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General Abstract 

Unconjugated and conjugated bilirubin are molecules of physiological importance with 

increasing evidence demonstrating multipotent cardiovascular protective effects in conditions 

of benign hyperbilirubinemia. Individuals with Gilbert’s Syndrome, a condition typified by benign 

hyperbilirubinemia resultant to impaired bilirubin conjugation, report reduced cardiovascular 

disease risk, increased serum antioxidant capacity, increased anti-inflammatory profiles and 

favourable lipid-profiles. Unconjugated bilirubin also possesses established antiplatelet 

characteristics, with reduced activation and aggregation reported at physiologically relevant 

concentrations. Despite previous works demonstrating that endogenous and synthetic bilirubin 

compounds possess antioxidant potential, the specific impact of these compounds on platelet 

function more globally is poorly understood. The main aims of this thesis were to assess whether 

bilirubin ditaurate, a synthetic water-soluble analogue of bilirubin diglucuronide, induces acute 

antiplatelet effects and, if so, could inclusion during platelet storage preserve platelet 

characteristics? This thesis also aimed to investigate if increased in vivo serum total bilirubin 

concentrations inhibit platelet activation in vivo, in efforts to establish if a widely available 

natural product could induce an Iatrogenic Gilbert’s Syndrome.  

In the first study, platelet function and viability were examined following acute ex vivo bilirubin 

ditaurate exposure. The impact of a synthetic water-soluble form of bilirubin diglucuronide, 

bilirubin ditaurate, was investigated in isolated platelets over a period of 15 to 240 minutes. 

Granule exocytosis, activation, aggregation, mitochondrial membrane polarisation, 

mitochondrial reactive oxygen species production and viability was investigated. Bilirubin 

ditaurate attenuated both dense (n=3) and α-granule (n=8) exocytosis following agonist 

stimulation, with resultant reductions in αIIbβ3 upregulation (n=8) observed, despite no 

significant alterations in platelet aggregation (n=8). Bilirubin ditaurate itself did not perturb 

basal platelet P-selectin, phosphatidylserine, activated αIIbβ3 expression, general platelet 

viability (n=5) or mitochondrial membrane potential (n=4). Additionally, both basal 
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mitochondrial superoxide production (n=4) nor general cellular reactive oxygen species 

production (n=6) were perturbed following exposure. However, following induced 

mitochondrial oxidative stress, bilirubin ditaurate dose dependently attenuated superoxide 

production (n=4). These findings suggest that acute bilirubin ditaurate exposure does not 

modulate resting basal platelet function and is not acutely cytotoxic, but demonstrates 

antiplatelet activity following agonist stimulation. These data suggest that effects were 

mediated in pathways that involved reactive oxygen species production. These results 

supported the rationale to examine the inclusion of bilirubin ditaurate, at physiologically 

relevant concentrations, in platelet units during storage given that increased reactive oxygen 

species production are a hallmark of the platelet storage lesion. 

In the second study various biochemical, activation, metabolic and functional parameters were 

examined in stored platelet units following inclusion of 35µM bilirubin ditaurate over a total of 

seven days of storage. This model assessed the impact of extended bilirubin ditaurate exposure 

given promising acute results observed in the previous study. Extended bilirubin ditaurate 

exposure was undertaken in full size platelet units donated by the Australian Red Cross Blood 

Service. Platelet units, pooled from four individual donors that were leukocyte depleted and 

supplemented with the platelet additive solution SSP+, were prepared as clinically and 

legislatively required, stored with constant agitation between 20°C and 24°C in the dark until 

seven days post collection. Within twenty-four hours of bilirubin ditaurate inclusion, platelet 

mitochondrial membrane potential was first significantly decreased, with complete glucose 

exhaustion observed after seventy-two hours. These results, in concert with the considerable 

loss of media bicarbonate, increased lactate accumulation and increased lactate dehydrogenase 

activity, support perturbed platelet metabolism following extended bilirubin ditaurate exposure 

during storage. Additionally, bilirubin ditaurate supplemented platelets also exhibited a 

substantial loss of viability, a reduced ability to aggregate and degranulate following agonist 

stimulation, increased mitochondrial superoxide production and upregulated basal expression 

of both phosphatidylserine, P-selectin and integrin αIIbβ3. These results support a conclusion that 
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extended bilirubin ditaurate exposure is deleterious to platelets stored at room temperature in 

units with SSP+ as an additive solution. 

The third study, the Effect of Milk thistle extract (Legalon®) On circulating unconJugated bilirubin 

levels and markers of Oxidative stress and inflammation (the MOJO trial, 

ACTRN12619001296123) aimed to investigate the impact of elevated in vivo serum total 

bilirubin concentrations on platelet function. Our lab provided the first evidence for the 

antiplatelet activity of unconjugated bilirubin following ex vivo exposure, with similar attenuated 

platelet activity observed in individuals with Gilbert’s Syndrome. Gilbert’s Syndrome presents 

clinically as a mild unconjugated hyperbilirubinemia that is associated with reductions in all-

cause mortality (including cancer), a decreased risk of developing coronary artery disease and a 

greater serum antioxidant status with less susceptibility to serum lipid oxidation. Interestingly, 

serum total bilirubin concentrations above 10µM are associated with substantial reductions in 

risk factors associated with such pathologies. Therefore, increasing circulating bilirubin 

concentrations is an attractive and potential therapeutic strategy for protection.  

Increased serum bilirubin concentrations are observed following Milk thistle ingestion in 

previous clinical trials and is not surprising given the attenuation of key hepatic transporters 

responsible for bilirubin excretion by the major flavonolignan constituents. Milk thistle 

(Legalon®) was administered for fourteen days, at the manufacturer’s recommended maximum 

dosage, to a population of healthy males in a randomised, placebo-controlled cross over trial 

design. An average increase of 0.76µM serum total bilirubin was observed with Legalon® 

treatment, albeit it not statistically significant when compared to placebo following unblinding 

and analysis of seventeen participants’ results. The MOJO trial was adequately powered to 

detect a ≥5µM increase in serum total bilirubin concentrations in response to Legalon® 

administration (two sided, α<0.01, 1-β=0.95) requiring a minimum of 15 male participants, 

accounting for a 50% drop-out rate. Platelet aggregation and activation were also not perturbed 

in concert with unremarkable impact on participant coagulation or haematological profiles. 
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These results demonstrate that Legalon® (at the dosage recommended by the manufacturer) 

does not modulate circulating bilirubin or perturb platelet function in a cohort of healthy males. 

This is contrast to previous works detailing the induction of mild hyperbilirubinemia following 

Milk thistle ingestion and impaired platelet function following ex vivo exposure of platelets to 

Milk thistle constituents.  

This thesis provides the first evidence for the antiplatelet characteristics of bilirubin ditaurate, a 

conjugated bilirubin analogue, building on previous observations of similar activity of 

unconjugated bilirubin from our lab. This thesis contributes the first evidence that bilirubin 

ditaurate possesses significant antioxidant properties in platelets, potently scavenging 

mitochondrial derived superoxide following induced oxidative stress. This thesis also provides 

unique future directions highlighting the need for investigations towards assessing the impact 

of conjugated hyperbilirubinemias on platelet function given the first results of deleterious 

impact following extended exposure at physiologically relevant concentrations.    
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1.1. Background and Project Significance 

Historically, bilirubin has been considered a toxic by-product of haem catabolism that 

accumulates in vivo due to excessive production (i.e. from haemolysis) or impaired hepatic 

processing/excretion. However, the seminal publication Stocker et al. in 1987 first demonstrated 

that unconjugated bilirubin (UCB) was an antioxidant of possible physiological importance.1 

Individuals with Gilbert’s syndrome (GS) report increased serum total bilirubin concentrations 

(21µM – 80µM) resulting from impaired hepatic conjugation, distinctly separate from general 

bilirubin increases resultant from increased erythrocyte turnover and or fasting.2 GS individuals 

report substantially reduced incidences of cardiovascular disease (CVD), cancer and all-cause 

mortality when compared healthy controls.3,4 These increased serum total bilirubin 

concentrations in GS are associated with improved serum antioxidant status, favourable lipid 

profile and potent anti-inflammatory profiles, whilst low serum total bilirubin concentrations 

(<10µM) are associated with increased risk of CVD.2–4 Additionally, increases of circulating total 

bilirubin concentrations are hypothesised to confer additional protection in atherothrombotic 

conditions through the attenuation of platelet function and protection from ischaemic stress.3,4  

Recent in vivo and ex vivo investigations demonstrated the antiplatelet capacity of UCB, with 

similar investigations of water soluble bilirubin conjugates lacking in comparison.5,6 Bilirubin 

ditaurate (BRT), a synthetic conjugated bilirubin analogue, is a commercially available linear 

tetrapyrrole routinely used in the quantification of conjugated bilirubin / direct serum 

bilirubin.7,8 Like UCB, BRT demonstrates substantial antioxidant efficacy and therefore the 

impact of BRT on platelet function following acute ex vivo exposure was investigated to establish 

if similar antiplatelet activity was apparent.9 

Although other therapies and treatments are effective in the cessation of bleeding, none of 

these is capable of reversing thrombocytopenia as rapidly as a platelet transfusion.10–12 The 

provision of platelets is further complicated by their need for transport, specific storage 

requirements, potentially increased bacterial load due to room temperature storage and limited 
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storage duration of five days.13–15 One notable observation of liquid room temperature stored 

platelets concentrates is the accumulation of reactive oxygen species (ROS), with additional 

works demonstrating that pathogen inactivation (PI) treatment of platelets induces substantial 

oxidative stress and dysfunction.16–20 Given the critical role of ROS within various functional 

pathways, both in platelet physiology and pathophysiology, studies investigating the importance 

of limiting free radical accumulation during storage could prove to be of substantial benefit.21–

23 Studies investigating the impact of antioxidant inclusion during storage are limited, although 

results to date suggest that aspects of the Platelet Storage Lesion (PSL) may be attenuated 

through antioxidant inclusion.26 Considering the endogenous (and presumably safe) nature of 

bilirubin compounds, their potent radical scavenging capacity and demonstrated 

cardioprotective effects, the water-soluble conjugated bilirubin analogue, BRT, could represent 

a logistically convenient antioxidant to study and apply within transfusion medicine. 

As first hypothesised by McCarty, inducing an ‘Iatrogenic Gilbert syndrome’ may represent  a 

novel strategy to reduce CVD risk by increasing circulating UCB.24 With reports demonstrating 

the antiplatelet properties of UCB, the investigation of Milk thistle as a novel therapy to increase 

serum total bilirubin concentrations was appealing.25–27 Milk thistle has found usage, in various 

forms, for the treatment of hepatic pathologies; being first detailed by the ancient Greek 

physician Pedanios Dioskurides around 65CE.28 Hyperbilirubinemia is a potential side effect of 

Milk thistle consumption, likely resulting from the modulation of key hepatic transporters and 

metabolic processes highlighted in recent works.25,29–31 Given the reduced CVD and mortality risk 

associated with GS, Milk thistle may act indirectly via elevating serum bilirubin concentrations, 

to potentially inhibit platelet function; thus representing a possibly novel therapeutic 

compound.  
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1.2. Thesis Structure 

This thesis includes six chapters. Chapters three, four and five each represent an original 

investigation (research study), either published or under consideration for publication.  

Chapter One 

This chapter serves as a general introduction for the thesis, providing aims, background and 

significance of the research undertaken.  

Chapter Two 

This chapter provides a review of important aspects of platelet physiology, platelet storage 

within Australia, the PSL and the potential of antioxidants during storage. This chapter also 

provides an overview of bilirubin physiology, the impact of UCB on platelet function and impact 

of Milk thistle ingestion on circulating bilirubin concentrations.  

Chapter Three 

This chapter documents the effect of a conjugated bilirubin analogue, BRT, to induce antiplatelet 

characteristics detailing results from an ex vivo dose response study. This chapter highlights the 

attractive antiplatelet properties following acute BRT exposure, providing a justifiable reason to 

examine chronic exposure within a model of platelet storage. 

Chapter Four  

This chapter documents the effect of chronic BRT exposure on platelet function, in a model of 

platelet storage. This is the first study to include an exogenous tetrapyrrole during storage and 

reports the detrimental impact of said inclusion. These data demonstrate that BRT is not a viable 

candidate for inclusion in stored platelet units, therefore, the thesis was re-focussed to assessing 

the impact of endogenous hyperbilirubinemia on platelet characteristics. 

Chapter Five 

This chapter documents the first human trial to utilise Milk thistle (Legalon®) as a nutraceutical 

to elevate circulating total bilirubin concentrations, to investigate the impact on platelet 
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functional responses (aggregation and activation) within a healthy male cohort. Given the 

reduced CVD and mortality risk associated with GS, Milk thistle may act indirectly, via elevating 

serum bilirubin concentrations, to potentially inhibit platelet function; thus, representing a 

possible route for prevention of thrombosis. However, no significant increase in serum total 

bilirubin concentrations, attenuated platelet functional responses, coagulation or 

haematological profiles were observed following Milk thistle (Legalon®) administration.  

Chapter Six  

This chapter provides a general discussion of the work undertaken within the thesis, along with 

future directions identified. 
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1.3. Aims and Hypotheses 

This thesis aimed to investigate the impact of UCB and a synthetic conjugated bilirubin analogue 

(BRT) on platelet function in three different biological conditions.  

Study One (Chapter Three) 

To assess the impact of acute ex vivo BRT exposure, at varying concentrations, on platelet 

functional responses, ROS production and other important factors. It was hypothesised that BRT 

would attenuate platelet functional responses (aggregation and activation) and scavenge ROS 

generation.  

Study Two (Chapter Four) 

To assess the impact of extended BRT exposure on various parameters of platelet function and 

ROS generation, in a model of platelet storage. It was hypothesised that BRT would preserve 

platelet functional responses (aggregation and activation), attenuate inappropriate activation 

and scavenge ROS generation over storage duration.  

Study Three (Chapter Five) 

To assess the impact of elevated serum total bilirubin concentrations on platelet functional 

responses (aggregation and activation) in a healthy male population, following consumption of 

Milk thistle (Legalon®) for two weeks. It was hypothesised that Milk thistle (Legalon®) 

administration would elevate serum total bilirubin concentrations and attenuate platelet 

functional responses. 
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 Chapter Two: A Review of the Literature 

 

This chapter details important aspects of platelet physiology, the PSL and the potential of 

antioxidants to preserve function during storage. This chapter also provides an overview of 

bilirubin physiology, the impact of unconjugated bilirubin on platelet function and presents 

evidence of elevated circulating bilirubin concentrations following Milk thistle ingestion. This 

review of the literature also provides a rationale for further investigating the impact of a 

conjugated bilirubin analogue on platelet physiology.  
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2.1. Platelets 

Platelets, the small anucleate blood cells, play a pivotal role in haemostasis, inflammation and 

wound repair. First described by Schultze in 1882, platelets are derived from megakaryocytes in 

the bone marrow and provide a cellular based mechanism of haemostasis, in conjunction with 

the proteins of coagulation cascade and endothelium of the vasculature.5,6,32,33 The typical in 

vivo platelet lifespan is approximately eight to ten days, whereby removal of senescent platelets 

is mediated by macrophages of the reticuloendothelial system.34 The typical adult platelet count 

is between 150-450 x109/L with the maintenance of circulating platelet counts critical to 

haemostatic function, vascular integrity and thrombus formation at sites of vascular injury.35   

Platelet Biology 

The Haemostatic Role of Platelets  

Thrombus Formation (Primary Haemostasis) 

Arterial thrombosis is characterised by multiple cellular and molecular interactions between 

platelets, the coagulation cascade and the vascular endothelium.5,6,33 Each phase results in a 

rapid and discrete set of actions that culminate in the formation of a haemostatic plug and the 

resolution of bleeding.6 Initial platelet-ligand binding induces integrin upregulation (providing 

initial adhesion to the vasculature), degranulation and thromboxane A2 (TXA2 ) production in 

order to recruit additional platelets.36 Platelet induced thrombosis occurs in three stages: 1) 

initial platelet arrest and attachment to the damaged endothelium (primary adhesion), 2) 

activation and recruitment of additional senescent platelets through both autocrine and 

paracrine signalling and 3) stabilisation of the platelet plug by fibrin, preventing premature 

degradation, (Figure 2-5).37,38 Importantly, the mechanism of platelet adhesion and interaction 

with the vasculature is highly dependent on the rheological conditions within the vessel.39 The 

relative contributions of each platelet receptor depends on the nature of the vascular lesion, 

flow and other rheological conditions.37,40–43 The more classical “two-stage aggregation” process 

will be discussed here within, describing platelet thrombus formation at wall shear rates 
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between 1000s-1 and 10000s-1
. However, the mechanisms by which platelets interact with the 

vasculature above and below this range of wall shear rates are different.39,44 For example, at low 

shear rates (100 – 1000s−1) spherical platelet adhesion is mediately by αIIbβ3, requiring activation 

but not tether formation39,44 However, at shear rates above 10000s−1 platelets retain a smooth 

spherical shape requiring tether formation, predominated by binding of the glycoprotein (GP) 

Ib-IX-V of von Willebrand Factor (vWF), without activation.39,45 The complexity of this differential 

response has been comprehensively reviewed by Jackson.39 

Primary Adhesion  

In areas of high shear stress, initial platelet contact with the vasculature is mediated by von 

Willebrand Factor (vWF) and the GPIb-V-IX complex.41,46,47 GPIbα binds to immobilised vWF on 

collagen within the exposed extracellular membrane (ECM) at sites of vascular injury.41,46,47 This 

bond is resistant to force but displays a limited half-life (termed tethering), with the forward 

movement of platelets around this bond driven by torque generated by the flowing blood.41,46,47 

Although additional sites of vWF GPIb-IX-V interaction occur and thus allowing further platelet 

contact, stable adhesion requires integrin upregulation.41,46,47 Initial binding of GPIb-IX-V to 

immobilised vWF triggers the release of calcium ions (Ca2+) from intracellular stores (dense 

tubular system), generating a transient Ca2+ peak driving a relatively low level of αIIbβ3 

upregulation.47 However, subsequent binding of the upregulated αIIbβ3 to vWF supports 

additional outside in signalling, where transmembrane Ca2+ influx develops in the now stationary 

platelets.47 The oscillatory nature of the intracellular Ca2+  accumulation, long with activation of 

the aforementioned molecular pathways, leads to full integrin activation.41,46,47 Additionally, 

both GPVI and α2β1 act synergistically to facilitate optimal platelet adhesion with the relative 

contribution of each dependent on rheological conditions and other factors that are not yet fully 

elucidated.41,46,47  

Activation, Recruitment and Aggregation 
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Following the firm adhesion of platelets to the site of injury, additional recruitment and 

aggregation of platelets from the circulation is required for thrombus formation.37 This process 

is dependent on activation of the αIIbβ3 receptor on ‘resting’ platelets and is driven by the 

accumulation of soluble agonists secreted by adherently activated platelets.37,48 Secreted factors 

interact with various platelet surface receptors in both an autocrine and paracrine manner, with 

this amplification phase reliant on the G-protein coupled receptors (GPCR) associated with 

inside out signalling.41,46,47 Both adenosine diphosphate (ADP) and TXA2 released from the 

strongly adhered platelets are critical for paracrine recruitment and integrin activation of the 

incoming platelets.48–50 Activation of the αIIbβ3 receptor allows additional fibrinogen and vWF 

binding to occur and the creation of stable bridges between platelets; developing the platelet 

plug.37,48 Aggregation of recruited platelets is important for thrombus formation however, 

without further stabilisation the aggregate will not hold.48–50  

Thrombus Stabilisation (Secondary Haemostasis) 

The formation of a fibrin network upon activation of the coagulation cascade is considered the 

last critical event in the formation of a thrombus.40 Although already stimulating platelet 

activation and aggregation, thrombin is rapidly generated at sites of vascular injury from 

circulating prothrombin.51–54 Initial thrombin generation occurs through the extrinsic 

coagulation pathway; composed of the cofactor tissue factor (TF), the pro-enzyme Factor VII 

(FVII) and Ca2+. 55,56 Binding of plasma FVII to TF on subendothelial fibroblasts generates the TF-

VIIa ‘extrinsic tenase’ complex thus activating Factor X (FX) to FXa on fibroblast membranes to 

(not pictured Figure 2-1).55,56 This complex can activate small amounts of Factor V (FV) to FVa, a 

required cofactor, and generate a small amount of thrombin.55,56 The TF-VIIa complex can also 

activate Factor IX (FIX) directly to FIXa, termed the ‘alternate pathway’, and can participate in 

the amplification phase of thrombin generation, (not pictured Figure 2-1).55,56 Thrombin 

generated by the extrinsic pathway amplifies additional thrombin production on the PS 

containing procoagulant surfaces of activated platelets, driving Factor XI (FXI), Factor V (FV) and 

Factor VIII (FVIIIa) activation.55,56 The ‘intrinsic tenase’ complex FIXa-FVIIIa-PS-Ca2+
 amplifies FX 



 

2-34 
 

activation on PS expressing cell surfaces (platelets), which complexes with FVa on the surface of 

platelets forming the prothrombinase complex (FXa-FVa).55,56 Release of polyphosphates from 

platelet granules promotes FVa activity, resulting in an explosive burst of thrombin and the 

cleavage of fibrinogen to fibrin, forming soluble fibrin polymers.55,56 Crosslinking by activated 

Factor XIII (FXIIIa) stabilises the fibrin network forming, with autocrine activation of platelets by 

thrombin establishing a positive feedback cycle, driving fibrinogen cleaveage.36,39,47,55,57 

Additional platelet release of procoagulant factors, plasminogen activator inhibitor-1 (PAI-1) and 

α2-antiplasmin attenuates the fibrinolytic activity of plasmin, (Figure 2-1).37,41,46,47   
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Figure 2-1 A simplified, schematic representation of platelet activity at sites of vascular injury 
Primary Adhesion Initial adhesion at sites of vessel injury is mediated through GPIb-IX-V complex binding 
to immobilised vWF on exposed collagen of the extracellular matrix. Initial tethering physically slows the 
platelet, with torque provided by flowing blood facilities translocation towards stable adhesion. Signalling 
through GPIb-IX-V associated cytoplasmic domains drives downstream upregulation of integrins αIIbβ3, 
and α2β1. Binding of both integrins to vWF and collagen, for αIIbβ3, and α2β1 respectively, allows firm 
adhesion of platelets to the subendothelial matrix. Collagen binding to GPVI generates sustained 
signalling, driving platelet shape change, granule exocytosis and TXA2 generation; priming the local 
environment for additional platelet recruitment. 
Activation, Recruitment & Aggregation Following firm platelet adhesion to sites of vascular injury, 
sustained signalling through the glycoprotein GPVI complex further drives platelet activation. Both the 
exocytosis of granular contents and production of thromboxane stimulate platelets through autocrine and 
paracrine means. Additional thrombin production further activates platelets, facilitating shape change 
and the recruitment of additional platelets from the surrounding circulation. Activation of these additional 
platelets allows integrin upregulation, facilitating fibrinogen binding and consequent platelet aggregation.  
Stabilisation Following platelet aggregation into the platelet plug, fibrin deposition stabilises the 
thrombus. Thrombin generated both in circulation and in association with platelet surface complexes 
facilities fibrin deposition, with FXIIIa activity generating cross-linkages. Exocytosis of platelet granular 
contents further facilitates thrombus formation, with the release of factors which attenuate plasmin 
activity. Abbreviations: ADP, adenosine diphosphate; FXIII, factor XIII; FXIIIa, activated factor XIII; FXII, 
factor XII; FXIIa, activated factor XII; FXI, factor XI; FXIa, activated factor XI; FX, factor X; FXa, activated 
factor X; FIX, factor IX; FIXa, activated factor IX; FVIIIa, activated factor VIII; FVa, activated factor V; FVII, 
factor VII; FVIIa, activated factor VII; GPCR, G-protein coupled receptor; PAI-1, plasminogen activator 
inhibitor-1; TF, tissue factor; TXA2, thromboxane A2; vWF, von Willebrand factor; XL; cross-linked. Adapted 
from various sources.41,46,47,58  
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Key Platelet Structures and Signalling Pathways  

Platelets express a diverse range of surface structures, mediating numerous biological 

processes. Although a more complex picture of platelet biology beyond that of haemostatic 

function has recently been conceptualised; however the fundamental role remains the 

arrestation of blood loss at sites of vascular injury.47,59,60 To facilitate this, platelets express two 

broad categories of surface receptors; those mediating adhesion and those mediating 

activation. Adhesion to the damaged vessel wall is critical for thrombosis, with surface 

glycoproteins and integrins primarily filling this role. Platelet activation through GPCR signalling 

pathways typically represent the other category of receptors. Although platelet receptors are 

not distinctly separate in mechanisms of action, with adhesion molecules describing signalling 

capacity, the proper functioning of both broad classes are required for optimal platelet function.  

