity of platelets due to the production of more TXA>, which is a by-product of AA

metabolism, leads to increased platelet aggregation and adhesion in T2DM patients.(60)

Measurements by flow cytometry have shown that in T2DM patients, there is increased
expression of the adhesion molecules of the platelets—such as CD63 (glycoprotein 55) that
makes complexes with integrins;(61) CD62p (P-selectin) that is released from platelets upon
activation;(61) CD49b (integrin a2) that adheres to collagen; CD36 (platelet glycoprotein 1V)
that is utilised for cell adhesion with collagen and thrombospondin; and CD31 (platelet
endothelial cell adhesion molecule-1) that indicates platelet adhesion with the ECs.(55)
Suppression of cCAMP and reduced insulin sensitivity due to increased signalling of P2Y1.
(ADP) receptors in the platelet represent another cause of high platelet adhesion, aggregation
and procoagulation.(57) T2DM involves upregulation of P-selectin, GPIIb/Illa and GPIb
receptors of platelets. GPIIb/Illa plays an instrumental role in platelet aggregation through the

binding of platelets to fibrinogen, while GPIb initiates the binding of platelets to VWF.(56)

Other factors contributing to hyperactivation of platelets in T2DM patients include an increased
platelet release reaction in response to thrombin-stimulated platelets.(57) Decreased sensitivity
of platelets in response to PGl and NO,(62) and abnormal magnesium and calcium hemostasis

in platelets of patients with T2DM (57) may have a role in platelet hyperactivity. Calcium plays
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a significant role in several platelet activities, such as the changing of platelet shape, platelet
secretion and aggregation, and production of TXA;.(63,64) Reduced magnesium and increased
calcium inside platelets upregulate aggregation and adhesion of platelets.(51) Several
cytokines and chemokines—which include CD40L, interleukin-1 g and platelet factor-4—have
been detected in activated platelets of patients with T2DM, and this has consequently led to
atherogenesis and inflammation in the presence of the procoagulant situation.(58) Lastly,
hyperactivity of platelets may occur due to the increased number of reticulated platelets
because of the increased turnover of platelets.(65,66) Reticulated platelets are associated with
an impaired response to antiplatelet medications (66) and have a higher number of dense

granules that enhance platelet hyperactivity.

1.2.7. Platelet Hyperactivity and Atherosclerosis in Diabetes

The significant illness and death caused by atherosclerosis are due to platelet adhesion and
aggregation at the site of endothelial damage or the rupture site of the atherogenic plaque. Most
cases of coronary heart disease (CHD) happen with less than one-third tapering of the vascular
lumen.(67) As shown in Table 1.1, there are many types of platelet disorders, including
enhanced aggregation, platelet injury, platelet hyperactivity, prompted adhesion of platelets to
the ECs, and low platelet response to NO and PGI».(62) Platelet hyperactivity, together with
thrombosis, has a principal role in the pathophysiology of atherogenesis.(62) Therefore,
vasoconstriction, inflammation, thrombosis and platelet hyperactivity can all play a significant

pathophysiological role in the development of atherosclerosis in T2DM patients.(68)

1.2.8. Oxidative Stress and Platelet Hyperactivity in Diabetes
Inflammation, OS and hyperactivation of platelets are principal factors in the pathophysiology
of many diseases like atherosclerosis, hypercholesterolemia, CVD, T2DM and thrombosis.(8)

Glucose oxidation may promote OS due to the high production of oxygen-free radicals,
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particularly reactive nitrogen and oxygen species.(69) OS may lead to platelet hyperactivation.
The pathophysiology of T2DM involves OS (70) and is responsible for many conditions—
including impaired uptake of glucose by the muscle, abnormal oxidation of lipids, and
endothelial dysfunction—resulting in activation of platelets, thrombotic risk and

cardiovascular complications.(8)

OS, particularly in uncontrolled T2DM, may specifically elevate the probability of CVD
complications and increase platelet hyperactivation in three ways. Firstly, increased F2-
isoprostane production may augment the response of platelets to the agonists. The second way
is via the decreased activity of endothelial nitric oxide synthase and the reduced production of

NO. The third way is the elevated signalling of platelet receptors because of OS.(54)

1.2.9. Platelet Activity and Cardiovascular Disease

Increased platelet activity is an important predictive marker for CVD.(71) Thrombotic effects
of platelets can be initiated through vascular wall endothelial damage or injury by atheromatous
plaque. Platelets adhere to damaged endothelium, which in turn will change their shape,
causing them to undergo degranulation and activation. The activation of platelets leads to the
conjugation of fibrinogen to the platelets through their GP l1b/ll1a receptors.(8) There are many
antiplatelet medications that have been used to mitigate platelet activation and aggregation, and

consequently lower thrombotic and CVD risks.(72)

1.3. Type 2 Diabetes Mellitus with Thrombotic and Cardiovascular Disease Risks

1.3.1. Type 2 Diabetes Mellitus

T2DM is a metabolic abnormality that results in an increased blood glucose level and impaired
fat metabolism due to an inability to produce adequate insulin from islet B cells in the pancreas.

Physical inactivity (and the subsequent obesity that follows) and IR play important roles in the
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onset of T2DM. The risks of this disease are many due to its wide destructive effect on multiple
organs. T2DM also comes with enormous expenses, which are taxing on public health services,
because of its progressively high prevalence.(73) The American Diabetes Association stated in

2018 that there were more than half a billion patients with T2DM around the globe.(5)

T2DM is characterised by an insufficient insulin effect, which is either inadequate or inefficient
due to IR. The definition of IR, as the failure of insulin to regulate glucose uptake, does not
account for the high number of abnormalities resulting from impaired insulin action. The best
definition of IR can be ‘the metabolic state in which the measured tissue response to insulin is
less than that expected for the apparently available insulin’.(24) This metabolic disorder in the
presence of other effects of insulin, such as acting as a growth factor; having special effects on
neuropeptide secretion; and having effects on the smooth muscle, endothelium, erythrocyte
function and platelets.(24) A metabolic abnormality occurs in patients of T2DM (24), and it is
regarded as a precipitating factor of macrovascular events and T2DM.(74) T2DM is a
multisystem impairment that is related to many cellular and metabolic changes. There are
several causes of T2DM, and these are related to genetic disorders, increased weight, sedentary

lifestyles and advancing age.(75)

An abnormal lipid profile, increased blood pressure, impaired glucose metabolism (IGM) and
prothrombotic condition are metabolic abnormalities that frequently occur in individuals who
have T2DM.(74,75) An abnormal lipid profile, especially in the case of atherogenic
dyslipidaemia, includes three lipoprotein disorders, which are increased very-low-density
lipoprotein, low-density lipoprotein (LDL) particles and reduced high-density lipoprotein
(HDL) concentrations. This profile is known as the lipid triad, which is also called the
atherogenic lipoprotein phenotype.(75) Patients with T2DM have this lipid triad, which

appears to be an atherogenic phenotype unrelated to elevated levels of LDL.(75) Therefore, the
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majority of individuals with T2DM present this atherogenic phenotype even in the absence of

hyperglycaemia, and T2DM is observed long before the progress of hyperglycaemia.(75)

Hypertension is a well-known predisposing factor for vascular events related to T2DM. An
obvious link between the insulin level and blood pressure has been confirmed.(74) While the
number of conditions that connect T2DM and hypertension is increasing, ECs seem to play a
major role in this connection.(76) Hypertension is part of the metabolic syndrome, which
occurs in many individuals who have atherogenic dyslipidaemia.(75,76) Atherogenic
dyslipidaemia usually occurs in conjunction with IR, hypertension and prothrombotic risk,
which all predispose a patient to metabolic syndrome due to T2DM.(75) This prothrombotic
condition is a recently identified element of metabolic syndrome, and patients with metabolic
syndrome demonstrate amplified coagulation factors with augmented thrombosis or reduced
thrombolysis.(75) The prothrombotic condition involves a high concentration of
fibrinogen,(77) and increased plasminogen activator inhibitor-1 (PAI-1) (78) and changes in
the function of platelets.(79) Therefore, there is a growing indication that diabetes accounts for
a specific group of aetiological situations for vascular disorders. The harmful outcome of
prolonged hyperglycaemia is partially responsible for the aetiology of the vascular disorders,
yet reasons other than hyperglycaemia also account for T2DM.(80) Metabolic disorders are the
key abnormality in T2DM as well as disorders of the microvascular and macrovascular
circulations. These abnormalities are linked to impairment of platelets and the neurovascular
element. Platelets are fundamental for haemostasis, so understanding their role is essential to
understanding the pathophysiology of vascular complications in patients with diabetes.
Undamaged endothelium of the vessels is essential to the physiological activity of smooth
muscles and for their physiological intervention with platelets.(24) The effect of
hyperglycaemia on the physiological and structural microvascular deficits and platelet
hyperactivation in T2DM is undetermined. The coagulation pathways are abnormal in
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T2DM.(81-83) High concentrations of fibrinogen and PAI-1 promote both thrombosis and
abnormal dissolution of clots as soon as they are made.(82,83) In patients with T2DM, the
adherence of platelets to the endothelium and their aggregation happen more frequently than
in healthy individuals.(24) The prominent abnormality of platelets is diminished sensitivity to
the physiological restrictions applied by NO and PGl produced by the vascular endothelium.

Insulin is a normal inhibitor of platelet hyperactivation.

T2DM is concomitant with disorders of haemostasis and coagulation factors, including platelet
aggregation, platelet adhesion, and variation of thromboxane, the VWF, factor VIII, tissue
plasminogen activator and fibrinogen. Moreover, fibrinolytic action is reduced as a result of a
high level of PAI-1.(83) However, production of PAI-1 can be affected by the concentrations
of insulin, proinsulin, cytokines, glucose and modified lipoproteins.(84,85) Insulin promotes
the sensitivity of platelets to PGI. and increases the production of NO and PGI. by the
endothelium. Consequently, the abnormal insulin activity in T2DM patients leads to abnormal

platelet function, encouraging microvascular and macrovascular complications.(24)

1.3.2. Type 1 Diabetes Mellitus

Type 1 diabetes mellitus (T1DM) is caused by an immune-associated mechanism destroying
insulin-forming f cells. In the past, it was mainly defined as a paediatric disorder, but we now
know the age of onset of TIDM is not a limiting point.(86) The main diagnostic criteria for
T1DM in paediatric patients are hyperglycaemia, polyphagia, polydipsia and polyuria.(86) An
urgent requirement for insulin therapy is another clinical core in the diagnosis of the disease.
Several risk factors such as inflammation, hyperglycaemia, lipogenesis, OS and genetics have
been shown to increase CVD risk in TLDM patients.(87,88) A primary key to the increased
thrombotic events in diabetes patients is abnormal regulation of antiplatelet-activating

mechanisms that keep adequate levels of inhibitory cAMP to reduce platelet
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aggregation.(87,89) TXA: and PGIl> mediate the production of platelet cAMP. Platelets
produce TXA:, which enhances platelet activation, while ECs release PGl,, which acts
negatively on platelet aggregation.(87) Zaccardi et al. (90) have shown increased excretion of
thromboxane metabolite (TXM), which is a by-product of TXA>, due to the activated platelets.
Endothelial dysfunction and OS occur together with increased excretion of TXM in patients
with T1LDM compared to healthy patients.(90) TLDM patients demonstrate high TXA2, OS and

endothelial dysfunction, and platelet activation is probably initiated.(87)

1.3.3. Obesity and Body Mass Index in Type 2 Diabetes Mellitus

Obesity is an obvious medical issue around the world and is a potential risk factor for the
development of further complications, particularly T2DM and CVD.(91) Both genetic and
environmental factors play a role in the development of obesity. Some anthropometric
measurements represent assessments of obesity and have been used in the clinical field and
epidemiological experiments.(92) The body mass index (BMI) links weight to height and is
commonly used as an anthropometric measure to evaluate obesity.(92) BMI is predominantly
related to undesirable biophysiological issues.(91) High BMI values have been detected in
patients with T2DM, and this enhances the risk of CVD in these patients.(92) It has been
recognised that obesity leads to greater platelet reactivity.(93) Bordeaux et al. (93) have
detected higher TXM in obese participants compared to non-obese participants. Higher basal
levels of P-selectin have also been detected in obese women compared to non-obese
women.(94) Increased concentrations of TXM and P-selectin indicate high platelet
activity.(90) After administration of a single high dose of clopidogrel, higher levels of platelet
aggregation and MPV have been found in obese participants compared to those with a normal
BMI.(95) Obesity increases the mortality rate in diabetic patients due to risks of CVD and
thrombosis. Hence, platelet hyperactivity might augment the role of obesity to increase CVD
risk in T2DM patients.
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1.3.4. Lipid Disorders in Diabetes and Cardiovascular Disease

Increased levels of triglycerides (TG) and LDL cholesterol are well-known precipitating factors
of cardiac disease.(96) In the past several decades, many studies on CVD have concentrated on
lowering the concentration of LDL. In contrast, more recent studies have shown the inverse
relationship between the blood level of HDL cholesterol and the likelihood of a CVD incidence,
yet the concentration of HDL is independent of TG and LDL in the blood.(97) Consequently,
one of the potential ways to treat CVD is by increasing HDL levels.(98) The principal role of
HDL is to promote and facilitate reverse cholesterol transport—a function that helps
cholesterol to transfer from the atherosclerotic plaque, foam cells and macrophages back to the
liver, to be excreted as bile salts or cholesterol later.(98) Many factors or components affect
the role of HDL, including lecithin cholesterol acyltransferase, macrophage cholesterol efflux,
cholesterol ester transfer protein and selective uptake of cholesteryl esters in the liver.(99)
Advanced research is being conducted to prove that genetic factors can influence patients’
propensity for CVD.(100) It is known that patients with T2DM and dyslipidaemia have a higher

risk of CvD.(101-103)

1.3.5. Molecular and Metabolic Abnormalities Due to Oxidative Stress in Type 2 Diabetes

Mellitus

The aetiological processes accounting for the increased risk of CVD in patients with diabetes
and IGM have not been fully understood. However, dyslipidemia, hypertension (104) and
obesity may not fully explain the increased risk of CVD complications in patients with
IGM.(105) Low-grade inflammation and endothelial dysfunction, two fundamental factors in
the pathophysiology of atherosclerosis, can make the link between IGM and CVD more

apparent.(104,105)
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Over the last few years, a clear picture of the core molecular disorders accountable for vascular
abnormalities in diabetes has emerged. In detail, increased blood glucose, an obvious
predisposing factor of progressive atherosclerosis and vascular damage, may lead to vascular
injury through three separate mechanisms: the stimulation of protein kinase C (PKC), the

formation of advanced glycation end products (AGPs) and the accumulation of sorbitol.(106)

Hyperglycaemia aggravates molecular pathways that change vascular structure and functions.
These include increased OS, disturbances to intracellular signal transduction (e.g., activation
of PKC), stimulation of the receptor for the advanced glycation end product (RAGE) and
decreased availability of NO. Reactive oxygen species (ROS), and consequently OS, make up
a crucial part of the progress of microvascular and macrovascular complications in
T2DM.(10,107) The high OS in patients with T2DM is due to metabolic abnormalities—
including IR, dyslipidaemia, hyperglycaemia and hyperinsulinemia (10,107)—each of which
predisposes the patient to upregulation of mitochondrial superoxide in the ECs and
myocardium.(10,70) One of the potential pathological mechanisms is characterised by the
production of ROS due to the (i) increased activity of the hexosamine pathway, (ii) stimulation
of PKC isoforms, (iii) amplified production of AGPs, (iv) augmented expression of the

receptor for AGEs, and (v) the polyol pathway flux.(10,108).

The attenuation of the antithrombotic enzymes prostacyclin synthase (10,109) and endothelial
nitric oxide synthase (10,110) may also augment the adverse effects of OS in T2DM
patients.(10) Therefore, amplified intracellular ROS leads to dysfunctional angiogenesis in
response to ischaemia, initiating several proinflammatory mechanisms and leading to ongoing
epigenetic changes that maintain persistent expression of proinflammatory genes after
glycaemia is controlled. This is known as ‘hyperglycaemic memory’.(10,111) Consequently,

the production of endothelin-1 and TXA: s increased, and the nuclear transcription factor (NF-

19



kB) and activator protein-1 are activated, along with increased production of the tissue factor
and PAI-1.(68) Consequently, diabetes precipitates endothelial dysfunction and aggravates
inflammation, vasoconstriction and thrombosis. However, it decreases the production of NO
and PGI,.(68,106) More details about metabolic disorders in T2DM are illustrated in Figure

1.4.

A 4

%4

Endothelial dysfunction Intravaséular

Hyperlipemia and insulin resistance in T2DM exacerbate OS, and RAGE and PKC activation. Therefore, due to
underlying variable mechanisms, there will be a high risk of atherogenesis as a result of platelet hyperactivity,
increased thrombotic risk and endothelial dysfunction.

Figure 1.4: Metabolic abnormalities in thrombosis.

1.3.6. Haemostasis in Diabetes and the Initial Role of Platelet—\VVascular Wall Interaction

There are many components—such as plasma thrombin and bradykinin, platelet-released
serotonin, platelet-derived growth factor, interleukin-1 and ADP—that enhance the endothelial

production of anti-aggregants in the presence of aggregating platelets.(25) The diminished
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response of the platelet to NO and PGl has been demonstrated in individuals presenting with
vascular disease, particularly in patients with diabetes. Further, a decreased response of
platelets to PGl, and NO has been detected in patients with diabetes.(24) Moreover, a
diminished response to NO of smooth muscles of the coronary artery has been detected in the
acute attack of ischaemic heart disease,(33) suggesting that the diminished response to NO can
be considered a common finding in vascular diseases such as atherosclerosis. The normal EC
expresses E-selectin, ICAM-1 and VCAM-1 in lower concentrations in response to other

activators such as oxidants and cytokines to initiate the adhesion of EC to other cells.(40,59)

The effect of hyperglycaemia on physiological and structural microvascular deficits and
platelet hyperactivation in T2DM patients is uncertain. In these patients, the adherence of
platelets to the endothelium and their aggregation happen more frequently than in healthy

individuals.(24)

The prominent abnormality of these platelets is diminished sensitivity to the physiological
restrictions applied by NO and PGIz, which are produced by the vascular endothelium.
Different processes account for the reduced response to NO and PGIl,. The primary process is
an abnormal function of the PGl receptor in diabetic patients. A deficient number of these
receptors were detected in diabetic patients with heart disorders, with the number of receptors
returning to normal after insulin administration.(112) This has not been observed in T2DM.(31)
There is no change in the number of PGl receptors in the platelets of patients with T2DM
compared to non-diabetics.(113) The number of receptors does not necessarily represent a
disorder. Although impairment of the G-protein function happens independently from the PGI>
receptor, it is linked to an abnormal response to PGl.. A reduced level of guanine nucleotide
regulatory protein 1 (G1) was reported in the plasma membrane of platelets in T2DM

patients.(114) This low level of G1 is associated with reduced activation of adenylate cyclase,
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which is related to stimulation of the PGI> receptor by prostaglandin-E». It is reported that
insulin stimulates a CAMP reaction to PGl in the platelets of normal weight individuals, while
obese insulin-resistant individuals do not show this effect. Conversely, the reason for the
abnormal response of CAMP is still unclear. Further, it is reported that diabetes impairs the
function and structure of G-proteins. Bastyr et al. (115) argued that the GTP-activated function
of PLC in platelets diminishes in TLDM and these changes in the molecular level of G-protein
are associated with enhanced aggregation in the presence of thrombin.(112) Platelet
abnormalities that appear in TIDM and T2DM can be variable. Kahn et al. (116) found that
the regulator of signal transduction-associated G-protein is overexpressed in the skeletal
muscles of T2DM patients. Vinik et al. (24) reported that the translocation of regulator of signal
transduction protein 1B (a G-protein) in stimulated platelets for individuals with T2DM might
be enhanced 10 times without an increased expression of that gene.(24) In diabetic patients,
the importance of the variations in expression, function and cellular distribution of G-proteins
is not obvious. In addition, T2DM patients may have genetic abnormalities in their G-protein
function due to changes in the expression or sequence of genes. Moreover, anomalies in the G-
protein genes may be responsible for the differences in cellular localisation; otherwise, these
differences result from a disorder of the mechanism that involves post-translational handling
of G-proteins in T2DM patients.(117) It is very common in a medical condition with a genetic
aetiology, like T2DM, to see abnormal post-translational handling of proteins that results in
the impaired molecular function or distribution of proteins.(112) Further, there is an indication
of enhanced cGMP-phosphodiesterase function in patients with diabetes,(118) which can
explain the changes in platelet response to anti-aggregants without any other obvious disorders.
However, the production of the VWF, which is a GP combined with the factor VIII complex,
by the endothelium may be responsible for the activation of platelets in T2DM patients by

stimulating platelet function by joining to the platelet GPIb-1X and I1b-11la complexes. It has
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been found that the activity of the VWEF is increased in the blood of diabetic patients.(48)
Moreover, it is believed that the enhanced production of VWF in T2DM patients is a sign of
endothelial injury. Increased levels of VWF in models of diabetes may be reduced by
administration of insulin,(119) which may explain the significant effect of insulin in

suppressing the function of platelets.

1.3.7. Fibrinolytic Disorders in Type 2 Diabetes Mellitus

Several possible factors—such as a high release of intravascular thrombin and decreased
fibrinolytic activity—contribute to the process of atherosclerosis in T2DM patients.(120) The
concentration of fibrinogen—which leads to the formation of fibrin clots and aggregation of
platelets—may increase in T2DM patients.(121) The fibrinolytic function decreases in T2DM
patients due to an increased concentration of PAI-1, which prevents the conversion of plasmin
from plasminogen.(122) PAI-1 concentration is mainly linked to the BMI, fasting
concentration of insulin in T2DM patients and level of TG in obese non-diabetic
individuals.(122) Moreover, if the PAI-1 concentration is reduced, then the fibrinolytic
function is activated, since IR and hyperinsulinemia decrease due to weight loss.(123)
Consequently, a high level of PAI-1 in T2DM patients can be caused by the presence of IR in
these patients. Therefore, it is evident that vascular events occur more often in obese patients

with T2DM compared to non-obese patients with T2DM.