The von Willebrand Factor Receptors  

In regions of vascular high shear stresses, platelet adherence to damaged vessels is chiefly 

mediated through vWF binding of the GPIb-IX-V receptor complex and the αIIbβ3 integrin.47  

The GPIb-IX-V Receptor Complex  

The GPIb-IX-V receptor is a unique plasma membrane GP complex, consisting of four 

transmembrane subunits: GPIbα, GPIbβ, GPIX and GPV (Table 2-1).47,61 The individual GP are 

members of the leucine-rich repeat (LRR) family and together serve two primary roles: adhesion 

to the ECM and provision of procoagulant function.47 Initial platelet adherence with the ECM is 

through binding to vWF (immobilised onto fibrillar collagen) of the subendothelial matrix of the 

damaged vessel, (Figure 2-1).47 This interaction physically slows platelets, allowing translocation 

and subsequent firm attachment to the matrix by integrins α2β1 and αIIbβ3 following activation.47 

The GPIb-IX-V complex also demonstrates procoagulant functions with a high affinity binding 

site for α-thrombin.47 Thrombin is a potent platelet agonist and at low concentrations, GPIbα 

facilitates the platelet response.47 Two potential roles of this interaction have been elucidated 

to date; the first suggests GPIbα localisation of thrombin and FXI, regulating coagulation 
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responses.47 The second describes thrombin mediated platelet activation following GPIbα 

interaction, either as a cofactor for protease-activated receptor (PAR) signalling or directly 

through GPIbα in the absence of GPV.47 The importance of the GPIb-IX-V complex is highlighted 

in the congenital bleeding disorder Bernard-Soulier syndrome, where the inability of GPIbα to 

bind vWF results in moderate to severe mucocutaneous bleeding.47 

Integrin αIIbβ3 

The capacity of platelets to stop blood loss hinges largely on the ability aggregate together, 

forming a platelet plug.47 Platelet aggregation is primarily mediated through the Integrin αIIbβ3, 

a heterodimer composed of an αIIb and a β3 subunit, which upon activation (induced by vWF 

binding of GPIb-IX-V or soluble agonist activation) undergoes a conformational change from a 

low affinity (resting) to high affinity (activated) state, (Figure 2-1).47 This increased affinity allows 

αIIbβ3 to bind extracellular ligands, forming aggregates and facilitating firm attachment to the 

exposed matrix.47 The αIIbβ3 is most abundant platelet receptor, with ~80000 copies 

constituently expressed per platelet.47 Expression is further increased following activation, with 

an additional ~40000 copies expressed following α-granule exocytosis.47 With an average 

displacement of 20nm, the αIIbβ3 integrin is among the most densely expressed receptor on any 

cell type: underscoring the importance of aggregation to platelet physiology.47 The importance 

of αIIbβ3 is highlighted in Glanzmann’s thrombasthenia,  an extremely rare coagulopathy whereby 

platelet aggregation is almost completely impaired, due to the almost complete lack of αIIbβ3. 62 

The Collagen Receptors 

Acting synergistically with platelet vWF receptors, the collagen receptors GPVI and Integrin α2β1 

facilitate prolonged signalling towards activation and firm attachment of platelets to the 

vasculature.47,63  
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GPVI  

The GPVI receptor, a member of the immunoglobulin superfamily, is a transmembrane GP which 

exists in complex with the Fc receptor (FcR) γ-chain, a covalently linked homodimer.47 Exclusively 

expressed on platelets and megakaryocytes, the GPVI complex is the major receptor for collagen 

signalling.47 Ligand cross-linking of GPVI leads to phosphorylation of the two conserved tyrosine 

moieties present in the FcRγ immunoreceptor tyrosine-based activation motif (ITAM) by Src 

family kinases (SFK), (Figure 2-1).47 Subsequent phosphorylation of the adapter protein linker for 

activation of T-cells (LAT) activates phospholipase Cγ2 (PLCγ2) with downstream effector 

activation leading to integrin activation, calcium (Ca2+ ) accumulation and degranulation, (Figure 

2-1).47,66 The tyrosine phosphatase CD148, an essential positive regulator of platelet activation, 

plays in dephosphorylating an inhibitory tyrosine on the Src kinase, allowing function.38,47,66The 

tyrosine phosphatase CD148, an essential positive regulator of platelet activation, plays in 

dephosphorylating an inhibitory tyrosine on the Src kinase, allowing function.38,47,66 Loss of 

CD148 severely impairs platelet responses to collagen stimulation.38,47 

Integrin α2β1 

The integrin α2β1 is the major collagen adhesion receptor on platelets, (Table 2-1).47 As the 

second most abundant integrin, with ~4000 copies per platelet, α2β1 structural changes, 

following initial GPVI signalling, facilities firm adhesion promoting thrombus growth and 

procoagulant activity.46,47 

Outside-In Signalling through Integrin αIIbβ3  

Typical “inside-out” integrin activation follows GPIb, ITAM and or GPCR signalling, resulting in 

upregulation to a high affinity binding conformation.47,67 However, ligand bound integrins trigger 

additional cellular processes driving further platelet activation.47,67 This “outside-in” signalling is 

critical and high dependent on intracellular proteins.47,67 The intracellular proteins capable of 

direct binding to the cytoplasmic domains of αIIbβ3 include talin, kindlin, myosin and the tyrosine 

family kinases; Src, Fyn and Syk.47,67 Fibrinogen binding to the extracellular regions of activated 
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αIIbβ3 increase Syk and other Src family kinase activity, suggesting the αIIbβ3 integrin plays an 

important role in allowing full platelet spreading and irreversible aggregation.47,67 
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Figure 2-2 A simplified, schematic representation of collagen and vWF mediated platelet activation. 
Initial attachment of platelets to collagen on the damaged ECM is mediated through vWF binding with the 
GPIb-IX-V receptor complex. Activation occurs through interactions with multiple surface complexes, 
supporting stimulation and recruitment of platelets. These include vWF mediated collagen interaction with 
both the GPIb-IX-V complex and integrin αIIbβ3 as well as direct interaction with platelet integrin α2β1 and 
GPVI.  vWF acts as a cofactor under flowing conditions to allow appropriate GPIb-IX-V function, where 
signalling through pathways like GPVI facilitates initial integrin upregulation. Signalling through GPVI is 
impingent on interaction with the ITAM-containing FcRγ associated complex, whereby clustering of GPVI 
leads to phosphorylation by Src family kinases, starting a tyrosine phosphorylation cascade via Syk. Signalling 
through LAT and SLP-76 leads to the activation of effector proteins PLCγ2 and the PI3K pathway, resulting in 
Ca2+ mobilisation, degranulation, thromboxane synthesis and integrin activation.47 Transition of integrin αIIbβ3 
from low to high affinity allows platelet aggregate formation, through divalent fibrinogen or multivalent vWF 
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binding. The activity of the collagen receptors supports the potent activation of captured platelets at sites of 
vessel damage, facilitating cytoskeleton changes to allow flattening of platelets for closer adherence. This 
increased affinity allows αIIbβ3 to bind extracellular ligands, primarily vWF and fibrinogen, thus bridging 
platelets forming aggregates and facilitating firm attachment to the exposed ECM. Activation of α2β1 further 
stabilises platelet adhesion and reinforces GPVI collagen binding. Although α2β1 is shown diagrammatically in 
an already activated state, the integrin is upregulated much like αIIbβ3. Abbreviations: Akt, protein kinase B; 
ADP, adenosine diphosphate; ATP, adenosine triphosphate; Ca2+, calcium; CalDAG-GEFI, calcium- and DAG-
regulated guanine exchange factor-1; CD, cluster of differentiation; COX-1, cyclooxygenase 1; DAG, 
diacylglycerol; FcR, Fc receptor; GEF, guanine exchange factor; GDP,  guanosine diphosphate; GP, 
glycoprotein; GTP, guanosine triphosphate; IP3, inositol trisphosphate; LAT, linker of activated T cells; MAPK, 
mitogen-activated protein kinase; PGG2: prostaglandin G2; PGH2, prostaglandin H2; PI3K, 
phosphatidylinositol3-kinase; PIP2, phosphatidylinositol-4,5-bisphosphate; PKC, protein kinase C; PKG, 
protein kinase G; PLA2, phospholipase A2; PLCγ2, phosphoinositide-specific phospholipase C; Rac, Ras-related 
C3 botulinum toxin substrate 1, Rap1, Ras-related protein 1; RIAM, Rap1-GTP-interacting adaptor molecule; 
SLP-76, lymphocyte cytosolic protein 2; TXA2, thromboxane A2; vWF, von Willebrand factor. Adapted from 
various sources.41,46,47,58,68
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The Thrombin Receptors  

Human platelets express two thrombin receptors: PAR1 and PAR4.69 Unlike other GPCRs 

expressed on platelets, PARs are activated by irreversible proteolytic cleavage in the first 

extracellular loop, thus exposing a new N-terminus which serves as a tethered ligand, (Table 2-

2).37 Thrombin generated short synthetic peptidomimetics (SFLLR and GYPGQV for PAR1 and 

PAR4 respectively) activate receptors, producing much of the agonist activity of thrombin.37,49,69 

Arguably, PAR1 is considered the most important thrombin receptor with blockade abolishing 

platelet activation at low thrombin concentrations (1nM).69 Conversely, PAR4 inhibition results 

in no inhibitory effect69 although, complete inhibition of thrombin agonist action requires both 

PAR1 and PAR4 attenuation, suggesting a dual-receptor activation model of PAR activity.69 With 

this, PAR1 is proposed as the primary mediator of activation and PAR4 acts a ‘backup’ receptor, 

although recent work by French et al. highlights PAR4 as a unique and novel target for 

antithrombotic agents.70  

Additionally, thrombin induced platelet responses are thought to be mediated through the GPIb-

IX-V complex.69 Of particular interest is the high affinity of the GPIbα subunit for α-thrombin, 

whereby, it accounts for approximately ninety percent of total protease that can bind to 

platelets.71 Thrombin binding to GPIbα induces platelet adhesion, spreading and aggregation 

with platelets from patients with Bernard-Soulier syndrome lacking the GPIbα subunit, 

displaying impaired thrombin responsiveness.71,72 Interestingly, antibody blockage of GPIbα 

impairs PAR1 cleavage, with GPIbα proposed as a cofactor that localises thrombin to the platelet 

surface thus allowing effective PAR activity.73 
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The ADP Receptors  

Platelets express three purinergic receptors (P2) of two distinct classes; the G-protein coupled 

metabotropic receptors (P2Y) and the ligand-gated ionotropic channel (P2X), (Table 2-1 and 

Table 2-2).41,47,75 The P2Y receptors are seven-transmembrane spanning proteins, which upon 

ADP binding stimulate phospholipase C-β2 (PLCβ) triggering downstream effectors, (Figure 2-

3).41,47,75 Specifically platelet P2Y1 is coupled to Gq and P2Y12 is coupled to Gi protein signalling 

pathways.41,47,75 The P2X receptor, upon adenosine triphosphate (ATP) binding, facilitates rapid 

Ca2+ influx from the extracellular space through a cation channel.41,47,75 Human platelet 

expression of these receptors occurs in the following order: P2Y12 > P2X1 > P2Y1, with 

concomitant activation of both the Gq and Gi coupled pathways required for normal 

aggregation.41,47,75 This duality is easily confirmed given co-stimulation of an appropriate G 

signalling pathway following specific P2 receptor antagonism. Full platelet aggregation is 

restored following P2Y12 receptor blockage upon α-2A adrenergic receptor stimulation by 

epinephrine, given coupling to Gz..41,47,75 Serotonin (5-HT) and ADP co-stimulation restores 

selective P2Y1 antagonism.41,47,75 This requirement for dual stimulation drove the development 

of pharmacological agents targeting platelet ADP receptors.41,47,75 Clopidogrel (a P2Y12 

antagonist) antiplatelet therapy is often utilised, typically in combination with aspirin, to achieve 

in vivo inhibition of platelet aggregation.41,47,75 

The Thromboxane Receptors 

The TXA2 receptor (TP) is encoded by one gene, with platelets exhibiting both splice variants 

(TPα and TPβ).47,57,76 Although differing in the cytoplasmic tail regions only, TP receptor signalling 

is critical for platelet aggregation.47 TXA2 production, mediated by arachidonic acid (AA) cleavage 

and cyclooxygenase enzyme activity, is a key downstream effect of platelet activation and shape 

change, (Table 2-2).76 The biological importance of TXA2 as a key platelet agonist is best 

illustrated when synthesis is perturbed, classically observed given aspirin (ASA) attenuation of 

platelet aggregation in response to AA, ADP, thrombin and ADP.47,76,77 



 

2-47 
 

 

Figure 2-4 A simplified, schematic representation of ADP mediated platelet activation.  
Although a weak agonist, ADP amplifies platelet responses following dense granule exocytosis. ADP released from both 
platelets and erythrocytes, at the site of injury, interact with the purinergic receptors to induce activation in a paracrine 
and autocrine fashion. ADP binding to P2Y1 triggers Gq related signalling, facilitating PLCβ activation, driving Ca2+ 
accumulation, PKC mediated degranulation and PLA2 mediated TXA2 synthesis. P2Y12 coupled Gi2 signalling attenuates 
AC activity and stimulates PI3K dependent Akt phosphorylation, contributing to the maintenance of integrin activation. 
ATP activation of the P2X1 receptor amplifies platelet aggregation induced by other agonists and facilitates shape change 
by allowing rapid Ca2+ influx. Stimulation of the Gs coupled IP receptor by PGI2 inhibits platelet activation through 
increased cAMP.  Abbreviations: Akt, protein kinase B; ADP, adenosine diphosphate; ATP, adenosine triphosphate; Ca2+, 
calcium ions; COX-1, cyclooxygenase 1; DAG, diacylglycerol; GDP, guanosine diphosphate; GTP, guanosine triphosphate; 
IP, prostacyclin receptor; IP3, inositol trisphosphate; PGG2: prostaglandin G2; PGH2, prostaglandin H2; PI3K, 
phosphatidylinositol3-kinase; PI(4,5)P2, PIP2; PIP2, phosphatidylinositol-4,5-bisphosphate; PIP3, phosphatidylinositol-
(3,4,5)-trisphosphate; PKC, protein kinase C; PLA2, phospholipase A2; PLCβ, phospholipase; PGI2, prostaglandin I2; Rap1, 
Ras-related protein 1; RIAM, Rap1-GTP-interacting adaptor molecule; TXA2, thromboxane A2; vWF, von Willebrand 
factor. Adapted from various sources.41,46,47,5841,47,75 
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Figure 2-5 A simplified, schematic representation of Thromboxane mediated platelet activation.  
Triggered by various agonists, once synthesised TXA2 can diffuse across the platelet membrane into the circulation; where 
paracrine and autocrine effects are immediately observed. The impact of TXA2 secretion is locally limited by the 30 second 
half life, limiting platelet activation to sites of vascular injury. TXA2 binding to the TP receptor drives platelet shape change, 
Ca2+ mobilisation, protein phosphorylation and aggregation by both Gq and G13 pathways. Abbreviations: ADP, adenosine 
diphosphate; ATP, adenosine triphosphate; COX-1, cyclooxygenase1; Ca2+, calcium ions; DAG, diacylglycerol; GDP, 
guanosine diphosphate; GTP, guanosine triphosphate; IP3, inositol trisphosphate; MLCK, myosin light-chain kinase; MLC-
PPase, myosin-light-chain phosphatase; PAK, p21-activated kinase; PIP2, phosphatidylinositol-4,5-bisphosphate; PKC, 
protein kinase C; PGG2: prostaglandin G2; PGH2, prostaglandin H2; PLA2, phospholipase A2; PLCβ, phospholipase B; PLCγ2, 
phosphoinositide-specific phospholipase C; Rac, Ras-related C3 botulinum toxin substrate 1; Rap1, Ras-related protein 1; 
RhoGEF, Rho-guanine nucleotide exchange factor; RIAM, Rap1-GTP-interacting adaptor molecule; ROCK, Rho-associated 
coiled-coil containing protein kinase; TP, thromboxane receptor; TXA2, thromboxane; vWF, von Willebrand factor. 
Adapted from various sources.41,46,47,58,76 
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Other Platelet Surface Structures  

The Prostacyclin Receptor 

Binding of prostacyclin (PGI2) induces inhibitory signalling through the G-protein Gs pathway, 

activating AC.47,78 Production of cAMP by AC activates protein kinase A (PKA), leading to the 

inhibition of several critical downstream pathways.47,78 The prostacyclin (IP) receptor is not 

specific for PGI2, with interaction of other prostacyclin molecules observed; following the affinity 

rank order of PGI2 > prostaglandin E1 (PGE1) > prostaglandin E2 (PGE2) > prostaglandin D2 (PGD2)> 

prostaglandin F2α (PGF2a).47,78 The potent inhibitory nature of prostacyclin and the IP receptor is 

often utilised when inappropriate platelet activation is observed, for example, PGE1 is often 

utilised during platelet isolation procedures.47,78 

The Epinephrine Receptor  

Platelet responses to epinephrine are mediated through the α-2A adrenergic receptor, with 

epinephrine potentiating the effects of other ‘stronger’ agonists.47,79 This capacity is chiefly 

mediated by attenuating AC thus reducing intracellular cAMP concentrations.47,79 Epinephrine 

does not directly impact PLC nor does stimulation cause platelet shape change, suggesting 

coupling of the α2A adrenergic receptor to Gi signalling pathways.47 Furthermore, murine 

knockout models report the total abolishment of epinephrine response after Gz deletion.47,79  

P-selectin  

P-selectin is a major leukocyte adhesion protein expressed on the external surface membrane 

of activated platelets and is expressed on tumour necrosis factor α (TNFα) stimulated 

endothelial cells in response to inflammation.80 Localised within α-granules and translocated to 

the platelet surface following stimulation, P-selectin facilitates interactions between myeloid 

cells, endothelial cells and platelets.47,81,82 In addition to platelet aggregation mediated by 

fibrinogen interaction with integrins: P-selectin and its major ligand, P-selectin glycoprotein 

ligand 1 (PSGL-1), are involved in the generation of fibrin within the platelet thrombus.47,80 P-

selectin is maximally expressed 10 minutes after platelet activation, whereas  αIIbβ3 occurs within 
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the first 10 seconds, suggesting that P-selectin operates after fibrinogen binding.47,83 

Additionally, platelet P-selectin facilities leukocyte recruitment to sites of vascular injury with its 

proteolytic cleavage postulated to drive further recruitment.47,83 Although the mechanisms that 

physically cleave P-selectin from platelet surfaces remain to be identified, the bioreactivity of 

such platelet borne fragments is of considerable interest.47,83 

CD154 (CD40L)  

A protein member of the TNF family, CD154 (CD40L) is progressively shed from the platelet 

surface following activation, generating soluble CD154 (sCD145).43 Proteolytic cleavage by 

matrix metalloproteinase (MMP) 2 and MMP9 allows sCD154 to enter into the circulation, 

where binding to the CD40 receptor, along with αIIbβ3, α5β1 and Mac-1, is reported.43 Binding to 

αIIbβ3 supports outside in signalling, acting to stabilise arterial thrombi and activate platelets.84–

86 Additional signalling through PI3K and p38MAPK pathways supports sCD154 as a soluble 

mediator, capable of platelet activation, akin to more well-known agonists.86–89 Given the central 

role in stimulating both innate and adaptive immune responses, sCD154 is thought to be partly 

responsible for inducing adverse events following platelet transfusion.86–89 Of particular note is 

evidence of sCD154 involvement within cases of Transfusion-Related Acute Lung Injury (TRALI), 

with a growing interest in platelet derived bioactive molecules within the transfusion space.86–

89 

Phosphatidylserine 

A surface from a subset of activated platelets undergo a morphological transformation, in which 

a substantially procoagulant surface results from the loss of normal phospholipid bilayer 

formation.90,91 The translocation of anionic PS from the inner membrane leaflet to the outer 

surface accelerates coagulation, where PS facilitates the assembly of the intrinsic tense and 

prothrombinase complexes, (Figure 2-1).90,91 
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Platelet Degranulation and Secretion 

Platelet functional responses are reliant on the exocytosis of granular contents, with contain 

two different types of granules; α granules and dense granules.47,92,93 

α-Granules  

Platelets contain approximately 80 α-granules, containing a variety of growth factors, adhesion 

molecules, cytokines and ligands, (Table 2-3).47 α-granules contain P-selectin, critical for 

leukocyte, monocyte and neutrophil recruitment and adhesion at sites of vascular injury.47,92,93 

Additional contents including vWF and fibrinogen are crucial for cross linking and platelet 

aggregate formation during primary haemostasis.47,92,93 A combination of both pro-coagulation 

and anti-fibrinolytic factors further facilitates stabilisation of platelet plugs in secondary 

haemostasis.47,92,93 

Dense Granules 

Approximately ten-fold fewer  than α-granules, dense granules primarily contain nucleotides 

and cations, (Table 2-3).47,94 Release of Ca2+ and ATP, both required for kinase phosphorylation, 

in addition to ADP establishes a positive feedback loop driving platelet aggregation.47,94 

Secretion 

Platelet granule exocytosis occurs through membrane fusion.47,92 Soluble-NSF-attachment-

protein-receptors (SNARE) facilities granular membrane fusion with the platelet membrane.47,92 

Fusion requires interaction of both v-SNAREs and t-SNAREs, with VAMP8 the most abundant 

vSNARE reported in human platelets.47,92 Platelet granule contents are released when the 

tSNAREs (syntaxin 4 for α-granules and SNAP23 for dense granules) and vSNARES form a fusion 

complex, generate an exocytotic core; bringing both membranes together.47,92 
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Reactive Oxygen Species  

ROS are chemically unstable oxygen containing molecules, which  react rapidly with a variety of 

substrates to form oxidised products.95 A greater understanding of the physiological and 

pathophysiological role of ROS within platelets has been recently realised.41,96–101 Marcus et al. 

were the first to report the ability of platelets to release generated superoxide anions (𝑂𝑂2•−), 

with further works detailing specific oxidant species and compartmentalisation of release to 

occur dependent on the stimulating agents.102–107 Despite inducing cellular damage at high 

concentrations, lower ROS levels are critical to modulating certain signalling processes.53,108–113 

To date multiple ROS generating systems have been identified, with specific elucidation of 

NAD(P)H Oxidase (NOX), Cyclooxygenase (COX) and Xanthine Oxidase (XO) activity within 

platelets.21,99 Notably, NOX is acknowledged as the major source of ROS within platelets, where 

the modulation of redox sensitive signalling processes is central to functionality, (Figure 2-7).21,99 

NAD(P)H Oxidase  

NOX complexes are highly conserved systems, where the transfer of electrons over a biological 

membrane to oxygen produces superoxide.114 NOX complexes exist in multiple isoforms with 

the presence of both NOX1 and NOX2 confirmed in human platelets, each playing a differential 

role.22,112,115–119 NOX2 comprises of the catalytic subunit gp91phox, with activation requiring 

translocation of cytosolic factors, p47phox, p67phox, p40phox, and RAC to the NOX/p22phox 

complex.120 Complexing of the activator subunit p67phox by the organising subunit p47phox forms 

a complete unit with subsequent guanosine triphosphatase (GTPase) Ras-related C3 botulinum 

toxin substrate 1 (Rac) interaction.120 NOX1 activation requires the membrane subunit p22phox 

and cytosolic subunits NOXO2 (NOX organiser 1: p47phox analogue) and NOXA1 (NOX activator 1: 

p67phox analogue) with activation similar to NOX2.108,115 Additionally, NOX1 requires active Rac1 

complexing for complete function.108,115 
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Figure 2-6 A simplified, schematic representation of platelet NAD(P)H oxidase activation.  
The primary ROS generating systems within platelets are the two NAD(P)H Oxidases NOX1 and NOX2. Ligand 
binding of the GPIb-IX-V and GPVI complexes initiates NOX1 activation. Thrombin activation of PAR drives 
NOX2 activation and subsequent 𝑂𝑂2•− generation. Specific NOX1 inhibition by NOXA1ds substantially 
attenuates intracellular superoxide accumulation and platelet aggregation in response to collagen, with 
little impact on thrombin mediated activity. Conversely, NOX2 specific inhibition by Nox2ds-tat attenuates 
both collagen and thrombin induced superoxide accumulation and platelet aggregation, although inhibited 
collagen responses are above that of ‘resting’ control platelets; thus, indicating some downstream NOX2 
activity of collagen. Abbreviations: CRP, collagen-related peptide; GP, glycoprotein; PAR, protease-activated 
receptor; NOX1, NAD(P)H Oxidase 1; NOXA1ds, NOXA1 docking sequence; NOX2, NAD(P)H Oxidase 2; 
Nox2ds-tat, NOX2 docking sequence-tat; 𝑂𝑂2•−, superoxide anion radical. Adapted from various 
sources.21,99,121 
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Involvement in Platelet Function 

Although much work has aimed to elucidate specific NOX function within platelets, conflicting 

hypotheses regarding the compartment and stimulus of ROS generation exist. Initial reports of 

GPVI receptor stimulation by convulxin, an agonist peptide, demonstrated intraplatelet ROS 

generation whereas stimulation with thrombin, a GPIbα and PAR agonist, resulted in 

extracellular ROS production.97 Conversely, Vara et al. recently published conflicting evidence of 

intracellular superoxide accumulation following stimulation with both agonists.121 Debate 

regarding which major signalling molecule (collagen or thrombin) drives which NOX complex has 

clouded a definitive conclusion. However, Vara et al. very recently provided the most convincing 

evidence for collagen stimulation driving NOX1 activity and thrombin stimulation driving NOX2 

activity, (Figure 2-6).121 Vara et al. utilised Electron paramagnetic resonance (EPR) spectroscopy 

and specific NOX complex inhibitor peptides and murine knockout models.121 EPR spectroscopy 

is considered the gold standard for the accurate identification and quantification of ROS. 122 

These data have provided the first conclusive evidence of the distinct mechanisms driving 

agonist induced NOX complex activity, (Figure 2-7).121 

Nevertheless, superoxide production from NOX is capable of influencing platelet activation, 

(Figure 2-8). NOX potentiation of the PLCγ/PKC/p38MAPK signalling cascades enhances PLA2 

activity, with resultant amino acid liberation driving TXA2 synthesis or oxidation to F2-

isoprostanes.21,99,121 Both pathways result in the production of ligands for TP, which is a potent 

activator of platelets in both an autocrine and paracrine manner.21,99,121 
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Figure 2-7 A simplified, schematic representation of downstream pathways activated by NOX (NOX1/2)  
The superoxide generated from NOX complex activity modulates multiple pathways including generation 
of peroxynitrite following reaction with nitric oxide. The oxidoreductase SOD acts to dismutate superoxide 
to hydrogen peroxide, with subsequent catalase acting to disproportionate hydrogen peroxide to by-
products. Second messenger activity of hydrogen peroxide, in various signalling cascades, results in 
calcium mobilisation and accumulation. Superoxide potentiation of the PLCγ2/p38 MAPK pathway 
activates PLA2, catalysing the liberation of arachidonic acid. The released arachidonic acid can either by 
oxidated by peroxidases (not shown) to F2-isoportanes or can serve as the base for COX mediated 
thromboxane synthesis. Autocrine and paracrine stimulation through the TP receptor activates multiple 
signalling pathways, facilitating downstream calcium accumulation, with resultant integrin upregulation. 
Abbreviations: Ca2+, calcium ions; MAPK, mitogen-activated protein kinase; 𝑂𝑂2•−, superoxide anion radical; 
NO, nitric oxide; ONOO-, peroxynitrite; PKC, protein kinase C; PLA2, phospholipase A2; PLCγ2, 
phosphoinositide-specific phospholipase C; Rac, Ras-related C3 botulinum toxin substrate 1; SOD, super 
oxide dismutase; TP, thromboxane receptor; TXA2, thromboxane A2. Adapted from various sources.21,99,121 
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2.2. Platelet Transfusion 

Platelet Product Utilisation in Australia 

The transfusion of platelets is indicated in numerous clinical scenarios with the aim of reversing 

thrombocytopenia.11,123 The growing demand for platelets within Australia is represented by the 

increased rate of products issued by the Australian Red Cross Blood Service (ARCBS), with total 

units issued in 2017 almost 40% greater than in 2007, (Figure 2-8).12,124–126 Platelet products 

represent the third greatest blood product issued in Australia, (behind erythrocytes and fresh 

frozen plasma), despite falling total donations reported.12,124–126 

Platelet Processing and Storage in Australia 

Platelet units are derived from either whole blood or apheresis donations, with platelets of both 

sources suspended in the platelet additive solution (PAS) SSP+, containing ~40% and 30% plasma 

carryover respectively.127 Platelet units can be stored for up to five days at 20-24°C with constant 

agitation and are available in O, A, B and both Rh(D) positive and negative groups.127 All units 

are additionally depleted of leukocytes with typical platelet counts of >200 x109 reported per 

unit.127 A shelf life of five days is imposed given increased incidences of bacterial contamination 

of platelet products associated with storage at room temperature.128–130 Various nations have 

increased the storage of platelets units up to seven days, given the implementation of 

increasingly sensitive microorganism detection methods.13,131–133 In Australia, the current shelf 

life of platelet products remains at five days.127,134 

Platelet Additive Solutions 

Platelets rely heavily on oxidative phosphorylation to satisfy metabolic requirements, with 

greater than two thirds of oxygen utilisation linked to ATP production within the 

mitochondria.135 However, platelets stored in citrated plasma utilise glucose as a primary energy 

source.130,136–138 Although the plasma buffering effect from phosphate, bicarbonate and proteins 

partly neutralises increased [H+], accumulation over time results in the pH decline.139 Platelet 

viability is severely comprised below pH6.2 and as such additive solutions aim to improve H+ 
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buffering, in addition to providing alternate metabolic substrates.130,136–139
 Although varied in 

compositions, the inclusion of phosphate ions in PAS stabilise pH, with the composition of SSP+ 

highlighted in Table 2-4.130,136–138
 Acetate acts as an alternate substrate for platelet metabolism, 

reducing lactate production by providing Krebs Cycle intermediates.130,136–138 Acetate also acts 

as an additional source of bicarbonate following the production of carbon dioxide following 