1.3.8. Type 2 Diabetes Mellitus—Mediated Vascular Disorder

The significant illness and death caused by atherosclerosis are due to the adhesion and
aggregation of platelets at the site of endothelial damage or at the site of atherogenic plaque
rupture. This is because the majority of CHD happens alongside a tapering of the vascular

lumen.(67) Therefore, platelets can play a significant role in atherosclerosis in T2DM patients.
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There are several reasons for enhanced platelet hyperactivity in these patients, which are

illustrated in Table 1.1.(57)

1.3.9. Immunopathology of Thrombogenesis in T2DM and the Role of Adhesion Molecules

Atherosclerosis, a vascular disorder, is one of the most common complications in T2DM.(124)
T2DM-mediated OS, alongside hyperglycaemia, plays a key role in the development of
vascular inflammation and CVD.(125,126) ROS, including hydrogen peroxide and superoxide,
may transverse the surface membrane of ECs, producing inflammatory cytokines that initiate
a series of inflammatory and thrombogenic actions.(125,127) Endothelial dysfunction and
monocyte adhesion to the vascular wall of ECs are the initial stages of atherosclerosis.
Normally, ECs interact with a few monocytes. However, on stimulation, CAMs are expressed
on ECs to enhance their adhesive capacity, promoting adhesion of WBCs to the vascular
endothelium and initiating thrombosis and CVD in patients with T2DM. Several studies have
revealed the effect of radioactive oxygen species on enhancing CAMs on both platelet and ECs
surfaces, consequently promoting leukocyte adhesion and enhancing thrombus
size.(125,128,129) The combination of low-grade inflammation, EC injury and vascular
disorders in T2DM patients may affect the expression of CAMs, which are part of the
immunoglobulin family, integrins, selectins and cadherins. Selectins are carbohydrate-binding
molecules that exist on the surface membrane of ECs, WBCs and activated platelets in areas
of inflammation. Selectins include P-selectin, E-selectin and L-selectin.(130) P-selectins are
released mainly by platelets upon activation and degranulation, while E-selectins are expressed
by stimulated ECs.(124,130) ICAM-1 is an immunoglobulin expressed by WBCs and ECs after
activation by proinflammatory mediators such as cytokines.(124) ICAM-1 consists of five
immunoglobulin-like domains, a cytoplasmic tail and a transmembrane part.(130) VCAM-1
belongs to the same family of immunoglobulins and presents in smooth muscle cells, ECs and
macrophages when activated by inflammatory mediators such as cytokines, interleukins,
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lipopolysaccharides and TNFa or through hyperglycaemia.(131) VCAM-1 promotes adhesion
of ECs to leukocytes by conjugating with specific antigens on lymphocytes and
monocytes.(124) The stimulation of ECs in patients with comorbidities such as T2DM might
occur as a result of conjugation between AGEs and their receptors, and consequently, enhance
the expression of VCAM-1. VCAM-1 has a role in the formation of atherosclerotic plaque and,
owing to its proangiogenic effect, might affect microvascular events such as
retinopathy.(124,132) It has been advised that measuring the high levels of biomarkers
expressed by ECs can assist in the development of new approaches to alleviate thrombotic risk

and CVD. These biomarkers may be used to predict endothelial dysfunction.(124)

1.3.10. Low-Grade Inflammation in Type 2 Diabetes Mellitus and the Role of Proinflammatory
Mediators

Many studies have shown an association between low-grade inflammation and metabolic
abnormalities such as T2DM.(133-135) Low-grade inflammation predisposes patients to IR
and its related complications, such as atherosclerosis.(136) Acute inflammation that occurs due
to pathogenetic organisms and antigens begins at the area of injury with the extravascular
release of plasma and WBCs with subsequent cellular activity, mainly by granulocytes.(137)
However, chronic inflammation, especially in metabolic syndrome and obesity, has no
immunovascular pathway but mainly includes mononuclear leukocytes. In chronic
inflammation, there are double or triple levels of proinflammatory chemokines and cytokines,
which are present in different organs such as the liver, kidney, heart, eye or pancreas.(137) The
chronic phase of inflammation involves the activation of the innate immune system, and this is
accompanied by increased levels of proinflammatory markers and higher innate immune
cells.(137) Many studies have revealed that IR and T2DM are characterised by higher levels

of CRP and chemokines such as interleukin-6, interleukin-8 (IL-8) and TNF-a.(136,138,139)
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1.4. Diabetes Mellitus and Cardiovascular Disease

CVD is the leading cause of death in T2DM patients, being responsible for 40%-50% of the
mortality rate. This can be attributed to 2 to 10 times increased risk of coronary,
cerebrovascular and peripheral vascular disease compared to non-diabetics.(7) Many
cardiovascular risk factors are predisposed by diabetes mellitus, such as hypertension and
dyslipidaemia, and hyperglycaemia represents a predisposing factor by itself.(140) The patients
may show signs of macrovascular disease even before the occurrence of diabetes. A high
incidence of CVD occurs due to abnormal glucose tolerance, even when controlling other

known risk factors.(140)

An elevated blood glucose level in patients with impaired glucose tolerance can be regarded as
a prognosticator for CVD. There is an association between T2DM, CVD and an elevated
mortality rate, especially in diabetics who have high blood pressure and
hypercholesterolaemia.(141) Adequate treatment for increased blood glucose, increased blood
pressure and hypercholesterolaemia may resolve cardiovascular complications in diabetics.
Pathophysiological mechanisms that are responsible for CVD risks in T2DM and IGM patients
have not been clearly investigated. However, obesity, hypertension and dyslipidaemia might
not fully explain IGM patients’ increased possibility of contracting CVD. Endothelial
dysfunction and chronic inflammation, which are fundamental bases for the atherosclerotic
pathway, may explain the correlation of CVD with IGM.(104,105,142) Inflammation, OS and
hyperactivation of platelets are principal factors in the pathophysiology of many diseases, like

atherosclerosis, hypercholesterolaemia, cardiovascular disease, T2DM and thrombosis.(8)

OS, which may develop due to free radicals—especially reactive nitrogen and oxygen
species—may lead to the hyperactivation of platelets. The pathophysiology of T2DM involves

OS—which is responsible for many conditions, including impaired uptake of glucose by the
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muscle, impaired oxidation of lipids, and endothelial dysfunction. This results in the activation

of platelets, leading to a higher risk of thrombosis and cardiovascular complications.(8)

Endothelial dysfunction may augment the risk of thrombosis due to the effects of platelets in
precipitating atheromatous plaque. The endothelial cell injury enhances platelet adhesion,
which stimulates platelet degranulation and shape change. Activated platelets conjugate to
fibrinogen via specific receptors.(8) Therefore, platelet receptors have been targeted by
different pharmaceutical companies hoping to mitigate the process of activation and

aggregation and alleviate the risk of CVD.(72)

A high BMI, increased glucose concentrations and total cholesterol (TC), hypertension,
smoking, and alcohol consumption are regarded as important predisposing agents of CVD and
metabolic disorders.(143) Glucose oxidation may promote OS due to the high production of
radioactive oxygen-free radicals.(69,144) Consequently, OS, especially in T2DM patients, may

augment the incidence of CVD risk due to platelet hyperactivity.(54)

CVD has many pathological patterns, including those which occur in the arterial walls—such
as CHD and ischaemic heart disease, cerebrovascular disease or stroke, and peripheral vascular
disease of the legs.(145) CVD involves an important pathological change called

atherosclerosis, which is defined as abnormal fat deposition within the vascular wall.(145)

1.4.1. Cardiovascular Disease

CVD is the most common cause of mortality in developed countries, accounting for more than
40% of the mortality rate. CHD is one of the most common causes of death in the United
Kingdom and the United States of America (USA).(145) There are different clinical types of
CVD in terms of the underlying anatomical pathology, namely, CHD, cerebralvascular disease,

ischaemic heart disease and peripheral vascular disease of the lower limbs.(145) CVD involves
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a key pathological change—atherosclerosis—and is defined as an abnormal vascular fat
deposition.(145) Globally, there are many reasons for the increasing incidence of CVD.(146)
The most obvious causative factors are unhealthy food choices (148) and sedentary lifestyles.
These two factors are linked to other precipitating factors such as hyperlipidaemia,(102,103)
obesity and hypertension.(147) Cigarette smoking, in addition to the above risk factors,
accounts for 75% of the incidence of new cases of CVD. Inflammation has also been suggested
as a prominent precipitant of CHD. OS plays a crucial role in developing CVD, particularly in

T2DM patients.(125,149,150)

1.4.2. Treatment of Cardiovascular Disease

CVD is treated using several therapeutic approaches. According to the Australian Institute of
Health and Welfare,(151,152) CVD treatment can be categorised into many different types.
CVD drugs are the first line of intervention in prevention and treatment measures. Individuals
suffering from CVD may improve their prognosis and increase their survival rate by taking the
right medicine. The commonly used medicines are varied—for example, antithrombotic (or
antiplatelet) agents; blood pressure—lowering medicines such as diuretics, beta-blockers,
calcium channel blockers and renin-angiotensin system agents; lipid modifying agents; and
other drugs like nitrates and anti-arrhythmic drugs.(151,152) The second type of intervention
is hospitalisation, which is limited to patients with CHD and stroke. The third form of
intervention is to undergo hospital procedures, which includes several different kinds of
operations, such as coronary angiography, computerised tomography, percutaneous coronary
interventions, coronary artery bypass grafting and carotid endarterectomy. Finally, cardiac
rehabilitation is instituted for patients, and this includes all medical services that help to restore
the health of CVD patients.(151,152) Antiplatelet or antithrombotic therapy has a direct
inhibitory action against platelets, which play a main role in the pathogenesis of atherosclerosis.

Atherosclerosis is regarded as a prominent factor in the pathological process.(153) Antiplatelet
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or antithrombotic drugs are important drugs that are used to prevent and treat CVD. This type
of treatment plays a major role in preventing blood clotting within the lumen of intact blood
vessels, and it may even dissolve an existing clot.(151,152) Generally, antiplatelet medicines
are used long term to lower the incidence of CVD and prevent the consequent death of the

patient.

1.4.3. Antiplatelet Therapy

Many antiplatelet agents inhibit platelet activation at various stages—such as the release,
adhesion or platelet aggregation stages—and reduce the possibility of vascular thrombosis
(154) but may increase the risk of bleeding.(155) There are several types of antiplatelet drugs
for clinical indications, such as AS and other COX inhibitors, clopidogrel P2Y 12 ADP receptor
inhibitor,(156) dipyridamole, thienopyridines and integrin (GP 1lb/llla) receptor
antagonists.(154) Although a description of each type of antiplatelet drug is not within the
scope of this review, it is worthwhile to discuss one of the most widely used antiplatelet drugs,

AS.(157)

1.4.3.1. Aspirin

AS has been shown to work as an antiplatelet drug (158,159) and has been proven to reduce
mortality by inhibiting vascular disorders in the secondary prevention of CVD.(159,160) The
main role of this drug is irreversible inhibition of the COX function in both prostaglandin H
synthase-1 and synthase-2.(154) These enzymes are responsible for the production of PGH>
from AA. PGH2 s converted to other prostanoids, such as PGD», PGE2, PGF2, PGl2 and TXA:.
Platelets and the vascular endothelium utilise PGH. for the initial production of TXA, and
PGly, respectively.(161) Platelet aggregation and vasoconstriction are induced by TXA, while
PGI> is responsible for vasodilation and reduction of platelet aggregation.(161) However,

TXA: is mostly a COX-1-controlled product of the platelet and is accordingly vulnerable to
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the effect of AS, whereas endothelial PGI> may be driven from both COX-2 and, to a lesser
extent, COX-1.(162) Production of COX-1-derived PGI; is briefly stimulated by an agonist
like bradykinin (163) and can be inhibited by AS as well. The production of COX-2—-derived
PGI2 may be initiated due to the stress of the laminar shear (164) and is not vulnerable to the
inhibitory effect of AS at low doses. As a result, in vivo biosynthesis of COX-2—derived PGl
persists in spite of daily doses of AS (30-100 mg),(165) while COX-1-derived PGl; is
transiently suppressed.(163) It has not been proven that the greater reduction of PGI; by a
higher dose of AS is enough to induce a thrombotic event. Conversely, PGl> may have a likely
protective effect against thrombosis, depending on two facts. Firstly, PGl2-deficient mice were
found to be highly susceptible to experimental thrombosis.(166) Secondly, cardiovascular
toxicity is related to the use of COX-2 blockers,(167), and this supports the premise of the
antithrombotic effect of PG> occurring simultaneously with inadequate suppression of TXA>

biosynthesis by the platelets.(168)

1.4.3.2. Aspirin Resistance

The remarkable antithrombotic and anti-inflammatory effects of AS make it one of the most
popular medications in the history of the pharmacological industry.(169) It has been indicated
that patients at high risk of CVD might have mild-to-modest improvement under the effect of
AS, particularly those at high risk of bleeding.(169) Antiplatelet medicines like AS inhibit
platelet function. This type of antiplatelet therapy represents a cornerstone in the management
of CVD by inhibiting platelet function. However, drug resistance and the side effects of AS
have been reported. Moreover, one single drug cannot inhibit all the processes of platelet
activation at the same time.(8) Further, AS used in combination with other antiplatelet drugs
may have total preventive effects but provide a higher risk of bleeding.(170) However, patients
with T2DM are becoming progressively resistant to AS since AS seems to have reduced
advantages in diabetes.(57) For instance, the prognosis in patients with diabetes who are on
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regular AS therapy to prevent a recurrence of cardiac complications is worse than patients with
only a cardiovascular disease without diabetes.(8) There are many reasons for the underlying
AS resistance in diabetes. Firstly, platelet membrane disorder leads to reduced permeability to
AS. The second reason is hyperglycaemia and higher body weight.(57) Thirdly, the
simultaneous intake of non-steroidal anti-inflammatory medicines affects the action of
AS.(154) Another reason is the combination of hyperglycaemia and platelet hyperactivity. All
these features illustrate the reversing effects of diabetes on the action of AS. There is also
growing concern about the use of the current antiplatelet drugs, so the availability of other
active treatments as alternatives are highly desirable. Since OS is increased in T2DM patients,
it seems probable that antioxidants may reduce OS. Antioxidants may alleviate OS and
diabetes-induced platelet activity.(68) However, AS and various antioxidants have been shown
to target the same platelet function pathway, which is AA-induced platelet activation.(68)
Hyperactivity of platelets can be inhibited by antioxidants, which are significantly important

because of their antithrombotic effect.(8,171)

1.4.4. Flavonoid Antioxidants as a Therapeutic approach in Cardiovascular Disease

Ingesting fruits and vegetables has been found to reduce the incidence of CVD,(172,173)
probably because of the presence of different beneficial biological compounds in the fruits and
vegetables. Many experts have shown interest in using normal bioactive compound-rich food
as an alternative to pharmaceutical agents to maintain the health of the cardiovascular system.
Minerals such as manganese, copper, zinc and selenium play a key role in the enzymatic
processes that are required to reduce OS.(174,175) Some vitamins—including vitamins A, C
and E, and beta-carotene—have an antioxidant effect and can alleviate OS to other molecules
such as LDL,(174) whose peroxidation predisposes atherosclerosis.(176) However, there is no
clear clinical recommendation for the exogenous use of vitamin and mineral supplements to
either prevent or treat CVD. Sunkara et al. (174) have stated that there is no evidence to date
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to encourage the consumption of supplements to reduce the risk of CVD. Nutritional flavonoids
include thousands of polyphenol compounds, which have medical benefits that prevent
CVD.(173) These advantages were demonstrated by another study that link the continuous
ingestion of a flavonoid-rich diet to a reduced possibility of death due to CVD.(177) Further,
other data have indicated that high consumption of flavonoids correlates with a significant
reduction in age-related CHD deaths.(178) Another study involving 34,489 middle-aged and
older women showed that ingestion of specific types of flavonoids—including ACs, flavanones
and a diet rich in flavonoids—was correlated with decreased mortality due to CVD and

CHD.(179)

1.4.5. Anthocyanin

AC, a type of phenolic flavonoid, is a series of structurally related water-soluble compounds
that account for the reddish appearance of different kinds of fruits, such as blueberries,
cranberries, black raspberries, red raspberries, purple grapes and muscadine grapes (see Table
1.2).(180) The chemical structures of AC, belonging to the flavonoid class of polyphenolic
structures as shown in Figurel.5, represent glycosylated compounds, which are either
polyhydroxy or polymethoxy products of flavylium salt holding a specific carbon
assembly.(173) AC is used by plants as a defence tool to protect them from external
environmental circumstances, such as drought, ultraviolet (UV) light and cold
temperature.(181) AC is responsible for the prominent red—orange to blue—purple colour range
in fruits and vegetables because of the chemical structure of the chromophore. The
chromophore is characterised by eight double bonds holding a positive charge on the oxygen

ring and accounts for that bright colour in the presence of acidic media in some plants.(173)

Table 1.2: Dietary sources and concentrations of anthocyanin.

Source of AC Concentration References
(mg/100g, dry weight)*
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Elderberry 664-1,816 (182,183)
Purple corn 1,642 (182)
Chokeberry 410-1480 (182,184)
Bilberry 300-698 (182)
Black raspberry 687 (183)
Black rice 10-493 (182,183)
Blackcurrant 130-476 (182)
Wild blueberry 486.5 (182,183)
Cultivated blueberry 310-460 (182,183,185)
Cherry 2-450 (182)
Crowberry 360 (182)
Red cabbage 282-360 (182,183)
Blackberry 82.5-325.9 (182)
Marion blackberry 300.5 (183)
Blueberry 61.8-299.6 (182,183)
Pomegranate juice 15-252 (mg/L) (182)
Saskatoon berry 234 (182,183)
Black olives 42-228 (182)
Cranberry 112-168 (183)
Bog whortleberry 154 (182)
Red radish 100-154 (182)
Black plum 103-145 (183)
Sweet cherry 101-143 (182,183)
Concord grape 120.1 (183,184)
Strawberry 47.14 (182,184)
Black grapes 39.23 (184)
Apple 10.4-14.2 (183)
Red wine 9.97 (mg/100 mL) (183,184)

*all concentrations are dry weight (mg/100g) except pomegranate and red wine are presented in wet weight.

There are more than 600 known AC structures,(186) with 90% of these represented by five
forms—peonidin, malvidin, petunidin, delphinidin and cyanidin—which are formed in
nature.(186) AC-rich compounds are of great interest to the industrial field as non-synthetic

dyes, which can also be used in the processing of dietary products.(173)
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Anthocyanins:

Cyanidin: R1=0H , R2=H R 1

Peonidin: R1= OCH3, R2=H

Delphinidin: R1= OH, R2= OH UH

Petonidin: R1= OCH3, R2= OH o i S

Malvinidin: R1= OCH3, R2= OCH3

OH

Figure 1.5: Chemical structure of anthocyanin.(125)

1.4.6. Bioavailability of Anthocyanin

It has been reported that the average daily intake of AC in the USA is 215 mg in summer and
180 mg in winter.(187,188) However, there are different statistics for the daily intake of other
polyphenolic compounds. For example, Wallace et al. (189) stated that the daily ingestion of
cocoa polyphenols should be about 1000 mg/day, which is more than other phytonutrients like
vitamin C, vitamin D and carotenoids, which are ingested at 90, 12 and 5 mg/day,
respectively.(189) The average daily intake of AC (assessed at 180 and 215 mg/day) is higher
compared to the ingestion of other nutritional flavonoids like quercetin and genistein (assessed
at approximately 20-25 mg/day).(187,188,190) Moreover, AC is one of a small number of
polyphenols that can be measured in the blood in their natural forms (as glycosides). Although
AC was believed to have diminished bioavailability, with less than 1% of the consumed

quantity present in the plasma, several studies have demonstrated that the bioavailability of
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these compounds can be greater than this as the by-products and the compounds released from

the metabolism of AC have not yet been estimated.(191) However, there is no recommended

source for the amount of daily intake of AC and several other bioactive dietary compounds in

Canada, USA nor the European Union.(192,193) Notably, the Chinese Nutrition Society

recently proved that the accurate recommended intake of AC is 50 mg/day.(194) Being able to

obtain the desired concentration of AC by consuming fruit extracts or juices may mean that

there is no longer a need to consume a huge amount of whole fruits for the same purpose.

People with diabetes also have a higher risk of OS, so this research aimed to investigate how

AC supplements could be used to provide sufficient amounts of AC to them. Another aim of

this research was to measure the potential antithrombotic effect of AC.

Table 1.3: Concentrations and sources of anthocyanin in past in vitro experiments.

Source of AC Cell line Concentration Reference
Pelargonidin-3-glucoside Rodent pancreatic beta cell 50.00 pg/mL(mg/L) (184,195)
Cyanidin-3-glucoside T-lymphoblastoid and 12.50-

promyelocytic cells (leukemic ~ 200.00 pg/mL(mg/L) (184,196)
cells)
Strawberry Anthocyanins Human oral, colon and prostate  100.00 pg/mL(mg/L) (184,197)
cancer cells
AC extracts of grapes, bilberries, Colon cancer cells 25.00- (184,198)
or chokeberries 75.00 pg/mL(mg/L)
(Pre-treatment) Opti berry (berry Endothelioma 50.00 pg/mL(mg/L)
mix) powder (184,199)
Medox® Human monocytic cell line 100 mg/L (200)
AC
Cyanidin-3-glucoside Human hepatocellular 5.00-100.00 umol/L (99,184)
carcinoma cells (24h)
Cyanidin-3-glucoside and Human hepatocellular 0.1-50 pg/mL(mg/L) (201)
delphinidin -3- glucoside carcinoma cells and porcine
iliac artery endothelial cells
Red grape extract Human umbilical vein 50 uM (202)

endothelial cell (HUVEC)
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Cyanidin-3-glucoside Human hepatocellular Different (99)
carcinoma cells concentrations
(not shown)

Delphinidin-3-rutinoside, cyanidin-  Platelet-rich plasma 1uM (203)
3-glucoside, cyanidin-3-rutinoside,

and malvidin-3-glucoside

Chokeberry Platelet-rich plasma 1-100 pg/mL(mg/L) (204)
Cranberries Escherichia coli 14.80 mg/L (205)

1.4.7. Biological Effects of Anthocyanin

In the 1980s, several studies focused on the chemical structure and reactions of ACs and

referred to these compounds as food pigments.(206,207) However, there was limited

information in the literature about their biological action at that time. Several studies have

shown the effect of AC on tumour growth (208) in addition to other useful effects, like its anti-

inflammatory action, anticonvulsant effect and antioxidant characteristics (see Figure

1.6).(184,209) Conversely, little is known about the process by which the AC exerts its

antioxidant effect in the biological system. As illustrated in Table 1.3, many in vitro studies

have been done on different cell lines using variable concentrations and sources of AC. The

antioxidant activity of AC is unstable and is liable to change according to its composition.(184)
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The hypothesised antioxidant effect of anthocyanin has been shown to have a wide range of health benefits,
including protection against the development of CVD, tumour and neurodegenerative disorders.

Figure 1.6: Possible health benefits of anthocyanin.

Free radical removal is regarded as one of the properties of AC, and this is similar to that of
other polyphenols, yet AC also performs other functions, such as protein binding and metal

chelation.(207) More potent health effects of ACs are listed in Table 1.4.

Table 1.4: Clinical settings and effects of anthocyanin.

Clinical setting Effect Reference
Antidiabetic 1 Insulin secretion (184, 189, 210, 211)
Anticancer 1 Induction differentiation | cell proliferation (184)

1 Apoptosis IC50 175 ug/mL
| Cell viability | cell growth (184, 190)
| Cell growth (184, 191)
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1 Inhibition of inducible MCP-1 expression (184, 212)

and TNF-a transcription | ability to form

hemangioma
Cardiovascular protection | Activation of nuclear factor NF-xB (184)
(anti-inflammatory) | Plasma cholesteryl ester transfer protein (184, 213)
(CETP) activity
| CRP and VCAM-1 (195)
| Monocyte chemotactic protein (MCP-1) (97, 184)
| Cholesterol ester transfer protein (196)
Antiplatelet | P-selectin expression (activation of platelet) (197)
| Platelet aggregation (97)
Antimicrobial | Growth (198)

1.4.8. Cardioprotective Properties of Anthocyanin

Nutritional intervention is regarded as an approach to treat CVVD.(214) Several studies have
shown that phytochemicals may prevent CVD.(215-217) Some studies have demonstrated that
these substances have anti-atherosclerotic effects in vitro (in cellular samples) and in vivo (in
animal experiments) in addition to the above-mentioned biological effects.(218,219) It was
found in various animal experiments and human trials that the consumption of AC-rich food
led to lowered levels of TG, TC and non-HDL cholesterol. However, it raised the concentration
of HDL cholesterol and apolipoprotein-Al.(220-222) Moreover, AC has other useful features
in vitro as it supports the efflux of cholesterol from the macrophages, which could be beneficial

on serum lipid profiles.(223)

The inverse relationship between the decreased concentration of HDL and high incidence of
CVD has been reported in several papers.(180,224) Consequently, these data have encouraged
further studies that have investigated HDL metabolism for therapeutic purposes. However,
another study has indicated that an increased HDL level by itself is inadequate, although the

HDL blood level can provide a better prognosis against atherosclerosis.(224) AC has been the
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focus of many interventional studies due to its medical effects as an antioxidant, and it was
found that the biological activities of AC in vitro were responsible for the activation of

cholesterol efflux,(223) which may increase HDL levels in both animals and humans.(225,226)

Fruit extracts rich in AC have a potential inhibitory effect on nitrous oxide, which is one of the
reactive oxygen molecules. This provides evidence to support the presence of the antioxidant
properties of AC.(207,227) The antiplatelet and antioxidant effects of AC may be responsible
for the potent action of these pigments in the prevention and possible treatment of
CVD.(184,228) The AC antioxidant was shown to have an inhibitory effect on platelets and
may consequently be instrumental in reducing atherosclerosis and CVD, with the potential to
act as an alternative in antiplatelet therapy.(229,230) As shown in Table 1.5, AC has been
shown to act in a similar way to antiplatelet agents by attenuating both activation and
aggregation of platelets.(231) Alvarez-Suarez et al. (232) showed that ingestion of
strawberries, which are rich in AC, by healthy individuals produced antithrombotic effects by
improving the lipid profile, platelet function and antihemolytic defence, and enhancing
antioxidant biomarkers. This supports the data of other studies on strawberries and mulberries,
demonstrating that the consumption of AC-rich food or products is correlated to antithrombotic

activities both in vitro and in vivo.(233,234)

Table 1.5: Studies supporting the findings of the antiplatelet activity of anthocyanin.

Findings Study type Number of Trial/Intervention  Reference
subjects type and duration
AC-rich food was found to actina  Human dietary 13 Queen Garnet plum (231)
similar manner to antiplatelet drugs  intervention for 28 days

by attenuating both activation and

aggregation pathways of platelets

Ingestion of strawberry, which is Human dietary 23 Strawberry for 30 (232,235)
rich in anthocyanin, by healthy intervention days
individuals displayed

antithrombotic effects
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Studies on strawberry and mulberry  In vitro and in NA Strawberry/mulberry

showed that the presence of AC- vivo animal (233,234,
rich products correlates to study 236)
antithrombotic characteristics both

in vitro and in vivo

AC was found to have a similar In vitro/in vivo NA Delphinidin-3- (237)
effect in attenuating hyperactive human and glucoside
platelets, as shown by a nutritional ~ animal study

intervention trial

Suppression of platelet aggregation  In vitro/in vivo 20 Purple grape juice (238)
after supplementation of AC-rich human dietary

purple grapes in vivo and in vitro intervention

trials

Supplementation of AC-rich In vivo 13 Pomegranate juice for (239)
pomegranate juice reduced human/animal 14 weeks

collagen-induced platelet dietary

aggregation intervention

Ingestion of bilberries, In vivo human 72 Berry for 8 weeks (228)
lingonberries, blackcurrant, dietary

strawberry puree and raspberry intervention

juice combination, which is rich of
AC, lowered the level of ADP-

stimulated platelet activity

Cardioprotective effects of In vitro human NA Cyanidin-3-glucoside (240)
polyphenols, such as reduction of and animal
platelet activity and lowering the study

possibility of thrombotic events

A similar action of ACs in attenuating hyperactive platelets was shown by another AC-rich
nutritional intervention study.(237) In addition, another AC-rich dietary nutritional
intervention study showed suppression of platelet aggregation after supplementation of AC-
rich purple grapes during in vivo and in vitro trials.(238) It was demonstrated that the reduction
of collagen-induced aggregation of platelets was due to supplementation of AC-rich
pomegranate juice.(239) Bilberries, lingonberries, blackcurrants, strawberry puree and
raspberry juice rich in AC attenuated the level of ADP-stimulated platelet activity.(8,228)

Recently, many dietary interventional studies have shown the cardioprotective effects of these
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polyphenols in reducing the possibility of thrombotic events.(8,241-243) AC inhibits the TNF-
a—stimulated monocyte chemotactic protein-1 (MCP-1) production in ECs.(182,244) However,
AC has been shown to act on other cells in the same way as cardioprotective properties. MCP-
1 is known to recruit macrophages towards the site of inflammation or infection and is involved
in the process of atherogenesis. The expression of vascular endothelial growth factor (VEGF),
which is a proatherosclerotic and proangiogenic factor, was reduced using ACs.(182,245)
Other studies have shown the endothelial relaxation capacity using AC in coronary arteries of
animal models.(182,246) Concentrations of cardiac glutathione in animal models were
increased due to long-term consumption of ACs.(182,247) AC-rich red wine was shown to
have a cardioprotective effect by downregulating hypertrophy-linked increased
phosphorylation of PKC.(182,248) AC prevents expression of inducible nitric oxide
synthase (iNOS) mRNA and protein in the macrophages, which were exposed to an
inflammatory agent, and reduced activation of NF-xB, which is a transcription factor of
INOS.(182,249) It is demonstrated that a decrease in platelet hyperactivity is one of the
beneficial effects of the ingestion of ACs.(182) ACs inhibit thrombin receptor—activating
peptide-stimulated platelet aggregation and exhibit antithrombotic effects.(182,203) A
summary of the potential health benefits of AC on the cardiovascular system is illustrated in

Figure 1.7.
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Figure 1.7: Cardiovascular health effects of AC.

Platelet hyperactivity plays a key role in the development of CVD, particularly in patients with
T2DM, because platelets are a vital part of thrombotic plaques, which precipitate arterial
occlusion.(250) It has been concluded that higher consumption of fruit-based flavonoids such
as ACs reduces thrombotic risks, which precipitate vascular events such as myocardial
infarction and ischaemic stroke.(187,251-254) Hence, improving platelet function via dietary-
extracted nutraceutical components, such as AC antioxidants, may be an effective approach in
the management of CVD. More research is being conducted to investigate the direct effect of

pure AC in attenuating platelet hyperactivity and consequently lowering thrombotic risks.

Although research data have already indicated different potential health effects of AC, further
studies are recommended to assess the direct action of ACs on platelets and their potential
effect on complementing antiplatelet therapies, especially in patients with T2DM. Accordingly,
this research project was designed to evaluate the effectiveness of ACs in reducing thrombotic
risks in people with diabetes. Collectively, the above evidence encourages further research on

the probability of the use of ACs as a complement to other antiplatelet drugs.
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Chapter Two: Aims and Hypothesis

Platelet hyperactivity and adhesion molecule expression on the surface of platelets are
recognised to affect the progress of thrombus formation, promoting a high risk of CVD.
Numerous studies have recognised the OS due to ROS (free radicals) on developing risk factors
such as endothelial dysfunction, chronic inflammation, hyperstimulation of immune cells,
platelet hyperactivity and lipid peroxidation. Research data of epidemiological studies indicate
that consumption of fruit and vegetables rich in phytochemical compounds has an inverse
association with thrombotic and CVD risks.(255) One group of these phytochemicals are the
polyphenols, which consist of different compounds such as ACs. It has been shown that ACs
have potential health effects.(256,257) AC is available in a wide range of different fruits and
vegetables and other food products, including berries, grapes, red cabbage and red wine.
Literature shows that consumption of AC-rich food or purified AC alleviates atherosclerotic
progression through anti-inflammatory and antioxidant actions.(258,259) It has also been
shown that ACs mitigate atherosclerosis by lowering blood lipids and promoting
vasodilation.(258,260,261) Moreover, it has been demonstrated that consumption of AC-rich
food has antithrombotic potential through alleviating platelet aggregation in platelet-rich
plasma (PRP) and in whole blood (WB).(203) Another study shows AC-rich black rice assists
in keeping platelet function at an optimal level in the presence of dyslipidaemia in animal
models.(262) Despite many epidemiological studies showing the effect of ACs in reducing
platelet hyperactivity, it is of great interest to assess the biological mechanisms of ACs on
platelet function and activity. Through the preceding years, our research group has investigated
the potential effects of different forms of antioxidants on various mechanisms of platelet
function and thrombotic risks.(8,54,68,171,229,231,252,263-265) Conversely, other studies

have shown that consumption of ACs did not significantly mitigate platelet
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aggregation.(266,267) Therefore, the results concluded from different human studies are
contrary, so more evaluation of antiplatelet effects of AC is recommended. In addition to
conducting variable methodological techniques, the apparently inconsistent results from
studies detecting the antiplatelet effects of ACs could be because most of these studies have
implicated AC-rich plants or juices, such as red wine (268) and grape juice,(238) that consist
of many different compounds and concentrations of ACs. The bioavailability of AC changes
prominently as a result of other food constituents, involving micronutrient, macronutrients and
other antioxidants found in ingested food, which may alter the absorptive and antioxidant
capacities of ACs.(269,270) Evaluation of pure ACs is necessary to understand its direct effect
on platelet activity and is needed to prevent potential confounding effects from other

biochemicals in natural extracts or food. Consequently, the four aims of this research were:

Q) to evaluate the in vitro effect of AC on platelet function in a healthy population

(i) to assess the ex vivo interventional effect of AC on platelet function

(iii)  to determine the effect of AC on patients with T2DM

(iv)  to compare the effect of AC and AS in a healthy population to show AC as a

complement to AS in reducing platelet reactivity.

AC is an active dietary-sourced antioxidant and has been found to be inversely correlated with
the prognosis of CVD. Many studies have hypothesised several pathways by which ACs may

be linked with lower CVD risk, yet a clear pathway requires further investigation.

Despite many epidemiological studies showing the effect of dietary-extracted ACs in reducing

platelet hyperactivity, it is of great interest to assess the biological mechanisms of ACs on
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platelet function and activity. Further, the effect of pure AC components on platelet activity
has not been adequately explored. The anti-atherogenic mechanism of ACs, if found, could
play a key role in developing a therapeutic target, enabling us to inhibit multiple risk factors of
CVD, including intravascular thrombus formation. One of the main risk factors of CVD in
T2DM patients is the increased likelihood of thrombogenesis.(271) Many antiplatelet
medications, including AS, are prescribed for the prevention and treatment of thrombotic risks
in T2DM.(272) The failure of AS in suppressing platelet activity predisposes up to 20% of
vascular events.(68,273) Antioxidant consumption, including AC consumption, alleviates
thrombotic risks in comparable ways to AS.(68) Hence, the aim of this research was to
understand the mechanisms by which ACs may convey cardiovascular benefits and reveal if
they can negatively influence platelet hyperactivity, haemostasis, inflammation,

immunological markers and lipid profile in comparison to AS in patients with T2DM.

The aim of the first study was to evaluate the in vitro effect of AC (Medox®) on platelet function
in a healthy population. The hypothesis for this in vitro study was that application of a specific
concentration of AC (50 mg/L) would produce potential health effects by inhibiting platelet
activation and aggregation, as studies have previously shown that an antioxidant-rich diet may

reduce platelet function.

The second study was aimed at determining the ex vivo effects of AC/Medox® consumption
on different biomedical markers—including platelet activation, aggregation, haemostatic
function, biochemical status and inflammation—in normal healthy individuals. Another aim
was to validate previous in vitro findings that ACs may inhibit AA-induced platelet
aggregation. Based on the results from the previous in vitro experiment, this study hypothesised

that ingestion of pure AC components would be associated with reduced platelet activation
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(degranulation)/P-selectin and aggregation. Further, it was hypothesised that AC would reduce

thrombotic risk, lipid profile and levels of inflammation markers.

However, several antioxidants, along with current antiplatelet therapies, have been shown to
be non-responsive under OS conditions, such as T2DM. Hence, the aim of the third study was
to evaluate if AC/Medox® might show similar effects as observed previously, even in T2DM
patients. Since it has been shown that ACs have potential health effects due to their
cardioprotective properties, it was hypothesised that ACs would provide T2DM patients with
improved resistance against platelet hyperactivation and degranulation/P-selectin expression,
along with improved coagulation parameters, lower glucose and lipid levels, and lower levels

of inflammatory and adhesion/immunological markers.

However, many antioxidants show potential antiplatelet effects that are comparable with other
pharmaceutically approved antiplatelet medications. Hence, the aim of the fourth study was a
comparison of the effect of ACs with AS in a healthy population to show whether ACs may
complement AS in reducing platelet reactivity. It was hypothesised that ACs would have a

complementary effect to AS in reducing platelet function.

In summary, it has been hypothesised that antioxidants such as ACs may mitigate the risk of
heart disease in people with T2DM. The aim of this research, with the four studies outlined
above, was to reveal any potential action of ACs in alleviating the stickiness of platelets to
themselves and to other cells incorporated in underlying mechanisms of cardiac disease. Based
on the success of this research, ACs may be implicated, with the help of other medications, in
the reduction of platelet adhesion, to probably slow the progression of chronic inflammation in

people with diabetes.

46



Chapter Three: Materials and Methods

3.1. Ethics Approval

This research was conducted at the School of Medical Science, Griffith University,
Queensland, Australia. This research was approved by the Griffith Human Research Ethics
Committee (HREC), Griffith University. The ethics clearance was obtained from Griffith

University’s HREC for this study (GU Ref No: MSC/07/14/HREC).

3.2. Participant Recruitment, Informed Consent and Blood Collection

Volunteers were recruited by newspaper advertisements, wall posters and flyers. Health and
diet screening questionnaires (see Appendix 3) were used to recruit the participants based on
inclusion and exclusion criteria. Informed consent (see Appendix 1) was obtained from each
participant. Volunteers were requested to read the project information statement that was
written in plain language (see Appendix 2) and then asked to make an informed decision not
to consume antioxidant supplements for three days, alcoholic drinks for two days or caffeinated
drinks for 24 hours prior to baseline blood collection. Screening questionnaires were requested
from all individuals participating in this research project. The screening questionnaires were
intended to ensure that participants were recruited according to the inclusion and exclusion
criteria that guaranteed that participants were obviously healthy; non-smokers; not currently
on any antiplatelet, anti-inflammatory or health supplements; and had no previous CVD,
hepatic, bleeding or metabolic disorders. Participants were expected to have no previous record
of the above-mentioned conditions or any major surgery in the six weeks prior to the
intervention. Participants were excluded if they (i) were pregnant, (ii) were lactating, (iii) were
regular smokers, (iv) consumed more than one standard drink per day, (v) performed more than
30 minutes of regular daily physical activities, or (vi) were taking any anti-inflammatory and/or

anticoagulant medications. Participants were asked to maintain their habitual lifestyle and diet
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during the study period. Participants who were performing 30 minutes or more of regular daily

physical activities were not recruited for this project.

For the recruitment of people with T2DM, the same questionnaire was administered under the
guidance of an endocrinologist who was involved as a recruitment coordinator and who
provided guidance on the inclusion and exclusion criteria. The endocrinologist reviewed all
diabetic volunteers’ initial recruitment questionnaires to finalise the participants’ eligibility.
Three participants were not able to continue with the trials of this research project due to
different reasons, such as pregnancy, accident and other medical issues. Limitations of
confounding factors were considered by following the exclusion and inclusion criteria, and
participants were advised on other restricting measures to avoid the effect of those factors. The
questionnaire included information related to health and diet to tease out any confounding

factors during the recruitment process.

3.2.1. Blood Collection

Blood was collected by a well-trained and qualified person, following a standard technique of
phlebotomy. Depending on the amount of blood required for each study, 12-22 mL was
collected from the median cubital vein after sterilising the covering skin using a specific
antiseptic swap. A sterile cotton piece was used to cover the skin at the venepuncture site to
prevent the risk of infection. The maximum blood sample size (22 mL) posed no risk to the
participants’ health. The venepuncture procedure was accomplished using a closed blood
collection system or a disposable syringe. Each volunteer donated 12-22 mL of venous blood
after signing an informed consent form to participate in the respective studies. The blood was
collected in 2 mL tri-potassium ethylenediaminetetraacetic acid (EDTA) 1.8 mg/mL tubes for
full blood examination (FBE) and 3.5 mL tri-sodium citrate (3.8%) tubes for coagulation tests,

platelet aggregation and platelet activation by flow cytometry. FBE was performed within two
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hours of the blood collection. Biochemical tests were performed on serum obtained after
centrifugation of serum separation tubes (SSTs), which were kept in a deep freezer at —-80°C
until they were tested. This was done to reduce the incidence of platelet artefactual activation
through the preparation of the samples for flow cytometry and platelet aggregation procedures,
blood sample collection and processing protocols relevant to platelet tests were always
followed strictly. Samples for platelet aggregation assays were processed and analysed within
two hours of blood collection. Blood samples for platelet activation assay were also processed
and fixed within two hours after blood collection, and they were analysed within eight hours

of their initial collection time.

3.3. Anthropometric Measurements and Blood Pressure

Participants’ weight and BMI were measured before and after each intervention period.
Measurements were taken in light clothing, without shoes, watches or other accessories. Height
was determined to the closest 0.1 cm with a rod stadiometer (from Surgical & Medical
Products, Australia). Body mass was measured using a BC-601 digital body composition scale
(from Tanita Corporation, Australia). BMI was calculated by dividing the body weight in
kilograms by the height in metres squared. Systolic and diastolic blood pressure values were
checked before and after each of the intervention periods. An automatic device was used to
check blood pressure readings. All instructions were followed carefully according to the device

manual during blood pressure measurement.

3.4. Full Blood Examination
EDTA tubes were used to collect WB, which was analysed using a Beckman Coulter ACT™
5Diff CP haematology analyser (from Coulter Corporation, Miami, Florida, USA). Full blood

parameters, including platelet count and MPV, were analysed within 30 to 60 minutes of
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collection. The inclusion criteria for all studies included normal platelet counts and MPVs (i.e.,

150-400 X 10%L and 6-10 fL, respectively).

3.5. Anthocyanin Contents of Capsules by Medox

AC was obtained in the form of Medox® capsules, which were supplied free of charge by
Medpalett AS (from Medpalett AS, Sandnes, Norway). However, Medox® is a commercially
available capsule manufactured by Medpalett AS, which is a hemicellulose capsule consisting
of powdered AC (see Appendix 8). Further, the source of this AC is purified natural extract
from bilberries (Vaccinium myrtillus) and blackcurrants (Ribes nigrum). In detail, the phenolic
composition of the AC capsule contained 1.0% of 3-O-rutinoside of cyanidin and delphinidin;
2.5% of 3-O-p-glucosides, 3-O-f-galactosides and 3-O-f-arabinosides of petunidin; 2.5% of
3-O-p-glucosides, 3-O-p-galactosides and 3-O-p-arabinosides of peonidin; 3.0% of 3-O-4-
glucosides, 3-O-f-galactosides and 3-O-p-arabinosides of malvidin; 33.0% of 3-O-4-
glucosides, 3-O-f-galactosides and 3-O-p-arabinosides of cyanidin; and 58.0% of 3-O-4-

glucosides, 3-O-f-galactosides and 3-O-f-arabinosides of delphinidin.

The capsules were dissolved in phosphate-buffered saline (PBS) to prepare the stock solution
of AC (4000 mg/L) and stored in sealed dark containers for the in vitro study. The working
solutions were prepared by serial dilutions to provide the different concentrations used for the
dose-response experiment (see Chapter 4). All working solutions were kept tightly covered and
in a dark space for 15 minutes at room temperature, to protect them from the effects of oxidation
and direct light exposure. The final volume involved 0.05 mL of AC (of the stock solution) and

0.95 mL of PRP.

For subsequent ex vivo intervention trials (see Chapters 5 to 7), the intervention dose (AC

capsules, 320 mg/d) was concluded according to an earlier human intervention trial.(274) The
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rationale for a four-week period was to ensure circulating platelets would have been exposed
to AC. This is because the life span of platelets ranges from 7-10 days. Therefore, a four-week
period would provide enough time to observe the AC effect. It has been concluded by Karlsen
et al. (274) that consumption of 300 mg AC per day for three weeks was a safe dose, and
effective in improving the inflammatory response and decreasing the plasma concentrations of
several chemokines and cytokines. Another clinical study using AC-rich sweet cherries
demonstrated decreased inflammatory biomarkers after four weeks of intervention.(275)
Moreover, other studies conducted using AC-rich Queen Garnet plum showed lower platelet
activation—related thrombotic risks after four weeks of intervention.(231,276) Based on the
outcomes from previous studies, four weeks of intervention was preferred for the intervention

trials.

Intervention adherence and compliance to the AC supplement was observed during
intervention studies by a researcher who communicated with volunteers two different times
and collected leftover capsules at the end of the intervention period. Hence, participants were
requested to strictly adhere to the interventional supplement, and they were followed up on.

Participants were asked to report any side effects of their intervention.

3.6. Platelet Aggregation

PRP was prepared by centrifugation of WB (at 180 X g) for 10 minutes and by separating the
supernatant. The remaining sample in the tube was again centrifuged (at 2000 X g) for 10
minutes to obtain platelet-poor plasma (PPP). For the in vitro study, both PPP and PRP were
processed with and without the addition of 50 mg/L of AC. The concentration of AC was
finalised after an in vitro dose-response curve and based on literature (see the discussion section
of Chapter 4). Platelet aggregation was performed by stimulation provided by three agonists

whose concentrations were titrated, in a way that was comparable to the work done in other

51



studies, and calibrated by the research laboratory.(229,264,277) Those agonists were ADP
(5 uM), collagen (2 pg/mL), and AA (200 pug/mL). Platelet aggregation was completed using
the Helena AggRAM Platelet Aggregometer (from Helena Laboratory, Beaumont Texas,
USA). A corresponding amount of PRP was transferred into the cuvettes and warmed at 37°C
for two minutes in the AggRAM. A stir bar was added to each of these cuvettes to allow
thorough mixing of the agonists, which were added to the cuvettes at time zero, to stimulate
platelet aggregation. Consequently, the percentage of platelet aggregation was recorded for six
minutes by the Helena AggRAM Platelet Aggregometer. These tests were completed within

two hours of blood collection.(264)

3.7. Platelet Activation and Platelet-Monocyte Aggregates

The BD Fortessa LSR Il flow cytometry (from Becton Dickinson and company, San Jose,
California, USA) was used to analyse WB of the volunteers, and the BD FACS Diva™
software (from Becton Dickinson and company, San Jose, California, USA) was used to record
and interpret the data obtained from testing the samples. Before analysing the samples,
calibration of the flow cytometry using FACSDiva™ software applying CaliBRITE™ beads
(from Becton Dickinson and company, San Jose, California, USA) was performed.
CaliBRITE™ beads are joined with fluorophore-conjugated MA, providing distinctive
negatively and positively stained populations. Consequently, compensation controls were set
up manually or automatically for a multicolour analysis of the flow cytometry. Blood samples
were collected using tri-sodium citrate (3.8%) tubes to evaluate platelet function. WB was
diluted 2/10 with modified Tyrod's buffer (MTB). As illustrated in Figure 3.1 and Table 3.1, a
monoclonal antibody (MA) with a corresponding fluorophore was prepared and mixed with

the pre-diluted blood.
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Volumes and concentrations of antibodies used to prepare the MA cocktail were adapted from previous
studies.(171,230,264,276,277)

Figure 3.1: Step-by-step processing of samples and reagents in flow-cytometry assay.

Along with the test, an isotype control was run to confirm that blood cells were not conjugating
non-specifically to the MAs. Subsequently, ADP was used as an agonist to initiate platelet
activity. Lastly, 1% formaldehyde was added as a fixative to inhibit platelet aggregation and
activation. Fixation was run after the addition of MAs, since formaldehyde prevents some MAs
from binding to platelets, such as PAC1 and CD62p. Acquisition—which is the data collection

process—and the data were analysed using scatter gating. Low platelet counts and aggregated
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samples were not easily gated. Light scatter profile of positive population and fluorescence of

activation-linked markers were assessed to generate results.

Table 3.1. Processing of samples and reagents in flow-cytometry assay.

Tube number Diluted blood ~ MAS/Isotype control AgonisttMTB
mixture
1- US isotype control 10 pL 20 pL isotype control 10 uL MTB
2-  US MAs mixture 20 pL MAs mixture
3-  S-ADP-isotype control 20 pL isotype control 20 pL isotype control
4-  S-ADP- MAs mixture 20 pL MAs mixture 1.6 uL ADP + 8.4 uyL MTB

Abbreviations: Unstimulated (US), stimulated (S).

3.8. Coagulation Analysis

PPP was used to perform the coagulation assessment, which was performed on a Helena C4
semi-automated coagulation analyser (from Helena Laboratory, Beaumont Texas, USA). The
coagulation analyser was calibrated by the specialty assayed reference plasma (from Helena
Laboratory, Beaumont Texas, USA). Every day, before samples were run, quality control (QC)
was performed using low, medium and high test controls (from Helena Laboratory, Beaumont
Texas, USA) to validate that the instrument was operating within required specifications and
ensure that results will be accurate. When the initial clot formation was detected in the
microcuvette, the result of the test was recorded. All the QCs and tests were processed in

duplicate, and the mean of the samples was regarded as a result for both the assays.

3.8.1 Prothrombin Time

PPP was used to perform coagulation assays. Coagulation testing was performed on the Stago
R—Evolution Coagulation Analyser utilising the Stago STA-R software to run coagulation

assays for prothrombin time (PT) as per the manufacturer’s instructions.
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3.8.2. Activated Partial Thromboplastin Time

PPP was used to perform coagulation assays. Coagulation testing was performed on the Stago
R—Evolution Coagulation Analyser utilising the Stago STA-R software to run coagulation

assays for activated partial thromboplastin time (aPTT) as per the manufacturer’s instructions.

3.8.3. Fibrinogen

PPP was used to perform coagulation assays. Coagulation testing was performed on the Stago
R-Evolution Coagulation Analyser utilising the Stago STA-R software to run coagulation

assays for fibrinogen concentration as per the manufacturer’s instructions.

3.9. Biochemical Analysis

An automated Integra COBAS 400 Biochemistry Analyser (from Roche Diagnostics,
Switzerland) was used to perform the biochemical studies. The biochemical analysis was done
using SSTs to collect blood. SSTs were centrifuged for 10 minutes (at 2000 X g) at room
temperature. The collected serum was stored at —80 °C for further analysis. Serum samples
were assessed to determine the concentrations of glucose, uric acid (UA), cholesterol, HDL,

LDL, TG and the high-sensitivity C-reactive protein (Hs-CRP) inflammatory marker.

3.10. Proinflammatory and Adhesion Markers

IL-8, VCAM-1 and ICAM-1 were detected using plasma samples collected into EDTA tubes.
The Human Magnetic Luminex® Assays kit (R&D) and Bio-Plex Analyser 200 (from Bio-Rad,
Texas, USA) were used to quantify each analyte based on superparamagnetic beads coated with
analyte-specific antibodies. Beads recognising different target analytes were mixed and
incubated with the sample. Captured analytes were subsequently detected using a cocktail of
biotinylated detection antibodies and a streptavidin—phycoerythrin conjugate. A magnet in the

analyser captured and held the superparamagnetic microparticles in a monolayer. Two
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spectrally distinct light-emitting diodes (LEDs) illuminated the beads. One LED identified the
analyte that was being detected, and the second LED determined the magnitude of the PE-
derived signal, which was in direct proportion to the amount of analyte bound. Each well was

imaged with a charged-coupled device camera.

Samples were screened for the named proinflammatory biomarkers. Individual sets of samples
from the same participants were run in the same assay Kit. Plasma samples were thawed on ice
and spun down (at 14,000 X g) for 10 minutes at 4°C before a two-fold dilution was made with
a calibrator diluent, RD6-40 (R&D) and further processed. The assay was conducted according
to the manufacturer’s instruction. A further 1/10th dilution of standard curves was used to
optimise the assay for low-level detection of analytes. As recommended by the manufacturer,

a magnetic plate washer was used to guarantee higher yields of analytes.