Krebs Cycle metabolism, providing additional pH buffering.130,136–138 The addition of citrate acts 

as an additional anticoagulant, with both magnesium and potassium included for the prevention 

of inappropriate aggregation.137,138  
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The Platelet Storage Lesion 

The PSL refers to a series of laboratory measurements that collectively follow the loss of platelet 

quality during storage.142 These morphological, biological and functional changes occur during 

storage of aging platelets and are correlated with declines in both platelet lifespan and post-

transfusion function.15,142–146 Although mechanistic understanding the initiating events and 

pathways of PSL propagation is growing  it has become evident that the PSL is complex and 

governed by multi-factorial processes that require greater detailed investigation, (Table 2-4).144–

146 Collection methods, processing, storage conditions and the handling of platelet products 

have been identified as critical factors influencing formation of the PSL.147,148 Increasing basal P-

selectin expression, surface receptor shedding, deglycosylation and microparticle formation; in 

addition to apoptotic related changes including loss of mitochondrial membrane potential 

(Δψm), increased expression of PS and caspase activation, have been noted following storage in 

plasma.15,146,149–156  

Platelet Apoptosis During Storage 

The up-regulation of pro-apoptotic proteins and increased expression of PS have been observed 

within the PSL. 142,152,157,158 The loss of Bcl-2 homologous antagonist killer (BAK) and Bcl-2-

associated X protein (BAX) function, essential mediators of intrinsic apoptosis, doubles platelet 

lifespan and concurrently increases count in vivo.159–161 Moreover, overexpression of BCL-XL, the 

essential platelet pro-survival factor, extends murine circulating platelet lifespan whilst genetic 

deletion substantially shortens lifespan.159–163 Observations of increased PS expression, 

decreased Δψm and increased caspase activity during storage, along with declining BCL-XL levels 

in platelets stored at 37°C but not 22°C, support for the hypothesis that stabilising pro-survival 

BCL-XL would attenuate the PSL.164,165  As shown by Bertino et al. inhibited caspase activation in 

stored platelets did not resolve the PSL.165 Moreover, Pleines et al. have firmly established that, 

in murine platelets, loss of BAX and BAK does not preserve platelet function during storage.164 

The kinetics of PS expression were not altered following murine deletion of BAX and BAK, with 

the loss of Δψm, shedding of GPIbα and degranulation of α-granules observed in vivo.164 
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Moreover, Pleines et al. also established that during murine platelet storage, the PSL occurs 

despite the absence of intrinsic apoptosis.164 These data support that ablation of intrinsic 

apoptosis does not prevent the functional decline of platelets stored at room temperature.164 

This therefore suggests that other mechanisms, distinct from intrinsic apoptosis,  occur during 

platelet storage and must contribute importantly to the PSL.164 Observations of declining Δψm 

and mitochondrial function in the absence of BAX and BAK further reinforces that other 

mechanisms are responsible for declining quality during storage.164  

Mitochondrial Dysfunction 

Maintaining mitochondrial function during storage is of critical importance given substantial 

reductions of platelet function are associated with reduced cellular ATP concentrations, most of 

which is derived from oxidative phosphorylation at rest.22,43,169–173,137,140,144,145,147,166–168 Δψm 

plays a critical role in oxidative phosphorylation, with reduced Δψm recognised as an early 

apoptotic event.174,175 Platelets stored for extended periods of time; greater than 5 days, in both 

SSP+ and analogous plasma, display reductions in Δψm and increased percentage of platelets 

with PS upregulation.176 Further evidence to suggest the central role of mitochondrial function 

on platelet function come from studies describing mitochondrial damage as a common trigger 

of A Disintegrin and metalloproteinase domain-containing protein (ADAM) 10/17 mediated 

cleavage of GPIbα, GPV and GPVI, with GPIbα shedding and clustering leading to hepatocyte 

removal of platelets from the circulation.177178,179 Ectodomain shedding of GP1bα is considered 

a critical step in mediating in vivo clearance of stored platelets, with ADAM10/17 mediated 

cleavage observed during storage.178,180–182 Additionally, receptor cleavage of both GPV and GPVI  

is also observed during storage and is inducible in ex vivo models following mitochondrial 

damage (following carbonyl cyanide m-chlorophenyl hydrazone (CCCP) treatment).182 These 

observations clearly link to mitochondrial damage and receptor cleavage during storage, in 

addition to accelerated platelet clearance post transfusion.43,172,183,184 Of note however, is the 

observation that the genetic ablation of ADAM17 or inhibition of the p38MAPK pathway, the 

activator of ADAM17, block GPIbα shedding and improve post transfusion recovery of 
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platelets.68,171,185 Of concern however, are observations that activation of ADAM10/17 induced 

by oxidative stress, provokes targeted receptor shedding in a p38-dependent manner.68,171,185 

Indirect ROS oxidation of cysteine residues found in SFK, protein kinase G (PKG), protein kinase 

C (PKC), PKA and other protein kinases then further enhance NADPH oxidase activity, leading to 

further ROS generation.185–190 Subsequent platelet activation, increased degranulation and 

release of platelet contents accumulates within the media in which serotonin and thrombin, 

known inducers of ADAM10/17 and other by-products of platelet activation, initiate a positive 

feedback cycle of platelet activation.184  

Villarroel et al. investigated mitochondrial function in plasma suspended platelets, where 

respiration decreased with a concomitant increase in ROS production and apoptotic markers 

during storage.166 Mitochondrial derived ROS production was 18 times higher than at baseline  

on day three of storage, peaking on storage day five of seven.166 Mitochondrial respiration 

decreased through all electron transport chain complexes with a sharp decrease in measurable 

oxygen consumption and overall respiration within the first two days of storage.166 Functional 

deficits were also observed with total platelet activation following agonist stimulation with 

thrombin receptor activating peptide (TRAP-6), which were negatively correlated with 

mitochondrial respiration, with significant decreases in platelet activation noted on the third day 

of storage.166 Further studies have identified the increase in ROS production, decreased 

mitochondrial respiration and a reduced platelet activation threshold of stored platelets around 

day three.166  

These results highlight the importance of ROS, with additional works detailing the centrality of 

mitochondrial damage with the loss of key membrane structures during storage in plasma. 

Antioxidants have been reported to interfere with the p38MAPK pathway, leading to decreased 

platelet activation and highlight the potential of antioxidants to modulate platelet activation 

during ex vivo storage.189,191,192  
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TABLE 2-5 OBSERVED PLATELET CHANGES DURING STORAGE  

Metabolic 

Decreased oxygen consumption193 
Reduced metabolic and total ATP levels194 
Increased glycolytic rate142 
Increased lactate production195 
Reduced pH of media153* 

Membrane 

Increased release of inflammatory mediators (sCD40L, IL-6, IL-27)183 
Increased expression of granule markers (P-selectin, CD63 ,etc)142 
Increased microparticle formation14,196 
Ectodomain shedding of GP1bα and GPVI43,185  

Apoptotic / 
Mitochondrial 

Reduced mitochondrial function166 
Increased ROS production166 
Activation and increased expression of pro-apoptotic proteins197–200 
Up-regulated PS exposure154,158,201  

 
*pH changes are rare when platelets are stored in platelet additive solutions at room temperature.  
Abbreviations: ATP, adenosine triphosphate, GP, glycoprotein; IL-6, interlukin-6; IL-27, interlukin-27; PS, 
phosphatidylserine; ROS, reactive oxygen species; sCD40L, soluble CD40L. Adapted from Smethurst 142 
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Antioxidants and Platelet Storage 

Several compounds with reducing (antioxidant) activity have been tested in models of platelet 

storage. The details of these studies are outlined below. 

Resveratrol 

The naturally occurring polyphenol resveratrol has demonstrated both direct and indirect 

antioxidant characteristics, with inclusion during platelet storage, preserving haemostatic 

function.202 Among other notable characteristics, attenuation of nuclear factor kappa-light-

chain-enhancer of activated B cells (NFκB) activation and modulation of apoptosis are well 

demonstrated and as such, are the major focus for translation to therapeutic usage.192,203–207 A 

comprehensive review by Rauf et al. details the extensive investigation of resveratrol to date.208 

Exposure to resveratrol attenuates platelet adhesion, agonist induced aggregation and reduced 

ROS production ex vivo, with seminal work by Lannan et al. reporting the attenuation of key 

losses observed during the PSL following inclusion.192,204,208–211  

Platelet concentrates treated with resveratrol (10µM) reported increased fibrinogen mediated 

spreading compared to vehicle, at both three and five days post production, (Table 2-6).211 

Supernatant concentrations of thromboxane B2 (TXB2) and PGE2 were significantly decreased in 

resveratrol treated platelets at both three and five days post production.211 Platelet TXB2 and 

PGE2 production was preserved following thrombin stimulation, along with ex vivo aggregatory 

responses to ADP and collagen, following resveratrol treatment.211 Resveratrol treated platelets 

reported attenuated ROS accumulation, with a two-fold reduction at day five was observed 

compared to untreated platelets.211 However, treatment reported no reduction in platelet factor 

4 (PF4), sCD40L or membrane bound P-selectin nor were impacts on glucose consumption or pH 

observed during storage.211 Additionally, resveratrol treated platelets reported an approximate 

two-fold increase in Bcl-xl:Bak ratio, preserved Δψm and a concurrent decrease in cleaved 

caspase 3 compared to vehicle on day five.211 These results collectively indicate a shift away from 

a pro-apoptotic phenotype during storage with post transfusion haemostatic efficiency 

preserved.211 The in vivo efficacy of resveratrol treated platelets was undertaken using ferric 
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chloride induced thrombosis in a murine model.211 Resveratrol treated platelets reported a 

longer in vivo life span compared to vehicle, with 48hr post transfusion.211 Additionally, 

resveratrol reported a substantial reduction in time to occlusion assays, restoring times to fresh 

control platelets; thus indicating a preservation of post transfusion haemostatic capacity and 

inhibition of a pro-thrombotic phenotype.211 Additional attenuation of pro-inflammatory 

cytokines, platelet microparticles (PMP) and other bioactive molecule accumulation was 

observed, highlighting the possibility that resveratrol inclusion may possibly lead to a reduction 

in adverse transfusion outcomes in a clinical setting.86,212–214 Taken together, these results 

indicate the ability of resveratrol, a potent antioxidant, to alleviate major aspects of the PSL and 

preserve aspects of platelet physiology during storage.  

Epigallocatechin-3-O-Gallate 

Epigallocatechin-3-O-gallate (ECGC), a polyphenol derived from green tea, has demonstrated 

several biological activities including potent anti-inflammatory, anti-oxidative, and anti-

carcinogenic effects.215 Investigated in a number of disease states, the multifaceted effect of 

ECGC is demonstrated by antioxidant potential and modulation of various intracellular signalling 

cascades, amongst others.216 The anti-thrombotic activity of ECGC is purportedly mediated 

through the attenuation of platelet function, although a precise mechanism is yet to be 

elucidated.215,217  

Works to date describe the suppression of ADP mediated platelet aggregation and release of 

platelet derived growth factor (PDGF) and sCD40 ligand following platelet ECGC exposure, 

mediated through the suppression of heat shock protein 27 (HSP27) phosphorylation via p38 

MAP kinase.218 Additional works describe the inhibition of microsomal COX enzyme activity and 

PGE2 synthesis in platelets, indicating a potentially multifaceted mechanism of inhibition.218 

Furthermore, the antiplatelet effect of ECGC appears to be platelet specific, as activated partial 

thromboplastin time (aPTT) and prothrombin time (PT) are unaffected by ECGC exposure, 

despite significant inhibition of ADP mediated aggregation and P-selectin expression in a more 
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recent in vitro study.217 Although the antiplatelet characteristics of ECGC have been examined 

in some capacity, further investigations are warranted given the ubiquitous consumption of 

green tea and the therapeutic potential against thrombotic conditions. However, the 

consequences of extended exposure of platelet to ECGC remains relatively understudied, 

although initial investigations propose a beneficial outcome following inclusion during platelet 

storage.219 

Matsumura et al. investigated the ability of ECGC to preserve haemostatic function of platelets 

during extended storage, (Table 2-6).219 Platelet concentrates were stored with either 50 or 100 

µg/mL of ECGC for ten days under standard conditions.219 ECGC treated concentrates preserved 

thrombin and collagen induced aggregation on day six, with concurrent preservation of 

prothrombinase activity when compared to control.219 Reductions of regulated on activation, 

normal T-cell expressed and secreted (RANTES) and lactate dehydrogenase (LDH) 

concentrations were reported in ECGC treated platelet concentrates, with activated caspase 3 

and cleaved gelsolin protein expression significantly reduced compared to control on day ten.219 

This work highlights the novel application of ECGC, a naturally occurring exogenous antioxidant 

molecule, in perturbing parameters of platelet pathophysiology during extended storage.219 

Ascorbic Acid 

L-ascorbic acid, the reduced form of vitamin C, is a water-soluble molecule with well-reported 

antioxidant characteristics.220,221 Epidemiological studies show that diets high in fruits and 

vegetables, which contain ascorbic acid, are associated with lower risks of CVD, cancer and 

strokes.220 Both Lee et al. and Padayatty et al. provide extensive reviews of ascorbic acid and its 

role in disease prevention.220,222 Studies support ascorbic acid  as a potent anti-oxidant in vitro: 

however, the in vivo antioxidant characteristics and its importance as an antioxidant molecule 

remain to be elucidated and validated.220,222 Typical plasma concentrations are reported 

between 50-80µM, with peripheral blood cells capable of uptake at relatively low dosage 

administration.220,221 Platelet expression of sodium-dependent vitamin C transporter 2 
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(SVCT2)223 suggests the capacity for active ascorbate transport, with intracellular accumulation 

up to 4mM reported.220,224 In vitro acute ascorbic acid exposure (750-3000µM) reported 

significant inhibition of both lipid peroxidation and ROS production in swine platelets.210 

Moreover, both CD40L and TXA2 production were inhibited post exposure, along with increased 

production of the platelet inhibitory molecule PGE1.225–227 Recent work by Kim et al. reported 

that ascorbic acid pre-treated platelets (5mM) resisted 60µM doxorubicin (DOX) included PS 

expression in vitro: highlighting the possible role of ROS generation by which DOX-induced pro-

coagulant activity may contribute to DOX-associated thrombosis.228 This highlights the potential 

of a mitochondrial targeted ROS scavenger in combating DOX-induced thrombocytopenia.110 

Given this, ascorbic acid may be probed for its efficacy in combating mitochondrial derived ROS, 

such as during platelet storage.220,223,228,229 

Hayashi et al. investigated the role of mitochondrial function on platelet function during 

extended ex vivo storage where ascorbic acid, a well-documented antioxidant, was utilised as a 

control molecule, stored under standard conditions for fourteen days, (Table 2-6).175 Ascorbic 

acid treated units reported no significant perturbation or preservation in glucose or acetate 

consumption and no additional buffering of pH over time, when compared to vehicle.175 Both 

total mitochondrial depolarisation and percentage of platelets reporting mitochondrial 

depolarisation were not significantly different following ascorbic acid treatment, however 

maximum aggregation on day seven was preserved in treated platelet concentrates.175 

Mohammed et al. investigated the impact of low (300µM) and high (3mM) ascorbic acid 

supplementation over eight days of platelet storage.230 Treated units reported no significant 

modulation of functional responses, although treated units reported reduced pH on day eight.230 

Storage media polyunsaturated fatty acid (PUFA) concentrations were not perturbed compared 

to saline controls however, platelets treated with 3mM ascorbic acid did report increased 

supernatant TXB2 and PGE2 concentrations compared to both 300µM and saline.230 Moreover, 

3mM treated platelet concentrates reported decreased P-selectin expression post ADP 
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stimulation with concurrent reduction in maximum amplitude and angle of 

thromboelastographic (TEG) analysis.230 Mohammed et al. concluded that, upon initial 

investigations, ascorbic acid appears to be relatively inert, a similar conclusion drawn by data 

reported by Hayashi et al.175,230 Although measurements of metabolic substrate consumption, 

cellular viability, mitochondrial function, apoptotic characteristics or ROS generation were not 

undertaken, highlighting the need for further investigations to ascertain more precise effects. 

N-acetyl cysteine 

In vitro and in vivo works have described N-acetyl cysteine (NAC), a glutathione precursor, a 

potent attenuator of oxidative stress, through both direct and indirect methodologies.231,232 

Indirect effects are associated with NAC conversion to cysteine, the rate-limiting reagent in 

glutathione synthesis, or by direct actions through noted ROS scavenging abilities where the 

thiol group is capable of interacting with electrophilic groups of ROS.231,232 Clinically, NAC 

administration has reported positive effects in a number of pathologies and oxidative stress 

associated conditions.231,232 Most notably in the Oxidative Stress Study Group, where NAC was 

utilised in the treatment of chronic obstructive pulmonary disease (COPD).233 Both Dodd et al. 

and Dekhuijzen et al. provide detailed reviews of the multifaceted mechanisms of NAC and its 

relevance in clinical practice.231,232 The multifaceted mechanisms produced by NAC and other 

organic nitrates, are proposed to inhibit platelets with Stamler et al. reviewing the conversion 

of NAC to nitric oxide (NO) and subsequent inhibitory action which as the suggested 

mechanism.234,235 The role of cysteine mediated redox signalling and reversible cysteine 

oxidation, as reported in ROS messenger systems, during platelet physiology was extensively 

reviewed by Sonego et al.21 Given the dual antiplatelet and antioxidative capacity of NAC, 

investigations into potential inclusion during platelet storage, where ROS generation is a 

proposed propagating mechanism, was investigated in a recent study by Handigund et al.236 

Handigund et al. investigated the impact of 50mM NAC supplementation on the post warming 

haemostatic capacity of platelet concentrates stored at 4°C, with room temperature 
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concentrates as a comparator, (Table 2-6).236 The addition of NAC to refrigerated concentrates 

significantly reduced both P-selectin and PS upregulation upon rewarming, along with a 

reduction in sialidase activity after five days.236 Although Handigund et al. did not examine the 

impact of NAC on platelet concentrates stored at 22°C, the observed reductions of platelet 

metabolic activity, basal P-selectin and PS exposure following refrigeration is consistent with 

previous works.147,237–239 More recent work by Hosseini et al. investigated 1mM NAC 

supplementation of platelet concentrate over five days, reporting the preservation of both 

platelet count and mean platelet volume (MPV) during storage.240 Mitochondrial function, 

assessed by the indirect 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) 

assay, was reportedly preserved following NAC exposure with concurrent reductions in general 

ROS production, as investigated by dihydroethidium (DHE) dye fluorescence, also reported.240 

Additional attenuation of caspase activation and PS expression further highlight the potential 

benefit of NAC inclusion during platelet storage.240  
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Pathogen Inactivation and the Potential of Antioxidants  

Although monitoring procedures and certain treatment protocols are widely adopted, platelet 

products are the most commonly infected blood product, due to storage at room 

temperature.241 To address this, the recent development of pathogen inactivation (PI) treatment 

of platelet products has been investigated. Pathogen inactivation involves exposing products to 

ultraviolet (UV) light, with or without a photosensitisation agent, with the aim of inducing 

significant damage to nucleic acids, preventing pathogenic replicative processes.242,243 Pathogen 

inactivation is capable of inactivating a wide variety of pathogens including common bacterial 

species, viruses and parasites with additional inactivation of leukocytes, possibly negating the 

need for gamma irradiation.242,244 Three systems are currently available: Mirasol Pathogen 

Reduction Technology System (Mirasol; Terumo BCT, Lakewood, CO, USA), INTERCEPT Blood 

System (Intercept; Cerus, Concord, CA, USA), and the THERAFLEX UV-Platelets System 

(THERAFLEX; Macopharma, Tourcoing, France). Although these systems aim to result in the 

same outcome the mechanisms by which this is achieved varies significantly, with aspects of the 

PSL are exacerbated upon treatment, (Table 2-7).245  

Pathogen inactivation accelerates metabolic rate resulting in significant reduction in pH with 

concurrent upregulation of P-selectin and PS, most likely due to increased degranulation.16,246–

250 Furthermore, both agonist induced platelet aggregation and clot formation strength are 

reportedly reduced post PI treatment, with THERAFLEX inducing αIIbβ3 integrin activation 

appearing to further impact thrombus formation.246,251,252 The use of photosensitisers, in both 

the INTERCEPT and Mirasol systems, are capable of oxygen molecule sensitisation post UV light 

excitation and resultant ROS generation.253,254 UV light alone is capable of ROS formation with 

perturbations on platelet physiology noted post pathogen inactivation treatments116,118–122 A 

recent review by Waters et al. discusses the consequences of platelet exposure to  pathogen 

inactivation systems, along with other storage strategies, highlighting the need for further 

investigations within the field.259  
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However to date, p38MAPK pathway activation appears the central to the impact of pathogen 

inactivator on platelets for storage, with inhibition of p38MAPK following Mirasol treatment 

restoring quality.260 Given the previously noted impact of antioxidants on aspects of the PSL, 

along with reports of p38MAPK attenuation, future investigations may be well placed to 

establish inclusion can ameliorate the impact of PI.192,215,261 Given increasing demand whilst 

falling donation rates are evident, the preservation of platelet products is of critical importance. 

Along with waste reduction strategies and improved pathogen elimination, antioxidants stand 

as a currently undervalued possible application for the preservation of platelet products. 

Although relatively few authors have investigated the preservation of platelet function during 

storage with antioxidants, the observed improvements following treatment demonstrate merit 

for additional work. However, all such molecules investigated to date are exogenous with no 

work detailing the potential of potent endogenous antioxidants. Given this we propose that a 

water-soluble bilirubin analogue may be able to combat the platelet storage lesion. 
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2.3. Bilirubin 

Bilirubin, the terminal product of heme catabolism in mammals, is an endogenous bile pigment with 

a tetrapyrrole structure, (Figure 2-9). First described by Virchow in 1847, bilirubin has historically been 

focused on in the context of jaundice where substantially elevated serum concentrations are known 

to cause irreversible brain damage in neonates; termed kernicterus.274 Although undoubtedly toxic at 

substantially elevated levels, with a defined threshold concentration for the onset of neonatal 

kernicterus is defined of >30mg/dL (~513 µmol/L), the physiological benefit of mild elevations (>21 

µmol/L) has been highlighted.3,4,275  

Hepatic Processing  

Essential for all aerobic organisms, heme is synthesised from protoporphyrin IX and ferrous iron, 

incorporating into various protein complexes: the most notable being haemoglobin, (Figure 2-10).276 

Following erythrocyte senescence, processing through the heme degradation pathway is the only 

known catalytic process that facilities removal.276 Approximately 3.8 mg/kg of UCB is produced and 

excreted daily from to heme catabolism in adults.277 The liberation of biliverdin (BV), carbon monoxide 

(CO) and iron by the inducible heme oxygenase-1 (HO-1) or constituent heme oxygnease-2 (HO-2) and 

heme oxygnease-3 (HO-3) enzymes occurs within the mononuclear phagocytic system.276 BV is further 

reduced to bilirubin-IX by biliverdin reductase (BVR), with both HO-1 and BVR enzymatic activity 

requiring NADPH consumption.276 The resultant UCB is lipophilic and readily diffuses into circulation 

where hepatic delivery facilitated by serum albumin binding.3 The uptake of UCB, from the albumin-

bilirubin complex by hepatocytes, occurs through both passive diffusion and receptor mediated 

endocytosis.275,278–280 Passive uptake is concentration dependent with active transport, by members 

the organic anion transporting polypeptide (OATP) family, facilitating the majority of uptake.281 

However, first pass clearance of bilirubin is not efficient, resulting in a constituent UCB presence within 

the circulation, with measurement of these levels of significant therapeutic and diagnostic value.275,279 
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Figure 2-9 Degradation of Haem to Biliverdin and Unconjugated Bilirubin  
The 2D molecular structures of heme (left), biliverdin (middle) and bilirubin (right) during haem degradation catalysed by 
haem oxygenase and biliverdin reductase. 
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Figure 2-10 A simplified, schematic representation of bilirubin metabolism and excretion  
Senescent erythrocytes undergo degradation within the mononuclear phagocytic system, where haemoglobin 
is broken is metabolised to haem and relative globulin proteins. Conversion of haem to biliverdin-IX, ferric iron 
and carbon monoxide by HO-1; assisted by POR. Iron is recycled and CO plays further roles downstream. 
Reduction of biliverdin-IX to bilirubin-IX is facilitated by biliverdin reductase, in an energetic process. Conjugation 
of bilirubin-IX (unconjugated bilirubin) to albumin facilities transport within the circulation to the liver for 
additional processing and eventual excretion. Unconjugated bilirubin uptake into hepatocyte is via molecular 
transporters (Figure #) where conjugation with two moieties of glucuronic acid to bilirubin diglucuronide (BDG) 
is facilitated by UGT1A1. Conjugated bilirubin movement through the biliary system (though the bile cuniculus) 
into the small intestine drives further metabolism and excretion. Conversion to urobilinogen then 
stercobilinogen mediates excretion through the faeces, with final conversion to stercobilin. Urobilinogen 
transported to the kidneys undergoes conversion to urobilin with final excretion through in urine. Abbreviations: 
BVR, biliverdin reductase; CO, carbon monoxide; HO-1, haem oxygenase 1; POR, NADPH Cytochrome P450 
oxidoreductase; UGT1A1, UDP-glucuronosyltransferase 1-1. Adapted from various sources.278,280,284  
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Following uptake by OATP1B1 and OATP1B3, the hydrophobic bilirubin is conjugated to glucuronic 

acid moieties by the uridine-diphosphoglucuronic glucuronosyltransferase (UDPGT) enzyme family, 

(Figure 2-11).275,279 UGT1A1, the isoform of most physiological importance, esterifies two glucuronide 

moieties to the propionic acid side chains of UCB, forming bilirubin diglucuronide (BDG).275,279 Under 

conditions of excessive bilirubin synthesis, glucuronidation of a single propionic acid side chain occurs, 

forming bilirubin monoglucuronide (BMG), with an approximate ratio of mono to di conjugated 

bilirubin within the bile of 1:4.275,279 Conjugation modifies the physiochemical properties of UCB, 

increasing solubility thus enabling further metabolism and transport without the need of a protein 

carrier.275,279 Following glucuronidation, conjugated bilirubin (BDG or BMG) is transported across the 

canicular membrane of hepatocytes by members of the multidrug resistance-associated protein 

(MRP) family.275,279 The efflux of conjugated bilirubin into the bile cuniculus by MRP2 is ATP-

dependent, with a portion transported back into circulation by MRP3, (Figure 2-11).275,279 Given the 

greater abundance of OATP1B isoforms observed on centrilobular hepatocytes, a process of bilirubin 

shuffling by the MRP3-OATP1B1/3 loop from periportal to centrizonal hepatocytes is hypothesised, 

(Figure 2-11).278,285 Subsequent hepatic reuptake of returned conjugated bilirubin allows final 

excretion into the bile.278,285 It is hypothesised that cycling protects the periportal hepatocytes from 

accumulating damaging concentrations of various xenobiotics.278,285 Following excretion into the bile 

cuniculus, conjugated bilirubin is stored in the gallbladder and upon entrance to the small intestine, is 

deconjugated by bacterial β-glucuronidases, prior to oxidation and reduction by the intestinal 

flora.275,279 UCB can be reabsorbed across the small intestinal epithelium thus undergoing 

enterohepatic cycling.275,279 Excretion of breakdown products, namely urobilin from urobilinogen and 

stercobilin from stercobilinogen, is facilitated by the lower digestive tract and kidneys respectively, 

(Figure 2-10).275,279   
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Figure 2-11 A simplified, schematic representation of hepatic bilirubin transporters and processing.  
Unconjugated bilirubin uptake into hepatocytes is facilitated by membrane bound OATP1B1 and OATP1B3 and 
passive diffusion. UCB is converted to bilirubin diglucuronide (BDG) through by hepatic UGT1A1 within the 
endoplasmic reticulum. The majority of BDG is excreted into the bile by MRP2, with some transported back into 
the sinusoidal circulation by MRP3. Current evidence supports the existence of a MRP3-OATP1B1/3 feedback 
loop, facilitating movement of BDG from periportal to centrilobular hepatocytes as both OATP1B1 and OATP1B3 
are capable of BDG reuptake. Individuals with inherited deficits in bilirubin transport / metabolic pathways 
display perturb serum bilirubin concentrations. Rotor syndrome is characterised by the complete loss of 
OATP1B1 and OATP1B3 hepatic transporters whereas impaired MRP2 function is displayed in Dubin-Johnson 
syndrome, with associated rise in serum conjugated bilirubin concentrations reported in each condition. 
Gilbert’s Syndrome is characterised by familial unconjugated hyperbilirubinemia due to mutations of UGT1A1 
resulting in defective conjugation of bilirubin, a process central for exertion. Abbreviations: BDG, bilirubin 
diglucuronide; MRP2, multidrug resistance associated protein 2; MRP3, multidrug resistance associated protein 
3; OATP, organic anion transporting polypeptide; UCB, unconjugated bilirubin; UGT1A1, UDP-
glucuronosyltransferase 1-1. Adapted from various sources.278,280,284 
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Hyperbilirubinemia 

Quantifying serum bilirubin concentrations provides substantial diagnostic value in various clinical 

scenarios.286 Total and direct bilirubin concentrations outside typical reference ranges (Table 2-8) 

indicate perturbed hepatobiliary conditions, classified clinically into three distinct categories: 

haemolytic, hepatic or obstructive jaundice.2,279,286 Haemolytic jaundice is characterised by the 

presence of anaemia, elevated serum UCB concentrations, dark urine and the presence of 

urobilinogen in the urine or stool.2 Hepatic jaundice is observed concurrently with elevated serum 

transaminases, increases in both conjugated and unconjugated serum bilirubin levels and with urine 

appearing dark whilst stools appear faint.2 Obstructive jaundice is best characterised by marked 

elevations of both conjugated serum bilirubin and alkaline phosphatase levels, accompanying dark 

urine and very faint stool colour.2 Hyperbilirubinemia reflects changes in hepatic function, bilirubin 

conjugation, uptake or excretion, and is often indicative of underlying pathologies.279,286 However, 

benign non-haemolytic hyperbilirubinemias are typically inherited and result from a reduced 

conjugation capacity, as seen in GS, or a result of defective efflux, as seen in Dubin-Johnson Syndrome 

(DJS), (Table 2-9).286 

Gilbert Syndrome 

First described by Gilbert in 1901, and again in 1946 by Meulengracht, GS is benign hereditary 

condition characterised by a moderately increased serum UCB concentration (<17.1 – 80μM).3,286,287 

The glucuronidation of UCB is impaired in GS individuals, a result of perturbed UGT1A1 enzyme 

activity, (Table 2-9).286 GS individuals report unremarkable liver functional biochemistry results, with 

typical  hepatic histology.286 

Dubin-Johnson Syndrome 

First described in 1954, DJS is characterised as a conjugated hyperbilirubinemia, where transport of 

conjugated bilirubin into the bile cuniculus is perturbed, (Table 2-9).279,286 The excretion of conjugated 

bilirubin is impaired, due to functional deficits of MRP2, with resultant elevations of conjugated serum 

bilirubin characteristic of the syndrome.279,286 Like GS, serum liver studies are not remarkably 
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perturbed in DJS individuals, however gross liver pathology is black with histological findings of dark 

melanin-like pigmentation characteristic of the condition.279,286 

Rotor Syndrome 

First described by Rotor in 1948, Rotor syndrome (RS) is a benign hereditary condition where the 

complete and simultaneous loss of hepatic OATP1B1 and OATP1B3 disrupts hepatic reuptake of 

bilirubin, (Table 2-9).278,286,288 The clinical presentation of RS is similar to DJS however serum 

conjugated bilirubin levels are distinctively greater than unconjugated concentrations, additionally 

confirmed by gallbladder visualisation on a cholecystogram (cannot be visualised in DJS) and 

differential urinary coproporphyrin excretion profile.278,286,288 

Conferred Protection from Cardiovascular Disease  

CVD is a complex and multifactorial disorder influenced by various physiological and biochemical 

factors.289 Although treatments are effective in reducing individual CVD risk factors, more recent 

treatments have aimed to simultaneously target multiple mechanisms of action.289 Given large 

epidemiological studies have indicated that GS individuals experience reduced rates of CVD, cancer 

and all-cause mortality; a growing body of evidence suggests that bilirubin could provide substantial 

therapeutic potential.3 Experimental and clinical evidence suggests that bilirubin confers protection 

from cardiovascular disease through both antioxidant and anti-inflammatory mechanisms.2 More 

specifically, elevated serum bilirubin concentrations report cardiovascular protection, whereas low 

concentrations indicate an increased cardiovascular risk, with < 10µM an emerging indicator of current 

and future CVD risk.2  

Schwertner et al. first reported the significant inverse association between total serum bilirubin 

concentrations and the prevalence of ischemic coronary disease.290 In this 1994 study, a 50% reduction 

in total serum bilirubin concentrations was associated with a 47% increased risk of CVD.290 Subsequent 

work by Hopkins et al. also reporting the negative association between total serum bilirubin 

concentrations and severity of familial CVD, where individuals with levels >17µM having up to a 80% 

lower risk of developing CVD.291  
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Additional work by Perlstein et al. reported a 6% reduction in the odds of peripheral artery disease for 

every 0.1mg/dL (~1.7µM) increase of total serum bilirubin, in 7075 participants of the National Health 

and Nutrition Examination Survey (NHANES).292 This reduced risk was independent of traditional risk 

factors (hypertension, hypercholesterolemia, smoking, etc.) and was in addition to a separate 9% 

reduction in the odds of stroke also observed for every 0.1mg/dL increase of total serum bilirubin.292 

A 2003 meta-analysis, incorporating eleven total studies, reported an inverse relationship between 

serum bilirubin levels and severity of atherosclerosis in males.293 Further, a total bilirubin concentration 

of 10µM was deemed a critical value for determining increased/decreased risk.293 This is in line with 

additional analyses reported a 50% reduction in all-cause mortality in GS vs non-GS individuals, with 

protection appearing important given dose response demonstrated in an additional cohort of 500 000 

people from the United Kingdom.294,295 Taken together these data strongly suggest a protective role 

of bilirubin within the circulation, at mildly elevated concentrations, with increased serum antioxidant 

status, correction of dyslipidaemia and attenuation of platelet activity demonstrated.2 

Mechanisms of Bilirubin as a Cardioprotectant  

Antioxidant Properties  

The first conclusive evidence of bilirubin as an antioxidant came from Stocker et al. in 1987.1  In this 

seminal work, bilirubin scavenging of peroxyl radicals was markedly more potent than α-tocopherol 

and following albumin binding, bilirubin retained much of this antioxidant capacity.1 Collective works 

have since established bilirubin scavenging of superoxide anion radicals (O2
•−), singlet oxygen (1O2), 

hypochlorous acid (HOCl), the nitroxyl anion (NO), peroxynitrite (ONOO−) and aminoxyl radicals (R2N-

O•), amongst others.1,296 Additionally, bilirubin modulation of free radical generating enzymatic 

systems furthers this antioxidant potency, with serum antioxidant capacity of substantial importance 

in the context of CVD.3,297  
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Increased Serum Antioxidant Status in Gilbert’s Syndrome  

Given retention of radical scavenging properties following albumin binding of bilirubin, the enhanced 

antioxidant capacity of hyperbilirubinemia serum is well documented. Bulmer et al. observed 

substantially improved antioxidant capacity in serum of GS individuals, in work utilising both Trolox 

equivalent antioxidant capacity (TEAC) and ferric reducing ability of plasma (FRAP) assays.297 

Statistically significant increases of both TEAC and FRAP values of 4.6% and 17.7% respectively were 

reported, when compared to serum from non-GS individuals.297 Additionally, GS serum reported 

improved copper oxidation compared to non-GS serum.297 More recent work by Boon et al. reported 

that UCB reduces protein and lipid oxidation following myeloperoxidase (MPO)-generated HOCl- 

oxidative insult, in hyperbilirubinemia serum from both GS individuals and Gunn rats (a rodent model 

of GS).298 Moreover, the addition of exogenous UCB also attenuated oxidative damage.298  

Assays of Antioxidant Power 

TEAC and FRAP assays are routinely utilised in the characterisation of the antioxidant capacities of 

various molecules.299–302 Both FRAP and TEAC are electron-transfer (ET) methods, with TEAC a direct 

ROS scavenging assay and FRAP a redox potential assay.302,303 In the TEAC assay oxidation of 2,2’-Azino-

bis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) by potassium persulfate to the radical form (ABTS■+) 

is monitored spectrophotometrically, with the capacity of test compounds to inhibit the radical 

formation reported in Trolox equivalent units.302,304 The FRAP assay requires antioxidants for a redox-

linked colourimetric reaction where an easily reduced oxidant system exists in stoichiometric 

excess.302,305 Specifically, the reduction of a ferric iron (Fe3+)-ligand complex to the intensely blue 

coloured ferrous iron (Fe2+) form is monitored spectrophotometrically (593nm), with antioxidant 

activity reported as micromolar Fe2+ equivalents.302,303 The FRAP assay characterises non-thiol-based 

antioxidants such as uric acid, ascorbic acid, bilirubin and α-tocopherol and is routinely employed in 

investigations of serum bilirubin antioxidant power.9,306,307 
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Direct Superoxide Anion Radical Scavenging  

Bilirubin readily and directly scavenges superoxide anion radicals, with very recent work confirming  

the unique redox role of bilirubin within cells.308 Vasavda et al. investigated bilirubin in the context of 

heme metabolism and neuroprotection, publishing the most compelling evidence to date of direct 

superoxide anion radical antioxidant activity.308 The reductive conversion of biliverdin to bilirubin was 

eliminated in a murine model of targeted deletion of exon 3 Blvra, resulting in loss of the BVR obligate 

NAD(P)H-binding domain.308 In this model, BVR-/- mice are unable to reduced biliverdin to bilirubin, 

with complete bilirubin absence and accumulation of biliverdin in the gall bladder and serum, thus 

confirming the phenotype.308 Although similar murine models exist bilirubin elimination was achieved 

through haem oxygenase knock out, thus perturbing heme physiology and confounding results.308 

Depletion of endogenous cellular bilirubin, examined in mouse embryonic fibroblasts (MEF), 

demonstrated oxidative death.308,309 Specifically, BVR-/- cells accumulated greater superoxide than 

wildtype (WT) suggesting removal leads to accumulation of intracellular superoxide.310 In contrast, 

supplementing both WT and BVR-/- cells with exogenous bilirubin reduced superoxide formation by 

approximately a third, consistent with previous works.310 In addition to quenching intracellular 

superoxide production, bilirubin localisation to the mitochondria further provides substantial cellular 

protection from superoxide anion radicals.310 Uptake into cells was confirmed by fluorescence 

microscopy, consistent with previous works, with  BVR-/- cells reporting double the amount of 

superoxide following mitochondrial stimulation with rotenone, a known mitochondrial complex 1 

inhibitor and superoxide generator.310 Both intracellular and mitochondrially targeted superoxide 

quantification was undertaken by high performance liquid chromatography (HPLC) quantification of 

DHE and MitoSOX Red redox dye oxidation products respectively, providing substantial confidence in 

eliminating non-specific dye reaction.310  

Additionally, direct bilirubin scavenging of superoxide was confirmed using EPR spectroscopy.310 

Bilirubin, spiked at equivalence ratios with superoxide, substantially reduced the spectroscopic signal 

evidencing direct quenching.310 Other haem metabolites were also investigated, with BRT superoxide 
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scavenging reporting near similar efficient as bilirubin.310 In steady state kinetic analyses, bilirubin 

reported a second order rate constant of 4.6±0.8 x105 M-1s-1, comparable to that of urease and 

chymotrypsin.308 These results indicate that bilirubin would be unable to outcompete NO for direct 

superoxide reaction, as previously hypothesised.310 However, previous works have established the 

𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂− neutralising effects of bilirubin, resulting in reduced nitration of proteins demonstrated both 

in vitro and in a murine model of ApoE-/- atherosclerotic plaques.311,312 Given this previous evidence of 

bilirubin neutralising 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂− in vitro, inhibition of protein nitration is potentially influenced by a shift 

encouraging S-nitrosylation, contributing to cardiovascular protection.3 Specific mechanisms of direct 

or indirect bilirubin quenching of 𝑂𝑂𝑂𝑂𝑂𝑂𝑂𝑂− formation are still yet to be elucidated, however modulation 

of other ROS  furthers the cardiovascular protective qualities of bilirubin.  

Attenuation of Free Radical Generating Systems  

Bilirubin also displays the indirect attenuation of free radicals from enzymatic sources, with 

modulation of NOX observed. Nakamura et al. reported impaired bactericidal activity of 

polymorphonuclear leukocytes in biliary atresia patients, a condition of narrow bile ducts.313 Given 

perturbed hepatic function in this condition, it was hypothesised that serum components impaired 

neutrophil function with bilirubin initially identified as a probable candidate.313 Neutrophils, isolated 

from healthy cord blood, were exposed to increasing UCB concentrations, with substantially impaired 

superoxide production observed at 1.19µg/dL (~20µM) and greater.313 Concurrent work by Iwanaga 

et al. noted that fifteen bile acids were elevated in biliary atresia patients and that bilirubin (5 – 20µM) 

reported greater attenuation of superoxide production compared to the bile acids investigated.314 

Although these works did not specifically establish NOX attenuation, subsequent work by Kwak et al. 

confirmed impaired activity following bilirubin exposure.315 In a cell free system, a time and dose 

dependent inhibition of superoxide anion radical production was observed following preincubation of 

pig neutrophil cytosolic fractions with bilirubin.315 Conversely, bilirubin did not report attenuation of 

superoxide production in the membranous fractions, nor did exogenous addition following stimulation 

with sodium dodecyl sulphate attenuate production.315 Therefore, it was hypothesised that the 
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binding of bilirubin to the hydrophobic NOX cytosolic components interfered with subsequent 

membranous binding, a process critical for activation and production of superoxide by NOX.315 This 

hypothesis, although not definitively evidenced, is supported by observations of impaired p47phox 

subunit translocation following bilirubin treatment of human umbilical vein endothelial cells 

(HUVEC).316 Moreover, NOX activity was impaired in both RAW 264.7 macrophages and Sprague-

Dawley rats treated with bilirubin, where time course reductions (1 and 6h post exposure) were 

independent of reduced protein expression of gp91phox, p22phox and p47phox
 subunits.316,317 These 

results together support the indirect antioxidant action of bilirubin through attenuating NOX subunit 

assembly. Considering observations of increased NOX activity in vascular oxidative stress pathologies, 

bilirubin attenuation of NOX additionally underscores the cardioprotective phenotype.318,319 
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Attenuation of Platelet Function  

Exogenous Bilirubin  

First described by Suvansri et al., increasing bilirubin concentrations produced morphological changes 

and increased filamentous projection formation until clumping after 60 minutes of exposure.320 

Moreover, thromboplastin generation was impaired dose dependently with ADP induced platelet 

factor 3 (PF3) activation also inhibited.320 Consistent with impaired platelet function, clot retraction 

was progressively inhibited with increasing bilirubin concentrations.320 This early seminal work is 

consistent with recent results where exogenous UCB dose dependently attenuated collagen (2µg/mL) 

and ADP (5µM) induced platelet aggregation following ex vivo exposure.26 Naveenkumar et al. also 

observed decreased washed platelet aggregation in response to collagen (2µg/mL) stimulation 

following UCB treatment (1-10µM).321 Additionally, bilirubin treatment (up to 300µM) induced ROS 

generation, mitochondrial dysfunction, the release of cytochrome c and apoptosis.321 Although 

convincing evidence of p38MAPK induced platelet apoptosis was presented (increased caspase 

expression and activity along with increased pp38 protein expression), some methodological 

limitations exist.321 Primarily, the concentrations of UCB investigated are well beyond typical “mild 

elevations” reported in GS. Additionally, inclusion of albumin resulted in the reversal of elevated p38 

and p53 phosphorylation following bilirubin exposure, indicating reversal of the pro-apoptotic 

phenotype following albumin binding.321 Given that a great majority of UCB is transported in 

complexes with albumin, questions regarding the relevance of exposing washed platelets to such high 

UCB concentrations without albumin are therefore raised. Moreover, Naveenkumar et al. explored 

these ex vivo results in a rodent model where hyperbilirubinemia achieved using phenylhydrazine 

(PHZ) induced haemolytic anaemia.321 Although platelet counts were significantly reduced in PHZ 

rodents, along with decreased Δψm, increased pro-apoptotic protein and PS expression: haemolytic 

induced hyperbilirubinemia is not the same as intrinsically benign hyperbilirubinemia etiologically.321 

As hydrazine compounds are known hepatotoxins that are capable superoxide anion, hydrogen 

peroxide and PHZ-derived radical production, along with increased lipid-peroxidation and 
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substantially increased free iron deposition in livers of rodents.322–324 Increased ROS production and 

accumulation of iron could then further promote lipid peroxidation within the liver by Fenton 

reactions.324 Additional upregulation of HO-1, BVR and UGT1A1 are reported following PHZ 

administration as a compensatory mechanism to increase heme catabolism.322 However, benign 

hyperbilirubinemia is a consequence of functional deficits in UGT1A1, therefore examining the ‘toxic’ 

impact of hyperbilirubinemia within a model of induced UGT1A1 activity does not represent 

physiological conditions.286 Naveenkumar et al. did not report UGT1A1 activity or expression.321 

Furthermore, PHZ induced hyperbilirubinemia is transient and resultant to substantial haemolysis.325 

Given the interference of haemoglobin in spectrophotometric diazo methods of bilirubin 

quantification, as utilised by Naveenkumar et al., the reported bilirubin concentrations may be 

confounded thus, alternate methods with greater analytical power (such as HPLC) would be better 

suited in the rodent model.326–328  

Endogenous Bilirubin  

Ex vivo results are consistent with observations from cohorts of GS. Platelets from GS individuals 

report attenuated P-selectin expression follow ADP stimulation, with additional reductions in 

aggregation following collagen (1µg/mL) and AA (0.5mM) stimulation also observed.27 A dose 

dependent reduction in collagen aggregation and ADP and P-selectin expression was reported in work 

by Kundur et al., reporting Pearson’s r of 0.458 and 0.413 respectively.27 This is consistent with 

reductions in intravascular thrombus formation and P-selectin expression in a murine model of ferric 

chloride superfusion.329 Tapan et al. observed similar reductions in circulating sP-selectin, sCD40L, high 

sensitivity C reactive protein (hsCRP) levels in GS individuals compared to control.330 Both sCD40L and 

hsCRP are known mediators of atherosclerosis with sCD40L enhancing platelet activation, aggregation 

and leukocyte aggregation in addition to suppression of thrombomodulin on endothelial cells, 

allowing thrombin formation.89,331 Furthermore, increased concentrations of both sCD40L and sP-

selectin are reported among health subjects at risk of future vascular events.332,333 Taken together 

these results highlight an antithrombotic capacity of hyperbilirubinemia against platelet function. 
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2.4. Translating Hyperbilirubinemia to Platelet Storage 

Given the cardioprotective phenotype afforded by mildly elevated serum bilirubin concentrations, 

bilirubin thus, demonstrates a potential to combat the PSL. However, the hydrophobic nature of UCB 

renders inclusion during the storage logistically challenging, therefore a bilirubin conjugate appears 

more likely.  

Bilirubin Ditaurate - A Synthetic Conjugated Bilirubin Analogue 

BRT was first described in 1987 by Sakai et al. as the sole conjugate bilirubin present in the Japanese 

amberjack (Seriola quinqueradiata).334 First synthesised by Jirsa et al., BRT is routinely used as a direct 

bilirubin standard in bilirubin quantification by HPLC, (Figure 2-12).7 Compared to UCB, BRT 

demonstrates a substantially greater aquesous solubility whilst retaining similar antioxidant 

effectiveness to bilirubin.9 Molzer et al. investigated the antioxidant capacity of eight structurally 

related tetrapyrroles, comparing UCB, BRT and BV (amongst others) by TEAC, FRAP and oxygen 

readical absorbance capacity (ORAC) assays.9 Bilirubin reported TEAC, ORAC and FRAP values of 

1.38µM, 1.12µM and 1.05µM respectively, with BRT reporting 1.06µM, 1.01µM and 1.19µM 

respectively.9 Of note is the increased ferric reducing potential of BRT (1.19µM) compared to bilirubin 

(1.05µM), indicating a stronger antioxidant activity of BRT in aqueous systems.9 This increased potency 

within aqueous systems provides some justificaiton for inclusion during storage, given the impact of 

free radical generaiton during both routine platelet strorage and following PI treatment. 

Given increased solubility, BRT is readily available following intravenous (IV), intraduodenal (ID) and 

intraparateneal (IP) administration, with work by Bulmer et al. demosntrating stubstantial intestinal 

absoprtion.7 BRT demonstrated great bioavailabilty of 33.1% and 5.7% following IP (2.7mg/kg) and ID 

(27mg/kg) administration in rodents.7 Later work by Bakrania et al. demonstrated signifigant 

cardioprotection of BRT (50µM) in both pre and post ischemic insult in a isolated Langendorff model 

of rodent hearts.335 Total infarct size, lipid and protein oxidation were all substantially reduced in BRT 

treated hearts, with the greatest protection afforded when BRT was introcued during reperfusion.335 



 

2-94 
 

Although BRT exposure prior to ischemic event also substnailly improved functional repsonses 

compared to no treatment control, thus clearly demonstrating a protective mechanism against 

oxidative damage following reperfusion.335  
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Figure 2-12 Structure of bilirubin diglucuronide and bilirubin ditaurate  
2D molecular structures of bilirubin di-glucuronide (left) and bilirubin ditaurate (right).  
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2.5. Milk Thistle - A Nutraceutical Towards ‘Iatrogenic Gilbert’s Syndrome’? 