3.11. Statistical Analysis

Sample size calculation for testing a hypothesis was conducted by using a formula. Charan et
al. (278) show that sample size calculation for comparison between two groups when the
endpoint is quantitative data can be calculated by a formula assuming that the power is 80%
and error type | is 5%. While the mean difference between intervention groups was adapted
from one of the intervention trials.(230) Platelet aggregation changes following AC
intervention in the study by Santhakumar et al. was incorporated as a reference mean change.
The sample size was calculated according to that formula in those studies that are interventional
trials where the endpoint is quantitative data.(276-278) The minimum number of participants
is equal to 13. This number was required to achieve 80% power ( = 0.20) assuming that error
type I is 5% (o = 0.05). Blood was collected for all tests when FBE was measured as part of
the recruitment process. This was to prevent a second blood collection on the same day or the

next day as any abnormal FBE results were to be used for exclusion, and participants were
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informed of that. However, in our volunteer population, none of the participants was excluded
after blood collection. Baseline aggregation measures were incorporated into statistical
analyses where the t-test and analysis of variance (ANOVA) test with multiple comparisons
were conducted among mean group values, including baseline and post-intervention groups for

every test result.

The GraphPad Prism® version 6.07 software analysis program was used to interpret the data
by implicating different experimental designs. Experimental designs were compatible with the

recommended guidelines of the software provider and the literature.(279)
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Chapter Four: Evaluation Of In Vitro Effects
of AC on Platelet Function

Almottesembellah Gaiz: Performed experimental and data analysis, volunteer recruitment and
prepared the manuscript.

Avinash Kundur: Assistance with data analysis.

Sapha Shibeeb, Natalie Colson, Indu Singh: Experimental design and critically reviewed the
manuscript

4.1. Background and Objective

Platelets play a significant role in the progression of CVD and the occurrence of vascular
thrombosis.(231,265,280-282) In the event of arterial thrombosis, the collagen component of
the sub-endothelial matrix is exposed due to an injury to the vascular ECs.(283,284) Adhesion
of platelets to the sub-endothelial matrix is a critical step in the initial formation of the
thrombus. Adhesion of VWF and collagen to surface receptors of platelets initiates platelet
activation.(265,285,286) Platelets act in response to many biochemical agonists such as
collagen, thrombin, epinephrine, thromboxane and ADP, which in turn initiate platelet

activation and aggregation.(287—-290)

Many of the currently used platelet antagonists attenuate platelet function by blocking platelet
receptors and thereby lowering hyperactivity of platelets.(291,292) Antiplatelet drugs are
necessary for the primary prevention of CVD in patients with increased risk of development of
thrombus. Further, antiplatelet medications are essential for patients with diabetes who are at
risk of CVD.(293) Despite the many advantages of the antiplatelet agents, thrombotic events

are still developing in some patients.(294,295)
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AC-rich food has been shown to potentially act similar to antiplatelet drugs by attenuating both
activation and aggregation pathways of platelets.(8,184,231,232,237,241-243) Although many
epidemiological studies have investigated the effect of AC-rich food in attenuating platelet
hyperactivity, those dietary intervention studies have not shown the direct biological action of
AC components on platelet function and activity.(296) AC-rich food has also been reported to
affect platelet function, and it is uncertain whether this effect is due to AC or other components
in that food. The bioavailability of AC changes prominently as a result of additional food
constituents.(99) Those elements involve micronutrient, macronutrients and other antioxidants
that exist in ingested foods, which may alter the absorptive and antioxidant capacities of
ACs.(226) Consequently, it is of interest to evaluate the direct in vitro action of adding AC into

platelets, to observe the effects of these components on platelet activity.

The aim of this study was to examine the in vitro effect of pure ACs extracted from bilberries
and blackcurrants (Medox®) on platelet activity and aggregation. A further aim of this study
was to generate a dose-response curve and establish a minimal effective dose of AC for

suppressing platelet activation.

4.2. Materials and Methods
The study was performed at the School of Medical Science, Griffith University, Gold Coast,
Queensland, Australia. The Griffith HREC, Griffith University approved the study (GU

Protocol Number MSC/13/11/HREC).

4.2.1. Participants

As shown in Figure 4.1, volunteers did not take any antiplatelet drug or antioxidant
supplements for 10 days, alcoholic drinks for two days or caffeinated drinks 24 hours before

blood collection. Further details can be found in Section 3.2 of Chapter 3.
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Exclusion criteria:
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Gl bleed or major surgeryin last6
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surface markers — CD62p/P-selectin, PAC-1.

Figure 4.1: Participants flow and study design.

4.2.2. Blood Sample Collection and Full Blood Examination

The blood was collected, and the samples were prepared for analysis of FBE Further details

can be found in Section 3.4 of Chapter 3.

4.2.3. Supplement Information

The AC was prepared using Medox® capsules. Medox® hemicellulose capsules contain
powdered AC. The source of AC was purified alcohol extract from bilberries (Vaccinium
myrtillus) and blackcurrants (Ribes nigrum). There were five AC components including
cyanidin (33%), Peonidin (2.5%), Delphinidin (59%), Petunidin (2.5%) and Malvidin (3%).
The concentration of AC (50 mg/L) was selected based on a dose-response curve. Further

details of the capsules are given in Section 3.5 of Chapter 3.

4.2.4. Dose-Response Curve

A dose-response curve was prepared to determine the minimum concentration of AC that could

be detected by the assay. This curve was accomplished by evaluating the inhibitory effect of
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multiple concentrations of AC, formulated in five different concentrations, on mean platelet
aggregation (MPA) and mean fluorescence intensity (MFI) expression of platelet activation
markers, including P-selectin and PAC-1. The dose response was undertaken by recruitment of
five participants, who were part of the sample population (consisting of 13 participants). Blood
samples collected from the participants were added to different concentrations of AC as
detailed in Table 4.1 and processed for FBE, platelet aggregation and platelet activation work.

These tests identified the effective minimum concentration of AC, which is 50 mg/L.

Table 4.1: Preparation of the stock solution and final concentration of anthocyanin for dose response.

Amount PBS Stock solution of ~ Volume of stock Final Final volume
of AC (mL) AC solution concentration of  of platelet-rich
(mg) (mg/L) transferred AC plasma
(mg/L) (mL)
80 160.00 500 0.05 25 1
80.00 1,000 50
40.00 2,000 100
26.66 3,000 150
20.00 4,000 200
13.33 6,000 300

Each capsule consisted of 80 mg of AC, which was dissolved in different volumes of PBS to prepare the required
concentrations of stock solution. Then, 50 mL of the specified concentrated stock solution was transferred into
950 mL PRP to achieve the final AC concentrations listed above in this table. Total inhibition of platelet
aggregation was found for 300 mg/L AC in the dose response. Hence, 300 mg/L was excluded later. The final
volume of the tested sample included 0.05 mL of AC (of the stock solution) and 0.95 mL of participants’ PRP.

4.2.5. Platelet Aggregation Analysis

Platelet aggregation was analysed, and the data were recorded accordingly. Further details can
be found in Section 3.6 of Chapter 3. The control represents PRP with the carrier, which was
PBS only, while baseline refers to the specimen without a vehicle or treatment. These tests

were completed within two hours of blood collection.
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4.2.6. Assessment of Platelet Activation by Flow Cytometry

The population of platelets was detected by their GBIIb/l11a receptors being recognised by the
CD41a (at a concentration equal to 4.1 pg/mL) conjugated MA. Two other MAs were used to
identify the activity of platelets by assessing the expression of platelet activation markers,
which were CD62p (8 pg/mL) conjugated mAb and PAC-1 (6.25 pg/mL). Control represented
WB incubated with the vehicle, which was PBS only, while the baseline had nothing added.
Further details can be found in Section 3.7 of Chapter 3. Volumes and concentrations of
antibodies used to prepare the MA cocktail were adapted from previous
studies.(171,230,264,276,277). The monoclonal mouse 1gG1 which is kappa immunoglobulin,
is used as isotype control (277) and eptifibatide control as the blocking ligand for GPIIb-Illa
used to prepare the isotype control mixture was adopted from a previous study in our
laboratory.(277) Tables 4.2 and 4.3 provide details of the antibody cocktail used for measuring
different platelet activation pathways (CD62p, which is also called P-selectin, measure the rate
of alpha granule exocytosis and PAC-1 detect GPIlIb-11la conformation change of activated

platelets).

Table 4.2. Antibodies (monoclonal antibodies) and modified Tyrode's buffer (MTB) with their volumes.

Antibody/MTB Ratio to total volume Actual vol. final vol. of 200uL
CD62p-APC 1:3.12 64.00 pL
CD41a-Pcy5.5 1:6 33.33 uL
PAC-1-FITC 1:4 50.00 pL
MTB 1:3.79 52.67 puL

Total 200.00 pL

Table 4.3. Isotype controls used with their corresponding monoclonal antibodies in Table 4.2.

Iso-control/MTB Ratio to total volume Actual vol.-final vol. of 200uL
CD62p-APC (IgG) 1:25 8.00 pL
CD41a-Pcy5.5 (1gG) 1:6 33.33 uL
PAC-1-FITC (IgG) 1:4 50.00 uL
200ug/mL Eptifibatide 1:40 5.00 pL
MTB 1:1.92 103.67 pL
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Total 200 pL

4.2.7. Statistical Analysis

Sample size calculation was performed assuming that power is 80% and error type I is 5%.
More details are shown in Section 3.11 of Chapter 3. Statistical analyses were performed using
Graph Pad Prism® version 6 for Windows. To conduct data analysis and interpretation, the
repeated measure one-way ANOVA with Greenhouse—Geisser correction was used. The
Bonferroni post hoc test with individual variances was computed for each comparison. The
values were expressed as mean = SEM. A p value of <0.05 was considered statistically
significant. As the family-wise significance and confidence interval were equal to 0.05 and

95%, respectively.

4.3. Results

4.3.1. Full Blood Examination

FBE results showed that 13 participants had a normal result of the haematological indices.
Table 4.4 shows the mean and standard deviation values of some of these haematological
indices, especially mean platelets count (225.8 X 10%L) and MPV (8.4 fL). The normal
reference values of platelet count were 150-400 X 10%L, while those of the MPV were 6—

10 fL.
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Table 4.4. The mean and standard deviation of some of the haematological indices.

Indices Mean = SD Reference Range
WBC (x10°L) 57+11 4.00-11.00
RBC (x10%/L) 53+x14 3.80-6.50
HGB (g/L) 150 + 20.7 120.00-180.00
Haematocrit 0.43 +0.06 0.40-0.52
Platelet (x10%/L) 226 +57.2 150.00-400.00
MPV (fL) 8.4+0.8 7.00-10.00

Total number of participants, N = 13, male = 6, female = 7.

4.3.2. Dose Response

Five concentrations (25 mg/L, 50 mg/L, 100 mg/L, 150 mg/L and 200 mg/L) of AC were used
in this trial to determine the minimum concentration that affected the platelet functions
(activation or aggregation) and to use that concentration in the rest of the experiment. Platelet
agonists ADP, collagen and AA were used to evaluate the effect of AC in attenuating activation
of platelets. In every run of platelet aggregation, there was a control that had zero concentration
of the intervention (AC) and this baseline concentration was compared with the corresponding
concentrations listed in the first column of Table 4.5. Platelet aggregation showed a significant
effect at the highest concentration of AC (200 mg/L) in the presence of all these agonists (see
Table 4.5), while 150 mg/L showed significant effects in the presence of both collagen and
AA. However, the recommended minimum effective concentration was found to be 50 mg/L,
which significantly (p value = 0.021) reduced platelet aggregation upon stimulation by AA.
The reason for using AA as the decision point was because AS targets the COX-1 pathway,
which is also acted upon by AA. The research projects in this thesis have a focus on antiplatelet

therapy in diabetes where AS therapy often results in non-responsiveness or resistance.
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Table 4.5: The effect of dose response of anthocyanin on platelet aggregation induced by collagen, adenosine diphosphate
and arachidonic acid.

Baseline versus the Collagen-induced ADP-induced platelet AA-induced platelet
corresponding platelet aggregation aggregation aggregation
concentration of AC Mean SE of Mean SE of Mean SE of
(mg/L) difference  difference  difference  difference  difference difference
25 5.62 2.61 3.44 2.76 5.580 2.07
50 17.21 4.71 8.59 2.479 17.32* 1.70
100 10.43 11.00 17.26 10.08 20.98* 3.06
150 49.11* 3.38 30.36 13.65 65.22* 9.85
200 50.90* 5.55 57.54* 8.92 53.06* 8.11

*Statistically significant reduction in platelet aggregation (P < 0.05). The baseline concentration was compared
with the corresponding concentrations listed in the first column of this table. Abbreviations: Standard error (SE).

In contrast, none of these concentrations of AC had a significant effect on platelet activation
surface markers (PAC-1 and P-selectin), which were represented by the MFI of either
fluorochrome—fluorescein isothiocyanate (FITC) or allophycocyanin (APC), as presented in

Table 4.6.

Table 4.6: Dose response of the anthocyanin effect on platelet activation.

Stimulated baseline versus Expression of PAC-1 Expression of P-selectin
unstimulated baseline and the Mean SE of Mean SE of
corresponding concentrations of AC difference difference difference difference

(mg/L)
Unstimulated baseline 557.90* 68.57 758.40* 59.67
25 82.20 38.29 128.50 39.41
50 33.60 43.82 42.40 23.71
100 61.40 34.04 76.80 44.86
150 27.20 64.83 1.20 55.21
200 136.00 87.39 59.04 81.87

*Statistically significant reduction in platelet aggregation (p < 0.05).

4.3.3. Platelet Aggregation

Platelet aggregation was stimulated by ADP, collagen and AA. This analysis was run to

evaluate the in vitro effects of AC on platelet aggregation stimulated by three different agonists
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before implicating AC and compare them with the results afterwards. Datasets of results before
and after AC intervention were analysed by the statistical software using the t-test to see if
there is any effect on platelet aggregation induced by those agonists. The data were represented
as mean = SEM. Figure 4.2. shows that 50 mg/L AC was the only concentration showing a

significant inhibitory effect in response to AA-stimulated platelet aggregation (p value = 0.02).

80+

= == == .
=T 60+
=
2
=
= 20
—

o
= 80
@
g
. o
3 T i
= T
= 40
=
= 204
<T
o
= o T T T

80

T == [c]

= =
=
= *
a-'-é:- 40 _I_
& 20
=

o] T T T

Baseline control 50 mg/L

treatment groups

Platelet aggregation under the effect of AC (50 mg/L) in the presence of multiple agonists such as ADP (diagram
A), Collagen (diagram B) and AA (diagram C). Abbreviation: Mean platelet aggregation (MPA).

Figure 4.2: The effect of 50 mg/L AC on mean platelet aggregation.

4.3.4. Immunophenotyping of Platelet Activation
The platelet surface activation marker P-selectin is secreted from alpha granules through the

process of exocytosis during the activation phase of platelets. Platelets were detected by flow-
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cytometry technique after being conjugated by the common platelet antigen CD4la.
Consequently, measurement of P-selectin surface markers was detected by CD62p
immunofluorescence index using the same technique. Platelet conformational change after the
activation phase was measured by immunofluorescence index of PAC-1, which was conjugated
with the platelet receptor of a2b-f3. Datasets of results before and after the AC were analysed
by the statistical software using the t-test to see if there was any effect on platelet activation.
The data were represented as mean £ SEM. Although there was no significant correlation
between the expression of PAC-1 and the effect of 50 mg/L AC on ADP-stimulated platelets,
there was a significant suppressive effect of 50 mg/L of AC on the expression of P-selectin

(CD62p), as illustrated in Figure 4.3.
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Figure 4.3: The effect of anthocyanin on platelet activation.

4.4. Discussion

This study aimed to investigate the in vitro inhibitory effects of AC on the activation and
aggregation of platelets, as assessed by platelet aggregometry and flow cytometry. This study
showed the alleviating effect of AC on platelet activation and aggregation. The effects of AC

were not dramatic, yet were statistically significant and might enhance the balance or improve
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OS-induced platelet hyperactivity. In vitro—-implemented AC only lowered platelet activation
and aggregation that were stimulated by the AA, whereas the response of platelets to other

agonists was not statistically reduced.

These results show that AC had an inhibitory effect in reducing platelet aggregation that was
stimulated by the AA. It was shown that AC might affect suppressing the thrombotic event by
reducing platelet activation through the COX pathway. The results of a dose-response test on
platelet aggregation showed inhibitory effects of AC 200 mg/L on ADP, collagen and AA-
stimulated platelet aggregation, whereas AC 150 mg/L only decreased collagen and AA-
induced platelet aggregation. Arachidonic acid-dependant platelet aggregation was
significantly reduced by the lowest dose of 50 mg/L AC. The results of dose response, which
were obtained by flow cytometry, did not show any significant change in platelet activation via
P-selectin or PAC-1 pathways. Consequently, a 50 mg/L final concentration of AC was
recommended for the rest of the experiment, based on the following reasons. The first point is
that a 50 mg/L final concentration of AC was the optimal minimum concentration given by the
dose-response curve, which had a significant effect on AA-activated platelet aggregation. A
concentration of 50 mg/L of AC was also comparable with the results of other in vitro studies
that investigated the biological actions of AC in different settings (195,199,201), as shown in
Table 1.3. Another point is that the other higher concentrations, which are 150 mg/L and
200 mg/L, would be physiologically too high to use in other in vivo or ex vivo studies. AC
significantly inhibited platelet aggregation that was stimulated by all three agonists. These
results highlight the mechanism of action of AC on platelet aggregation, as explained by the
inhibitory action of AC on AA-stimulated platelet aggregation. Therefore, this effect can be
attributed to the suppressive action of AC on TXA>- mediated COX-1 pathway. Moreover, the
antioxidant activity of AC may have a role in neutralising hydrogen peroxide, which activates
PLC and AA metabolism in the process of production of TXA: in the platelet activation
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pathway.(8) Although 50 mg/L AC had no significant inhibitory effect on platelet aggregation
stimulated by ADP, these data are comparable to the result of another in vitro study performed
by Rechner and Kroner (203) to evaluate the effect of AC on platelet aggregation in vitro. They
tested different ACs and colonic metabolites of polyphenol and a mixture of phenolic acids on
platelet function. It has also been shown by Sikora et al. (204) that AC-rich chokeberry extract
has a moderate inhibitory effect on ADP (10uM)-stimulated platelet aggregation. Sikora et al.
(204) conducted their study with variable sources of AC, including 3-O-cyanidin-galactoside
(64.5%), 3-Ocyanidin-arabinoside (28.9%), 3-O-cyanidin-xyloside (4.2%) and 3-O-
cyanidinglucoside (2.4%), and measured their effects on platelets collected from participants
with metabolic syndromes.(204) However, the above studies assessed variable doses and

sources of AC and different population-collected blood samples.

Additionally, 50 mg/L AC showed no significant effect on platelet aggregation stimulated by
collagen. This result is analogous to the outcome of another in vitro study by Maria et al. (202)
that assessed the effect of AC (up to 50uM) on collagen-stimulated platelet aggregation. Maria
et al. (202) conducted their study to investigate the effect of AC that was extracted from the
skin of red grapes. However, the results of this study showed a trend of reduced platelet
aggregation stimulated by ADP or collagen after the addition of AC. The only significant
suppressive effect of AC was on platelet aggregation activated by the AA agonist. These figures

of inhibition of platelet aggregation by AC agreed with the results of others.(8,184,231,276)

Analysing WB using the flow-cytometry technique is a technique using advanced technology
to investigate the function of platelets.(297—300) Flow cytometry helps with a quick assessment
of the surface antigens on many platelets in a specific and sensitive way. Flow-cytometric
analysis of the surface receptors of platelets is used to understand the pathophysiologic

mechanisms of thrombosis in CVVD.(301) The flow-cytometry technique has more advantages,
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such as requiring a small sample size, exhibiting high sensitivity and reducing manipulation of
the sample.(302) Flow cytometry, therefore, represents an important and advanced laboratory
technique for evaluating platelet activity and function.(303) There are many MAs used to
measure different GPs of active platelets such as fibrinogen receptor GPIIb/Illa and P-selectin
activation markers. Release of contents of a granules by activated platelets is reflected by
expression of CD62p (8 mg/mL) and P-selectin. In addition, PAC1 antibody (6.25 mg/mL),
which is an activation-linked MA, attaches to the binding site of fibrinogen in only activated
platelets showing a conformational change of the GPIIb/I11a complex.(304) Activation-linked
MAs conjugate precisely to activated but not resting platelets.(305) In contrast, another MA,
such as CD41a (4.1 mg/mL) is used to bind GPIIb/Illa on resting platelets.(304) This study
shows a reduced expression of the platelet surface activation marker, P-selectin, under the
effect of 50 mg/L AC. This action may highlight the capability of AC to lower platelet o
granule release and reduce the expression of the contents of the a-granule, which may play a
role in preventing thrombotic complications. Similarly, Rechner and Kroner (203) found an
inhibitory effect of in vitro AC (1uM) on the aggregation of resting platelets. The result of our
study is consistent with the findings of other studies.(231,276) This study indicates no
inhibitory effect of AC on the expression of PAC-1, which binds to stimulated platelets during
their conformational change. Accordingly, the initial phase of platelet activation, including the
GP llb-Illa, has not been affected by AC in this study. Similar outcomes were observed by
many other dietary interventional studies.(231,276,306) It was shown that the desensitisation
of stimulation-dependant superficial receptors of platelets, which interferes with signal
transduction, may be responsible for the reduced expression of P-selectin upon treatment with
AC, in addition to the hypothesised prevention of the release of a-granule contents following
platelet activation.(307) The effects of AC might involve interference with platelet secretion

of a-granules/lysosomes. The outcome of this study might speculate on the underlying
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mechanism of platelet sedation due to AC action. There is an expected interaction between AC
with the intracellular signalling pathway that has been shown by the literature.(308) The in
vitro effect of AC in mitigating platelet function might be due to the kinase-mediated signalling
process.(203,308) Platelet in vitro activity might be alleviated by AC, which influences
variable kinases, including the mitogen-activated protein kinase, PKC and phosphoinositide 3—
kinase. These kinases are involved in the intracellular signalling pathway of platelet
activation.(203) The results of this study highlight the possibility of AC being as effective as
other antioxidants (309) in reducing platelet activity. Consequently, this potential suppressive
effect of AC on the expression of P-selectin in activated platelets will probably reduce platelet
hyperactivity in response to stress factors that lead to thrombotic events that eventually

predispose patients to CVD.(276,310)

4.5. Conclusion and Recommendation

AC attenuates platelet function by suppressing P-selectin expression and influencing the TXA>
pathway (AA stimulation). These results provide further evidence for the effect of AC and the
possible mechanism by which AC reduces platelet aggregation and activation. Although the
data of this study show the significant lowering effects of platelet activation and aggregation
under 50 mg/L of AC, conducting ex vivo intervention trials is strongly recommended. This
study supports future human intervention trials to show that AC may act as a complement to
other antiplatelet agents in reducing the risk of thrombosis. The next chapter will evaluate the
effect of oral consumption of AC in a healthy human population before testing it in the diabetic

population.
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4.6. Limitations

The current study has some limitations. One, there was no chance of evaluating the in vitro
effect of AC on a coagulation assay, which could further complement other observed findings.
Application of some stressors on platelets such as oxidising (e.g., hydrogen peroxide) or
hormonal (e.g., epinephrine) agents would have simulated some pathophysiological
enviroments comparable to those occurring to platelets that are facing stress factors. Moreover,
expanding the sample population, particularly to conduct the dose response, could have

produced a smaller confidence interval and yielded more statistically accurate data.
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Chapter Five: Alleviation of Thrombotic Risk
Through Anthocyanin Supplementation in a

Non-Diabetic Healthy Population

Almottesembellah Gaiz: Performed experimental and data analysis, volunteer recruitment and
prepared the manuscript.

Avinash Kundur: Assistance with data analysis.

Sapha Shibeeb, Natalie Colson, Indu Singh: Experimental design and critically reviewed the
manuscript

5.1. Background and Objective

Increased platelet activation and aggregation play a central role in the development of
intravascular thrombosis and progression of CVD.(231,265,311) Intravascular platelet
activation is triggered in the event of endothelial vessel wall damage, which exposes the
collagen component of the sub-endothelial matrix.(312) The adhesion of platelets to the sub-
endothelial matrix is crucial to thrombus formation. Platelet activation occurs in response to
the stimulation of various platelet surface receptors—such as glycoprotein six (GPVI), o2p1
(collagen receptors), P2Y12 and P2Y1 (ADP receptors), and TXA; receptors (AA receptors)—
which trigger platelet degranulation and recruitment of circulating platelets and leucocytes to
the injury site.(287,288,290,313) Current antiplatelet therapy includes an arsenal of drugs that
can specifically target the different pathways of platelet activation, thus reducing the risk of
thrombosis and subsequent CVD. However, recent studies conducted on the efficacy of
antiplatelet drugs have reported increased resistance, loss of efficiency in reducing platelet
activation and development of undesired side effects in the target population, particularly with

popular AS therapy.(314,315)
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Polyphenols such as ACs are phytochemicals that are naturally present in coloured fruits and
berries such as apples, blueberries, strawberries, bilberries and blackcurrants. Previous studies
have shown that following an AC-rich diet can significantly inhibit multiple CVD risk factors,
including increased platelet activation and aggregation.(8,184,231,232,237,240-243) Several
in vitro and in vivo trials have demonstrated that AC supplementation improves the lipid
profile, endothelial function and flow-mediated vasodilation, while reducing inflammation,
thus mitigating hyperglycaemia, lipid peroxidation and endothelial
dysfunction.(2,210,211,235,316-318) The potential of using AC to target multiple pathways

of platelet activation and the coagulation system is a topic of great interest.