Milk thistle (Silybum marianum) is a native Mediterranean fruit of which the seed extract, silymarin, 

finds common usage in the treatment of acute and chronic liver and gallbladder diseases.29,336 First 

described within the literature in 1968, where the chemical properties of the extract were described, 

with cumulative evidence to date of antioxidant, anti-inflammatory and hepatoprotective 

properties.336–340 Silymarin is comprised of several flavonolignan compounds with silibinin 

(synonymous with silybin), silichristin (or silychristin) and isosilibinin (or isosilybin) the most common 

constituents (Figure 2-13).341 Although silymarin is readily consumed worldwide, substantial 

pharmacokinetic variability between the multiple commercially available extracts exists.29,341 Such 

variability has impacted the continuity within the literature and as such, in 2005 the US National 

Centre for Complementary and Alternative Medicine (NCCAM) selected Legalon® as the 

recommended silymarin preparation for future preclinical and clinical investigations.342  

Legalon® Composition 

Legalon® is a patented Milk thistle extract (Silybum marianum (L) Gaertn. (Asteraceae)), which is 

standardised to 140mg of silymarin.343  Zhu et al. quantified the biologically active constituents of a 

single Legalon® capsule, reporting silibinin A (21.2mg), silibinin B (29.5mg), isosilibinin A (11.4mg), 

isosilibinin B (8.2mg), silichristin (31.5mg), silidianin (36.4mg) and taxifolin (5.9mg).343   

Silymarin Metabolism 

Silymarin undergoes extensive phase II hepatic metabolism with excretion via faeces or urine following 

glucuronidation or sulphate conjugation.336,342 Silymarin is subject to extensive enterohepatic 

circulation, where conjugates excreted from the bile are cleaved by intestinal bacterial enzymes and 

reabsorbed in a manner similar to bilirubin. 336,342  
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Figure 2-13 Structures of the Main Silymarin Constituents  
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Perturbed Hepatic Transporter Function 

Organic Anion-Transporting Polypeptide Family   

The ability to maintain hepatic cellular membrane integrity appears central to the protective 

phenotype afforded by silymarin, where the regulation of membrane permeability is achieved through 

modulation of key transporters.344–347 Attenuation of hepatobiliary transport is most notable in the 

context of toxic mushroom poisoning.348 Silymarin is a recognised treatment following Amanita 

phalloides intoxication, colloquially termed ‘death cap’; a cyclopeptide toxin containing mushroom 

that reports massive centrilobular necrosis and diffuse subcapsular hemorrhage upon ingestion.348 

Amanitin binds and inhibits hepatocyte RNA polymerase II, completely halting protein synthesis with 

liver necrosis occurring after exhaustion of mRNA pools.349 With a lethal dose of 0.1mg/kg reported 

for humans, amatoxin poisoning is extremely dangerous and exacerbated given extensive 

enterohepatic recirculation and resistance to metabolism or degradation, where maximal excretion is 

seen the urine after 72 hours.349,350 Hepatic uptake of amatoxins and phallotoxins is facilitated by 

members of the OATP transporter family, with amanitin by OATP1B3 and phalloidin by OATP1B1 and 

OATP1B3.351 Silymarin monotherapy, administered as Legalon®-SIL, recently reported a mortality rate 

of less than 10% in 1500 documented cases, firmly establishing the clinical utility of silymarin in cases 

of poisoning considering mortality rates of 30% are routine.350 Both silibinin and silibinin 

dihemisuccinate are potent inhibitors of OATP1B3 function, consistent with observations of 

attenuated amatoxin hepatocyte uptake, following primary and enterohepatic recirculation, upon in 

vivo silibinin administration.351,352 

Multidrug Resistance Protein Family  

Although a limited number of studies provided initial evidence of MRP2 function modulation by 

silymarin, work by Miranda et al. provided the first convincing evidence of MRP2 involvement in 

silymarin metabolite conjugation.353 Miranda et al. demonstrated silymarin efflux primarily occurs 

through MRP2, in a perfusion study of  MRP2 deficient male Wistar rat livers.353 The rodent model is 

phenotypically similar to DJS, displaying conjugated hyperbilirubinemia, reduced bile flow, increased 
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bile acid concentrations and substantially impaired organic ions.353 Isolated livers, supplemented with 

taurocholate, were perfused in situ and exposed to silymarin (26µg/mL) with conjugated and 

unconjugated metabolites quantified in both the bile and perfusate.353 Biliary excretion of conjugated 

silymarin constituents was significant reduced in MRP2 deficient rodent livers compared to wild-type, 

with a corresponding increased of conjugated silymarin metabolites in the perfusate also observed.353  

Moreover, similar rates of silymarin clearance from the perfusate along with statistically indifferent 

pharmacokinetic profiles support the excretion of silymarin conjugates into the perfusate in MRP2 

deficient rodents.353 These observations are consistent with elevated plasma concentrations of 

silymarin conjugates reported in patients with liver disease, indicating that decreased MRP2 

expression may play a role in liver disease.353 Although Miranda et al. did not investigate bilirubin 

concentrations within this model, these results suggest silymarin attenuated MRP2 function could 

increase circulating conjugated bilirubin concentrations and are consistent with observed silibinin 

dihemisuccinate attenuation of MRP2 in vitro.354 

Perturbed UGT1A1 Activity  

Additional modulation of hepatobiliary function is observed following ex vivo and in vivo silymarin 

exposure, (Table 2-10). Ex vivo silibinin inhibits efficacious function of UGT1A6 and UGT1A9, with 

enhanced selectivity (14x and 20x times greater) for UGT1A1.355 Additional works have established the 

attenuation of UGT1A1, UGT1A6, UGT1A9, UGT2B7, and UGT2B15 isoforms.356 Wang et al. reported 

some of the earliest evidence of silymarin constituent modulation of UDP-glucuronosyltransferase 

where, in rodent hepatic microsomes, silymarin, silibinin and conjugated silibinin reduced bilirubin 

conjugation.357 Similar reductions in UGT activity were observed following treatment of human hepatic 

microsomes, where conjugated silibinin reported ~70% reduction in bilirubin glucuronidation.357 

Subsequent work by Mohamed et al. reported similar results following human microsome exposure 

to milk thistle where UGT1A1 enzymatic activity was reduced, reporting an IC50 of 30.4 ±6.9µg/mL ex 

vivo.358  However, Mohamed et al. only examined milk thistle and did not directly assess the activity of 

the constituent flavonolignans. Additionally, very recent work by Jakub et al. investigated these 
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constituents both in vitro and in a murine model.25 UGT1A1 mRNA expression was significantly reduced 

in HepG2 cells following exposure to silibinin (equiv A:B) (80µM), isosilibinin A (40 & 80µM), isosilibinin 

B (40µM) and both A and B 2,3-dehydrosilibinin (40 and 80µM) for four hours.25 Critically, observations 

of decreased UGT1A1 enzymatic activity and intracellular accumulation of bilirubin following HepG2 

exposure.25 Moreover, the minor silymarin constituents 2,3-dehydrosilibinin A and B (25µM) reported 

an intracellular bilirubin concentration ~800% than that of control, with atazanavir (60µM), a drug 

known to attenuate UGT1A1, reporting only ~600%.25 Given these results Jakub et al. investigated the 

impact of 2,3-dehydrosilibinin A and B (50mg/kg) on in vivo murine bilirubin metabolism.25 Following 

IP or oral administration of 2,3-dehydrosilibinin A, B and AB for seven days, UGT1A1 mRNA expression 

was significantly reduced in IP administered 23DAB and orally administered DHA.25 Bilirubin 

concentrations corresponded with the UGT1A1 mRNA expression results, with both treatment 

conditions reporting increased intrahepatic and serum bilirubin.25 Both treatment conditions reported 

a reduction in hepatic malondialdehyde (MDA) concentrations, with orally administered 23DB also 

reducing MDA levels.25 These results are similar to work by Wang et al. four years prior, where silibinin 

administration (IG; 50mg/kg/day vs 150mg/kg/day) for 14 days reported significant attenuation of 

murine hepatic UGT1A1 activity.357 Although neither serum or hepatic bilirubin concentrations were 

investigated, the reduction of UGT1A1 activity was not reflective or altered expression, with no impact 

on mRNA or protein expression was observed.357  

Taken together these results firmly demonstrate modulation of UGT1A1, and other isoform, activity 

following silymarin exposure with the first direct evidence of increased bilirubin reported by Jakub et 

al.25 The observations of silymarin modulation of hepatic uptake, efflux and conjugative enzyme 

activity are consistent with reports of hyperbilirubinemia following silymarin administration in 

humans.  
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Silymarin Induced Hyperbilirubinemia  

Consistent with observations of perturbed ex vivo and in vivo hepatic transport and processing, 

increased serum bilirubin concentrations are observed following silymarin ingestion. Although safety 

studies have demonstrated the tolerability of silymarin, hyperbilirubinemia is a noted potential side 

effect of silymarin ingestion, with cessation of therapy recommended in Legalon® package insert.359 

The therapeutic potential of silymarin, either alone or in combination therapies, has been evaluated 

in a small number of trials in patient cohorts of various hepatic pathologies, (Table 2-11). Although 

not a stated endpoint, almost all investigators monitor serum bilirubin concentrations over study 

duration, with substantial increases observed.  

Flaig et al. examined oral administration of high dose silibinin-phytosome (Siliphos®), in an escalation 

study of 13 prostate cancer patients where a total of 91 dose regimes were administered.30 Over a 

period of 4 weeks, participants were directed to ingest silibinin-phytosome three times daily, at least 

30 minutes prior to meals.30 At a well-tolerated oral dose of 13g of silibinin-phytosome daily, peak 

serum silibinin concentrations (~100µM) were reported 60 minutes after administration, remaining 

above ~10µM after 4 hours.30 Grade 1 and Grade 2 hyperbilirubinemia (equivalent to total bilirubin 

concentrations of up to 60µM) was first observed following administration of 10g of silibinin-

phytosome, in ~70% of patients (9/13).30 Importantly, total bilirubin was increased without concurrent 

increases in direct bilirubin, suggesting that silibinin increases unconjugated bilirubin levels by 

inhibiting its conjugation.30 Given peak serum silibinin concentrations were well above 1.4µM (the IC50 

of selective recombinant UGT1A1 inhibition reported in vitro) inhibition of UGT1A1 activity is the most 

likely mechanism explaining how silibinin elevated unconjugated bilirubin levels. These results are 

consistent with increases in serum bilirubin concentrations observed following Legalon®-SIL 

administration. 

Silibinin-C-2’,3-dihydrogen succinate disodium, (Legalon®-SIL) is a silibinin derivative with greater 

aqueous solubility, routinely and preferentially transfused for the treatment of mushroom 
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poisoning.348 More recently Legalon®-SIL has found utility in the treatment of recurrent hepatitis C 

(HCV) viral infections, through silibinin mediated inhibition of the viral RNA polymerases.360 Rendina 

et al. investigated the antiviral activity of Legalon®-SIL, following IV administration at 20mg/kg/day, in 

a cohort of patients diagnosed with HCV following liver transplant (NCT01518933).361 In this double-

blinded and placebo-controlled trial, participants received either silibinin or saline (randomly allocated 

3:1) for a period of 14 day.361 Bilirubin concentrations were similar between groups at baseline, 

0.85mg/dL (~14.3µM) and 0.78mg/dL (~13.38µM) for the intervention and placebo cohorts 

respectively (p=0.49), and increased in the silibinin treated group.361 A peak total bilirubin 

concentration of 4.32 ± 6.53mg/dL (~73.87 ± 111.66µM) was reported on day 14, in contrast, there 

was no significant change in the placebo group (0.87 ± 0.50mg/dL (~14.87 ± 8.55µM).361 Two weeks 

post cessation, total bilirubin concentrations decreased to slightly elevated levels than baseline (2.33  

± 3.76mg/dL (~40 ± 65µM) in the intervention group.361 This is consistent with work by Rutter et al., 

where the antiviral capacity of Legalon®-SIL was investigated in a cohort of HCV patients 

(NCT00684268).362 In this Phase II trial, 27 standard of care (SOC) non-responding patients received 

additional Legalon®-SIL therapy (IV; 20mg/kg/day) in conjunction with pegylated interferon-2a and 

ribavirin combination therapy, for either 14 days (n=12) or 21 days (n=15).362 Administration of 

Legalon®-SIL therapy significantly elevated serum total bilirubin concentrations (p<0.001), increasing 

from 0.98 ± 0.35mg/dL (~16.75 ± 5.9µM) prior to therapy, to 2.12 ± 0.98mg/dL (~36.25 ± 16.75µM) 

after the therapy period.362 Although these trials are routinely undertaken in patient cohorts of 

recurrent HCV or other hepatic pathologies, silymarin administration reports increased bilirubin. 

Given the reduction in cardiovascular risk factors associated with mild elevations in circulating serum 

bilirubin concentrations, silymarin stands as a potentially novel therapy in CVD pathologies. McCarty 

postulated that inducing a mild hyperbilirubinemia would provide substantial benefit in treating  CVD 

pathologies, with various strategies including the medication rifampin posited.24 Twelve years after 

this question was posed, milk thistle stands as a possible natural product of choice, given the 

purported induction of hyperbilirubinemia.  
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Ex vivo Attenuated Platelet Function – An Additional Potential Benefit 

Additional to the indirect antiplatelet characteristics, possibly conferred through modulation of serum 

bilirubin concentrations, silymarin reports direct inhibition of platelet function following ex vivo 

exposure, (Table 2-12).364–367 Work to date has been almost solely undertaken by Bijak et al., where the 

silymarin constituents silibinin, silicristin and silidianin exposure reported substantial platelet 

inhibitory behaviours.364–367 Platelet function in response to both ADP and AA are most notably 

attenuated following silymarin constituent treatment, with modulation of aggregation, granule 

exocytosis, COX activity and adhesion noted.364,365 The direct binding of silymarin constituents to the 

ADP receptor P2Y12 was established in silico modelling, with both silibinin and silicristin reporting 

affinity greater than that of clopidogrel metabolites.364 Additionally, reduced ADP induced aggregation 

is the most notable impact observed to date.364 

Additionally, ex vivo exposure also demonstrated a potent inhibition of AA mediated aggregation and 

COX activity.365 Moreover, direct binding of silibinin and silichristin to the active site of COX-1 was 

established using in silico modelling and is supported where ex vivo silymarin constituent exposure 

reduced TXB2 formation following AA stimulation.365 Therefore, silymarin constituents may perturb 

platelet function by disruption of platelet amplification mechanisms ADP release and TXA2 synthesis.47 

This is supported in results demonstrating loss of collagen induced function, where aggregation and 

adhesion to collagen was perturbed following silymarin constituent exposure.367 Previous works have 

reported the modulation of platelet function following flavanol compound exposure, with attenuation 

PI3K pathway function and collagen induced thrombotic function established.189 However, in vivo 

investigations of silymarin efficacy have not been undertaken,  however considering observations of 

attenuated in vivo platelet function following quercetin and other flavanol compound exposure, 

translation to in vivo models is probable.368,369  
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 Chapter Three: The impact of acute ex vivo bilirubin 

ditaurate exposure on platelet function 
 

 

The previous chapter highlighted that only unconjugated bilirubin has been investigated for 

antiplatelet properties and that bilirubin ditaurate possesses similar antioxidant capacity. Moreover, 

bilirubin ditaurate has demonstrated cardioprotective characteristics in conditions of oxidative stress. 

This chapter presents the first evidence of the antiplatelet characteristics of bilirubin ditaurate 

following acute ex vivo exposure. The published supplementary material is included in Appendix 1. 

 

 

Chapter Three is included as an original research article (formatted to ensure thesis continuity) 

published in Redox Biology (2019). 
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Abstract 

Background: Bilirubin, a by-product of haem catabolism, possesses potent endogenous antioxidant 

and platelet inhibitory properties. These properties may be useful in inhibiting inappropriate platelet 

activation and ROS production; for example, during storage for transfusion. Given the hydrophobicity 

of UCB, we investigated the acute platelet inhibitory and ROS scavenging ability of a water-soluble 

bilirubin analogue, BRT, on ex vivo platelet function to ascertain its potential suitability for inclusion 

during the platelet storage.  

Methods: The inhibitory potential of BRT (10 – 100µM) was assessed using agonist induced platelet 

aggregation, dense granule exocytosis and flow cytometric analysis of P-selectin and αIIbβ3 expression. 

ROS production was investigated by analysis of H2DCFDA fluorescence following agonist simulation 

while mitochondrial superoxide production investigated using MitoSox Red. Platelet Δψm and viability 

was assessed using tetramethylrhodamine, ethyl ester (TMRE) and Zombie Green respectively.  

Results: Our data shows ≤35µM BRT significantly inhibits both dense and alpha granule exocytosis as 

measured by ATP release and P-selectin surface expression, respectively. Significant inhibition of αIIbβ3 

expression was also reported upon ≤35µM BRT exposure. Furthermore, platelet exposure to ≤10µM 

BRT significantly reduces platelet mitochondrial superoxide production. Despite the inhibitory effect 

of BRT; platelet viability, Δψm and agonist induced aggregation were not perturbed.  

Conclusions: These data indicate, for the first time, that BRT, a water-soluble bilirubin analogue, 

inhibits platelet activation and reduce platelet ROS production ex vivo and may, therefore, may be of 

use in preserving platelet function during storage. 
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Introduction 

Platelets play a pivotal role in haemostasis, inflammation and wound repair.94 Thrombocytopenia or 

impaired platelet function increases bleeding risk with the transfusion of platelets a core aspect for 

the treatment of patients.370 Clinical demand for platelets is primarily met by the provision of room 

temperature, liquid stored platelets from public donation.146 Such platelet products have a limited 

shelf-life and report deteriorating quality and loss of post transfusion function: termed the ‘Platelet 

storage lesion’.146 Deleterious changes to morphological, metabolic and haemostatic characteristics 

occurs during storage: a shift from typical resting state phenotype towards one of activation and 

apoptosis and or necrosis.146,371,372 Declining mitochondrial function is central to the PSL with loss of 

Δψm, cytochrome c release, caspase activation and increased ROS production occurring.144,145 In 

particular, intracellular superoxide production further promotes the PSL, encouraging platelet 

degranulation, cytokine release and oxidative damage of key proteins and membranes.166,372,373 Given 

the constant demand for platelet products, interventions that preserve haemostatic function, can 

reversibly inhibit platelet activation and attenuate ROS accumulation during storage may be of 

significant value.  

Inclusion of exogenous antioxidant molecules, such as resveratrol, attenuate aspects of the PSL and 

preserve haemostatic function.211 However, to date no investigation of endogenous antioxidants has 

been undertaken. UCB is an endogenous antioxidant compound derived from erythrocyte/haem 

catabolism.9 We have previously demonstrated the antiplatelet effects of UCB and considering the 

significant superoxide scavenging capacity of bilirubin based compounds, inclusion of bilirubin may 

combat both inappropriate platelet activation and ROS generation during storage.3,4,26,27 The inclusion 

of a hydrophilic analogue BRT is logistically more favourable than UCB.374 No studies to date have 

investigated the antiplatelet effects of BRT, therefore, this study determined the impact of acute 

exposure on platelet function and ROS production, in order to assess potential suitability for inclusion 

during platelet storage.  
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Materials and Methods  

Materials 

BRT was purchased from Frontier Scientific Inc. (Logan, UT, USA). All phlebotomy consumables, 

Annexin V Binding Buffer (AVBB), Bovine Serum Albumin (BSA) Stain Buffer, Compensation Beads 

(Anti-Mouse Ig, κ/Negative Control) and anti-CD42b-APC (HIP1, 551061), anti-CD42b-PE-Cy5 (HIP1, 

551141), anti-CD62P-PE (AK4 555524), anti-PAC-1-FITC (PAC1, 340507) and Annexin V-BV421 

(563973) were purchased from Becton Dickinson (Brisbane, Australia). Platelet agonists ADP, collagen 

and AA were purchased from Helena Laboratories (Melbourne, Australia) with thrombin receptor 

activating peptide SFLLRN (TRAP-6) purchased from Haemoview Diagnostics (Brisbane Australia). 

CHRONO-LUME® and all aggregation consumables was purchased from DKSH Australia (Brisbane, 

Australia) with MitoSOX Red (MSR) from ThermoFisher Scientific (Brisbane, Australia). Both MitoSPY 

Green and Zombie Green Fixable Viability Dye were purchased from BioLegend (San Diego, USA). All 

other reagents were purchased from Sigma Aldrich (Castle Hill, Australia) unless otherwise stated. 

Human Volunteers 

Griffith University Human Ethics Committee approval and informed consent was obtained prior to 

recruitment and blood collection (HREC:2016_605). Volunteers were healthy individuals aged 18-60 

years of both sexes with no history of vascular disease, diabetes, bleeding pathologies, were non- 

smokers and had not ingested medications known to perturb platelet function in the prior two weeks. 

Full blood examination was undertaken to ensure a normal differential blood cell profile, as assessed 

by an Australian Institute of Medical Scientists (AIMS) accredited medical laboratory scientist (Act 5 

Diff CP or DxH 500, Backman Coulter, Brisbane, Australia). 

BRT Preparation  

A stock solution of BRT was prepared in dimethyl sulfoxide (DMSO) or phosphate buffered saline (PBS) 

to a final concentration of 10mM. A clear dark orange solution was obtained with the absence of 

precipitation confirmed by centrifugation (21500RCF; 5min).26 DMSO aliquots were stored at -80°C for 

a maximum of 4 weeks whilst PBS suspended BRT solutions were prepared prior to experimentation. 
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The maximum final DMSO concentration in all samples was 0.1% (v/v). Samples were kept covered to 

prevent degradation during assay preparation.  

Platelet Preparation 

Blood collection was performed using established methods for platelet functional studies.369 Briefly, 

whole blood was collected by antecubital venepuncture into 3.8% (w/v) sodium citrate vacutainers 

with the first 4mL discarded.375 Platelet rich plasma (PRP) was obtained via centrifugation (200RCF 

brake off, 10min) with the remaining blood centrifuged (2000RCF, 10min) to obtain platelet poor 

plasma (PPP). Platelet isolation from whole blood was undertaken as per Abcam guidelines with minor 

modifications (Supplementary Material 1).74 All platelet samples were standardised to 1x108/mL with 

HEPES Modified Tyrode’s Buffer (HMTB) (138mM NaCl, 5mM HEPES, 5.5mM Glucose, 2.6mM KCl, 

0.49mM MgCl2, 0.36mM NaH2PO4, 12mM NaHCO3 pH 7.4) unless otherwise stated and left to rest for 

30 minutes prior to experimentation. Platelets were incubated with varying final concentrations of 

BRT (1, 10, 35 or 100µM) and vehicle controls of either 0.1% (v/v) DMSO HEPES Saline (10mM HEPES, 

138mM NaCl pH 7.4) or PBS at room temperature (22°C) for 15 minutes prior to experimentation 

unless otherwise stated.  

Dense Granule Exocytosis 

The effect of BRT on platelet dense granule release was examined by bioluminescence assay.376 

ChronoLUME is routinely used for the quantification of dense granule ATP release on the ChronoLog 

Model 700 platform (Chrono-log Corp., PA, USA).376 However, inconsistent luminescence values upon 

calibration with known ATP standards in solutions containing BRT necessitated adaption to a plate-

based assay. Briefly, 15-minute BRT pre-treated PRP was incubated with ChronoLUME as per 

manufacturer’s instructions, with luminescence recorded immediately following stimulation with 

10µM or 20µM TRAP-6 (final concentrations), for a period of 6 minutes (Infinite® 200 PRO, TECAN, 

Mannedorf, Switzerland). Peak luminescence values were interpolated from treatment specific ATP 

standard curves (0-2nM). Platelets treated 10µM PGE1 (final concentration) served as a positive 

control for inhibition of ATP release.  
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Platelet αIIbβ3 Receptor Upregulation and α Granule Release 

The impact of BRT on platelet activation was investigated using established flow cytometric 

methods.376,377 Briefly, both 15 and 60 minute BRT pre-treated PRP was stimulated with a final 

concentration of 10µM ADP, 20µM TRAP-6 or no agonist for 5 minutes at room temperature. 

Subsequently, 50µL was incubated with 5µL anti-CD42b-APC, 2.5µL anti-CD62P-PE and 5µL anti-PAC1-

FITC (30min; 22˚C) prior to fixation with 900µL of 1% (w/v) PFA HEPES Saline (30min, 22˚C). Samples 

were diluted 1:1 with BSA stain buffer and pelleted (800RCF, 10min) prior to resuspension in 250µL of 

stain buffer. Samples were refrigerated at 4°C prior to analysis by flow cytometry (SORP LSR II Fortessa 

- Becton Dickinson, NJ, USA) within 24 hours of fixation. Platelets treated with 10µM PGE1 (final 

concentration) served as a positive control for inhibition of activation.   

General ROS Quantification  

The effect of BRT on general platelet ROS production was investigated using the fluorescent probe 

2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA).378 Briefly, BRT pre-treated isolated platelets 

were diluted 1:10 with HMTB (1.8mM CaCl2) and incubated with 25µM H2DCFDA (37°C; 30min). 

Samples were treated with a final concentration of 20µM TRAP-6, 20µM antimycin or no agonist (22°C; 

5 min) before 1:5 dilution with HMTB (1.8mM CaCl2) and immediately assessed via flow cytometry 

(Guava EasyCyteTM 5HT – MerkMillipore, Massachusetts, USA). 

Scavenging of Mitochondrially Targeted Superoxide  

Mitochondrial ROS production was investigated using the superoxide specific fluorogenic dye MitoSox 

Red.166 To ensure accurate interpretation, anti-CD42b-APC and MitoSPY Green were used to establish 

platelet population and mitochondrial content respectively.379 Briefly, 60 minute BRT pre-treated 

isolated platelets were diluted 1:10 with HMTB (1.8mM CaCl2), with 100µL of sample subsequently 

incubated with 2µL anti-CD42b-APC and final concentration 50nM MitoSPY Green (15min; 37.4°C) 

prior to addition of a final concentration of 2µM MitoSOX Red (15min; 37.4°C). The mitochondrially 

targeted antioxidant capacity of BRT was assessed in low, moderate or high oxidative stress conditions 

induced by 0.2, 2.0 or 20µM antimycin (5min, 37.4˚C) stimulation respectively.380 Samples were 
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diluted 1:5 HMTB (1.8mM CaCl2) and fluorescence immediately assessed by flow cytometry (BD SORP 

LSR II Fortessa). The fluorescence intensity of the superoxide product (2-OH-Mito-E+) was 

preferentially analysed via flow cytometry using UV (355nm) laser line excitation.380–382 The impact of 

BRT on basal mitochondrial superoxide production was assessed in unstimulated samples. Platelets 

incubated with 10µM Mito-TEMPO (final concentration) served as positive control for scavenging of 

mitochondrially derived superoxide.383 Platelet mitochondrial membrane potential was investigated 

concurrently in antimycin untreated samples with a final concentration of 10nM TMRE.380,384 Samples 

treated with 50µM CCCP (final concentration) represent positive control for loss of platelet Δψm.380,384   

Platelet Aggregation 

The effect of BRT on agonist induced platelet aggregation was assessed by light transmittance 

aggregometry (LTA) (Chrono-log Model 700 Aggregometer, Chrono-log Corp. USA). Briefly, BRT pre-

treated platelets were analysed in response to final concentrations of 5µM ADP, 10µM TRAP-6, 

2µg/mL collagen or 0.5mM AA.26,376 Turbidimetric platelet aggregation was calibrated against a PPP 

control, including relevant final BRT concentration, representative of 100% aggregation. Aggregation 

characteristics were recorded over a period of six minutes with all samples analysed in duplicate and 

magnetic stirrer set to 1000RPM. Platelets treated with 1mM ASA (final concentration) served as a 

positive control for inhibition of aggregation.   

Platelet Viability 

The effect of BRT on platelet viability was assessed using the amine reactive viability dye Zombie 

Green. Briefly, isolated platelets were incubated with varying BRT concentrations for a total of 240 

minutes. After 15, 60, 120 and 240 minutes a small aliquot was diluted 1:10 with HEPES Saline and 

50µL incubated with 50µL of Zombie Green (1:250 PBS) and 2µL of anti-CD42b-PE-Cy5 (30min, 22°C). 

Samples were fixed 1:1 with 1% (w/v) PFA HEPES Saline (30min, 22˚C), diluted 1:1 with stain buffer 

and pelleted (800RCF, 10min) prior to resuspension in 250µL of stain buffer. Samples were 

refrigerated at 4oC prior to analysis within 24 hours of fixation by flow cytometry (Guava EasyCyteTM 

5HT). Heat treated platelets (75°C, 15min) served as positive control for cellular death.   
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Phosphatidylserine Expression  

The effect of BRT on platelet PS expression was undertaken using Annexin V.385 Briefly, 60 minute BRT 

pre-treated isolated platelets were diluted 1:10 with HMTB (1.8mM CaCl2) with 100µL subsequently 

incubated with 2µL anti-CD42b-APC (15min, 37.4˚C) prior to addition of 4µL Annexin V-BV421 (15min, 

37.4˚C). Samples were diluted 1:5 with Annexin V binding buffer (AVBB) and immediately assessed via 

flow cytometry (BD SORP LSR II Fortessa). Platelets incubated with 2µM A23187 (final concentration) 

served as a positive control for induction of PS expression.385 

Flow Cytometric Instrumentation Configuration and Analysis Parameters.  

Please see Supplementary Material 2.  

Statistical Analysis 

All values are expressed as mean ± standard deviation (SD). Comparisons between samples from the 

same volunteer exposed to different BRT treatment conditions were performed using Repeated 

Measures One-way ANOVA and Bonferroni’s post hoc tests for parametric data. The Friedman’s test 

with Dunn’s post hoc test was used for non-parametric data with normality assessed by the Shapiro-

Wailk test. Statistical analysis was performed using GraphPad PRISM software and a p<0.05 was 

considered significant. 
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Results 

We aimed to investigate the acute effects of ex vivo BRT exposure on platelet function and ROS 

production. In response to activation platelets  the release of  α and dense granule contents, leading 

to ATP release and P-selectin surface expression, which further drives haemostatic processes.386 

Effect of BRT on Agonist Induced ATP Release. 