The aim of the current study was to investigate the effect of a pure AC extract from bilberries
and blackcurrants (Medox®) on various risk markers of thrombosis—such as platelet function,
coagulation and biochemical profile—following a 28-day supplementation with 320 mg of AC

daily.

5.2. Materials and Methods

5.2.1. Participants and Study Design

This study was approved by the Griffith University HREC, Griffith University, Queensland,
Australia (GU Ref No: MSC/07/14/HREC) It was also approved by the Research Ethics
Committee of Queensland Health, Gold Coast University Hospital, Queensland, Australia
(Reference number: HREC/14/QGC/181). Twenty-six normal healthy individuals, whose
anthropometric measures are shown in Table 5.1, were recruited from the general population.
They signed an informed consent form prior to the commencement of the study. All the
participants included in the study were carefully screened using health questionnaires and

interviews to ensure that they were healthy, non-smoking individuals without any history of
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CVD, bleeding disorders or liver disease. Further, participants taking anti-inflammatories,

antiplatelet agents or anticoagulants were excluded from the study.

Table 5.1: Demographic and anthropometric values of participants.

Parameter Participant’s value
Age range (year) 24-73
Gender 11male/15 female
Weight (kg) mean 77.60
BMI (kg/m?) mean 26.30
Waist circumference (cm) mean 86.30
Hip circumference (cm) mean 101.80
Waist/Hip mean value 0.84

As illustrated in Figure 5.1, prior to the commencement of the study, baseline fasting blood
samples were collected to confirm the participants were healthy. Upon completion of initial
screening, the participants were requested to consume four capsules of the AC extract (80 mg
per capsule) per day (totalling 320 mg of the AC extract per day) for 28 days. Fasting/baseline
blood samples were collected before and after the 28-day supplementation period. There was
one baseline sample collected from every participant before starting the intervention.
Adherence and compliance to AC capsule intake were monitored by checking the capsule strips
returned by the participants after the supplementation and through personal interviews. A
placebo group was not involved in this study as the aims of the study were to evaluate whether
AC had any effect on platelet aggregation and activation, and other biochemical parameters in
healthy people. The post-intervention results were compared to the baseline of individual
participants. The study design followed conventions in previously published literature. These

experimental designs were comparable to those in past studies.(238,319,320)
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Post intervention blood collection and repeat the blood tests

There was one baseline (pre-intervention) sample collected from every participant.

Figure 5.1: Flowchart showing study design of anthocyanin in healthy individuals.

5.2.2. Supplement Information

]

Participants were assigned to 28 days of AC intervention in capsule form at a daily dose of

320 mg of AC, which can be achieved by consumption of reasonable amounts of bilberries and

blackcurrants. The AC supplement (Medox®) is a hemicellulose capsule, which contains

powdered ACs extracted from bilberries (Vaccinium myrtillus) and blackcurrants (Ribes

nigrum). Each capsule contained 80 mg of AC. The relative amount of each AC compounds

has been reported previously.(99) Patients were asked to consume four capsules per day (two

capsules twice daily) 30 minutes after meals. Participants were asked to maintain their habitual

lifestyle and diet during the study period. All participants were interviewed and screened using
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questionnaires to check their diet, and individuals with high antioxidants in their food intake

were excluded.

5.2.3. Blood Sample Collection and Full Blood Examination

Fasting blood samples during the pre— and post—-AC supplementation period were collected
from the median cubital vein by a trained phlebotomist. The blood was then carefully aliquoted
into one EDTA (1.8 mg/ml) tube for FBE analysis, three tri-sodium citrate (28.12 g/L) tubes
for platelet function and coagulation studies, and one SST for biochemical analysis. The
Beckman Coulter ACT ™ 5Diff CP haematology analyser (from Coulter Corporation, Miami,

Florida, USA) was used to perform the FBE analysis.

5.2.4. Platelet Aggregation Assay

Platelet aggregation was analysed, and platelet aggregation was completed using the Helena
AggRAM Platelet Aggregometer (from Helena Laboratory, Beaumont Texas, USA). A
corresponding amount of PRP was transferred into the cuvettes and warmed at 37°C for two
minutes in the AGgRAM. A stir bar was added to each of these cuvettes to allow thorough
mixing of the agonists, which were added to the cuvettes at time zero, to stimulate platelet
aggregation. Further details can be found in Section 3.6 of Chapter 3. These tests were

completed within two hours of blood collection.

5.2.5. Assessment of Platelet Activation and Platelet-Monocyte Aggregates by Flow Cytometry

The population of platelets was detected by their GBIIb/Il1a receptors recognised by the CD41a
(at a concentration equal to 4.1 pg/mL) conjugated MA. Other MAs were used to identify the
activity of platelets by assessing the expression of platelet activation markers, including CD62p
(8 pg/mL) conjugated mAb. CD14 conjugated with FITC was used to identify monocytes. A
CD 41a-PerCP-CY5.5/CD14-FITC expression was used to determine the formation of
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monocyte—platelet aggregates, which were defined as CD14+ monocytes that were
simultaneously positive for the CD41a marker. Further details can be found in Section 3.7 of

Chapter 3.

5.2.6. Biochemical Analysis

Blood collected in SSTs was centrifuged for 10 minutes (at 2000 X g) at room temperature to
separate the serum for biochemical analysis. Serum levels of glucose, cholesterol, HDL, LDL,
TG and UA were determined using an Integra COBAS 400 Biochemistry Analyser (from
Roche Diagnostics, Switzerland). QCs and calibrators were run prior to testing to ensure the

accuracy of the analyser.

5.2.7. Coagulation Analysis

PPP was used to perform coagulation assays. Coagulation testing was performed on the Stago
R—Evolution Coagulation Analyser utilising the Stago STA-R software to run the coagulation

assays’ PT, aPTT and fibrinogen concentration, as per the manufacturer’s instructions.

5.2.8. Statistical Analysis

Statistical analysis was performed using Graph Pad Prism® version 6 for Windows. The paired
t-test was used to analyse the data. The t-test was used for the FBE to look for interpersonal
variation. The values were expressed as mean £ SEM. A p value of <0.05 was considered

statistically significant.

5.3. Results
5.3.1. Full Blood Examination

WBC, red blood cells (RBCs), haemoglobin (HGB), haematocrit (HCT), mean cell volume

(MCV), mean cell haemoglobin (MCH), mean cell haemoglobin concentration (MCHC), red
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cell distribution width (RDW), platelets and MPV were measured before and after consumption
of AC to compare the results between both datasets. Both pre- and post-datasets of results were
analysed using GraphPad Prism®, applying the t-test to evaluate the effect of AC on the FBC
of the participants. Values were represented as mean + SEM. The baseline FBE parameters for
all the participants were within the reference range. AC supplementation significantly reduced

MPV, as shown in Table 5.2. All other parameters were not significantly different.

Table 5.2: Descriptive values of FBE parameters in pre— and post-AC supplementation.

Haematological Pre-AC Post-AC P value
Indices Mean + SEM Mean + SEM
WBC 497 £0.31 5.38+0.23 0.1906
RBC 4.65 £+ 0.30 4.72+0.14 0.7457
HGB 131.16 + 8.47 136.64 + 2.39 0.5237
HCT 0.38+0.02 0.39+0.01 0.6973
MCV 83.70+1.31 83.61+1.31 0.6647
MCH 29.63 £ 0.59 29.13+0.49 0.0122*
MCHC 353.16 £ 3.74 347.12 £1.61 0.0249*
RDW 10.83+£0.16 10.87 £0.11 0.6586
PLT 224.66 £ 13 239.28 £ 11 0.6586
MPV 8.14 £0.15 7.96 £ 0.15 0.0319*

Total number of participants: N =26, male =13, female = 13. A statistically significant reduction in MPV
(P =0.01), MCH (P =0.02) and MCHC (P = 0.03) values were observed pre— and post-AC supplementation.
Values are represented as mean + SEM. * represents a statistically significant value (P < 0.05).

Abbreviations: Anthocyanin (AC), white blood cell (WBC), red blood cell (RBC), haemoglobin (HGB), mean
cell volume (MCV), mean cell haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), red
cell distribution width (RDW), platelet (PLT), mean platelet volume (MPV).

5.3.2. Platelet Aggregation

Platelet aggregation was stimulated by ADP, collagen and AA. This analysis was run to
evaluate the effects of AC on platelet aggregation stimulated by three different agonists before
the intervention and compare them with the effects of AC after the intervention period. Datasets
of results before and after AC intervention were analysed by the statistical software using the

t-test to see if there was any effect on platelet aggregation induced by those agonists. The data
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were represented as mean £ SEM. AC supplementation for 28 days significantly lowered ADP-

induced platelet aggregation (see Figure 5.2, where P < 0.05).
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A statistically significant reduction in ADP-induced platelet aggregation was observed post—anthocyanin
supplementation (P =0.03). No significant reduction in collagen and AA-induced platelet aggregation was
observed post-supplementation. Data were represented as mean + SEM. * represents a statistically significant
value (P < 0.05). Abbreviations: Anthocyanin (AC), arachidonic acid (AA).

Figure 5.2: Platelet aggregation assay under anthocyanin effect in healthy individuals.

5.3.3. Inmunophenotyping of Platelet Activation

The platelet surface activation marker P-selectin/CD62p 1s secreted from alpha granules by the
process of exocytosis during the activation phase of platelets. Platelets were detected by flow-
cytometry technique after being conjugated by the common platelet antigen CD4la.
Consequently, measurement of P-selectin surface markers was conducted using the same
technique. Datasets of results before and after AC intervention were analysed by the statistical
software using the 7-test to see if there was any effect on platelet activation. The data were
represented as mean = SEM. AC intervention significantly reduced the expression of the
activation-dependent platelet surface marker P-selectin (CD62p) on platelets that were
stimulated with ADP (see Figure 5.3, where P < 0.05). No difference in the expressions of

monocyte—platelet aggregates was observed post—AC supplementation.
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A significant reduction in P-selectin expression on ADP-stimulated platelets was observed post—anthocyanin
supplementation (P = 0.03). Data represented as mean + SEM. * represents a statistically significant value
(P <0.05). Abbreviations: Anthocyanin (AC), mean fluorescence intensity (MFI).

Figure 5.3: P-selectin expression in resting and activated platelets.

5.3.4. Biochemical Analysis

Serum levels of different biomedical parameters including the lipid profile assay of cholesterol,
TG, HDL, blood glucose and UA were measured using the Integra COBAS 400 biochemical
autoanalyser. These parameters were detected pre— and post—AC intervention. The data were
represented as mean + SEM. The results were analysed by the statistical software using the #-
test to compare values between the datasets. Biochemical results, including levels of
cholesterol, TG, HDL, blood glucose and UA are shown in Table 5.3. No significant
differences in the lipid profile, fasting blood glucose or UA concentrations were observed

before and after four weeks of AC supplementation.

82



Table 5.3: General biochemistry profile results pre— and post-anthocyanin supplementation.

Biochemistry Assay Pre-AC Post-AC P value
Mean = SEM Mean = SEM
TC 457+042 3.57+041 0.0982
HDL 1.14+0.13 1.03+0.10 0.8380
TG 1.53+0.32 0.96 £ 0.13 0.3649
FBG 459 £0.29 3.87£0.27 0.1866
UA 277 +£20.8 252 +19.7 0.3430
Hs-CRP 1.37+0.26 1.53+0.31 0.6242

Values are represented as mean + SEM. * represents a statistically significant value (P < 0.05).
Abbreviations: Anthocyanin (AC), total cholesterol (TC), high-density lipoprotein (HDL), triglycerides (TG),
fasting blood glucose (FBG), uric acid (UA), high-sensitivity C-reactive protein (Hs-CRP).

5.3.5. Coagulation Analysis

Coagulation assay was monitored under the effects of the intervention. PT and aPTT (in
seconds) and the fibrinogen level were detected before and after the intervention. The data were
represented as mean + SEM. The results were analysed by the statistical software using the t-
test to compare values between the datasets. A statistically significant reduction in plasma
fibrinogen concentration was observed post-AC supplementation (see Figure 5.4, where
P < 0.05). However, AC supplementation did not influence clotting times for PT and aPTT

coagulation assays, as shown in Figure 5.4.
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Four-week anthocyanin supplementation has been shown to reduce the fibrinogen concentration, which was
2.98 g/L before AC intervention, and this decreased to 2.45 g/L after the intervention in healthy adults (P = 0.03).
No significant difference in the clotting times of PT and aPTT was observed post—-AC supplementation. Data were
represented as mean + SEM. * represents a statistically significant value (£ < 0.05). Abbreviations: Anthocyanin
(AC), prothrombin time (PT), activated partial thromboplastin time (aPTT).

Figure 5.4: Coagulation assay under anthocyanin effect in healthy individuals.

5.4. Discussion

AC-rich food has been shown to potentially attenuate both activation and aggregation pathways
of platelets. Although many epidemiological studies have displayed the effect of AC-rich food
in reducing platelet hyperactivity, those dietary intervention studies have not shown the direct
biological action of AC components on platelet function and activity. Additionally, the
bioavailability of AC changes because of other food constituents. Those elements involve

micronutrient, macronutrients and other antioxidants that exist in ingested food, which may
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alter the absorptive and antioxidant capacities of AC. The aim of this study was to investigate
the antithrombotic effect of AC supplementation in healthy adults. There is 300 mg to 698 mg
of AC in every 100 g of bilberry while the same amount of blackcurrant can provide 130 mg
to 476 mg of AC, as illustrated in Table 1.2 in Chapter 1. The results from this study
demonstrate the significant inhibitory effect of AC on ADP-induced platelet aggregation and
the expression of P-selectin in ADP-stimulated platelets, which indicates reduced platelet
activation and degranulation. This suggests that AC may inhibit platelet activation,
degranulation and aggregation in a partially similar manner to some antiplatelet therapies.(321)
Further, AC supplementation has been shown to reduce circulating fibrinogen concentrations

and MPV in healthy adults.

In the current study, the three different exogenous agonists ADP, collagen and AA were used
to stimulate platelet aggregation ex vivo. These agonists represent three different mechanistic
pathways of platelet activation. The results from this study demonstrated that 320 mg of AC
supplementation for 28 days significantly inhibited ADP-induced platelet aggregation, thus
suggesting that the AC extract from bilberries and blackcurrants may exert its antiplatelet effect
by blunting P2Y: and P2Yair-receptor—mediated platelet activation and aggregation. The
observed inhibitory effect of AC supplementation is in agreement with the findings of several
other studies that showed that an AC-rich diet could inhibit ADP-induced platelet aggregation.
In a recent study by Thompson et al. (322) in 2017, 28 days of 320 mg of AC supplementation
inhibited ADP-induced platelet aggregation by 29% in a sedentary population.(322) Although
in this study, 320 mg/day of AC/Medox® was used for a four-week duration, supplementation
did not show statistically significant inhibition of collagen or AA-induced platelet aggregation,
several other in vivo studies have demonstrated that AC from other sources such as strawberries

and Queen Garnet plums do have the potential to inhibit collagen and AA-induced platelet
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aggregation.(229,230) However, the source and dose of AC in this study were different from

other intervention trials, and that could explain the different outcome.

Since flow-cytometric analysis of WB was introduced, it has been regarded as a prominent
advancement in the assessment of platelet function, as it reduces in vitro artefactual activation
of platelets.(323) In this process, after the collection of blood in a tri-sodium citrate tube, WB
is diluted to decrease artefactual platelet activation (297) after addition of antigen-specific MA,
which is tagged with the fluorophore. The cells pass through a hydrodynamically concentrated
pathway at a frequency of 1,000-10,000 cells per minute. A laser beam at a specific wavelength
is applied to the cells, leading to the emission of fluorescence by the exited fluorophore on the
blood cells. There are several detectors inside the flow-cytometry chamber aiming to detect
scattered light and the fluorescence from the cells.(324) Forward scatter (FSC) and side scatter
(SSC) represent the processed and collected data, where FSC demonstrates the volume and
SSC reflects the shape and granularity of the cells.(324,325) Our study has shown the inhibition
of P-selectin expression on the surface of ADP-stimulated platelets by AC, which suggests the
potential of AC to inhibit platelet activation, degranulation and subsequent o granule release,
thereby reducing the risk of thrombosis. Similarly, Rechner and Kroner (203) found an
inhibitory effect of in vitro AC on the expression of CD62p of resting and activated platelets.
The data are consistent with the findings of others regarding the effect of AC on the expression
of CD62p on the surface of platelets.(231,276) A few other studies have also investigated the
effect of AC in reducing P-selectin expression on platelets; however, the source of AC and its
concentration, the sample population or the agonist used for platelet activation were different.
Song et al. (326) discovered an inhibitory effect of AC on the level of P-selectin in
hypercholesteremic patients. Yao et al. (240) also found a significant inhibitory effect of
cyanidin-3-glucoside on the expression of CD62p while Yang et al. (262) detected a
considerable reduction of P-selectin in dyslipidaemic rats that were supplemented with an AC
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extract from black rice. P-selectin inhibitory effect of AC is consistent with the findings of
others regarding the effect of AC on the expression of CD62p on the surface of
platelets.(231,237,276) It is believed that the desensitisation of platelet activation—dependent
superficial receptors by AC interferes with signal transduction, thus reducing P-selectin release
of a-granule contents following platelet activation.(307) Flavonoids, including AC, may reduce
platelet production of superoxide anions and increase platelet NO production,(327) which in
turn inhibit platelet adhesion and activation. The free radical-scavenging ability and
antithrombotic effect of AC might be due to its chemical structure of having B benzoyl ring
specifically in cyanidins and delphinine.(322) The methoxylation, hydroxylation and the O-
diphenyl structure, which are characteristics of the B benzoyl ring, alleviate the activation of
allbB3 integrin and diminish the activation pathway of the P.Y1/P.Y12/ADP platelet
receptors.(328) The inhibitory effect of AC on the expression of P-selectin on activated
platelets can reduce platelet hyperactivity in response to various stressors, such as OS and shear
stress that lead to thrombotic events and CVD.(276,310) It has been shown that polyphenols
might affect signalling pathways in platelets. One of these polyphenols is Cinna tannin B-1,
which is a natural proanthocyandin that exists as trimeric A-type. This proanthocyandin has
antithrombotic effects by reducing Ca2+ mobilisation and consequently alleviating platelet
aggregation.(329) Another study has shown that AC (delphinidin) lowers signalling of platelet-
derived growth factor ligand-receptor.(330) Another mechanistic evidence of antiplatelet
effects of flavonoids was shown by Navarro-Nufiez et al. (331) who proved that genistein
mitigates Ca2+ mobilisation, which leads to platelet release reaction and aggregation. Navarro-
Nufiez et al. (331) have shown that apigenin and quercetin reduce the signalling pathway by
deactivating the kinase enzyme, which might have a role in disrupting platelet function.
However, applying only quercetin alleviated collagen-dependent platelet activation by

mitigating different mechanisms of the signalling process of GPV1.(328,332) Since most of
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these studies have small sample sizes and varying durations, further larger study cohorts and
longer periods of intervention are required to specify the recommended types and doses of AC

that can promote more benefits in the interest of public health.

A reduction in fibrinogen concentration (pre-supplementation at 2.98 g/L versus post-
supplementation at 2.45g/L) was observed post-AC supplementation. A decrease in
circulating fibrinogen concentration by AC indicates its antithrombotic potential. Fibrinogen
is a plasma protein that is highly susceptible to oxidative modification, and previous studies
have shown that antioxidants can affect circulating fibrinogen concentration and function.(333)
It is believed that antioxidants such as AC may inhibit fibrin synthesis by blunting the
enzymatic activity of thrombin and protect fibrin from oxidative modification in the presence
of free radicals. Several studies have also reported a reduction in circulating fibrinogen
concentration after AC supplementation from various sources such as Queen Garnet plum
juice.(231,276) However, the data of the current study for post-intervention fibrinogen levels
lie within the normal reference range, indicating no clinical risk of bleeding due to AC-induced
reduction in fibrinogen. In the current study, the AC extract from bilberries and blackcurrants
did not influence the clotting time of PT and aPTT in healthy individuals. However,
Santhakumar et al. (276) have demonstrated that supplementing healthy individuals with AC-
rich plum juice prolonged aPTT clotting time, suggesting that flavonoids bioactive compounds,
including AC, may have inhibitory effects on coagulation factors associated with the intrinsic
pathway of the coagulation cascade.(231,276) However, there may be other bioactive
compounds and flavonoid biochemicals besides AC that may interfere with the effects of AC
on biological systems. Bijak et al. (334) conducted in vitro experiments that showed that the
dietary extract of polyphenols prolonged clotting time, thus reducing the risk of spontaneous
clot formation and also the risk of thrombosis. However, different methodological aspects of
the above-mentioned studies—such as the concentration and dietary source of AC, population
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sample or the way that platelets were activated—probably played a role in presenting some

variable outcome from the current study.

There was a significant suppressive effect of AC on MPV. MPV, the most commonly used
measure of platelet size, is a potential marker of platelet reactivity.(335) Although there is still
uncertainty about the most precise methodology for measuring MPV, it is routinely available
in inpatient and outpatient settings at a relatively low cost. Larger platelets are metabolically
and enzymatically more active (336) and have greater prothrombotic potential.(337) Elevated
MPV is associated with other mediators of platelet activity, including increased platelet
aggregation, increased thromboxane synthesis and B-thromboglobulin release, and increased
expression of adhesion molecules.(338) Further, a higher MPV is observed in patients with
diabetes mellitus,(339) hypertension,(340) hypercholesterolemia,(341) smoking (342) and
obesity,(343) suggesting a common mechanism by which these factors may increase the risk

of cardiovascular disease.(335)

Anthocyanin supplementation did not influence lipid profile, fasting blood glucose (FBG) or
inflammation in this healthy non-diabetic population. The inhibitory effect of antioxidants on
biochemical parameters such as lipid profile and inflammatory markers (including interleukins,
cytokines and Hs-CRP) has been shown by other studies.(182,201,344,345) It has been
hypothesised that AC may improve the lipid profile by lowering 3-hydroxy-3 methylglutaryl
Coenzyme A (HMG-CoA) reductase gene activation, thus reducing the synthesis of
cholesterol—by inhibiting cholesteryl ester transfer protein (CEPT) which reduces circulating
concentrations of LDL (346); and by lowering apolipoprotein B and apolipoprotein C-I11—
lipoprotein levels in the blood.(346,347) Additionally, AC facilitates excretion of cholesterol
through faeces.(348) However, the sample population, duration of treatment and types of

antioxidants of previous studies were different from those of the current study, which might
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account for the variable results. The link between dyslipidaemia and inflammation may be
attributed to the fact that elevated serum cholesterol is associated with a higher level of

proinflammatory cytokines. Hence, the protective effect of AC could also be dual.(349,350)

5.5. Conclusion and Recommendation

This study demonstrated the significant inhibitory effect of AC on the expression of P-selectin.
This study showed that AC applied an inhibitory effect on platelet aggregation, which was
stimulated by ADP. It was found that fibrinogen significantly decreased after AC
supplementation. There were trends of insignificantly reduced blood levels of cholesterol,
glucose, TG and UA under the effect of AC. AC had a significant suppressive effect on MPV.
In summary, there is potential for AC to alleviate thrombotic risks and probably reduce the risk
of cardiovascular events. It was necessary to investigate the antiplatelet effects of AC on people
with T2DM,; therefore, it was recommended that another study be conducted to measure the
same test parameters and same intervention to evaluate if there is any potential effect of AC on
platelet and haemostasis in the diabetic population, as has been demonstrated on the non-
diabetic population in this study. The hypothesis behind the next study is that the AC

antioxidant may neutralise the increased OS usually observed in the diabetic population.
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Chapter Six: Reduction of Thrombotic Risk in
Type 2 Diabetes Mellitus Patients Through

Anthocyanin Supplementation

Almottesembellah Gaiz: Performed experimental and data analysis, volunteer recruitment and
prepared the manuscript

Avinash Kundur, Anahita Aboonabi , Josif Vidimce: Assistance with experimental procedures

Sapha Shibeeb, Natalie Colson, Indu Singh: Experimental design and critically reviewed the
manuscript

6.1. Background and Objective of the Study

Hyperactivity of platelets, inflammation and increased OS play a central role in the
pathogenesis of several conditions, including T2DM, thrombosis and CVD.(351) T2DM is
associated with increased macrovascular complications, which significantly elevate the risk of
cardiovascular mortality in these individuals.(352) Platelets are enucleated blood cells that play
a vital role in primary haemostasis. Platelet hyperactivity, in the presence of free radicals, can
significantly accelerate the progression of atherosclerosis. Free radicals have a principal effect
in the development of OS prior to platelet hyperactivity.(129) For instance, impaired muscle
glucose uptake, endothelial dysfunction and lipid oxidation are predisposed by OS detected in
disorders such as T2DM.(353-355) Platelet activation and coagulation exemplify a biological
indicator to predict vascular events in the future.(8) The primary step in platelet-associated
thrombogenesis is vascular wall endothelial damage or injury of atheromatous plaques.
Platelets stick to the site of endothelial injury and change their shape. Consequently, platelets
undergo degranulation and an activation process. Activation of platelets leads to fibrinogen

binding to platelet receptors and finally, the formation of thrombi.
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AS is an antiplatelet drug that reduces platelet hyperactivity by targeting the COX-2 pathway
and inhibiting TXA: production. Although AS is still the first-line antiplatelet agent (321) used
in the treatment of acute coronary syndromes, many studies have recently highlighted AS
resistance (356, 357) and side effects, especially in individuals with T2DM. Currently, dual
antiplatelet therapy with AS and clopidogrel are the most widely used antiplatelet treatment to
treat ACS.(321,358,359) A plethora of studies has demonstrated the potential of plant-based
antioxidants to not only inhibit platelet activity but also to alleviate several risk factors that are

associated with atherosclerosis and subsequent CVD.