The impact of BRT on platelet dense granule exocytosis was evaluated by bioluminescence assay. BRT 

(≥10µM) significantly reduced ATP release in response to both 10µM TRAP-6 (p<0.01) and 20µM TRAP-

6 stimulation (p<0.01) respectively, (Figure 3-1). Given attenuation of dense granule exocytosis 

following BRT exposure, we sought to investigate if α granule exocytosis was also perturbed. P-selectin 

redistributes from α granules and, along with αIIbβ3 upregulation, is an established marker for platelet 

activation.387 

Effect of BRT on Platelet α Granule Exocytosis  

Platelet α granule exocytosis was assessed via flow cytometric evaluation of ADP or TRAP-6 induced 

P-selectin expression, (Figure 3-2). Both ADP and TRAP-6 induced P-selectin expression was reduced 

in a dose dependent manner upon increasing BRT concentrations. ADP induced expression was 

significantly reduced by 35µM and 100µM BRT exposure following both 15 (p<0.05) and 60 minutes 

(p<0.05). BRT concentrations (≥35µM) significantly decreased TRAP-6 induced P-selectin expression 

following 15 minute (p<0.05) and 60-minute incubation (p<0.05). BRT reported no statistically 

significant impact on basal P-selectin expression (Supplementary Material 3). As platelet granule 

exocytosis was attenuated following BRT exposure, we sought to investigate if integrin αIIbβ3 

upregulation was affected. Upon activation, αIIbβ3 undergoes a conformational change from low to 

high affinity, allowing fibrinogen binding and subsequent platelet aggregation.  
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Figure 3-1 The effect of acute BRT exposure on agonist induced platelet ATP release.  
Data presented as peak concentration following 10µM TRAP-6 (black bars) or 20µM TRAP-6 (grey bars) 
stimulation. PBS is vehicle. 10µM PGE1 is positive control for platelet inhibition. Data are mean ± SD. n = 3. 
Statistical significance within agonist concentration treatment compared to PBS vehicle. *p<0.05 **p<0.01 
Paired t-test between agonist concentrations for the same BRT treatment concentration. Significance at *p<0.05 
**p<0.01  
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Figure 3-2 The impact of acute BRT exposure on agonist induced platelet P-selectin expression  
The impact of 15 (black bars) or 60-minute (grey bars) BRT treatment on platelet P-selectin expression following 
A) 10µM ADP or B) 20µM TRAP-6 stimulation. Data reported as fold change of anti-CD62P-PE MFI of agonist 
treated over the unagonised sample from the same treatment condition. Platelets were identified by 
characteristics forward and side scatter parameters with a minimum of 50 000 CD42b positive events captured. 
PBS is vehicle. 10µM PGE1 is positive control for platelet inhibition. Data are mean ± SD. n = 5 (15 minutes) and 
n=8 (60 minutes). Statistical significance compared to PBS Vehicle. *p<0.05 **p<0.01 
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Effect of BRT on Platelet αIIbβ3 Integrin Activation   

The effect of BRT on agonist induced platelet integrin αIIbβ3 upregulation was investigated by flow 

cytometric analysis of PAC-1 binding, (Figure 3-3). Both ADP and TRAP-6 induced expression was 

reduced in a dose dependent manner with increasing BRT concentrations. Specifically, ADP induced 

PAC-1 binding was significantly reduced by 35µM and 100µM BRT exposure for 15 (p<0.05) and 60 

minutes (p<0.05). Only 100µM BRT decreased TRAP-6 induced PAC-1 binding after 15 (p<0.01) and 60 

minutes (p<0.01) of incubation with 35µM BRT inhibition of integrin αIIbβ3 expression only after 15 

minutes of incubation. BRT reported no statistically significant impact on basal αIIbβ3 binding 

(Supplementary Material 3). Given the central role of ROS signalling in platelet activation, in granule 

exocytosis, TXA2 synthesis and αIIbβ3 upregulation, we sought to examine if the antioxidant properties 

of BRT, in addition to perturbing activation, attenuated ROS production.120 Previous publications have 

noted the impact of antioxidants on platelet function and as such we sought to examine global and 

mitochondrial derived ROS production.120 

Effect of BRT on Platelet ROS Generation  

The effect of BRT on general platelet ROS generation was investigated by analysis of H2DCFDA 

fluorescence following stimulation with the 20µM TRAP-6 or 20µM antimycin (Figure 3-4). Upon TRAP-

6 stimulation 100µM BRT treated platelets reported decreased fluorescence (p<0.05) (Figure 3-4A). 

All treatment conditions significantly reduced fluorescence following antimycin induced ROS 

generation compared to vehicle treatment (p<0.05), indicating a vehicle independent mechanism of 

BRT attenuation of antimycin induced ROS production. Given this the impact of BRT on mitochondrial 

superoxide production was investigated using the DHE based fluorogenic dye MitoSOX Red, (Figure 3-

5). Mitochondrial superoxide was generated using 0.2, 2 or 20µM antimycin after antimycin loading 

to induce low, moderate or high levels superoxide production. All BRT concentrations reported 

decreased fluorescence compared to control (p<0.01) upon 20µM antimycin treatment. BRT reported 

no statistically significant impact on basal H2DCFDA or MitoSOX Red superoxide product fluorescence 

(Supplementary Material 4).  
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Figure 3-3 The impact of acute BRT exposure on agonist induced platelet PAC-1 expression  
The impact of 15 (black bars) or 60-minute (grey bars) BRT pre-treatment on platelet GPIIb/IIIa upregulation 
assessed by PAC-1 expression following A) 10µM ADP or B) 20µM TRAP-6 stimulation. Data reported as fold 
change of anti-PAC-1-FITC MFI of agonist treated over that of the unagonised sample from the same treatment 
condition. Platelets were identified by characteristics forward and side scatter parameters with a minimum of 
50 000 CD42b positive events captured. PBS is vehicle. 10µM PGE1 is positive control for platelet inhibition. Data 
are mean ± SD. n = 5 (15 minutes) and 8 (60 minutes). Statistical significance compared to PBS vehicle. *p<0.05, 
**p<0.01   
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Figure 3-4 The impact of acute BRT exposure on general ROS production  
The effect of acute BRT exposure on H2DCFDA fluorescence following stimulation with A) 20µM TRAP-6 or B) 
20µM antimycin. TRAP-6 and antimycin treatment used to examine physiological and mitochondrial ROS 
generation respectively. Platelets were identified by characteristic forward and side scatter parameters with a 
minimum of 20 000 platelet gated events captured. Data reported as fold change of H2DCFDA MFI over an 
unstimulated sample from the same treatment condition. Vehicle is 0.1% (v/v) DMSO HEPES Saline. Data are 
mean ± SD. n = 6 Statistical significance compared to DMSO vehicle. *p<0.05, **p<0.01 
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Figure 3-5 The impact of acute BRT exposure on mitochondrial ROS production  
The impact of BRT exposure on platelet mitochondrial superoxide production in response to induced oxidative 
stress (20µM antimycin treatment grey bars) or basal state (black bars). Platelets were identified by 
characteristic forward and side scatter parameters with a minimum of 20 000 CD42b/MitoSPY Green positive 
events captured. PBS is vehicle. 10µM Mito-TEMPO is positive mitochondrial antioxidant control. Data reported 
as percentage of CD42b/MSG events positive for MitoSOX Red superoxide product fluorescence. Data are mean 
±SD. n = 4 Statistical significance compared to PBS vehicle. **p<0.01  
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To investigate if the attenuation of platelet activation by BRT resulted in changes to platelet function, 

platelet aggregation and parameters relating to viability were investigated. 

Effect of BRT on Platelet Aggregation 

The effect of acute BRT exposure on platelet aggregation was assessed using light transmission 

aggregometry. Incubation with increasing concentrations of BRT had no significant effect on maximum 

aggregation in response to 5µM ADP, 10µM TRAP-6, 0.5mM AA or 2µg/mL collagen (Figure 3-6). 

Platelet aggregation was significantly reduced upon 1mM ASA treatment in response to ADP and AA 

stimulation. To differentiate the attenuation of platelet function reported by BRT, from that because 

of induced toxicity or stress, platelet viability was investigated.  

Effect of BRT on Platelet Viability 

BRT did not impact platelet viability over 240 minutes. Heat treated platelets reported decreased 

viability at all time points, (Figure 3-7 and Supplementary Material 5). Although BRT reported an 

unremarkable impact on viability, we sought to further investigate mitochondrial membrane potential 

and PS expression, as both are critical to haemostatic function.198,388 

Δψm and Phosphatidylserine Expression  

BRT did not affect platelet Δψm or PS expression (Figure 3-8). Treatment with 50µM CCCP significantly 

reduced platelet Δψm (p<0.01) and treatment with 2µM A23187 signifyingly induced PS expression 

(p<0.01). 
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Figure 3-6 The impact of acute BRT exposure on platelet aggregation  
The effect of acute BRT exposure on platelet aggregation in response to A) collagen 2µg/mL, B) ADP 5µM C) 
TRAP-6 10µM or D) Arachidonic Acid 0.5mM. 0.1% (v/v) DMSO HEPES Saline is vehicle. 1mM acetylsalicylic acid 
(ASA) is positive control for inhibition of platelet aggregation. Data are mean ± SD. n = 8. Statistical significance 
compared to vehicle within agonist concentration. *p<0.05, **p<0.01.   
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Figure 3-7 The impact of acute BRT exposure on platelet viability 
The impact of acute BRT exposure on platelet viability after 15 (black bars), 60 (grey bars) or 240 minutes (dark 
grey bars) at 22˚C. PBS is vehicle. 75˚C heat treated platelets is positive control for death. Platelets were 
identified by characteristic forward and side scatter parameters with a minimum of 50 000 CD42b positive events 
captured. Viability reported as percentage of zombie green negative platelets. Data are mean ± SD. n = 5. 
Statistical significance compared to PBS vehicle. **p<0.01. 
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Figure 3-8 The impact of acute BRT exposure on platelet mitochondrial membrane potential and 
phosphatidylserine expression  
The effect of acute BRT exposure on platelet A) Δψm and B) PS expression following. Vehicle is PBS. 50µM CCCP 
is positive control for loss of Δψm. 2µM A23187 is positive control for PS upregulation. Platelets were identified 
by characteristics forward and side scatter parameters with a minimum of 20 000 CD42b/MSG positive events 
captured for (A) and 50 000 CD42b positive events captured for (B).  Data presented as A) TMRE MFI fold change 
over control or B) percentage of Annexin V positive platelets. Data are mean ±SD. n = 4 Statistical significance 
compared to PBS vehicle **p<0.01.  
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Discussion 

This study demonstrates that the water-soluble conjugated bilirubin analogue, BRT, acutely 

attenuates both platelet dense and α granule exocytosis and reduces αIIbβ3 integrin expression upon 

agonist stimulation. Furthermore, BRT reported significant antioxidant capacity in conditions of 

induced oxidative stress with mitochondrial derived superoxide production attenuated by BRT 

exposure. Finally, despite attenuation of platelet activity, BRT did not alter platelet viability or Δψm, 

indicating acute exposure is unlikely to be toxic to platelets.  

Platelet granule exocytosis is driven by increased intracellular Ca2+ accumulation, resulting in 

attraction of platelets to sites of vascular injury; propagating the haemostatic response.389 ATP, the 

major constituent of platelet dense granules is intrinsic to platelet function.390 A significant reduction 

in ATP release following BRT treatment was reported, indicating impaired dense granule exocytosis 

with additional concentrations above 10µM reporting no further inhibition. Moreover, greater ATP 

release was reported upon stimulation with increased agonist concentration. Consistent with dense 

granule exocytosis inhibition, platelet P-selectin expression was also attenuated by BRT treatment. P-

selectin redistributes from the plasma membrane of platelet α granules to the surface upon activation 

and is an accepted marker of platelet activation.391,392 P-selectin expression was significantly 

attenuated, and occurred in a dose dependant manner, upon TRAP-6 stimulation following exposure 

to 10 - 100µM BRT concentrations. ADP induced P-selectin expression was attenuated in a dose 

dependent manner, consistent with previously published data where increasing serum bilirubin 

concentrations were weakly correlated with reduced ADP induced P-selectin expression.27 In addition 

to attenuation of agonist induced P-selectin expression, platelet αIIbβ3 upregulation following agonist 

stimulation was also attenuated by BRT treatment. This is consistent with previous reports of 

individuals with benign hyperbilirubinemia GS report a trend towards decreased αIIbβ3 integrin 

upregulation upon agonist stimulation.27 Interestingly, both ADP induced P-selectin and PAC-1 binding 

was not significantly attenuated by 10µM BRT following 15 minutes, however after 60 minutes both 

were significantly attenuated. This indicates a time dependent mechanism of inhibition in which lower 
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concentrations of BRT attenuate platelet activation given greater exposure time, potentially 

advantageous in the context of storage where platelets are stored for up to 5 days.14 

BRT attenuation of platelet granule exocytosis reported here is consistent with similar reports of 

inhibition by bilirubin-based compounds. Perturbation of Ca2+  homeostasis and inhibition of nerve 

terminal vesicle exocytosis by bilirubin, both through Ca2+  dependent and independent mechanisms, 

has been previously reported.393 Bilirubin modulation of nicotinic acetylcholine receptor function via 

the PKA pathway is one hypothesis by which bilirubin may modulate presynaptic neurotransmitter 

release.393,394 Concentrations of BRT above 3µM supressed nicotinic acetylcholine receptor (nAChRα7) 

channel current in a non-competitive manner.394 Platelets express nAChRα7 subunits that form 

functional Ca2+ channels and increase platelet aggregation in response to ADP and TXA2.395 Taken 

together, potential attenuation of nAChRα7 function by BRT may go part way to explaining the 

reduction in platelet granule exocytosis reported here, with further investigations evaluating direct 

measures of intracellular Ca2+ accumulation a focus for future work. Taken together these data 

support BRT inhibition of granule exocytosis with subsequent impact on platelet integrin upregulation.  

Despite reported attenuation of platelet granule exocytosis and integrin upregulation, BRT did not 

perturb aggregation.306 This is inconsistent with previous findings of inhibited aggregation following 

antioxidant exposure.26,368,369 Inducible ROS formation is a key mechanism by which platelet 

aggregation occurs.115,396 Our lab first reported the inhibitory effect of UCB on platelet aggregation in 

response to both collagen and ADP in vitro.26 This is the first report to investigate the impact of BRT 

on platelet aggregation, showing no effect up to a concentration of 100µM. Although results of global 

ROS attenuation following TRAP stimulation support BRT activity like that of UCB, work is required to 

further examine differences in platelet aggregation results seen. However, inclusion of antioxidants 

during platelet storage reports preserved aggregation characteristics, highlighting the multifaceted, 

and incompletely understood mechanisms by which oxidative processes within platelets occur.211 

Although the unremarkable impact of BRT on platelet aggregation may be advantageous, to combat 
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inappropriate platelet activation during storage, future studies should study the impact of BRT on 

additional measures of platelet function. 

Linear tetrapyrroles are potent antioxidants therefore any noted attenuation of platelet activation 

may be a result of such capacity.3,335,397 Inhibition of platelet ROS activity, either through 

pharmacological agents or genetic deletion of key proteins, demonstrates significant inhibitory 

effects, both in vitro and in vivo.112,115,120,204 Bilirubin inhibition of NOX subunit assembly and 

superoxide production, along with direct and potent scavenging of the superoxide radical cation, 

strongly supports an effect of bilirubin on ROS production at mildly elevated physiological 

concentrations.3,315,397,398 This is consistent with results reported here where BRT attenuated ROS 

(including superoxide) generation. Non-specific ROS generation was investigated using H2DCFDA 

fluorescence upon stimulation with various agonists in order to assess the multiple sources of ROS 

within platelets.119 ROS production under these conditions was significantly attenuated by both 

100µM BRT pre-treatment. Following treatment with antimycin, an antibiotic that blocks Q cycling 

within Complex III thus producing superoxide, all BRT concentrations attenuated ROS generation 

indicating a mitochondrial targeted mechanism of action.399 This was confirmed using  BRT treatment, 

which reduced MitoSOX oxidation product positive platelets in addition to reducing H2DCFDA 

fluorescence upon antimycin stimulation. The scavenging capacity of BRT, and other bilirubin 

derivatives, towards superoxide is well established.317,398 Such characteristics may be considered 

advantageous in translating BRT for inclusion during platelet storage where ROS accumulation and 

degradation of mitochondrial stability is noted.19,22,373,400 To date a number of studies have 

investigated ROS generation in platelets during storage.19,22,99,166,373,400 Villarroel et al. reported 

intracellular mitochondria superoxide generation increased substantially on day 3, peaking after 5 

days of storage.166 This is consistent with the findings of Skripchenko et al. and Ghasemzadeh et al. 

who demonstrated increased ROS generation in platelets stored over 7 and 5 days respectively.19,400 

Therefore, it is not surprising that inclusion of antioxidants during storage preserves haemostatic 

function and attenuates of pro-apoptotic phenotype generation.175,211,219,230,236,240,373,401 These data, 
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therefore, provide an appropriate justification for testing the efficacy of BRT in stored platelet 

products.  

The impact of BRT on platelets reported here, is unlikely to be result of cytotoxicity. Platelet viability 

was not affected over 240 minutes, contrary to previous work indicating a shift towards a pro-

apoptotic phenotype upon UCB treatment of platelets.321 Naveenkumar et al. reported reduced Δψm, 

upregulation of PS and increased ROS production upon treatment of platelets with high (50 – 300µM) 

concentrations of UCB in vitro.321 UCB may indeed induce cytotoxicity through a mitochondrial 

dependent mechanism, as reported in HCT15 cells.402 In both platelets and HCT15 cells, UCB treatment 

reported Δψm perturbation and upregulation of caspase activity.321,402 However, BRT treatment failed 

to alter HCT15 cell viability or perturb Δψm  in the study by Keshavan et al., with Rangappa et al. only 

investigating UCB and not including BRT.321,402 A possible explanation for this divergent effect might 

be related to the hydrophilic nature of BRT, versus hydrophobic nature of UCB, and as such may 

influence cellular and absorption and distribution.279 Despite the differences in hydrophobicity 

between UCB and BRT, BRT did not perturb Δψm or induce obvious platelet death in this study. 

However, BRT treatment did not significantly increase platelet viability compared to control or vehicle, 

indicating that although not directly cytotoxic, BRT and viability appears indifferent over 4 hours. 

Although, further assessment of viability in a model of platelet storage, where longer exposure times 

would be investigated, is required. 

Limitations 

The experimental design of this study aimed to assess the acute effects of BRT on platelet activation 

and functional responses over a period of 4 hours. It should be acknowledged that although the 

current data demonstrate inhibition of platelet activation and ROS production by BRT, which could be 

of potential utility within conditions of storage, they do not accurately reflect the storage conditions 

employed clinically (i.e. in terms of storage duration, inclusion of platelet storage solutions/buffers, 

use of agitation and oxygen permeable storage bags). Future studies are required to determine the 
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efficacy of BRT use in relevant storage conditions and whether inhibition might be reversible, which 

would provide a stronger basis for use in clinical practice.   

Conclusion 

This is the first study to investigate the impact of BRT on ex vivo platelet function. Acute BRT platelet 

exposure attenuated ROS production and perturbed granule exocytosis with inhibition of integrin 

activation following agonist stimulation. Platelet aggregation was not affected by BRT treatment 

which also did not induce cytotoxicity or perturb Δψm. The precise mechanism by which BRT acts on 

platelets remains to be elucidated however, these data taken together indicate significant antioxidant 

scavenging upon induced oxidative stress and reductions in granule release and activation upon 

agonist stimulation. These results form a sound rationale for testing the efficacy of BRT in stored 

platelet products, with the aim of preserving function.  

Author Contribution 

E.N. Pennell designed and performed research, analysed data and wrote the manuscript. K-H Wagner 

assisted in revising this manuscript. S. Mosawy and A.C. Bulmer assisted in research design and 

revised/wrote the manuscript. All authors approved the final revision and submission of this 

manuscript. 

Acknowledgements 

The authors thank Dr Jelena Vider MD, Mr Ryan Shiels and Mr Josif Vidimce for their assistance. The 

authors would also like to thank the volunteers who donated blood.  

Funding / Disclosure of Conflict of Interests 

This work was supported by internal funding provided the Health group, Griffith University. All authors 

declare no conflicts of interest.  

 

 

 



 

4-133 
 

 

 

 

 

 

 

 

 Chapter Four: The impact of chronic bilirubin ditaurate 

exposure on platelet function within a model of storage for 

transfusion 
 

 

Given the attractive antiplatelet characteristics observed following acute ex vivo exposure, this 

chapter describes the impact of 35µM BRT supplementation of platelet units during storage. This 

chapter presents the first evidence of substantially perturbed platelet metabolism and the detrimental 

impact on functional responses following extended BRT exposure. The published supplementary 

material is included in Appendix 2. 

 

 

Chapter Four is included as an original research article (formatted to ensure thesis continuity) 

published in Platelets (2019). 
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Abstract 

BRT, a conjugated bilirubin analogue, has demonstrated antiplatelet characteristics following acute ex 

vivo exposure. Scavenging of mitochondrial superoxide and attenuation of granule exocytosis 

suggested a potential benefit for including bilirubin ditaurate for storage. With no reports of 

cytotoxicity following acute exposure, the impact of 35µM BRT on platelet function was investigated, 

in clinically suppled units, for 7 days. Exposure to 35µM BRT significantly reduced Δψm and increased 

glucose consumption until exhaustion after 72 hours. Platelet aggregation and activation was 

significantly impaired by BRT. Mitochondrial superoxide production and PS expression were 

significantly elevated following glucose exhaustion, with decreased viability observed from day 5 

onwards. Lactate accumulation and loss of bicarbonate buffering, support a metabolic disturbance, 

leading to a decline of quality following BRT inclusion. Although acute ex vivo BRT exposure reported 

potentially beneficial effects, translation from acute to extended exposure failed to combat declining 

platelet function during storage. BRT exposure resulted in perturbations of platelet quality, with the 

utility of BRT during storage therefore limited, however these are the first data of prolonged platelet 

exposure to analogues of conjugated bilirubin and may improve our understanding of platelet function 

in the context of conjugated hyperbilirubinemia.  
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Introduction 

The provision of quality platelet products is a cornerstone of modern transfusion medicine. The limited 

shelf-life and deteriorating quality of platelets stored at room temperature is well documented.145,372  

Combating the PSL has therefore become a key research topic, which aims to stabilise platelet function 

during storage thus improving utilisation.148,403 Amongst various methods investigated to date, the 

inclusion of antioxidants remains under-studied, despite reported preservation of haemostatic 

function in vitro.175,211,219,230 Both classical platelet products, and those treated with PI, report 

increasing ROS production during storage, with antioxidants likely to provide additional 

benefit.18,20,240,245 To date only exogenous antioxidants have been investigated, with no study of 

endogenous molecules undertaken.184,211 Bilirubin, a product of haem catabolism, is an endogenous 

tetrapyrrole found in blood, with well documented antioxidant and cytoprotective properties.3,4,308 

The antiplatelet characteristics of UCB, at physiologically relevant concentrations, were first published 

following collagen stimulation, suggesting a potential preventative role for UCB in 

atherothrombosis.4,26,404 Given the hydrophobicity of UCB, water soluble conjugated bilirubin could 

represent a convenient alternative for inclusion within stored platelet units. 279 Upon acute exposure, 

BRT, a synthetic bilirubin conjugate, attenuated platelet α granule exocytosis and integrin 

upregulation with unremarkable impact on aggregation.404 Following induced oxidative insult, BRT 

attenuated mitochondrial derived superoxide production whilst not perturbing Δψm, physiological 

ROS production or inducing cytotoxicity.404 Given the purported benefit of mildly elevated serum UCB 

concentrations, as demonstrated in GS, these ex vivo results provide a strong rationale for studying 

inclusion during storage.3,27 As such, this study aimed to examine the effect of 35µM BRT (a 

physiologically relevant and efficacious bilirubin concentration tested previously) on platelet function, 

within clinically relevant storage solutions and conditions. 
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Methods 

Materials 

UCB and BRT were purchased from Frontier Scientific (Logan, USA). Antibody compensation capture 

beads (Anti-Mouse Ig, κ/Negative Control), anti-CD42b-APC (HIP1, 551061), anti-CD62P-PE (AK4 

555524), anti-PAC-1-FITC (PAC1, 340507), anti-CD41a-FITC (HIP8, 555466), anti-CD41a-PE-Cy7 

(HIP8,561424) and Annexin V-BV421 (563973), flow stain buffer (BSA) and AVBB were purchased from 

Becton Dickinson (Brisbane, Australia). Platelet agonists ADP, collagen and AA were purchased from 

Helena Laboratories (Melbourne, Australia), with SFLLRN TRAP-6 purchased from Haemoview 

Diagnostics (Brisbane, Australia). All aggregation consumables and epinephrine were from Chrono-

Log® (DKSH, Brisbane, Australia) with MitoSOXTM Red from ThermoFisher Scientific (Brisbane, 

Australia). Both MitoSPYTM Green and Zombie VioletTM Fixable Viability dye were purchased from 

BioLegend (San Diego, USA). Scharlau supragradient HPLC methanol (MeOH) was purchased from 

Chem-Supply (Gillman, Australia). All other reagents were purchased from Sigma Aldrich (Castle Hill, 

Australia) unless otherwise stated. 

Treatment and Storage Conditions 

Griffith University Human Ethics Committee approval was obtained prior to experimentation 

(HREC:2016_644). Leukocyte depleted, pooled platelets (buffy coat derived), supplemented SSP+ (the 

PAS utilised by the ARCBS) were processed as clinically required by the ARCBS. The gifted platelet units 

were received the day after collection (Day 1 = day of collection, therefore received on Day 2), and 

randomised to control, vehicle or 35µM BRT treatment. Units were stored until day 7 (D7) at room 

temperature, with constant agitation on an orbital rocker (Scanshake Orbiter 500, LabGear Australia) 

at 60RPM in the dark. An appropriate BRT stock solution was prepared in 10mL of SSP+ with absence 

of obvious precipitation confirmed by centrifugation (21500RCF; 5min) prior to injection on D2.26 

Untreated control (without solvent treatment) and solvent control (SSP+ only) conditions were also 

completed, with all conditions conducted in separate pooled units. Ambient temperature was 

recorded during storage and the absence of bacterial contamination confirmed on D7 by Gram stain. 
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Sample Preparation 

Each day a total of 10mL of platelet rich media (PRM) was withdrawn aseptically, via an 18G needle. 

Platelet poor media (PPM) was generated by centrifugation (2000RCF; 10min) with platelets isolated 

for 5,5,6,6-Tetrachloro-1,1,3,3-tetraethylbenzimidazolylcarbocyanine iodide (JC-1) and MitoSOX Red 

assays as previously published.404 For both viability and Annexin V staining, PRM was diluted 1:1 with 

HMTB and pelleted (800RCF; 10min, w/ 1µM PGE1) prior to resuspension in HMTB (w/ 1.8mM CaCl2). 

Aliquots of PRM, PPM and the washed platelet pellet (2 x 500µL PBS) were flash frozen in liquid 

nitrogen and stored at -80°C. Assays were performed in dim light, with both samples and fluorescent 

reagents kept covered to prevent degradation. All reagent and agonist concentrations reported are 

final concentrations.  

Platelet Count and Mean Platelet Volume 

Platelet count and MPV of neat PRM was determined using a haematology analyser, in duplicate 

(DxH500, Beckman Coulter, Brisbane, Australia).  