Several studies show the positive effects of consuming an antioxidant-rich diet, particularly
fruits and vegetables.(228,360,361) In 2004, Hung et al. (362) conducted a cohort study
recommending the consumption of five or more servings of fruits and vegetables daily to lower
the risk of CVD. Antioxidants reduce or suppress atherosclerotic progression and slow down
the development of CVD.(173,362,363) This antithrombotic potential of phytochemicals has
encouraged nutraceutical industries to explore the use of natural antioxidants as a
complementary therapy to currently used antiplatelet treatments.(8) The effect of natural
antioxidants such as ACs on reducing platelet hyperactivity is due to blocking variable platelet
receptors and inhibiting free radicals that initiate platelet activity, thereby eliminating the risk
of thrombus formation.(8,173,363,364,365-368) Although the effect of polyphenols on overall
health is well documented, their actions on function and activity of platelets are inconsistent.(8)
Hence, the aim of this study was to understand the mechanisms by which pure ACs extracted
from bilberries and blackcurrants (Medox®) may convey cardiovascular benefits, and reveal if
it can negatively influence platelet hyperactivity, haemostasis, inflammation, immunological

markers and lipid profile in T2DM patients.
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6.2. Materials and Methods

6.2.1. Participants and Study Design

This study was approved by the Griffith University HREC, Griffith University, Queensland,
Australia (GU Ref No: MSC/07/14/HREC) It was also approved by the Research Ethics
Committee of Queensland Health, Gold Coast University Hospital, Queensland, Australia
(Reference number: HREC/14/QGC/181). Twenty-four patients with T2DM were recruited
from the general population after they signed an informed consent form prior to the
commencement of the study. All the participants included in the study were carefully screened
by an endocrinologist, and by using health questionnaires and interviews to ensure that they
were non-smokers and did not have any bleeding disorders or liver diseases. All the participants
included in the study were carefully screened using health questionnaires and interviews to
ensure they fit the inclusion and exclusion criteria (i.e., no antiplatelet medication allowed), as
mentioned in Section 3.2 of Chapter 3. Diabetics with CVD were placed on antiplatelet therapy.
AS can be taken as a preventive measure and therefore, not all patients with T2DM would take

those medications.(369)

Prior to the commencement of the study, anthropometric measurements (see Table 6.1) and
blood pressure were checked. Baseline fasting blood samples were also collected to determine
the presence of any underlying health conditions, using results from the FBE, platelet function
assays, enzyme-linked immunosorbent assay, coagulation and biochemistry profiles (see
Figure 6.1). Upon completion of initial screening, the participants were requested to consume
four capsules of an AC extract (80 mg per capsule) per day (totalling 320 mg of the AC extract
per day) for 28 days, after which anthropometric measurements and their blood pressure were

rechecked.
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Table 6.1: Demographic and anthropometric values of participants.

Parameter Participant’s value
Age range (year) 40-78
Gender (male/female) 17/7
Weight (kg) mean 93.1
BMI (kg/m?) mean 315
Waist circumference (cm) mean 109.2
Hip circumference (cm) mean 110.9
Waist/Hip mean value 0.98

Fasting blood samples were collected after the 28-day supplementation period. Adherence and

compliance to AC capsule intake were monitored by checking the capsule strips returned by

the participants after the supplementation and through personal interviews. There was no

placebo group involved in this study as the aim of the study was to evaluate whether AC had

any effects on platelet aggregation and activation, and other biochemical parameters in people

with T2DM. The post-intervention results were compared to the baseline of individual

participants. The study design followed conventions in previously published literature. These

experimental designs were comparable to those in past studies.(238,319,320)

Participants with DM

HREC approval,
volunteer screening,
selection by
completed
questionnaires;
informed consent

N=24

participants

AC 320 mg/day supplementation for 28 days

Figure 6.1: Flowchart of the study design.

Laboratory tests and clinical
measurements:

»Full blood examination (FBE)
=Platelet aggregation
*mmuno-phenotype activated
platelet surface markers —
CD62p/P-selectin.

*Biochemical parameters — Lipid
profile, uric acid, high sensitivity
CRP, glucose.

*Coagulation analysis.

94



6.2.2. Supplement Information

Patients were assigned to two days of AC intervention in capsule form at a daily dose of 320 mg
of AC. The AC supplement (Medox®) used in this study is a hemicellulose capsule, which
contains powdered AC extracted from bilberries (Vaccinium myrtillus) and blackcurrants
(Ribes nigrum). Each capsule contained 80 mg of AC. The relative amount of each AC
compound is shown in Table 6.2 and has been reported previously in Section 3.5 of Chapter
3.(99,370) Patients were asked to consume four capsules per day (two capsules twice daily) 30
minutes after a meal. Each participant was given 115 capsules (28 days X 4 capsules daily) of
AC. Participants required 112 capsules, and compliance was met as most participants returned
the container with three capsules. However, there was one participant who returned four
capsules. Participants were asked to maintain their habitual lifestyle and diet during the study

period.

Table 6.2: Anthocyanin capsule components.

AC components Percentage of ingredients
Delphinidin 58.5%
Cyanidin 33.5%
Malvidin 3%
Peonidin 2.5%
Petunidin 2.5%

6.2.3. Anthropometric Measurements and Blood Pressure
Participants’ weight and BMI were measured before and after the intervention. More details

are shown in Section 3.3 of Chapter 3.

6.2.4. Blood Sample Collection and Full Blood Examination

Fasting blood samples pre— and post-AC supplementation were collected from the median
cubital vein by a trained phlebotomist. The blood was then carefully aliquoted into one EDTA
(2.8mg/ml) tube for FBE analysis, three tri-sodium citrate (28.12g/L) tubes for platelet function
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and coagulation studies, and into one SST for biochemical analysis. A Beckman Coulter
ACT™ 5Diff CP haematology analyser (from Coulter Corporation, Miami, Florida, USA) was

used to perform FBE analysis.

6.2.5. Platelet Aggregation Assay
Platelet aggregation was analysed, and the data were recorded accordingly. Further details can
be found in Section 3.6 of Chapter 3. These tests were completed within two hours of blood

collection.

6.2.6. Assessment of Platelet Activation by Flow Cytometry

The population of platelets was detected by their GBIIb/l11a receptors recognised by the CD41a
(at a concentration equal to 4.1 pg/mL) conjugated MA. Further, two other MAs were used to
identify the activity of platelets by assessing the expression of platelet activation markers,
which were CD62p (8 pg/mL) conjugated mADb. Further details can be found in Section 3.7 of

Chapter 3.

6.2.7. Biochemical Analysis:

Samples were analysed, and data were recorded using an automated Integra COBAS 400
Biochemistry Analyser (from Roche Diagnostics, Switzerland) to perform the biochemical
studies. The biochemical analysis measuring lipids, glucose and Hs-CRP was performed on
serum obtained from blood collected in SSTs. More details are provided in Section 3.9 of

Chapter 3.

6.2.8. Coagulation Analysis
PPP was used to perform coagulation assays. Coagulation testing was performed on the Stago
R—Evolution Coagulation Analyser utilising the Stago STA-R software to run the coagulation

assays’ PT, aPTT and fibrinogen concentration as per the manufacturer’s instructions.
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6.2.9. Proinflammatory and Adhesion Markers

IL-8, VCAM-1 and ICAM-1 were detected using plasma samples collected into EDTA tubes.
The Human Magnetic Luminex® Assays kit (R&D) and Bio-Plex Analyser 200 (from Bio-Rad,
Texas, USA) were used to quantify each analyte based on superparamagnetic beads coated with
analyte-specific antibodies. Beads recognising different target analytes are mixed and
incubated with the sample. Captured analytes are subsequently detected using a cocktail of
biotinylated detection antibodies and a streptavidin—phycoerythrin conjugate. A magnet in the
analyser captures and holds the superparamagnetic microparticles in a monolayer. Two
spectrally distinct LEDs illuminate the beads. One LED identifies the analyte that is being
detected and the second LED determines the magnitude of the PE-derived signal, which is in

direct proportion to the amount of analyte bound. Each well is imaged with a CCD camera.

Samples were screened for the named proinflammatory biomarkers. Individual sets of samples
from the same participants were run in the same assay kit. Plasma samples were thawed on ice
and spun down (at 14,000 X g) for 10 minutes at 4°C before a two-fold dilution was made with
calibrator diluent, RD6-40 (R&D) and further processed. The assay was conducted according
to the manufacturer’s instruction. A further 1/10th dilution of standard curves was considered
to optimise the assay for low-level detection of analytes. As recommended by the manufacturer,

a magnetic plate washer was used to guarantee higher yields of analytes.

6.2.10. Statistical Analysis
Statistical analysis was performed using Graph Pad Prism® version 6 for Windows. Paired t-
tests were used to analyse the data. The values were expressed as mean £ SME. A p value of

< 0.05 was considered statistically significant.
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6.3. Results

6.3.1. Full Blood Examination

WBC, RBC, HGB, HCT, MCV, MCH, MCHC, RDW, platelets and MPV were measured

before and after consumption of AC to compare the results between both datasets. Both pre-

and post-supplementation datasets of results were analysed using GraphPad Prism®, applying

the t-test to evaluate the effect of AC on full blood count in patients with T2DM. Values were

represented as mean £ SEM.

Table 6.3 shows data of haematological variables, including differential WBC count. There

was no change to the blood count under the effect of AC. Most of the haematological indices

were similarly affected under both treatment conditions (pre- and post-supplementation). There

were trends of increased or decreased blood cell counts after AC treatment, but these were non-

significant.

Table 6.3: Descriptive values of FBE parameters in pre— and post-AC supplementation.

Haematological Pre-AC Post-AC P value

Indices Mean + SEM Mean = SEM

WBC 6.96 + 0.33 7.16£0.31 0.99
RBC 5.22+£0.15 5.04+0.11 0.91
HGB 146 £ 2.70 143 £ 3.27 0.98
HCT 0.44+£0.01 0.43+0.01 0.95
MCV 85+1.65 86 +£1.015 0.99
MCH 28 £0.52 28 £0.38 0.97

MCHC 327 +4.28 330 +£2.99 0.94
RDW 12.88 £ 0.37 12.45+0.29 0.79
PLT 250 + 14,52 272 £15.23 0.68
MPV 8.92+0.18 8.80+0.14 0.94

Total number of participants, N=24, male =17, female =7. Values are represented as mean + SEM.
Abbreviations: Anthocyanin (AC), white blood cell (WBC), red blood cell (RBC), haemoglobin (HGB), mean
cell volume (MCV), mean cell haemoglobin (MCH), mean corpuscular haemoglobin concentration (MCHC), red
cell distribution width (RDW), platelet (PLT), mean platelet volume (MPV).
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6.3.2. Anthropometric Measurements

The post-intervention measurement did not show any significant changes in the anthropometric

data, including BMI and body weight, of participants (see Figure 6.2).
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Figure 6.2: Anthropometric measurements showing both body weight and body mass index.

6.3.3. Blood Pressure Measurements

As shown in Figure 6.3, there was no change to the blood pressure measurements of patients

with T2DM after consumption of AC.
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Abbreviations: Systolic blood pressure (SBP), diastolic blood pressure (DBP).

Figure 6.3: Data of blood pressure measurements were collected before and after ingestion of anthocyanin.
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6.3.4. Platelet Aggregation Study

Platelet aggregation was stimulated by ADP, collagen and AA. This analysis was run to
evaluate the effects of AC on platelet aggregation stimulated by three different agonists before
the intervention and compare them with the effects of AC after the intervention period. Datasets
of results before and after AC intervention were analysed by the statistical software using the
t-test to see if there was any effect on platelet aggregation induced by those agonists. The data
were represented as mean + SEM. MPA was measured by platelet aggregometry using the three
different agonists ADP, collagen and AA. Figure 6.4 shows three diagrams, and each bar chart
displays MPA in the presence of a corresponding agonist. This study detected a significant
reduction of MPA in the presence of ADP (p = 0.0198) and collagen (p = 0.0158) agonists, but

no effect on AA-stimulated platelet aggregation.
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Figure 6.4: Mean platelet aggregation as stimulated by different agonists including adenosine diphosphate, collagen and
arachidonic acid.

6.3.5. Inmunophenotyping of Platelet Activation
The platelet surface activation marker P-selectin/CD62p is secreted from alpha granules by the
process of exocytosis during the activation phase of platelets. Platelets were detected by flow-

cytometry technique after being conjugated by the common platelet antigen CD4la.
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Consequently, measurement of P-selectin surface markers was conducted using the same
technique. Datasets of results before and after AC intervention were analysed using the
statistical software, applying the t-test to see if there was any effect on platelet activation. The
data were represented as mean + SEM. The flow-cytometry assay demonstrated the cell surface
expression of P-selectin (CD62p), which is an activation marker of platelets. The analysis of
platelet activation markers demonstrated no effect of AC on platelet activation in patients with

T2DM, as shown in Figure 6.5.
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Figure 6.5: Flow-cytometry analysis of expression of the surface marker of P-selectin in activated platelets.

6.3.6. Biochemical Analysis

Serum levels of different biomedical parameters including the lipid profile assay of cholesterol,
TG, LDL, HDL, blood glucose and UA were measured by using the Integra COBAS 400
biochemical autoanalyser. These parameters were detected pre—and post—AC intervention. The
data were represented as mean = SEM. The results were analysed by the statistical software

using the t-test to compare values between the datasets. As shown in Table 6.4, there was a
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significant reduction in the TC in response to AC consumption. There were trends of

insignificantly reduced blood levels of LDL and TG.

Table 6.4: Biochemical analysis of some parameters under the effect of anthocyanin.

Biochemistry Assay Pre-AC Post-AC P value
Mean = SEM Mean = SEM

TC 5.1+0.29 4.6+0.32 0.0051*
HDL 0.94 +0.04 0.89 £ 0.04 0.1010
TG 2.4+0.27 1.9+0.22 0.1015
FBG 6.00 £0.35 5.9+0.39 0.8211
UA 312+22 307 £19 0.7418
LDL 3.4+0.23 3.1+0.27 0.1237

6.3.7. Coagulation Analysis

The coagulation assay was monitored under the effects of the intervention. PT and aPTT

(seconds), level of D-Dimer and fibrinogen level were detected before and after the

intervention. AC supplementation did not influence clotting times in PT and aPTT coagulation

assays. Fibrinogen and D-Dimer also showed no change post-AC supplementation.

6.3.8. Cellular Adhesion Molecules

Analysis of VCAM-1 and ICAM-1 showed no effect of AC on cellular adhesion molecules, as

shown in Figure 6.6.
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Serum levels of adhesion molecules under the effect of 320 mg/day AC consumption after four weeks of
intervention. There was no change in their blood levels post-intervention. Abbreviations: Vascular—cellular
adhesion molecule (VCAM-1), intercellular adhesion molecule-1 (ICAM-1).

Figure 6.6: Soluble adhesion markers under anthocyanin effects in patients with diabetes.

6.3.9. Proinflammatory Analytes
As illustrated in Figure 6.7, neither of the biomarkers CRP-HS nor IL-8 demonstrated any

change in serum level under the effect of AC.
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Abbreviations: High-sensitivity C-reactive protein (Hs-CRP), interleukin-8 (I1L-8).

Figure 6.7: Proinflammatory molecules under anthocyanin effects in patients with diabetes.

6.4. Discussion

This study aimed to investigate the antiplatelet and antithrombotic effects of AC in patients
with diabetes. Anthropometric measurements and blood pressure values were recorded before
and after the treatment period. The aggregation and activation of platelets were assessed by

platelet aggregometry and flow cytometry. Coagulation analysis and proinflammatory and
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adhesion markers were assessed. This study also investigated haematological indices and

biochemical blood tests.

There is evidence of increased platelet aggregability in T2DM due to a multifactorial process,
including intrinsic platelet factors and high platelet sensitivity to different agonists.(1) In the
present study, the three different exogenous agonists—ADP, collagen and AA—were used to
stimulate platelet aggregation ex vivo. These agonists represent three different mechanistic
pathways of platelet activation. The results from this study have demonstrated that AC
supplementation for 28 days can significantly inhibit ADP-induced platelet aggregation in
patients with T2DM. This suggests that AC extracts from bilberries and blackcurrants may
exert their antiplatelet effect by blunting the P.Y: and P2Y12-receptor—-mediated platelet
activation and aggregation. The observed inhibitory effect of AC supplementation is in
agreement with the findings of several other studies which showed that an AC-rich diet could
inhibit ADP-induced platelet aggregation. In a recent study by Thompson et al.,(322) 28-day
AC supplementation inhibited ADP-induced platelet aggregation by 29% in a sedentary
population. The results from out study have shown that AC supplementation for four weeks
can significantly inhibit collagen-induced platelet aggregation. AC is part of the antioxidant
family of flavonoids, which have an antagonising effect on collagen-stimulated platelet
aggregation by mitigating the oxidative burst that is initiated after binding platelets to
collagen.(371) There are two main receptors for collagen on platelets, namely GPVI and
integrin 02B1, which both have key roles in the process of haemostasis.(372) Collagen
receptors initiate an intracellular signalling pathway on binding and consequently trigger
platelet activation and aggregation.(372) The data of this study are similar to the data in the
study conducted by Aviram et al.,(32) who detected an 11% reduction in platelet aggregation
due to the inhibitory effects of phenolic compounds, including AC—in a dietary intervention
study investigating collagen-stimulated platelet aggregation.
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Our study showed no change in AA-stimulated platelet aggregation. This is probably due to
improved production of TXA; as platelets produce more TXA: in response to different stimuli
in T2DM.(1,373) However, several other in vivo studies have demonstrated that polyphenolic
bioactive compounds, including AC, which occurs in different fruits such as strawberries and
Queen Garnet plums do have the potential to inhibit AA-induced platelet aggregation.(229,230)
Though it must be acknowledged that isolated AC (as in this study) and AC as part of a fruit
or fruit juice (as in some other studies) may vary due to the presence of other polyphenols and

high concentrations in some fruits or fruit juices.

P-selectin, which is expressed to the surface only upon platelet activation by the process of
exocytosis, is an adhesion molecule present on the membrane of platelet a-granules.(374) It is
believed that the desensitisation of platelet activation—dependant superficial receptors by AC
interferes with signal transduction, thus reducing P-selectin release of a-granule contents
following platelet activation.(307) Flavonoids, including AC, may reduce platelet production
of superoxide anions and increase platelet NO production,(327) which in turn inhibits platelet
adhesion and activation. The inhibitory effect of AC on the expression of P-selectin on
activated platelets can reduce platelet hyperactivity in response to various stressors such as OS

and shear stress, which lead to thrombotic events and CVD.(276,310)

However, AC had no effect in reducing P-selectin expression in patients with T2DM in the
current study. The diminished effect of AC on lowering platelet activity, as shown by the
expression of CD62p in this study, could be due to the increased expression of CD62p and
upregulation of P-selectin receptors on platelets in patients with T2DM.(1,375,376) The limited
action of AC in T2DM patients might also be due to increased OS, particularly in patients
whose T2DM was not under control.(1) OS eliminates the activity of endothelial nitric oxide

synthase, lowers the formation of NO and augments intracellular signalling of platelet
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receptors.(1) This might need a higher dose of AC or a longer duration of AC (320 mg/day)
consumption to alleviate the expression of the platelet activation marker CD62p in the current

trial.

Other studies have also investigated the effect of AC in reducing P-selectin expression on
platelets; however, the source of AC and its concentration, the sample population or the agonist
used for platelet activation were different. Song et al. (326) discovered an inhibitory effect of
AC on the level of P-selectin in hypercholesteremic patients. Yao et al. (240) found a
significant inhibitory effect of cyanidin-3-glucoside on the expression of CD62p. Yang et al.
(262) detected a considerable reduction of P-selectin in dyslipidaemic rats that were
supplemented with an AC extract from black rice. Rechner and Kroner et al. (203) found an
inhibitory effect of AC on the expression of P-selectin of resting and activated platelets and
this effect was not consistent with findings of others regarding the effect of AC on the
expression of CD62p on the surface of platelets.(26,34,35) However, the sample population in
the current trial is different from the populations of those studies. The duration of intervention
was short in this study. Longer intervention times in future studies may provide more positive

results.

There is no effect of AC on levels of adhesion molecules in this study. However, other studies
have shown that AC reduces the concentration of VCAMSs.(2,377) Cellular adhesion
biomarkers have a key effect on the pathophysiology of ischaemic events and might be used as
predictors of high thrombotic risk.(125) It has been shown that increased OS upregulates

adhesion molecule expression.(125)

The current study demonstrates that AC had no effect on serum levels of proinflammatory

markers, including Hs-CRP and IL-8. A few other studies have also measured the effect of AC
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in lowering proinflammatory biomarkers, but the sample population, type of inflammatory
markers and the source of AC were different in those studies. It has been shown by other
studies—which implemented different sample populations, doses and duration of AC
treatment—that AC had a more potent effect on lowering inflammatory markers.(253,254,378—

381)

Supplementation with AC showed a significant reduction of TC but not on other analytes of
the lipid profile or other biochemical markers in the current trial. It has been hypothesised that
AC may improve the lipid profile by reducing HMG-CoA reductase gene activation, thus
reducing the synthesis of cholesterol—by inhibiting the CETP (CEPT), which reduces
circulating concentrations of LDL (346); and by lowering apolipoprotein B and apolipoprotein
C-llI-lipoprotein levels in the blood.(346,347) Additionally, AC facilitates the excretion of
cholesterol through faeces.(348) The inhibitory effect of antioxidants on biochemical
parameters has been shown by other researchers.(182,201,344) The link between
dyslipidaemia and inflammation may be attributed to the fact that elevated serum cholesterol
is associated with a higher level of proinflammatory cytokines, and hence, the protective effect
of AC could also be dual.(349,350) It has been shown that AC improves glucose tolerance and
reduces hyperglycaemia by improving the beta cell function and increasing insulin

secretion.(382)

According to the data of the current study, AC had no effect on different parameters of
haematological indices. A few other studies have investigated the effect of AC on variable
haematological indices, but these used different sources and concentrations of AC on different
sample populations.(383—-385) Piekarska et al. (383) conducted an animal study to show the
effect of AC on different blood cell counts, including RBC, HGB, MCH, MCHC, RDW and

WBC.
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6.5. Conclusion and Recommendation

This study shows that AC applied an inhibitory effect on platelet aggregation that has been
stimulated by ADP and collagen in patients with T2DM. There was a significant reduction in
the blood cholesterol level of participants under the effect of AC. In summary, AC has the
potential to alleviate thrombotic risks and probably reduce the risk of cardiovascular events in
patients with T2DM. Moreover, further studies are warranted to investigate each individual

mechanistic pathway involved in platelet activity.

108



Chapter Seven: Comparison of Anthocyanin
and Aspirin Effects in the Reduction of
Thrombotic Risk

Almottesembellah Gaiz: Performed experimental and data analysis, volunteer recruitment and
prepared the manuscript.

Avinash Kundur: Assistance with experimental procedure.