 Platelet Aggregation and Hypotonic Shock Response 

Aggregation and hypotonic shock response (HSR) was assessed by LTA in neat PRM (Chrono-Log® 

Model 700, Chrono-Log Corp, USA).404 Aggregation was analysed in response to 10µM ADP, 20µM 

TRAP-6, 5µg/mL collagen or 0.5mM AA.376,405,406 Turbidimetric aggregation was calibrated against a 

treatment specific PPM, representative of 100% aggregation. Aggregation was recorded over a period 

of six minutes at 37.4°C, with magnetic stirrers set to 1000RPM. HSR was undertaken as previously 

published, with no modifications.407 

Platelet Integrin αIIbβ3 Upregulation and α Granule Release 

Platelet activation was investigated as previously published, with minor modifications.404 Briefly, PRM 

was adjusted to 1 x108/mL with HMTB, prior to stimulation with 10µM ADP, 20µM TRAP-6, 5µg/mL 

collagen (w/10µM epinephrine) or 0.5mM AA (5min; 22°C). Following simulation, 50µL of PRM was 

incubated with 5µL anti-CD42b-APC, 2.5µL anti-CD62P-PE and 5µL anti-PAC1-FITC (30min; 22.4°C) 
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prior to fixation with 900µL of 1% (w/v) PFA HEPES saline for 30 minutes at room temperature. 

Samples were diluted 1:1 with flow stain buffer, pelleted (800RCF, 10min), supernatant discarded and 

resuspended in 250µL of stain buffer. Basal P-selectin and upregulated integrin αIIbβ3 binding was 

assessed in unstimulated samples. All samples were refrigerated at 4°C prior to analysis on a BDTM 

SORP LSR II Fortessa flow cytometer (Becton Dickinson, USA) within 24 hours of fixation. Platelets 

were identified by characteristic forward and side scatter parameters with a minimum of 50000 anti-

CD42b-APC positive events captured. A sample of control PRM was treated with 10µM PGE1 (15min; 

22°C) prior to TRAP-6 agonist stimulation, serving as a positive control for platelet inhibition.408 

Platelet GPIbα Shedding 

GPIbα expression was examined by anti-CD42b-APC fluorescence. Briefly, 50µL of PRP (1 x108/mL) was 

incubated with 5µL anti-CD42b-APC and 2µL anti-CD41a-PE-Cy7 or 5µL of anti-CD41a-FITC (30min; 

22ºC) and processed as per the activation samples. Platelets were identified by characteristic forward 

and side scatter parameters with a minimum of 50000 anti-CD41a positive events captured using the 

BD SORP LSR II Fortessa. 

Viability 

Platelet viability was assessed with the fixable viability stain Zombie Violet. Briefly, 50µL of washed 

platelets (1 x 107/mL) were incubated (30min; 22ºC) with 2µL anti-CD41a-PE-Cy7 or 5µL of anti-CD41a-

FITC and 50µL of Zombie Violet (1:200 with PBS) for a final platelet count of 500 000 and 1:400 dilution 

respectively. Samples were fixed and processed as per the activation samples. Platelets were 

identified by characteristic forward and side scatter parameters with a minimum of 50000 anti-CD41a 

positive events captured using the BD SORP LSR II Fortessa. Viability was reported as the percentage 

of Zombie Violet dim platelets, where a heat-treated sample (65ºC, 20min) served as a positive control 

for accurate gating of bright (dead) platelets. 
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Phosphatidylserine Expression 

Platelet PS expression was assessed as previously published.404 Briefly, 50µL of washed platelets 

(1x107/mL) were incubated with 2.5µL of Annexin-V-BV421 and 1µL of anti-CD41a-PE-Cy7 or 5µL of 

anti-CD41a-FITC (20min; 22.4C) prior to dilution with 300µL AVBB. Annexin V expression was 

immediately assessed on the BD SORP LSR II Fortessa. Platelets were identified by characteristic 

forward and side scatter parameters with a minimum of 50000 anti-CD41a positive events captured. 

Samples incubated with 10µM A23187 +/- 5mM Ethylenediaminetetraacetic acid (EDTA), at time of 

anti-CD41a incubation, served as controls for induced PS upregulation and chelation of calcium 

respectively.409 

Mitochondrial Membrane Potential 

Δψm was evaluated as previously published.174,175 Briefly, 50µL of isolated platelets (1x106/mL) were 

incubated with JC-1 (500nM final concentration) in 450µL of 0.1% (w/v) BSA PBS (20min; 37.4°C). 

Fluorescence was immediately assessed with a Guava EasyCyteTM 5HT flow cytometer (Merck 

Millipore, Australia). Platelets were identified by characteristic forward and side scatter parameters 

with a minimum of 10000 events captured. Δψm was reported as a ratio of JC-1 aggregate to monomer 

median fluorescence intensity. Samples incubated with 50µM CCCP during JC-1 incubation served as 

a positive control for loss of Δψm.174 

Mitochondrial Targeted Superoxide Production 

Mitochondrial superoxide production was investigated using the fluorescent dye MitoSox Red, 

concurrently with JC-1, as previously published.404 Briefly, 100µL of isolated platelets (5x106/mL) were 

incubated with 2.5µL of anti-CD42b-APC and 25nM MitoSPY Green (15min, 37.4ºC) prior to incubation 

with 2.5µM MSR (15min, 37.4ºC). Following incubation, samples were diluted 1:5 with HMTB 

(w/1.8mM CaCl2) and fluorescence immediately assessed with the BD SORP LSR II Fortessa. Platelets 

were identified by characteristic forward and side scatter parameters with a minimum of 50000 anti-

CD42b-APC and MitoSPY Green positive events captured. Samples incubated with a final 
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concentration of 20µM antimycin (5min, 22°C), following MitoSox Red incubation, served as a positive 

control for induced superoxide production.404  

Biochemical Analysis 

Albumin, bicarbonate, glucose, lactate, LDH, total protein, uric acid and electrolyte composition of the 

PPM was assessed using an automated clinical chemistry analyser (AU480, Beckman Coulter, 

Australia) according to the manufacturer’s instructions for use (IFU). All parameters were calibrated 

and reported acceptable quality control (QC) values prior to analysis. PPM antioxidant status was 

assessed by a modified version of the FRAP assay on a Roche COBAS Integra 400 (Roche Diagnostics, 

Sydney Australia).306 Glucose consumption was calculated over total storage duration, with lactate 

production calculated from D2 until the day of the peak concentration observed and normalised for 

platelet count and time. 

UCB and BRT Quantification and  

PPM UCB and BRT concentrations were analysed by HPLC.306 Please see Supplementary Material 1 for 

detailed method.  

Flow Cytometric Analysis 

Please see Supplementary Material 2 for cytometer set up and Supplementary Materials 3-8 for 

respective gating strategies adopted for both pulse geometry doublet exclusion and target population 

identification. All flow cytometric data analysis undertaken in FlowJo V10 (FlowJo LLC, USA). 

Statistical Analysis 

All values are expressed as mean ± SD standard of control (n = 8), vehicle (n = 5) and 35µM BRT (n=5) 

treated units. A mixed error-component model was used to determine whether significant differences 

between control, vehicle and 35µM BRT treated units occurred across the storage period. Where 

statistical significance (p <0.05) was reported, a further Bonferroni’s multiple comparisons test was 

undertaken to compare 35µM BRT and vehicle treatment. Statistical analysis was undertaken using 

GraphPad PRISM (v8.2). 
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Results 

The impact of 35µM BRT on markers of platelet function during storage, in clinically supplied units, 

was assessed to determine if BRT could combat PSL formation. 

Platelet Aggregation and Hypotonic Shock Reponses 

Generally, aggregation remained relatively stable during storage for both control and vehicle 

conditions, (Figure 4-1). However, the 35µM BRT treatment significantly reduced platelet aggregation 

in response to all agonists on D5-7 (p<0.05), compared to vehicle, (Figure 4-1A, B, C & D). Recovery 

from hypotonic shock was impaired following 35µM BRT treatment, with significant reductions 

reported on D5-7 (p<0.01), compared to vehicle, (Figure 4-1E). 

Platelet α Granule Release and Upregulation of Integrin αIIbβ3  

Agonist stimulated P-selectin expression and integrin αIIbβ3 upregulation generally declined over 

storage duration, most notably in response to ADP, TRAP and AA (all p<0.01), (Figure 4-2). Both P-

selectin and PAC-1 binding following ADP stimulation was reduced in the 35µM BRT treated platelets 

on D5-D7 (p<0.05 and p <0.05 respectively), compared to vehicle. A similar result for TRAP stimulated 

expression was reported, (Figure 4-2B), however, 35µM treatment reported P-selectin attenuation on 

D4 (p<0.05), with both P-selectin and PAC-1 binding significantly reduced on D5-7 (both p<0.05). Poor 

P-selectin upregulation following 5µg/mL collagen (w/ 10µM epinephrine) was observed (Figure 4-

2C), although αIIbβ3 upregulation reported a greater response to this agonist combination than the 

35µM BRT treatment, reporting attenuation on D5-D6 (p<0.05) compared to vehicle. A trend towards 

declining activation marker expression following stimulation with 0.5mM AA was observed following 

35µM BRT treatment, with P-selectin expression significantly attenuated on D5-D6 (p<0.05) compared 

to vehicle. A similar trend was observed for upregulation of αIIbβ3; however, no statistical significance 

was achieved, despite a substantial reduction during storage being observed, (Figure 4-2D). 
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Figure 4-1 The impact of BRT on platelet aggregation  
The impact of BRT on platelet aggregation in response to final concentrations of A) 10μM ADP, B) 20μM TRAP-
6, C) 5μg/mL collagen and D) 0.5mM AA. Data reported as maximum aggregation percentage of control (black), 
vehicle (grey) or 35μM BRT (orange) treated platelets. Data are ± SD. n = 8 (control) 5 (vehicle & BRT). Statistical 
significance compared to vehicle. *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001. E) Recovery of platelets to 
hypotonic shock response during storage treated with control (black), vehicle (grey) or 35μM BRT (orange). Data 
are mean ± SD. n = 4 Statistical significance compared to SSP+ vehicle. ****p<0.0001  
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Figure 4-2 The impact of BRT on platelet α-granule release and GPIIb/IIIa upregulation 
The impact of BRT on platelet α-granule release and integrin GPIIb/IIIa upregulation upon stimulation with A) 
10μM ADP, B) 20μM TRAP-6, C) 5μg/mL collagen (w/ 10μM epinephrine) or D) 0.5mM AA. Data reported as fold 
change over resting basal marker expression of control (black bars), vehicle (grey bars) or 35μM BRT treatment 
(orange bars). Data are ± SD. n = 8 (control) 5 (vehicle & BRT). Statistical significance compared to vehicle. * 
p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001.  

  



 

4-146 
 

Basal Surface Marker Expression 

All treatments reported increasing basal P-selectin expression over storage duration (p<0.0001), 

however upregulated αIIbβ3 expression was not significantly different over time, in either control or 

vehicle conditions, as seen in Table 4-1 and Figure 4-3, (p=0.548). Expression of both P-selectin and 

upregulated αIIbβ3 was significantly increased in the 35µM BRT treated platelets on D5-D7 (p<0.05 & 

p<0.05) when compared to vehicle. 

GPIbα Expression 

Platelet GPIbα expression was consistent over storage duration in both control and vehicle treated 

units, (Figure 4-4). A trend of diminishing expression following 35µM BRT treatment was observed 

from D2 onwards, with significant reductions on D5-D7 (p<0.01) reported when compared to vehicle, 

(Figure 4-4). 

Mitochondrial Membrane Potential 

Decreasing Δψm was observed in all treatment conditions over time (p<0.0001), with 35µM BRT 

treated platelets reporting significant loss on D3-D6 (p<0.05) compared to vehicle, (Figure 4-5). The 

JC-1 ratios of all treatment conditions were significantly reduced on D7, compared to D2 (p<0.0001). 

Mitochondrial Superoxide Production 

All treatment conditions reported increasing mitochondrial superoxide production over time (p< 

0.001). The peak mean superoxide product fluorescence was observed on D5 for control, D6 for 

vehicle and D7 for 35µM BRT treatment conditions, (Figure 4-5). 35µM BRT treated platelets reported 

significantly increased superoxide product fluorescence on D5-D7 (p<0.05), compared to vehicle. 
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Figure 4-3 The impact of BRT on platelet viability, basal Annexin V, P-selectin and PAC-1 positive platelets during storage   
Viability and basal Annexin V, CD62P and PAC-1 percent positive platelets during storage. Data represented as percentage of control (black), vehicle (grey) or 35μM BRT 
(orange) treated platelets. Data are ± SD. n = 8 (control) 5 (vehicle & BRT). Statistical significance compared to vehicle. *p<0.05, **** p<0.0001. B) Representative plots of 
platelet activation markers P-selectin (anti-CD62P-PE y axis) and PAC-1 (anti-PAC-1-FITC x axis) of control, vehicle or 35μM BRT treated platelets on D2, D5 and D7. 
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Figure 4-4 The impact of BRT on basal platelet GPIbα expression during storage  
A) The impact of BRT on basal platelet GPIbα expression during storage. Data reported as MFI of anti-CD42b of a CD41a positive population of control (black), vehicle (grey) 
or BRT (orange) treated platelets. Data are ± SD. n = 8 (control) 5 (vehicle & BRT). Statistical significance compared to vehicle. *p<0.05, **p<0.01, ****p<0.0001. C) 
Representative plots of anti-CD41a vs anti-CD42b of control, vehicle and 35μM BRT treated platelets on D2 and D7. 
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Figure 4-5 The impact of BRT on platelet mitochondrial membrane potential and mitochondrial superoxide production during storage  
A) Representative plots of JC-1 aggregates vs monomers of control, vehicle and 35μM BRT treated platelets on day 2 and day 7, including representative plot of 50μM CCCP 
treated control sample as positive control for loss of membrane polarisation. B) Mitochondrial superoxide of control (black), vehicle (grey) or 35μM BRT (orange) treated 
platelets over storage duration. Data reported as superoxide oxidation product (2-OH-MitoE+) MFI of a CD42b and MitoSPY Green positive population. Data are ± SD. n = 8 
(control) 5 (vehicle & BRT). Statistical significance compared to vehicle. *p<0.05, **p<0.01. C) Mitochondrial Membrane Potential of control (black), vehicle (grey) or 35μM 
BRT (orange) treated platelets over storage duration. Data reported as JC-1 ratio of aggregates to monomers. Data are ± SD. n = 4 Statistical significance compared to vehicle. 
*p<0.05 D) Representative 2-OH-MitoE+ fluorescence plots of control, vehicle and 35μM BRT treated platelets on day 2 (blue) and 7 (green). 



 

4-150 
 

Metabolism and Media Biochemistry 

Decreasing glucose concentrations (p<0.0001), with concurrent increasing lactate concentrations 

(p<0.0001) were observed in all conditions during storage. However, glucose exhaustion was seen 

from D5 onwards in the 35µM BRT treatment condition, with both control and vehicle treatments 

reporting average concentrations of 4.03mM and 5.00mM on D7, (Figure 4-6A & Table 4-1). 35µM 

BRT treated platelets reported peak lactate concentrations of 12.72mM on D5, before trending 

downwards on D6 and D7. Average lactate concentrations were significantly greater in the BRT 

treatment group on D5-D6 (p<0.01), compared to vehicle, (Figure 4-6B). LDH activity generally 

increased with lactate production (Table 4-1) however, 35µM BRT treated platelets had significant 

increases in LDH activity on D5-D7 (p<0.0001), compared with vehicle, (Figure 4-6C). Consistent with 

increasing lactate, a loss of bicarbonate in 35µM BRT treated platelets was observed on D5-D7 

(p<0.001), when compared to vehicle, (Figure 4-6D). Glucose consumption was increased in the 35µM 

BRT treated platelets (0.278±0.10 mmol/x1012plt/day) (p<0.001) when compared to both control 

(0.122±0.04 mmol/x1012plt/day) and vehicle (0.091±0.04 mmol/x1012plt/day), (Figure 4-6E). Likewise, 

lactate production was significantly increased following BRT treatment (0.619±0.24 

mmol/x1012plt/day) (p<0.001) compared to both control (0.199 ± 0.05 mmol/x1012plt/day) and vehicle 

(0.179±0.06 mmol/x1012plt/day). Both the Na+ and Cl- concentrations of the PPM were consistent for 

all treatment groups over storage duration (Table 4-1) with increased K+ concentrations reported in 

the 35µM treated platelets on D6-D7 (p<0.01). 

Platelet Count, Volume and Viability 

A trend towards a decreasing platelet count was observed in the 35µM BRT treatment condition, 

although did not reach statistical significance. However, 35µM BRT treatment did report significant 

increases of MPV on D5-D7 (p<0.05), compared to vehicle, (Table 4-1). Platelet viability did decrease 

over storage (p<0.001) with significant losses on D6-D7 (p<0.05) following 35µM BRT treatment, 

(Figure 4-3A). 
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Tetrapyrrole Content 

UCB concentrations were consistent during storage for both control (p=0.90) and vehicle (p>0.999) 

treatment conditions, however the 35µM BRT treated platelets reported significantly lower 

concentrations on D7 (p<0.01) compared to vehicle, (Table 4-1). BRT concentrations were not 

significantly perturbed over storage duration for either control (p>0.999) or vehicle (p>0.999). 

However, lower BRT concentrations were reported in the 35µM treatment condition, on both D5 and 

D7 (both p<0.001) compared to D2, (Table 4-1). 

Antioxidant Capacity 

The antioxidant capacity of the storage media was investigated using the FRAP assay. The 35µM BRT 

treatment condition reported elevated FRAP values only on D2-D4 (p<0.01; Table 4-1) when compared 

to control. Concentrations of uric acid (p=0.29), total protein (p=0.40) and albumin (p =0.10) were not 

significantly altered in any condition during storage, (Table 4-1). 
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Figure 4-6 Platelet poor media biochemistry during storage duration 
A) glucose, B) Lactate, C) Lactate Dehydrogenase and D) Bicarbonate concentrations over storage duration from 
control (black bar), vehicle (grey bar) and 35μM BRT (orange bar) treatment conditions. E) Glucose consumption 
(left axis) and lactate production (right axis) of control (black bar), vehicle (grey bar) or 35μM BRT (orange bar) 
treatment conditions over storage duration. Data are ± SD. n = 8 (control) 5 (vehicle & BRT). Statistical 
significance compared to SSP+ vehicle. **p<0.01, ***p<0.001, **** p<0.0001.  
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Figure 4-7 Correlation of platelet mitochondrial membrane potential and various parameters during storage  
Platelet MMP (as JC-1 ratio) plotted against A) storage media glucose concentration, B) basal platelet 
phosphatidylserine expression and C) platelet mitochondrial superoxide. Data are individual points at each 
timepoint and condition over storage, with 99% CI plotted and Pearson correlation coefficient.
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TABLE 4-1 MARKERS OF PLATELET METABOLISM AND GLYCOPROTEIN EXPRESSION OF CLINICALLY SOURCED POOLED PLATELETS STORED AT ROOM TEMPERATURE FOR 7 DAYS 

ND: not detected. Data are ± SD. n = 8 (control) 5 (vehicle & BRT)  
† p value obtained from mixed error-component model analysis  
‡ Statistical significance compared to vehicle. p<0.05  
• Statistical significance compared to control. p<0.05  

 

 

Control Vehicle 35µM BRT Control Vehicle 35µM BRT Control Vehicle 35µM BRT Control Vehicle 35µM BRT Control Vehicle 35µM BRT Control Vehicle 35µM BRT

6.20  1.14 6.48  0.37 5.93  0.59 5.81  1.22 6.13  0.39 5.49  0.64 5.21  1.06 5.78  0.34 4.9  1.02 4.68  0.84 5.74  0.54 ND 4.18  0.74 5.37  0.57 ND 4.04  1.08 5.01  0.52 ND < 0.0001
6.36  1.77 5.70  1.04 5.95  0.99 7.11  1.83 6.39  1.09 6.67  0.93 8.19  1.49 7.07  1.12 8.64  3.50 9.02  1.31 7.24  0.66 12.46  2.91‡ 9.96  1.43 8.19  0.76 11.44  1.95‡ 10.29  1.70 8.69  0.71 9.96  2.12 < 0.0001
4.66  1.85 4.69  0.90 4.33  0.60 4.766  1.79 4.62  0.99 3.71  0.31 3.89  1.68 4.26  1.12 3.16  1.52 3.86  1.56 4.53  0.86 1.44  1.57‡ 3.66  1.24 4.29  0.96 1.14  1.43‡ 4.24  1.11 4.20  0.96 1.22  0.36‡ < 0.0001

67.54  17.01 76.67  34.09 61.89  14.52 69.35  24.74 74.39  24.87 107.51  61.99 66.71  13.99 72.66  13.72 198.02  239.43 88.78  30.38 70.74  8.88 931.67  711.63‡ 72.34  10.64 70.49  2.95 1074.04  791.71‡ 75.62  12.44 100.23  33.56 1251.83  868.11‡ < 0.0001
1128.09  111.15 989.80  61.69 1431.88  182.63‡ 1087.77  111.07 1017.57  37.98 1188.54  83.433‡ 1111.44  119.26 1080.68  128.75 1250.64  31.83‡ 1131.91  130.99 990.92  92.94 1234.39  35.80 1106.96  113.23 1032.10  128.26 1258.51  158.92 1062.14  109.63 1115.28  153.10 1258.31  156.17 <0.05
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Discussion 

Platelet exposure to 35µM BRT significantly attenuated aggregation, α granule exocytosis and αIIbβ3 

upregulation, perturbed Δψm and viability on D5-D7. Basal P-selectin, αIIbβ3 and PS expression were 

significantly elevated following BRT treatment, with a reduction in GPIbα expression also observed. 

Significantly increased mitochondrial superoxide production and accelerated glucose consumption 

were also observed. A concurrently increased lactate production was also observed following BRT 

treatment, which when combined with elevated LDH activity, increased K+ and decreased viability, 

support the conclusion that extended exposure of platelets to 35µM BRT induced death. These data 

indicate that 35 µM BRT is not a viable candidate for inclusion in stored platelet units.404 Interestingly, 

these data also suggest that conjugated hyperbilirubinemia, as seen in DJS, may contribute to impaired 

platelet function in vivo.410 

Platelets rely heavily on oxidative phosphorylation to satisfy metabolic requirements, with greater 

than two thirds of oxygen utilisation linked to ATP production within the mitochondria.135 This crucial 

relationship between haemostatic and mitochondrial function is emphasised when platelet responses 

are significantly diminished upon loss of Δψm .135,400,411 Loss of Δψm and increased glycolytic rates are 

typically observed during the PSL, with additive solutions supplementing key metabolites and buffers 

in efforts to stabilise mitochondrial function.412 The consequences of impaired mitochondrial function 

and glucose exhaustion are well documented.141,264,413 BRT treated platelets first exhibited significant 

losses of MMP within 24 hours of inclusion with accelerated glucose consumption until exhaustion, 

suggestive of direct mitochondrial disruption. The concurrently increased lactate concentration, along 

with increased LDH activity and decreased bicarbonate buffering capacity, all support a shift away 

from oxidative phosphorylation to glycolysis. These data are consistent with trends observed during 

the PSL, although glucose depletion is not typically observed in storage with additive solutions until 

D8 – D12.176,413,414 Both control and vehicle treated platelets did not exhibit such extreme metabolic 

alterations, and were consistent with previously studies.176,413,414 Declining Δψm was strongly 

correlated with decreasing glucose concentrations within this model (r=0.80 ; Figure 7). The 
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consequences of glucose exhaustion and loss of Δψm are observed in the impacts on other markers 

of platelet function reported.  

Loss of aggregability and perturbed α granule release in response to agonist stimulation is a hallmark 

of the PSL.142,146 Decreasing upregulation of activation markers in response to agonist stimulation were 

reported by all treatment groups, with significant reductions in 35µM BRT treated platelets from D5 

onwards. Increased basal expression of P-selectin during storage was observed in all treatment groups 

and corroborates the loss of agonist induced granule exocytosis.243,415 A trend towards decreasing high 

affinity αIIbβ3, in both control and vehicle groups, presented is consistent with previous 

observations.142 However, BRT stored platelets exhibited significant increases of both markers from 

D5 onwards, consistent with inappropriate activation during storage.176,264,413 In line with earlier 

findings of increased α granule exocytosis, 35µM BRT treated platelets display significantly increased 

PS exposure from D6 onwards, with control and vehicle also reporting upward trends with time, 

(Figure 4-3). Like glucose concentrations, PS expression, described a strong negative correlation with 

Δψm within this model, (Figure 4-7). Although platelet PS exposure occurs both with and without 

accompanying apoptosis, increased PS expression following glucose exhaustion with significant losses 

of viability and functional responses, further describes the deleterious outcome of platelet storage in 

BRT supplemented media.34,416 

Additionally, loss of GPIbα expression and increased mitochondrial superoxide generation following 

BRT treatment. The proteolysis of platelet membrane proteins is chiefly mediated by MMPs and 

ADAM families, with GPIbα shedding by ADAM-10/17.178,179 Triggers of ADAM include agonist 

activation, mitochondrial damage and oxidative stress, with significant upregulation and subsequent 

clearance a hallmark of the PSL.43,171,178,180,181,185 Carbonyl cyanide-4-

trifluoromethoxy)phenylhydrazone (FCCP) induced loss of Δψm or induced oxidative stress triggers 

ADAM-17 mediated clearance in a p38-depedent manner.171,185 Consistent with previous studies, 

platelets stored with 35µM BRT displayed loss of Δψm remarkably similar to that of 50µM FCCP 
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treated positive controls, along with significant loss of GPIbα expression.171,185 Moreover, 35µM BRT 

treatment reported increasing mitochondria superoxide production agree with a strongly negative 

correlation with Δψm observed, (Figure 4-7). Supporting mitochondrial dysfunction and GPIbα 

shedding and inappropriate activation observed following 35µM BRT exposure.19,171,185  

The precise trigger of p38MAPK activation during platelet storage has not been elucidated and 

although not directly assessed within this model, is likely responsible for the observed loss of GPIbα 

expression.171,417 Direct activation of p38MAPK by BRT provides a possible explanation of results 

observed here within, given the reported induction of the pathway by UCB.321 UCB has reported 

induction of platelet apoptosis by p38MAPK pathway activation, with constituent ROS accumulation 

and PS upregulation also observed.321 Although BRT was not examined within that model, p38MAPK 

activity was reportedly decreased following BRT incubation in other work by Vizetto et.al417 In studies 

investigating both UCB and BRT, differing impacts on cellular viability have been reported, often with 

exposure to BRT concentrations well above those examined in this model.417,418 Variations between 

examined concentrations and exposure time only further complicate the interpretation of results with 

only one study to date having investigated the impact of conjugated bilirubin on blood products.418 

Lang et al. reported induced erythrocyte death and subsequent anaemia following BRT exposure, 

however the impact was dose dependent with 3mg/dL (~35µM) reporting no significant PS 

upregulation.418 Given previous results from our laboratory, establishing the antioxidant capacity and 

lack of acute cytotoxicity of BRT within platelets following exposure, these results are unexpected. 