Sapha Shibeeb, Natalie Colson, Indu Singh: Experimental design and critically reviewed the
manuscript

7.1. Background and Objective
Hyperactivity of platelets, endothelial dysfunction and oxygen-free radicals have a primary
role in the pathogenesis of thrombotic events in several conditions, including atherosclerosis,

hypercholesterolemia, T2DM and CVD.(1,351)

Platelet hyperactivity and aggregability can be suppressed by platelet inhibitors, such as AS
and clopidogrel, to reduce thrombotic risk.(386-388) There are many antiplatelet drugs which
are commonly prescribed, yet the use of AS is preferred since it has been proven to lower the
incidence of ischaemic heart disease.(389) AS acts by irreversibly acetylating the COX
enzyme.(386) TXA: is the primary product of the COX enzyme in platelets.(386,390) Platelets
represent a target for AS since once COX has been acetylated by AS, the substrate’s access to
its active site is inhibited permanently.(386) Thus, the synthesis of TXA:> needs the production

of new platelets, which are regenerated at approximately 10% per day.(390,391)

Antiplatelet drugs act by inhibiting variable platelet activation mechanisms and receptors. AS

is one of the COX inhibitors, while clopidogrel is a P2Y1> ADP receptor inhibitor.(156)
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However, drug resistance (392) and side effects (393-395) have been reported.(8) A single
antiplatelet drug is less likely to inhibit all activation pathways of platelets.(358) Therefore, AS
and clopidogrel have been used together to block different platelet receptors for individual

patients, especially in refractory cases.(358,359)

Platelet hyperactivity may be precipitated by OS, which is mediated by free radicals.(129)
Platelet-linked thrombotic events may be enhanced by variation of the platelet redox situation,
the existence of exogenous or endogenous oxidants, and production of free radicals.(129)
Underlying mechanisms that affect the production of free radicals, in addition to their
metabolism, can change platelet function and, consequently, lead to thrombus formation.(129)
Thrombotic susceptibility is predisposed by increased platelet activation and coagulation,

which exemplify a biological indicator to predict future vascular events.(8)

Antioxidants have been shown to reduce or suppress atherosclerotic progression and alleviate
the development of CVD.(173,362,363) Several studies have shown the healthy effects of
consumption of an antioxidant-rich diet, especially fruits and vegetables.(228,360,361) In
2004, Hung et al. (362) conducted a cohort study recommending the consumption of five or

more servings of fruits and vegetables to lower the risk of CVD.

AC (i.e., polyphenols) and other related natural components in fruits and vegetables have been
shown to have antioxidant and antithrombotic effects.(173,363,365-368) The strong effect of
antioxidants in reducing platelet hyperactivity is due to the blocking of variable platelet
receptors and inhibition of free radicals that initiate platelet activity; thereby eliminating the
risk of thrombus formation.(364) This potential antiplatelet effect of antioxidants suggests
nutraceutical industries could consider a natural product to be used as a complementary platelet

inhibitory factor in the treatment of AS-resistant or non-responsive patients.(8)
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Although polyphenols have potential health effects, their actions on the function and activity
of platelets are not yet conclusive.(8) Ostertag (396) provided an explanation of these variable
actions of polyphenols on platelets based on the bioavailability of some polyphenols, thus
varying effectiveness in reducing platelet function. Sometimes the processing of fruits to
extract polyphenol compounds may reduce the antioxidant effect. Our study aimed to compare
the effect of pure ACs extracted from bilberries and blackcurrants (Medox®) and AS on platelet

activity and aggregation.

7.2. Materials and Methods

7.2.1. Participants and Study Design

This study was approved by the Griffith University HREC, Griffith University, Queensland,
Australia (GU Ref No: MSC/07/14/HREC) It was also approved by the Research Ethics
Committee of Queensland Health, Gold Coast University Hospital, Queensland, Australia
(Reference number: HREC/14/QGC/181). As shown in Figure 7.1, two groups of 20 normal
healthy individuals were recruited from the general population through advertisements. Signed
informed consent was obtained before the commencement of the study. All the participants
included in the study were carefully screened using health questionnaires and through
interviews to ensure they fit the inclusion and exclusion criteria, as mentioned in Section 3.2

of Chapter 3. Participants who were on antiplatelet medications were excluded from the study.

As recommended by the literature,(397) participants were simply randomised in every
intervention group. They were allocated to the relevant intervention group using computer-
generated random allocation. This study has a parallel design, and each group of participants
had either AC or AS. The effect of AS on platelets is well established in the
literature.(386,398,399) The purpose of this study was to compare if ACs had a similar
inhibitory effect on platelets as AS. Hence, AS was assumed as a positive control in this case.
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Figure 7.1: Flowchart of the study design and participant flow.

More information regarding the demographic and anthropometric details of the participants is
shown in Table 7.1. Before the commencement of the study, baseline fasting blood samples
were collected to determine the presence of any underlying health conditions. Results from the
FBE, platelet function assays, coagulation and biochemistry profiles were used for this purpose.
Upon completion of initial screening, the participants were requested to consume either four
capsules of an AC extract (80 mg per capsule) per day (totalling 320 mg of the AC extract per
day), or one tablet of adult low-strength AS (81 mg per tablet) per day, for 28 days. It was not
possible to obtain colour-, size- and shape-matched capsules. Participants were not informed
which capsules they were given during the intervention, but it was not a blind study. Adherence
and compliance AC capsule and AS tablet intake were monitored by checking the number of
capsules or tablets returned by the participants after the supplementation and by personally

interviewing them.

Table 7.1: Demographic and anthropometric values of participants.

Parameter Participant’s value
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Age range (year) 24-62

Gender (male/female) 20/20
Weight (kg) mean 76.72

BMI (kg/m?) mean 26.15
Waist circumference (cm) mean 85.4
Hip circumference (cm) mean 101.4
Waist/Hip mean value 0.83

7.2.2. Supplement Information

Participants were assigned to 28 days of AC or AS intervention. AC intervention was in capsule
form at a daily dose of 320 mg of AC. The AC supplement (Medox®) is a hemicellulose
capsule, which contains powdered ACs extracted from bilberries (Vaccinium myrtillus) and
blackcurrants (Ribes nigrum). Each capsule contained 80 mg of AC. The relative amount of
each AC compound has been reported previously.(99) AS intervention was in enteric-coated
tablet form and contained the active ingredient, acetylcysteine, and several ingredients such as
black iron oxide, brown iron oxide, wax, corn starch, D & C yellow #10, aluminium, FD &C
yellow #6, hypromellose, methacrylic acid, copolymer type C, polysorbate 80, powdered
cellulose, propylene glycol, shellac, sodium lauryl sulphate, triacetin and triethyl citrate. AS
was taken at a daily dose of 81 mg and the tablets were supplied by Advance Pharmaceutical
Inc. Holtsville, New York. One group of participants was asked to consume four capsules of
AC per day (i.e., two capsules twice daily) and the other group consumed one tablet of AS per
day, 30 minutes after a meal. In this group of participants, there was 100% compliance, as each
participant returned the container with two capsules. Each participant was given 30 capsules
(28 days X one capsule per day). Participants were requested to maintain their routine lifestyle
and diet during the study period. Participants were informed of the low but possible risks of an
allergic reaction or side effects. Participants were asked to stop taking tablets and immediately

inform the research team if they exhibited any of these side effects.
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7.2.3. Blood Sample Collection and Full Blood Examination
Fasting blood samples during the pre- and post-supplementation periods were collected, and
samples were prepared and analysed for FBE. Further details are provided in Section 3.4 of

Chapter 3.

7.2.4. Platelet Aggregation Assay

Platelet aggregation was analysed, and the data were recorded accordingly. Further details can
be found in Section 3.6 of Chapter 3. These tests were completed within two hours of the blood

collection.

7.2.5. Assessment of Platelet Activation and Platelet-Monocyte Aggregates by Flow Cytometry

The population of platelets was detected by their GBIIb/l11a receptors recognised by the CD41a
(at a concentration equal to 4.1 pg/mL) conjugated MA. Further, two other MAs were used to
identify the activity of platelets by assessing the expression of platelet activation markers,
which were CD62p (8 ug/mL) conjugated mAb. CD14 conjugated with FITC was used to
detect monocytes. Platelet-monocyte aggregates were detected as CD41a positive monocytes

(as identified by CD14). Further details can be found in Section 3.7 of Chapter 3.

7.2.6. Coagulation Analysis
PPP was used to perform coagulation assays. Coagulation testing was performed on the Stago
R—Evolution Coagulation Analyser utilising the Stago STA-R software to run coagulation

assays’ PT, aPTT and fibrinogen concentration as per the manufacturer’s instructions.

7.2.7. Biochemical Analysis

Serum levels of glucose, cholesterol, HDL, LDL, TG, Hs-CRP and UA were analysed during

this study. More details are shown in Section 3.9 of Chapter 3.
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7.2.8. Statistical Analysis

Sample size calculation was performed assuming that power is 80% and considered error type
| is 5%, and more details are shown in Section 3.11 of Chapter 3. Statistical analysis was
performed using Graph Pad Prism® version 6 for Windows. To conduct data analysis and
interpretation, the ordinary two-way ANOVA was used. The Bonferroni multiple comparison
test was computed for each comparison. The values were expressed as mean + SEM. A p value
of <0.05 was considered statistically significant. As the family-wise significance and

confidence interval were equal to 0.05 and 95%, respectively.

7.3. Results

7.3.1. Full Blood Examination

Table 7.2 shows the FBE results. WBC, RBC, HGB, HCT, MCV, MCH, MCHC, RDW,
platelets and MPV were measured before and after consumption of AC and AS to compare the
effects of both interventions. Values were represented as mean + SEM. Most of the

haematological indices did not change with either of the interventions.
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Table 7.2: Changes of haematological indices under the effects of AC or AS.

Pre-AC Post-AC Pre-AS Post-AS

Indices Mean SEM Mean SEM P value Mean SEM Mean SEM P value
WBC 5.19 0.26 5.38 0.25 0.66 5.71 0.31 6.09 0.36 0.36
RBC 4.73 0.28 4.67 0.17 0.86 5.51 0.27 542 028 0.79
HGB 132 7.39 135 2.71 0.73 151 4.34 148 499  0.69
HCT 0.39 0.01 0.38 0.00 0.82 0.43 0.01 0.43 0.01 0.69
MCV 84 1.50 94 1.57 0.99 82 1.99 82 198  >0.99
MCH 30 0.71 29 0.60 0.55 28 0.77 28 079 0.78
MCHC 355 437 348 1.76 0.08 343 1.91 341 1.87 0.6l
RDW 11 0.18 11 0.11 >0.99 11 0.19 11 026 084
PLT 229 14.65 246 12.22 0.37 214 13.53 233 1340 0.34
MPV 8.08 0.15 7.75 0.12 0.11 8.13 0.13 821 016 0.71

Values were observed pre— and post—AC supplementation. Values are represented as mean = SEM.

Abbreviations: Anthocyanin (AC), white blood cell (WBC), red blood cell (RBC). haemoglobin (HGB). mean cell volume (MCV), mean cell haemoglobin (MCH), mean

corpuscular haemoglobin concentration (MCHC), red cell distribution width (RDW), platelet (PLT), mean platelet volume (MPV).
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7.3.2. Platelet Aggregation Study

This study investigated the effect of AC in comparison to the effect of AS on platelet
aggregation stimulated by ADP, collagen, and AA. This analysis was run to evaluate the effects
of AC on platelet aggregation stimulated by three different agonists and compare them with
the effects of AS. Figure 7.2 shows the significant inhibitory effects of AC on ADP (p
value = 0.032) and collagen-stimulated (p value =0.022) platelet aggregation. AS did
significantly decrease platelet aggregation stimulated by ADP (p value = 0.012) and collagen
(p value =0.003). AS had the most significant lowering effect on AA-stimulated platelet
aggregation (p value <0.0001), while AC made no change to platelet aggregation in the

presence of AA.
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Figure 7.2: Platelet aggregation assay to compare anthocyanin with aspirin.
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Figure 7.3: Immunophenotypic assessment of platelets under anthocyanin and aspirin.
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7.3.3. Immunophenotyping of Platelet Activation

The platelet surface activation marker P-selectin/CD62p, which is secreted from alpha granules
by the process of exocytosis during the activation phase of platelets. Platelets were detected by
flow cytometry after being conjugated by the common platelet antigen CD41a. Consequently,
measurement of P-selectin surface markers and platelet-monocytes aggregates was conducted
by the same technique. Flow-cytometry assay of CD62p demonstrated a significant inhibitory
effect of AC on the expression of CD62p, an ADP-stimulated platelet activation marker (p
value = 0.026). However, AS had a more significant effect attenuating agonist-stimulated
platelet activation by lowering P-selectin expression (p value = 0.0003). There was no effect
of either AC or AS on P-selectin expression of resting platelets that were not subjected to
agonists. There was also no effect of AC on platelet-monocyte aggregates with either resting
or activated platelets, as expressed by immunofluorescence index of CD14 in conjugation with

the common platelet antigen marker (CD41a) Figure 7.3.

7.3.4. Biochemical Analysis

Serum levels of different biomedical parameters, including lipid profile assay of cholesterol,
TG, LDL and HDL, blood glucose, and UA were measured by using the Integra COBAS 400
biochemical autoanalyser. These parameters were detected before and after intervention with
AC and AS. The data were represented as mean £ SEM. The results were analysed by the
statistical software using two-way ANOVA to compare values between the treatment groups.
There were no significant changes observed with either intervention. However, there were
trends of reduced blood levels of cholesterol, glucose, TG, LDL, and UA after AC

consumption, as shown in Table 7.3.
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Table 7.3: Comparison of different biochemical tests in pre- and post-applications of each of treatments (anthocyanin and aspirin)

Pre-AC Post-AC Pre-AS Post-AS

Biochemical test Mean SEM Mean SEM P value Mean SEM Mean SEM P value
Cholesterol 4.57 0.425 3.57 0.41 0.055 3.35 0.27 3.34 0.32 0.986
C-reactive protein 1.39 0.27 131 0.29 0.818 0.82 0.15 1.01 0.23 0.648
Glucose 4.64 0.28 4.00 0.28 0.118 4.25 0.30 4.28 0.36 0.942
HDL 1.09 0.13 111 0.10 0.885 1.06 0.11 0.93 0.12 0.507
TG 121 0.19 0.89 0.11 0.154 0.95 0.23 0.85 0.12 0.702
LDL 3.20 0.37 2.36 0.33 0.051 2.10 0.20 2.30 0.27 0.684

UA 283.85 20.31 238.55 21.85 0.14 295.66 24.95 283.93 27.92 0.74

Values are represented as mean + SEM.
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7.3.5. Coagulation Analysis

Coagulation assay was monitored under the effects of interventions. PT and aPTT (seconds)
and the fibrinogen level were detected before and after the intervention in both groups of
participants. Both AC and AS demonstrated a prolongation of PT and aPTT, but the difference
was non-significant. There was not a significant decreasing effect of AC on fibrinogen level

(see Figure 7.4).
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Coagulation analysis of specimens of participants in both groups (AC and AS). Three coagulation indices were
analysed to compare the effects of AC and AS on coagulation parameters.

Figure 7.4: Coagulation assay under anthocyanin and aspirin.
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7.4. Discussion

This study aimed to compare the antiplatelet effects of AC with those of AS. Aggregation and
activation of platelets were assessed by platelet aggregometry and flow cytometry,
haematological indices, and biochemical blood analysis. Coagulation assays were run to

measure and compare the effects of both AC and AS.

As shown in Figure 7.1, AC had significant reduction effects on platelet aggregation stimulated
by only two agonists (ADP and collagen). However, the results showed the effect of AS to be
more significant in reducing platelet aggregation stimulated by all three agonists—ADP,
collagen and AA. Platelet aggregation stimulated by ADP and collagen was significantly

inhibited under the effect of AC but more powerfully so by AS.

These results highlight a potential mechanism of action by AC on platelet aggregation and
explain the lowering effect of AC on ADP-stimulated platelet aggregation. AC extracts from
bilberries and blackcurrants may apply their antiplatelet effect by blunting P2Y1 and P2Y 1o-
receptor—mediated platelet activation and aggregation. Polyphenols, including AC, interfere
with kinase-dependent signalling pathways in different cells.(203) AC as part of polyphenols
alleviating platelet activity in vitro might affect different kinases—such as phosphoinositide 3—
kinase, PKC, and mitogen-activated protein kinase—which are involved in cascades of
intracellular signalling in platelet activation and aggregation.(203) It has been hypothesised
that antioxidant compounds such as flavonoids may alleviate platelet aggregation initiated by
multiple G-protein—mediated signalling pathways. Antioxidants such as AC mitigate OS by
scavenging oxygen-free radicals.(2,400,401) Hence, AC may alleviate platelet reactivity by
reducing free radicals and blocking platelet receptors.(2,129,363,402,403) It has been shown

that flavonoids prevent platelet aggregation—inhibiting intracellular signalling pathways,
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the enzymatic activities of PLC and phospholipase A2; and reducing the oxidative burst. The
suppressive effect of AC on platelet aggregation, as shown by this study, agrees with the
outcome of many dietary intervention studies.(228,231,238,404) Those studies involved
dietary extracts that consisted of different macronutrients and micronutrients in addition to AC.
Therefore, this study aimed to exclude the effect from other nutrients, so it identified the effects
of AC in comparison to AS on those biomarkers. Data from this study were comparable to the
study of Murphy et al.,(263) which was an ex vivo dietary intervention study on the inhibitory
effects of purified phenolics on platelet aggregation. Murphy et al. (263) observed a greater
inhibition (29%) of ADP-stimulated platelet aggregation due to AC. This data are also
comparable to the result of another dietary intervention study performed by Erlund et al.(228)
to evaluate the effect of AC on ADP-stimulated platelet aggregation. It has also been shown by
Sikora et al. (204) that the AC-rich chokeberry extract has a moderate in vitro inhibitory effect

on ADP (10uM)-stimulated platelet aggregation.

This clinical trial showed a lowering effect of pure AC on platelet aggregation stimulated by
collagen. There is evidence that flavonoids may alleviate the signalling pathways mediated by
ADP and collagen receptors and integrins.(203) The result of this study is comparable to the
outcome of another in vitro study by Maria et al. (202) who demonstrated the reducing effect
of AC on collagen-stimulated platelet aggregation. Other dietary interventional studies also
demonstrated trends of a lowering effect of AC on collagen-stimulated platelet
aggregation.(238,405) Aviram et al. (239) detected an 11% reduction of platelet aggregation
due to the inhibitory effects of phenolic compounds, including AC, in a dietary intervention

study investigating collagen-stimulated platelet aggregation.
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Assessment of immunophenotyping of platelets was conducted using flow cytometry. There
are many MAs used in flow cytometry to measure different GPs of active platelets, such as P-
selectin activation markers. Release of contents of o granules by activated platelets is reflected
by expression of CD62p (8 mg/mL). Activation-linked MAs conjugate precisely to activated
but not resting platelets.(305) In contrast, another MA is used to bind GPIIb/Illa on resting
platelets, such as CD41a (4.1 mg/mL).(304) In this study, CD14a (6.25 mg/mL) was used to
identify monocytes. Platelet-monocyte aggregates were detected as CD41a positive monocytes
(as identified by CD14). There were several fluorophores used to attach MAs in flow
cytometry, such as peridinin chlorophyll protein, phycoerythrin Texas Red (RED-670), FITC,
APC and phycoerythrin-Cy5.(406) This study demonstrated the inhibitory effects of AC and
AS on the expression of P-selectin, which indicated reduced platelet activation by AC, and
more significantly by AS. It has been demonstrated that AC might have an effect on
suppressing the thrombotic event by reducing platelet activation. There is evidence of
antioxidants such as flavonoids mitigating an ADP-mediated conformational change of allbp3
integrin, which play a major role in the process of platelet activation.(203) This study showed
a reduced expression of the platelet surface activation marker, P-selectin, under the effect of
AC. AS also significantly lowered the expression of P-selectin of activated platelets. In our
previous in vitro study, AC inhibited the expression of P-selectin of activated platelets.(407)
Rechner and Kroner (203) found an inhibitory effect of in vitro AC on the expression of P-
selectin of resting and activated platelets and this effect is consistent with findings of others
regarding the effect of AC on the expression of CD62p on the surface of platelets.(231,237,276)
It has been shown that the desensitisation of stimulation-dependant superficial receptors of
platelets, which interferes with signal transduction, may be responsible for the reduced
expression of P-selectin upon treatment with AC, in addition to the hypothesised prevention of

the release of a-granule contents following platelet activation.(307) Consequently, this
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potential suppressive effect of AC on the expression of P-selectin in activated platelets is likely
to reduce platelet hyperactivity in response to stress factors that lead to thrombotic events and

eventually predisposes patients to CVD.(276,310)

There was a trend of reduction in fibrinogen concentration after AC supplementation.
Significantly elevated levels of circulating fibrinogen are associated with increased risk of
thrombosis and CVD. An alleviation in circulating fibrinogen concentration by AC indicates
its antithrombotic potential. Fibrinogen is a plasma protein that is highly susceptible to
oxidative modification, and previous studies have shown that antioxidants can affect
circulating fibrinogen concentration and function. It is believed that antioxidants such as AC
may inhibit fibrin synthesis by blunting the enzymatic activity of thrombin and protecting fibrin
from oxidative modification in the presence of free radicals. Several studies have also reported
a reduction in circulating fibrinogen concentration after AC supplementation from various
sources such as Queen Garnet plum juice.(231,276) In the current study, consumption of an
AC extract from bilberries and blackcurrants resulted in an insignificant prolonged clotting
time of PT and aPTT in healthy individuals. However, Santhakumar et al. (231,276) have
demonstrated that supplementing healthy individuals with AC-rich plum juice prolonged aPTT
clotting time, suggesting that AC may have inhibitory effects on coagulation factors associated
with the intrinsic pathway of the coagulation cascade. Bijak et al. (334) conducted in vitro

experiments, which showed that dietary extract of polyphenols prolonged clotting time.

Studies conducted in this thesis also demonstrated baseline biochemical variables, including
lipid profile in T2DM patients (see Table 6.3) that are worse than in the healthy non-diabetic
population in Chapter 5 (see Table 5.2). AC had a significant lowering effect on the TC of

T2DM patients. The inhibitory effect of antioxidants on those biochemical parameters has been
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shown by another research. Shah et al.(182) showed that AC lowered levels of TG, LDL and
Hs-CRP while it increased HDL. Zhu et al.(201) revealed that AC decreased Hs-CRP, LDL
but enhanced levels of HDL. Moreover, De Pascual et al.(344) showed that AC affected
cholesterol distribution. It has been hypothesised that AC may improve the lipid profile by
lowering HMG-CoA reductase gene activation, thus reducing the synthesis of cholesterol—by
inhibiting cholesteryl ester transfer protein (CETP), which reduces circulating concentrations
of LDL(346); and by lowering apolipoprotein B and apolipoprotein C-IlI-lipoprotein levels in
the blood.(346,347) Additionally, AC facilitates the excretion of cholesterol through
faeces.(348) The current study was conducted on different populations with a different duration
of intervention. However, AC supplementation did not significantly influence other variables
of the lipid profile, FBG levels or inflammation in the subjects. The link between dyslipidaemia
and inflammation may be attributed to the fact that elevated serum cholesterol is associated
with higher levels of proinflammatory cytokines. Hence, the protective effect of AC could also

be dual.(349,350)

7.5. Conclusion and Recommendation

It has been shown that AC has potential health benefits by helping to lower thrombotic and
CVD risks. Several epidemiological intervention trials have demonstrated the effect of AC-
rich food in reducing platelet hyperactivity, with those nutritional intervention studies revealing
the biological action of variable sources of AC-rich food components on diverse thrombotic
aspects, including platelet reactivity. Those elements involve micronutrient, macronutrients
and other antioxidants that exist in consumed diets, which may affect the absorptive and
antioxidant capacities of AC. This study demonstrated a significant reduction of platelet
activation, as expressed by P-selectin, under the effect of AC, but a more inhibitory effect was

shown by AS. AC had a significant lowering effect on ADP and collagen-stimulated platelet
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aggregation. This study also showed that AS applied an inhibitory effect on platelet
aggregation, which was stimulated by AA, ADP or collagen. In this study, there were signs of
a decreased fibrinogen level after AC supplementation. However, AS has no significant effects
on fibrinogen, but it prolonged both PT and aPTT to insignificant levels. In summary, there are
potential antiplatelet effects of AC that might be able to alleviate thrombotic risks and reduce

the risk of cardiovascular events.

Despite these potential health benefits of AC (in the form of Medox® capsules) on platelet
aggregation and activation, further evaluation is required regarding the effect of this antioxidant
material (i.e., AC) on other biological aspects involved in the pathogenesis of thrombotic
events and CVD, such as endothelial dysfunction. Endothelial dysfunction and platelet
hyperactivity play a key role in precipitating thrombotic risk in patients with CVD. It has been
established that AS reduces platelet activation. This study has demonstrated that AC also has

a comparable inhibitory effect on platelets.

This study provides some evidence regarding the similar effects of AC and AS on reducing
platelet activity, although long-term blind trials are required to provide conclusive results. The
outcome of this study suggests that AC could be a possible replacement for or complement to

AS in patients with T2DM who are not responsive or resistant to AS.
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Chapter Eight: Discussion and Conclusion

8.1. Discussion

The overall aim of the experiments carried out as a part of this thesis was to evaluate and
elucidate the antiplatelet potential of AC in attenuating several biomarkers that are associated
with increased thrombogenicity in diabetic and non-diabetic populations. The secondary aim
was to show that AC acted on platelets in a similar manner to AS. A large body of evidence
has demonstrated that high OS and free radical formation are among the primary factors for an
increased risk of CVD in T2DM patients.(125,150,408) Elevated OS has been shown to
positively influence several risk factors, such as platelet hyperactivity, alongside increased
vascular inflammation and lipid peroxidation.(125,150,408) AC is a potent exogenous
antioxidant, produced as natural red pigments in many different fruits and vegetables.(2,409)
Several studies have shown that AC has the potential to mitigate several cardiovascular risk
factors.(2,251,409) A specific concentration of AC, such as 320 mg per day, may generate
several cardiovascular benefits, such as reduced OS and vascular inflammation, and improved
lipid profile.(2,201,260,410-414) However, there is a gap in the knowledge on the effect of
AC on prothrombotic markers such as platelet activation or aggregation, and haemostasis in
healthy people as well as in patients with T2DM. The metabolism of AA leads to increased
production of TXA>, which binds to platelet receptors and stimulates platelet aggregation.
Conversely, ADP stimulates platelets by binding to different platelet receptors, namely P>Y1
and P2Y2—P.Y12. Stimulation of platelet aggregation may occur after the binding of collagen to
platelet receptors, which are a231 and GPVI. Consequently, platelets are stimulated, and more
activation and aggregation proceed (see Figure 1.1). Many small-scale fragmented studies have
attempted to show the effect of AC on different variables and markers.(251,409) However, this

current study is the first to demonstrate that AC and AS act on similar pathways to attenuate
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platelet activity. We hypothesised that AC might exert its cardioprotective effects by lowering
platelet activation—related thrombogenesis in a similar manner to AS in both diabetic and non-

diabetic populations.

There were four different studies conducted to prove the hypothesis of this PhD thesis. The
first study evaluated the in vitro effect of pure AC on the activation and aggregation of plasma-
suspended platelets. The outcome of this study demonstrates that AC, at a concentration of
50 mg/L, may significantly reduce in vitro platelet activation, as expressed by the P-selectin
surface marker and AA-induced platelet aggregation. Hence, AC might have a potential
lowering effect on the AA-mediated platelet aggregation pathway, which is induced by
different enzymes such as the COX-1 enzyme. The COX-1 enzyme is inhibited under AS
action, which mitigates platelet activity. Therefore, the outcome of this study highlights the
possible antiplatelet effect of AC in comparison to AS. However, a similar effect of AC was
not observed when ADP or collagen was used to stimulate platelet aggregation. The
significantly reduced AA-induced platelet aggregation after the in vitro addition of AC
suggests that AC inhibits platelet activity. This may decrease the risk of intravascular

thrombosis, which could be instrumental in providing cardioprotective effects.(173)

Based on the results from the first study, human trials were commenced to evaluate if AC might
have a similar antiplatelet effect ex vivo. After oral consumption of AC, a statistically
significant reduction in ADP-induced platelet aggregation was observed in the group of healthy
participants of the study. These findings show that AC can significantly lower platelet
aggregation by targeting the platelet activation pathway induced by P>Y>—P>Y 12 receptors. AC
also significantly decreased platelet degranulation (i.e., the release of contents from the a-

granule). A lower concentration of fibrinogen, as well as reduced levels of MPV, were also
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observed after oral AC consumption in normal healthy individuals. The overall outcomes
achieved from this study suggest that ingestion of AC may lead to enhanced protection against

the development of platelet activation, which may prevent thrombogenesis.

In this ex vivo trial, AC affected ADP-induced platelet aggregation while in the first study, AC
lowered AA-induced platelet aggregation in vitro, which had an influence on plasma-
suspended platelets without interacting with other cell types. The ex vivo action of AC might
be modulated by the action of AC metabolites in addition to the effect of the patent AC
components.(415,416) This combined effect of AC and their metabolites on platelets in their
natural environment might mediate the ex vivo antithrombotic action of AC by affecting the
different underlying mechanisms of platelet aggregation in the first in vitro study. Moreover,
due to the variable range of bioavailability and inaccessibility of AC, it is hard to estimate the
final blood concentrations of AC and its metabolites, and how much is different from the AC

concentration which was used in the in vitro study.

Based on the above findings and the positive effect of AC on the platelets of a non-diabetic
population, the subsequent study evaluated and explored the potential effects of AC on the
thrombotic risk of patients with T2DM. The results of this third study revealed the potential
reducing effect of AC on ADP and collagen-stimulated platelet aggregation in T2DM patients.
This study showed the effect of AC on collagen-induced platelet aggregation that was not
affected in the previous study (see Chapter 5). This study was conducted on a sample of T2DM
patients, while the previous study used a non-diabetic population. It has been proven that
underlying pathophysiological mechanisms of T2DM mitigate the platelet response of
collagen. It has been shown that a2f1integrin, the platelet receptor for collagen, might have

genetic variations in patients with diabetes.(417) The literature shows signalling events that
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downstream of GPVI—another platelet receptor for collagen—are affected by hyperglycaemia,
OS and shear stress (418) that occur in T2DM. The outcome of this study also confirms the
suppressive effect of AC on the TC blood level. The data from this clinical trial suggest that

consumption of AC may attenuate the platelet activation—related thrombotic risk.

After these three studies have established the positive effect of AC on platelet activity in both
diabetic and non-diabetic populations, the final study was designed to evaluate if AC acted on
a similar pathway of platelet activation to AS. Platelet inhibitors, such as AS and clopidogrel,
suppress aggregability and hyperactivity of platelets and reduce thrombotic risk. Our previous
studies demonstrated the lowering effect of AC on AA-induced platelet aggregation. The main
target of AS is also AA-induced platelet aggregation by inhibition of the COX-2 pathway.
Antiplatelet drugs such as AS and clopidogrel act by inhibiting variable platelet activation
mechanisms and receptors. Antiplatelet drugs are used to treat thrombosis and work by
reducing platelet activity. However, drug resistance and the side effects of these drugs have
been reported. Antioxidants reduce or suppress atherosclerotic progression and alleviate the
development of CVD. In our study, two groups of healthy participants consumed AC and AS
for four weeks. This study demonstrated a significant reduction of platelet activation as
expressed by P-selectin under the effect of AC, but a larger reduction was observed with AS.
AC had a significant reducing effect on ADP and collagen-stimulated platelet aggregation, but
AS had an even stronger inhibitory effect on platelet aggregation in the presence of ADP and

collagen.

Significantly reduced levels of the platelet adhesion molecule P-selectin along with lower
levels of platelet aggregation were also observed. Reduced P-selectin expression is associated

with a reduction in thrombus size, as P-selectin is known to actively recruit circulating

132



leukocytes, thereby increasing the size of a thrombus.(419,420) The results of this study
demonstrate the potential effect of AC in reducing platelet function. However, it is less
effective than AS in alleviating the risk of thrombosis. This suggests, at this early stage of the

trial, that AC may complement other antiplatelet drugs, if not replace AS.

8.2. Conclusion

These studies are the first to show a positive correlation between consumption of AC and
reduction of platelet activity in T2DM patients, in a similar mode of action to AS. This may be
instrumental in reducing the risk of thrombosis, thereby possibly providing increased
protection against the development of CVD. The hypothesised total antioxidant capacity of AC
may be responsible for improved platelet activity, which is likely to play a key role in delaying
or even inhibiting recurrent ischaemic events in individuals who experience elevated OS as a
result of comorbidities such as T2DM. Further, the observed lower MPV and reduced
fibrinogen level suggest that consumption of AC may play a key role in delaying even the

initial phases of thrombosis.(409)

8.3. Limitations and Future Directions

The current research project does have some limitations. For example, the in vitro effect of AC
on the coagulation assay was not evaluated, although such an evaluation could further
complement the findings observed in the clinical trials. In addition, a possible evaluation of the
total antioxidant capacity of AC using techniques such as ferric reducing antioxidant power,
increased Trolox-equivalent antioxidant capacity, and measuring OS markers such as
malonaldehyde and TXA>, could have helped to support the hypothesis further. The precise
dietary record of participants was also not recorded. However, the participants were asked to

refrain from taking any supplements, as specified in the initial health and dietary questionnaire

133



they filled out. A larger sample size and possibly a longer duration of intervention in future
studies would also be able to provide stronger support to the current findings. Although it
would have been beneficial, conducting a controlled design study was not achievable. This
project used a mixed-method study design—experimental and quasi-experimental designs (see
Chapters 5 and 6)—that was conducted using single group pre-test/post-test designs. The study
designs of this project have followed established conventions in published literature. These
experimental designs were comparable to those in past studies.(238,319,320) However, it is
highly recommended that randomised, double-blind clinical trials be conducted to investigate

the biochemical and clinical effects of AC on thrombotic and cardiovascular risks.

Although the results from this research have provided novel insights into one of the many
possible mechanisms associated with increased protection against CVD through the
consumption of AC, several questions are yet to be addressed, such as identifying the exact
mechanism downstream in the platelet activation pathway by which AC may inhibit platelet
activation and aggregation, improve MPV and reduce fibrinogen. Further, future research
should focus on evaluating the effect of AC on thrombotic markers—including molecular
mediators of endothelial dysfunction, platelet-leukocyte interactions, the role of granulocyte-
endothelial interaction, and the plasma level of microRNAs involved in thrombotic events—in
diabetic individuals with CVD. Such information would mean AC ingestion and metabolism
could become the therapeutic target for drug development initiatives that can help reduce the
risk of thrombotic complications by targeting multiple risk factors in individuals at risk of
developing CVD. However, further double-blind cross-over studies are required with placebo

matching the AC tablets both in physical features and numbers.
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Appendix 1: Consent Form

W Griffith
Gold Coast University Hospital
CONSENT FORM

Anthocyanins: as antiplatelet therapy in Diabetes :immunopathological assessment

Prescribed Consent Form for Persons Participating in Research Projects Involving Interviews,
Questionnaires, blood collection or Disclosure of Personal Information

Institute

School of

Griffith Health Institute

Medical Science

MName of participant:

Project Title:

Anthocyanins: Possible Antiplatelet Altemative for Aspirin
Resistant Diabetic Population

Dr Indu Singh Phome: 07 55529821

Mame(s) of investigators: Dr Matalie Colson,Dr.Sapha Mosawy and Mr.Almottesembellah Alogaili

| have received a statement explaining the guestionnaire invelved in this project.

2 | consent to participate in the above project, the particulars of which - including details of the interviews or
questionnaires, blocd collection from me at 4 different times and oral intake of anthocyanin capsules and 75 mg
aspirin for 4 weeks each with a break of 4 weeks between two treatments - have been explained to me.

3. | authorise the investigator or his or her assistant to interview me or administer a questionnaire, provide
anthocyanin capsules and aspirin tablets for consumption by me and collect fasting blood from my arm at 4
different times.

4. | acknowledge that
(a) Having read explanatory Statement, | agree to the general purpose, methods and demands of the study.
(b} | have been informed that | am free to withdraw from the project at any time and to withdraw any

unprocessed data previously supplied.

(c) The project is for the purpose of research andfor teaching. it may not be of direct benefit to me.

(d) The privacy of the personal information | provide will be safeguarded and only disclosed where | have
consented to the disclosure or as required by law.

=] The security of the research data is assured during and after completion of the study. The data collected
during the study may be published, and a report of the project outcomes will be provided to any
participants who request it. Amy information which will identify me will not be used.

() The information gained from this research may result in improved metheds for diagnosis or
treatment, but as an individual | do not have ownership of these resulis, research records, or
the sample that | give.

Participant’'s Consent

Participant:

[Signature] {Name) (Date)
Witness:

[Signature) (Name| [Date)

Participants showld be given a photocopy of this consent form affer i has been signed.

Any concerns or complaints about the ethical conduct of the research are fo be directed to the Manager,
Research Ethics, Griffith University on 3735 4375 or research-ethics@griffith edu.au OR

Gold Coast University Hospital the telephone number is (07) 56873879. Email
GCHEthics@health_qld.gov.au
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Appendix 2: Project Information Statement

INVITATION TO PARTICIPATE IN A RESEARCH PROJECT

PROJECT INFORMATION STATEMENT (Plain language statement)

Project Title: Anthocyanin as an antiplatelet therapy in diabetes: immunopathological assessment

Investigators: Mr. Almottesembellah Gaiz, Dr Indu Singh, Dr Natalie Colson and Dr. Sapha Shibeeb
Dear Participant,

You are invited to participate in a research project being conducted by Griffith University and Gold
Coast University Hospital. This information sheet describes the project in straightforward language, or
‘plain English’. Please read this sheet carefully and ensure that you understand its contents before
deciding whether to participate in this project. If you have any questions about the project, please ask
one of the investigators.

Who is involved in this research project? Why is it being conducted?

O

The investigators of this project want to compare the protective effects of aspirin against natural
antioxidants (i.e., anthocyanins from fruit sources) on the function of platelets (i.e., blood cells
involved in blood clotting , which can lead to the risk of contracting cardiovascular diseases such
as stroke, heart attack or other heart diseases) and lipid (i.e., cholesterol and other fats) profile and
inflammation. The decrease in platelet activity, and improved lipids and inflammation following
this treatment is expected to lead to a decreased risk of thrombosis (i.e., the narrowing and blocking
of arteries responsible for heart attack and strokes) and heart disease in diabetic patients.

The project was approved by Griffith University and the Gold Coast University Hospital Human
Research Ethics Committee, but we still need your consent to be part of this study.

Why have you been approached?
You were selected for this study because you volunteered in response to our advertisement.

What is the project about? What are the questions being addressed?

O

Diabetes causes an increase in the stickiness of platelets, which results in an increased risk of
thrombosis and other cardiovascular diseases. This is usually prevented with conventional
cardiovascular medication (most commonly by using Aspirin).

Aspirin is a commonly used antiplatelet drug for patients with a cardiovascular disease. However,
it has greatly reduced efficacy in diabetic patients.

This project is being conducted to evaluate whether an alternative antiplatelet agent such as natural
antioxidants (we have previously shown that Queen Garnet Plum juice antioxidants act on platelets
in a similar manner to Aspirin) can result in a decreased risk of thrombosis in patients with diabetes.
The data from this study were used to guide the management of antiplatelet and anticoagulant
therapy more effectively in this population.

All your collected blood specimens and data will be stored in a safe and locked laboratory space
in the research laboratory of Griffith University, Gold Coast campus for a period of five years and
then they will be destroyed and discarded. Any papers will be shredded and blood specimens will
be discarded under safe biological waste procedures. Electronic data will be deleted. None of these
stored data will be used to identify you at any time.

If | agree to participate in this project, what will I be required to do?

O

You will be required to complete a questionnaire and consume the anthocyanin (in the form of
antioxidant capsules) provided and 75 mg of Aspirin (one tablet a day) for four weeks. There will
be a rest period of four weeks between the two treatments.
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o You will be required to keep a food diary for at least two days per week during the intervention
period.

o You will also be required to give a small amount of fasting blood sample through a vein on your
arm before and after each treatment on Day 1 and Day 29 (before and after the first treatment),
followed by Day 57 and Day 85 (before and after the second treatment).

o You will not be on any treatment between Day 29 and Day 57.

What are the risks or disadvantages associated with participation?

o Blood will be collected through a vein on your arm by an experienced and qualified person using
the same method of blood collection in routine medical blood tests. A sterile needle will be inserted
into your vein and blood will be drawn. The needle will then be withdrawn, and a cotton swab will
be applied using gentle pressure over your injection site for approximately two minutes. Some
adverse effects of taking blood are minor discomforts associated with the needle puncturing the
skin and the possibility of minor painless bruising near the puncture site. The risk of infection is
minimal when venepuncture is performed under the sterile conditions described above. Some
people may feel dizzy for a brief period after blood is collected. Please let us know if this occurs.

o In case of any adverse effects occurring, a staff who has been officially trained in first aid will
provide medical attention and first aid. This will be followed by a check-up with endocrinologist
Dr Peter Davoren, who is also one of the investigators in this project.

o If any abnormal results are found, you will be referred to your general practitioner for further
investigation.

o Participation in this study is entirely voluntary. You are free to withdraw from this project at any
time for any reason. If you choose to withdraw from this project, all data and blood samples
collected will be destroyed and disregarded for the purpose of this study.

What are the benefits associated with participation?

o There are no direct benefits to you from your participation; however, it will help the research in
this area and may benefit other patients and doctors in future in providing guided therapy for
diabetes.

What are my rights as a participant?
o We want to draw your attention to your rights, which include:
' the right to withdraw your participation at any time, without prejudice
' the right to have any unprocessed data withdrawn and destroyed, provided they can be reliably
identified and provided that so doing does not increase the risk to the participant
\  the right to have any questions answered at any time.

Whom should I contact if | have any questions?
o You should contact any of the researchers, Phone: 07 5552 9821 (Dr Indu Singh)

Yours sincerely,

Dr Indu Singh

Dr Natalie Colson

Dr Sapha Mosawy

Mr Almottesembellah Alogaili

This research involves the collection, access and/or use of your personal information. The information
collected is confidential and will not be disclosed to third parties without your consent, except to meet
government, legal or other regulatory authority requirements. A de-identified copy of this data may be
used for other research purposes. However, your anonymity will be safeguarded at all times. For further
information, consult Griffith University’s Privacy Plan, Phone: 07 37354375, Website:
http://www.griffith.edu.au/about-griffith/plans-publications/griffith-university-privacy-plan
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Any concerns or complaints about the ethical conduct of the research are to be directed to the Manager,
Research Ethics, Griffith University, Brisbane, Queensland (Australia), Phone: 07 3735 4375, Email:
research-ethics@griffith.edu.au

or

Gold Coast University Hospital, Phone: 07 56873879, Email: GCHEthics@health.gld.gov.au
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Appendix 3: Volunteer Screening

Wi Griffith

Volunteer Screening

Title of project: Anthocyaninasan Antiplatelet Therapy in Diabetes: Immunopathological
Assessment

Confidentiality : The mformation given on this form will be treated as confidential. The informaton
wil not be copeed and will be destroyed if a subject is not selected for the study. Only the researchers
invoived will have access to this data

Name - SUBJECT CODE D M/F

Date :
Address :

Telephone ; Home Work

DateofBith: Age: _ Weight: Height:

1. Between 20-60 years of age

2 Non.smoker

3 Healthy

4 No known problems with vengpuncture

VOLUNTEER EXCLUSION CRITERIA :

Excessive bleeding tendency
Anti-Coagulant therapy

Recent Gl bleed

Liver Disease

Anti-rflarmmatory Drugs affecting platelst
Platelet count of <125 & >450

History of Hepatitis

PLEASE COMPLETE THE FOLLOWING DETAILS :

NPNEWN -

Not sure
Have you had. or do you have :

High blood pressure

Angina

OO0
ODDOpQ ¢
ODD00O

Heart altack
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High chalesterol (>Bmmoil)
High tiglycendes >2mmmoll)
e ] RS Ee

Disbetes

DODOODLE
OO0000C e
ODO0D0D0OCE

Allergies (ncludeng asthma)

Pluase proviie deails (snd meacauon, If @ny).

Lowsnng mood tais O 0O O
Lowesing bidod pressure o O 0
Diatetes: O | O
At platict trerap [y | O
Do vou tehe any other megieation, including sopirin ?

res J o

0
Dnice 2 week D occasionally D

RMG‘M D
If yes. type of beverage.

Thank you for your cooperation:we will be selecting 25 normal and 20 patients with Diabetes
mellites and only four blood samples will be collected before and after treatment with either
Anthocyanin or Aspirin . Please do not be offended if you are not choosen, it certainly does not
mean that you were not suitable , but rather , that we had too many applicants in your age
range , we would however like to keep your name for involvement with further studies if you
agree.
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Appendix 4: Griffith University Human

Research Ethics Committee Clearance

Email from the Griffith University Human Research Ethics Committee (HREC)

1012172015 Griffith University - Staff Mail - 2014/292 - Variation Approved

L“w Grifﬁth Indu Singh <i.singh@griffith.edu.au>

UNIVERSITY

2014/292 - Variation Approved

2 messages

rims@griffith.edu.au <rims@griffith.edu.au> Wed, Oct 21, 2015 at 10:50 AM
To: N.Colson@griffith.edu.au, j.manakil@griffith.edu.au, A.Lam@griffith.edu.au, i.singh@griffith.edu.au
Cc: research-ethics@griffith.edu.au, rick.williams@griffith.edu.au

GRIFFITH UNIVERSITY HUMAN RESEARCH ETHICS COMMITTEE
Dear Dr Indu Singh

| write further to your application for a variation to your approved protocol "Full Review: Anthocyanins:
Possible Antiplatelet Altemative for Aspirin Resistant Diabetic Population." (2014/292). This request has
been considered by the Office for Research

The OR resolved to approve the requested variation:

Extend Approval end date to 30 June 2016

This decision is subject to ratification at the next meeting of the HREC. However, you are authorised to
immediately commence the revised project on this basis. | will only contact you again about this matter if
the HREC raises any additional questions or comments about this variation.

Regards
Mr Richard Williams

Indu Singh <i.singh@griffith.edu.au> Wed, Oct 21, 2015 at 3:41 PM
To: rims@griffith.edu.au

Thanks Mr Williams

Really appreciate that. Kind Regards
Indu

[Quoted text hidden]

DrIndu Singh

Senior Lecturer Haematology

Program Director Bachelor of Medical Laboratory Science
School Of Medical Science

Office Location: G05_2.33

Gold Coast Campus

Griffith Univessity, QLD, 4215

Australia

Tel: +61 (0) 7 5552 9821

Fax: +61 (0) 7 5552 8908

email: i.singh@griffith.edu.au

School Home Page: www.griffith.edu.auwhealth/school-medical-science

https:/imail google.com/mail/uw0/?ui=284k=95e5ce3ebad pLé ch=i 15087e0b418¢cf319&sim|= 15087e0b418c3f98&sim|= 15088eaf6atalele n

167



Appendix 5: Gold Coast University Hospital

Human Research Ethics Committee Clearance
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Appendix 6: Proof of Submission of the Paper
Shown 1n Chapter 5

ATHM submission 6369~ nborx . B0

Mary <mary@innovisionhm.coms NnAN TR 77 &
tome *

Thank you for submiting your aricle, “Anthacyanin supplementafion alleviates thrombatic risk by inhibiting platelet activity in humans " to Aemative Therapies in Health and Medcine..
Based on a preliminary review your submission has been accepted for peer review based upon receipt of the folowing fems:

1. Information concerning all authors, including credentials and educafional background and email contact information

1 Please provide 2 lst of keywords concerning the submission

3. Please provide four o six colleagues that would be a resource for peer raview

4, Please provide a st ofthe last three successhul publicafions you have been involved with

5. Please identiy the comesponding author

6. Please submitconfiictof nterest and copymght assignment forms on our web site.

Your study has been assigned #6366, please include his study number when referencing your submission.

Thank you again for your interest in ATHI

Sincerely,

Mary Shepard
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Appendix 7: Proof of Submission of the Paper
Shown in Chapter 6

Journal of the Science of Food and Agriculture

# Home
# Author

{2 Raview

Submission Confirmation e
Thank you for your submission

Submitted to
Joumal of the Science of Food and Agriculture

Manuscript ID
JSFA-20-0981

Title
Anthocyanin effects in reducing platelet hyperactivity and thrombotic risk in type 2 Diabetes Mellitus

Authors

Gaiz, Almottesembeliah
Kuredur, Avinash
Aboconani, Anahita
Vidimce, Josif

Shibeeb, Sapha
Colson, Matalie

Singh, Indu

Date Submitted
16-Mar-2020
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Appendix 8: Manufacturer Analysis Sheet of
Medox® Capsules

Hemicellulose capsules containing the powder of anthocyanins.

Source:

Content:

Pigments:

HPLC-analysis

Bilberries (Vaccinium myrtillus) and Black Currants (Ribes nigrum)

Purified alcohol extract from plant material: Minimum 80 mg anthocyanin
citrates pro capsule as measured by UV-Vis (g 30000). Citric acid as counter
ion and between 110 mg and 170 mg Maltodextrin for stabilization.

The:

3-O-rutinosides

of Cyanidin and Delphinidin

and the:

3-O-B-galactopyranosides

3-O-B-glucopyranosides

3-O-a-arabinopyranosides

of Cyanidin, Peonidin, Delphinidin, Petunidin and Malvidin

Column: Hypersil ODS (200.0 x 4.6 mm, 5 um)
Solvents: A, H20 (0.5% TFA); B, MeCN (0.5% TFA)
Gradient: 0-10 min, 10-18% B in A (linear); 10-18 min, 18-28% B in A (linear);
18-19 min, 28-40% B in A (linear); 19-22 min, 40% B in A (isocratic);
22-23 min, 40-10% B in A (linear); 23-25 min, 10% B in A (isocratic).
Flow: 1 mL/min
Detection: 520 nm and 280 nm
(';ASeldOOOX24 4: Diode Array
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