Of additional interest is the apparent loss of BRT within the 35µM treatment condition. HPLC 

quantification consistently reports BRT concentrations lower than 35µM, (Table 4-1). The extraction 

efficiency of the HPLC method is provided in Supplementary Material 9. In house prepared QC material 

reporting an average efficiency of 91% and 95% for UCB and BRT respectively. Given the apparent loss 

of UCB and BRT in the treatment condition, (Table 4-1), this may imply oxidation of tetrapyrrole 

compounds.419 Oxidation of BRT is supported by spontaneous and rapid oxidation to BV ditaurate in 
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aqueous solutions374,419 Initial antioxidant status of the 35µM BRT condition was significantly 

increased, compared to vehicle and control conditions, on D2, D3 and D4, returning to similar values 

on D5-D7. These FRAP data are consistent with apparent breakdown of BRT and provide a reasonable 

explanation for the loss, considering uric acid and total protein concentrations remained consistent.305 

However, BRT oxidation products were not examined by HPLC, and does not preclude aggregate 

formation.374 The loss of BRT may also be described by cellular uptake, a conclusion that supports the 

significant impact on Δψm within twenty-hour hours.8 Further, these hypothesis do not preclude 

adsorption of BRT by the platelet bag or the pellet following centrifugation of PRM to PPM. 

This is the first report of the apparent platelet toxicity of BRT following chronic exposure. Given these 

data, BRT supplementation of platelet units is exceedingly unlikely. However, these data may be useful 

in understanding platelet function in conditions of conjugated hyperbilirubinemia, such as DJS or 

cholestasis/cirrhosis.286 Reduced platelet function are associated with mild elevations of serum 

unconjugated bilirubin, primarily displayed in GS.4,26 With direct bilirubin concentrations of up to 

100µM observed in DJS, little work investigating platelet function in these conditions has been 

undertaken despite neonatal presentations of thrombocytopenia.410,420 

Limitations and Future Considerations 

This study aimed to investigate the impact of chronic platelet exposure to 35µM BRT, in a model of 

platelet storage. Although a key strength of this study was the provision of and application to clinically 

relevant platelet products, each intervention was undertaken in separate units. Although a deleterious 

impact on platelet quality was reported, additional studies are required to provide greater confidence 

in this unprecedented observation, although further investigation may be of little merit within this 

model. However, only one concentration was examined, with lower concentrations possibly reporting 

different results to those here within. 
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Conclusion 

Despite promising results following acute ex vivo exposure, supplementation of 35µM BRT during 

platelet storage appears detrimental. Perturbed Δψm and a substantially increased glycolytic rate 

until exhaustion resulted in detrimental impacts on platelet quality following BRT inclusion. This is the 

first study to investigate the storage of platelets with a conjugated bilirubin analogue, and among the 

first to report significant impacts on mitochondrial function.  
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 Chapter Five: Towards ‘Iatrogenic Gilbert’s Syndrome’: 

investigating unconjugated hyperbilirubinemia and platelet 

function following Milk thistle (Legalon®) administration in 

a healthy male cohort. 
 

 

This chapter continues work within our lab investigating novel therapies that could increase serum 

bilirubin levels, as seen clinically in GS. Given the cardioprotective profile and antiplatelet properties 

of UCB, this chapter aimed to assess platelet function in response to increased total serum bilirubin 

concentrations in vivo. The Effect of Milk Thistle extract (Silibinin/Legalon®) On circulating 

unconJugated bilirubin levels and markers of Oxidative stress and inflammation (the MOJO trial) 

administered Milk thistle (Legalon®), a compound known to elevate serum bilirubin, at the 

manufacturer’s recommended dosage in a healthy male population. Platelet function was monitored 

over the study duration.  

 

 

Chapter Five is included as an original research manuscript submitted to Journal of Functional 

Foods. 
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Abstract 

Benign unconjugated hyperbilirubinemia, as displayed in GS, is associated with various health benefits, 

including reduced risk factors for cardiovascular disease and other oxidative stress pathologies. 

Specific evidence supports the direct antiplatelet activity of unconjugated bilirubin observed in GS 

individuals and as such, increasing circulating concentrations may be a novel therapeutic approach in 

conditions of inappropriate platelet activation. Milk thistle reportedly increases serum total bilirubin 

concentrations in vivo and therefore was utilised to examine the impact of increased in vivo 

unconjugated bilirubin concentrations on platelet function.  

The Effect of Milk Thistle extract (Silibinin/Legalon®) On circulating unconJugated bilirubin levels and 

markers of Oxidative stress and inflammation (the MOJO trial) investigated changes in serum total 

bilirubin concentrations and platelet function (aggregation and activation) in a healthy male cohort 

over fourteen days. This study was powered to detect a ≥5µM increase in serum total bilirubin 

concentrations in response to Legalon® administration (two sided, α <0.01, 1-β=0.95) requiring a 

minimum of ten male participants. Average serum total bilirubin increases of 0.76µM was observed 

in a cohort of 17 male participants following Legalon® consumption (one 140mg capsule; thrice daily). 

However, the increase was not statistically different compared to placebo (p>0.05). Further, no 

remarkable modulation of platelet function (aggregation or activation) or coagulation times were 

observed.  

The use of Legalon®, as a standardised Milk thistle preparation, at the manufacturer’s recommended 

dose does not appear enough to elevate bilirubin or attenuate platelet function in healthy males. This 

is the first trial, albeit small scale, to investigate the potential of increasing total serum bilirubin levels 

as a therapeutic strategy to modulate platelet function. Although previous ex vivo and in vivo 

investigations were of promise, these data question the likelihood of thus purified and standardised 

Milk thistle (Legalon®) to increase serum total bilirubin or provide platelet inhibitory characteristics.  
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Introduction 

GS presents clinically as a mild unconjugated hyperbilirubinemia that is associated with reductions in 

all-cause mortality (including cancer), a decreased risk of developing coronary artery disease (CAD), 

greater serum antioxidant status with less susceptibility to serum lipid oxidation.3 The antiplatelet 

activity of UCB may contribute to cardiac protection by reducing thrombotic risk.4,26,27,421 Platelets, the 

small anucleate cells of the blood, play a pivotal role in haemostasis, inflammation and wound repair. 

Arterial thrombosis is characterised by multiple cellular and molecular interactions between platelets, 

the coagulation cascade and the vascular endothelium.5,6,33 Each phase results in a rapid and discrete 

set of actions that culminate in the formation of a haemostatic plug and the resolution of bleeding.6 

The inappropriate activation of platelets is of substantial concern however, where in various 

conditions the increased incidence of thrombus and embolus (a dislodged thrombus) formation 

results in deleterious patient outcomes.50,422 Although targeted pharmacologically by antiplatelet 

drugs, inappropriate platelet activation in atherosclerosis, CAD and other inflammatory pathologies 

poses significant risks to patients.36,49,422 Interestingly, increasing serum total bilirubin concentrations 

above 10µM are associated with substantial reduction in risk factors associated with such pathologies 

and there therefore is an attractive and potential therapeutic strategy for protection.3,4,26  
 

Milk thistle (Silybum marianum) is a fruit native to the Mediterranean of which the seed extract, 

silymarin, is currently used in the treatment of various hepatic ailments.29 Although routinely used in 

the treatment of Amanita phalloides mushroom intoxication, it is also marketed to the general public 

as a ‘liver health’ and ‘detox’ supplement.348,359 The hepatoprotective activity of Milk thistle is 

conferred through biological activity at multiple sites, primarily described by the ability of silymarin 

(the major flavonolignan constitute of Milk thistle) to modulate of hepatic receptors and 

transporters.344–347 Both in vivo and in vitro investigations demonstrate the ability of silymarin to 

modify hepatic uptake by modulation of OATP transporters, along with attenuation of the MRP 

subfamily, which are key channels for hepatic excretion into the bile.281,423,424 Increased serum bilirubin 
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concentrations are commonly observed following silymarin administration, not surprising given the 

demonstrated attenuation of key hepatic transporters responsible for bilirubin excretion.25,425–427 

Given these unique characteristics, the MOJO trial aimed to investigate the impact of increased in vivo 

UCB concentrations on platelet function by administering Milk thistle (Legalon®), at the 

manufacturer’s maximum recommend dosage, in a population of healthy males. As UCB is the major 

constituent of total serum bilirubin any change in total serum bilirubin would be reflective of changes 

in circulating UCB concentrations.428 Therefore, we report serum total bilirubin concentrations in this 

study, as a surrogate marker of circulating UCB.  

Additionally, wide variances in the composition of different Milk thistle extracts are reported, 

therefore a standardised preparation is required for consistency with future investigations.341 

Legalon® contains the patented MZ80 Milk thistle extract, a standardised preparation equivalent to 

140mg of silymarin per capsule.359  

It was hypothesised that increased serum total bilirubin concentrations following Legalon® 

administration (primary outcome) would attenuate platelet function (secondary outcome) in the 

population of healthy males.  

 

 

 

 

 

 

 

 

  



 
 

5-166 
 

Methods 

Materials 

Legalon® was purchased from Flordis Pty. Ltd. (St Leonard’s, Australia) and placebo capsules (red 

gelatine capsules filled with food grade mannitol powder) were purchased from Melbourne Food 

Depot (Melbourne, Australia). All phlebotomy consumables, BSA flow stain buffer, compensation 

beads (CompBeads Anti-Mouse Ig, κ/Negative Control), anti-CD42b-APC (HIP1, 551061), anti-CD62P-

PE (AK4, 555524) and anti-PAC-1-FITC (PAC-1, 340507) were from Becton Dickinson (New Jersey, USA). 

Platelet agonists ADP and collagen were from Helena Biosciences Europe (Gateshead, United 

Kingdom) with TRAP-6, as TRAPtest, from Roche Diagnostics (Mannheim, Germany). Platelet 

aggregation consumables and the Model 700 analyser were from the CHRONO-LOG Corporation 

(Pennsylvania, USA). STA-NeoPTimal PT reagent and STA-R Evolution coagulation analyser was from 

Diagnostica Stago (Taverny, France) and Triniclot aPTTS10 aPTT reagent was from Tcoag Ireland 

(Wicklow, Ireland). The automated biochemistry analyser and reagents were from Roche Diagnostics 

(Mannheim, Germany) All other reagents were from Sigma Aldrich (Missouri, USA) unless otherwise 

stated. 

Study Design 

This study was a randomised crossover single-blind placebo-controlled clinical trial. Participants were 

randomly assigned (1:1) to treatment (140mg silymarin capsules as Legalon®; thrice daily) or placebo 

(3 capsules of similar weight containing mannitol thrice daily) for 14 days. Subjects were randomised 

by the selection of sequential envelopes containing a number corresponding to treatment arm (A or 

B). Participants were blinded to the treatment by red gelatine capsules, similar in appearance to 

Legalon®, placed in a prepacked bottle of identical appearance, solely labelled with their participant 

ID. The bottles contained 48 red gelatine capsules (either Legalon® or placebo) according to their 

unique study ID randomisation. The participants were advised to maintain a constant lifestyle and 

were directed to ingest 3 capsules orally, 8 hours apart for the duration of the treatment arm (14 days, 

Figure 5-1), as indicated within the Legalon® information insert.359 After successful completion of the 
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first treatment arm, the participants underwent a washout period for a minimum of 4 weeks prior to 

beginning the alternate treatment arm. Participants reported to investigators a total of three times 

per treatment arm, on the 1st, 7th and 14th day. Several procedures were undertaken during each of 

the trial visits (V2-V7) including blood pressure, bioelectrical impedance analysis (BIA), venous blood 

collection and questionaries regarding adverse events and concomitant medications. To minimise the 

impact of the circadian rhythm, within each treatment arm visits were undertaken on the same day 

of the week at a similar time after an overnight fast. Participants returned the treatment allocation 

bottle on the final visit of each treatment arm, with compliance assessed by counting the remaining 

capsules.  

Setting and Recruitment:  

Griffith University Human Ethics Committee approval and informed consent was obtained prior to 

participant recruitment (Griffith University Reference: 2017/173). The Effect of Milk Thistle extract 

(Silibinin/Legalon®) On circulating unconJugated bilirubin levels and markers of Oxidative stress and 

inflammation (the MOJO trial) was undertaken at a single university in South-East Queensland, 

Australia: Griffith University. The trial is registered with the Australian New Zealand Clinical Trials 

Registry (ANZCTR) (ACTRN12619001296123). Participants were recruited from Griffith University 

(Gold Coast), Endeavour College of Natural Health (Gold Coast) and the local community through 

leaflets and word of mouth. Individuals who expressed interest were provided with an information 

package outlining the details of the study, the purpose, requirements for participation, risks, ethical 

conduct statements and expected benefits. The target population was healthy males aged between 

18 and 65 who met the inclusion / exclusion criteria, (Table 5-1). Participation was voluntary and all 

participants could withdraw from the study, without penalty, at any time upon communication with a 

member of the research team. Only after written consent was obtained were participants screened 

for suitability (visit 1). The trial was granted ethical approval to enrol up to 65 total participants. 

Initially, only male participants were recruited, prior to justifying the recruitment of female 

participants who experience greater fluctuations in serum total bilirubin levels over the menstrual 



 
 

5-168 
 

cycle.429 As such the MOJO trial aimed to enrol 30 males, to more than satisfy statistical power 

calculations (discussed below).  

Eligibility Assessment (Visit 1) 

Eligibility was assessed by an interview which included a medical history and concomitant medication 

questionnaire, weight and height measurements and analysis of fasting blood glucose, complete blood 

count (CBC) and liver function (alanine aminotransferase (ALT), aspartate aminotransferase (AST), γ-

glutamyl transferase (GGT), and alkaline phosphatase (ALP)). Eligible participants were required to 

satisfy all inclusion criteria and report none of the exclusion criteria, (Table 5-1). Screening blood 

samples were taken after an overnight fast and results interpreted by an AIMS accredited medical 

laboratory scientist. Upon meeting inclusion criteria participants were enrolled into the trial and a 

second visit (V2) to begin a treatment arm was scheduled.  

Outcomes 

The primary outcome, in respect to Milk thistle (Legalon®) treatment, was an increase in serum total 

bilirubin concentrations of ≥5µM, compared to baseline, following 14 days of Milk thistle (Legalon®) 

administration. A meta-analysis performed by Novotny et al. observed an inverse relationship 

between increasing serum total bilirubin concentrations and decreased deleterious atherosclerosis 

outcomes in men, demonstrating that 10µM is an apparent cut-off for discrimination of cardiovascular 

risk.293 Given typical serum total bilirubin concentrations are between 6-10µM, a ≥5µM was selected 

as a concentration that would likely place individuals above the 10µM cutoff.27,297,298,430 Trial 

coordinators assessed participants for obvious signs of jaundice, via a self-report, with participants 

instructed to discontinue supplement consumption and seek medical attention if adverse events were 

experienced. All adverse events were required to be reported to the Griffith University Research Ethics 

Committee. Although, the safety profile of Legalon® at this prescribed dosage has been previously 

demonstrated and consistent with this, no adverse events were reported.431  
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The secondary outcome, with respect to Milk thistle (Legalon®) treatment, was to investigate the 

impact of increased serum total bilirubin concentrations on platelet functional responses (aggregation 

and activation) following agonist stimulation. Further general haemostatic impacts were investigated 

by way of coagulation (PT and aPTT) and haematological profile (platelet count) monitoring.  

Blood Collection and Sample Processing 

Blood collection was performed using established techniques for platelet functional studies.404 Briefly, 

whole blood was collected by antecubital venepuncture (21G) by an experienced phlebotomist into 

Serum Plus, K2EDTA 7.2mg or 0.109M sodium citrate BD VacutainersTM, with the first 4mL discarded.375 

PRP was obtained from sodium citate vacutainers via centrifugation (200RCF brake off, 10min) with 

the PRP removed and remaining blood centrifuged (2000RCF, 10min) to obtain PPP.404 Serum tubes 

were allowed to clot (22°C, 30min) in the dark and centrifuged (2000RCF; 20min). Aliquots of both PPP 

and serum were frozen in liquid nitrogen and stored at -80°C. All agonist concentrations are reported 

as final concentrations.  

Full Blood Exam 

A CBC with differential leukocyte analysis was undertaken and assessed by an AIMS accredited medical 

laboratory scientist (AcT5diff CP or DxH 500, Beckman Coulter, Brisbane, Australia). Analysers 

reported acceptable QC results prior to analysis.  

Platelet Aggregation 

Platelet aggregation was assessed by LTA within 30 minutes of collection.404 Briefly, PRP was 

standardised to 2x108/mL with HEPES Saline (10mM HEPES, 138mM NaCl, pH 7.4) and stimulated with 

5µM ADP, 10µM TRAP-6 or 2µg/mL collagen. Turbidimetric platelet aggregation was calibrated against 

patient specific PPP, representative of 100% aggregation.404 Characteristics were recorded over a 

period of six minutes at 37.4°C with magnetic suspension at 1000RPM. All samples analysed in 

duplicate. 
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Platelet Integrin αIIbβ3Upregulation and α Granule Release 

Platelet α granule release and αIIbβ3 activation following agonist stimulation was assessed as 

previously published.404 Briefly, PRP was standardised to 1x108/mL (HEPES Saline) prior to stimulation 

with 5µM ADP or 10µM TRAP-6 for 5 minutes at room temperature. Following stimulation, 50µL of 

PRP was incubated with 5µL anti-CD42b-APC, 2.5µL anti-CD62P-PE and 5µL anti-PAC1-FITC (30min; 

22.4°C), prior to 1% (w/v) PFA HEPES Saline fixation (900µL) for 30 minutes. Samples were then diluted 

1:1 with stain buffer and pelleted (800RCF, 10min), with the supernatant discarded and resuspended 

in 250µL of stain buffer. Samples were refrigerated at 4°C prior to analysis on a BD SORP LSR II Fortessa 

flow cytometer (Becton Dickinson, Franklin Lakes, NJ, USA) with all samples analysed within 24 hours 

of fixation. Platelets were identified by characteristic forward and side scatter parameters with a 

minimum of 50000 anti-CD42b-APC positive events captured. 

Coagulation Testing 

PT and aPTT were undertaken on an STA-R Evolution automated coagulation analyser as per the 

manufacturer’s IFU. Assays were calibrated as per IFU and reported acceptable QC results prior to 

analysis.  

Serum Biochemistry  

Liver function (AST, ALT, ALP and GGT), both total and direct bilirubin, and glucose was analysed with 

a COBAS Integra 400 automated biochemistry analyser, as per the manufacturer’s IFU. All assays were 

calibrated as per IFU and reported acceptable QC results prior to analysis. All parameters were 

measured in duplicate.  

Statistical Power Calculation  

To detect a ≥5μM increase in serum total bilirubin (with SD of difference of 3.0), with with a two-sided 

1% significance level and power of 0.95, a sample size of 15 individuals (males and females) was 

required, whilst allowing for a 50% dropout. Power calculation performed in GPower (V3.1.9.4) and 

presented in Supplementary Material 1. 
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Statistical Analysis  

All values are expressed as mean ± (SD). Comparisons between timepoints from the same participant 

were performed using Repeated Measures Two-Way ANOVA and Bonferroni’s post hoc test. Chi-

square analysis was performed to determine whether 14 days of Legalon® treatment significantly 

increased the portion of participants that had an increase of >5µM of serum total bilirubin compared 

to placebo. Statistical analysis was performed in GraphPad PRISM (v8.2) and a p <0.05 was considered 

significant. Participants self-reporting ingestion of medications known to impact platelets (e.g. aspirin, 

other non-steroidal anti-inflammatory drugs (nSAIDS)) at any point during the MOJO trial would have 

associated platelet functional data excluded from statistical analysis.  
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Figure 5-1 The MOJO Trial Study Design 
Abbreviations: V, visit.  
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Results 

Participants 

Recruitment for the trial began in November 2017 and ended in November 2018. The trial aimed to 

recruit 65 total participants (both males and females) with males recruited first to because to provide 

an indication as to whether the primary outcome measure would be met, given expected fluctuations 

of oestrogen over the menstrual cycle would compete with bilirubin for UGT1A1 conjugation resulting 

in larger variations.429 The trial was terminated given results following unblinding which reported no 

significant effect of Legalon® on serum total bilirubin concentrations. For the analysis, a total of 28 

participants were screened for eligibility with 26 enrolled in the MOJO trial and randomised (two did 

not meet criteria, Table 5-1). Two participants withdrew during the study with one additional 

participant excluded phase, due to inadequate treatment compliance during phase one. Twenty-three 

participants completed both Legalon® and placebo treatment arms with 6 participants not included in 

statistical analysis due to concomitant nSAID consumption (impairs platelet functional responses) low 

treatment compliance (<80% of prescribed dose) during the second arm, (Figure 5-2). The 

demographic and clinical characteristics of the 17 completed participants are displayed in Table 5-2. 

On average, the participants were young healthy males with a normal body mass index (BMI) and no 

reported comorbidities of a predominately Caucasian ethnicity.  
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Figure 5-2 Participant inclusion and exclusion from the MOJO study. 
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Primary Outcome  

Serum Total Bilirubin Concentrations 

Here we report the results from 17 male participants. Milk thistle (Legalon®) treatment did not 

significantly elevate total bilirubin concentrations (0.76µM increase compared to baseline). Serum 

total bilirubin concentrations were not significantly perturbed by treatment or time (main effects 

p=0.85 and p=0.80, respectively). Similarly, serum direct bilirubin concentrations were not 

significantly affected by treatment or time (main effects p=0.97 and p=0.85, respectively; Table 5-4). 

Both total and direct bilirubin concentrations were non-significantly increased on day 14 (Table 5-4), 

with a total bilirubin increase of 0.76µM reported over trial duration. Three participants (17.6%) 

reported a total bilirubin increase of ≥5µM following placebo treatment, while only one participant 

(5.9%) demonstrated an increase following Legalon® treatment (p=0.29, Table 5-3).  
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Secondary Outcomes  

Platelet Aggregation  

Platelet aggregatory response to 5µM ADP was not significantly influenced by treatment condition or 

time (main effects, p=0.94 and p=0.43, respectively; Figure 5-3A). Similarly, 10µM TRAP-6 induced 

aggregation was not significantly influenced by treatment condition or time (main effects, p=0.06 and 

p =0.80 respectively, Figure 5-3B). Aggregation in response to 2µg/mL collagen was not influenced by 

treatment or time (main effect p=0.97 and p=0.06, respectively; Figure 5-3C).  

Platelet α Granule Exocytosis and Integrin αIIbβ3 Upregulation  

P-selectin expression following ADP stimulation was not significantly affected by the treatment or time 

(main effects: p=0.58 and p=0.28, respectively; Figure 5-4A). Similarly, TRAP-6 induced P-selectin 

expression was not significantly affected by treatment condition or time (main effects: p=0.45 and 

p=0.27, respectively; Figure 5-4B). Integrin αIIbβ3 binding following ADP stimulation was not affected 

over time (main effect: p=0.06) but was statistically significantly different between the treatment 

conditions at baseline (main effect: p=0.03), however no significance was reported between 

treatment conditions at any time point (Figure 5-4C). Following TRAP-6 stimulation, αIIbβ3 binding was 

not different between treatment conditions or over time (main effects: p=0.16 and p=0.41 

respectively; Figure 5-4D). 

Coagulation Times  

PT was not affected by treatment or time (main effects: p=0.73 and p=0.38, respectively; Table 5-4). 

Additionally, aPTT was not significantly affected by treatment or time (main effects: p=0.52 and 

p=0.37, respectively; Table 5-4).   

Platelet Count  

Platelet count was not significantly perturbed by treatment or time (main effects: p=0.39 and p=0.44, 

respectively, Table 5-4).  
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Figure 5-3 Platelet aggregation  
Maximum platelet aggregation in response to A) 5µM ADP, B) 10µM TRAP-6 and C) 2µg/mL collagen during the 
MOJO trial. Placebo (black bars), Legalon® (grey bars). Data are mean ± SD. n = 14 
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Figure 5-4 Platelet activation 
Platelet expression of P-selectin following A) 5µM ADP or B) 10µM TRAP-6 stimulation and expression of PAC-1 
following C) 5µM ADP or D) 10µM TRAP-6 during the MOJO trial. Placebo (black bars), Legalon® (grey bars). Data 
reported as fold change over resting basal expression. Data are mean ± SD. n = 10 
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Discussion 

This trial aimed to examine the impact of increased in vivo serum total bilirubin concentrations on 

platelet function of healthy individuals. However, the MOJO trial failed to observe significant increases 

of serum total bilirubin, following Legalon® administration at the manufacturer’s recommended 

dosage (main effects p=0.85 and p=0.80, respectively). In the population of 17 healthy males analysed 

the prevalence a ≥5µM change in serum total bilirubin in response to Legalon® was not observed: 

against the primary outcome of the trial. In total, three participants reported an increase of ≥5µM in 

serum total bilirubin concentrations following placebo treatment, with only one participant reporting 

such an increase following Legalon® treatment. Although a non-significant increase of serum total 

bilirubin (0.76µM) was observed following Legalon® treatment (p=0.85), the trial was ultimately halted 

citing ethical considerations. The secondary trial outcome of altered platelet function was not affected 

by Legalon® treatment, with no significant changes in aggregation, α-granule release or αIIbβ3 

upregulation observed following agonist stimulation.  

Our lab was the first to report the direct antiplatelet properties of UCB following ex vivo exposure and 

among the first to hypothesise that this activity may contribute towards the substantially reduced risk 

towards CVD and other oxidative stress pathologies associated with GS.4,26,27 UCB is a water insoluble 

by-product of haem catabolism that requires active uptake by sinusoidal membrane OATP1B1 and 

OATP1B3 transporters, (there is some passive diffusion), into hepatocytes in order to be conjugated 

and excreted as BDG into the bile canaliculus via MRP2.275,279 In addition to OATP1B1, OATP1B3, and 

MRP inhibition, silymarin may also attenuate hepatic Phase II activity by attenuating UGT1A1activity, 

the rate limiting enzyme for bilirubin conjugation.281,284,434 Together, these mechanisms support the 

perturbed uptake, metabolism and excretion of bilirubin in vivo, and is likely hypothesised as the cause 

of transient hyperbilirubinemia commonly reported following Milk thistle administration, supporting  

manufacturer warnings of possible jaundice following ingestion.25,30,281,359,361 
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Upon analysis, undertaken by an investigator who was not responsible for assessing platelet function, 

revealed an average serum total bilirubin concentration increase of 0.76µM following Legalon® 

administration; well below the primary endpoint of ≥5µM and not statistically significant (p=0.80).  

However, this result was surprising, given a previously demonstrated effect of Milk thistle constituents 

on key hepatic processes required for bilirubin processing.31,339 Although these results are consistent 

with a small subset of studies that report indifferent serum total bilirubin concentrations following 

Legalon® administration.435,436 Salmi et al. reported no significant elevation of serum bilirubin in a 

double-blind placebo controlled trial, following Legalon® administration (one 140mg capsule, thrice 

daily) in a liver pathology cohort of 106 patients.436 Participants ingested Legalon® for a total of 4 

weeks, with examination of various parameters occurring one, two and three weeks after study 

commencement. The mean percentage difference of both conjugated and total bilirubin excretion 

was reportedly increased in the Legalon® treatment group (-40.7% and -37.7%) compared to placebo 

(-4.3% and -15.7%).436 It should be noted that these patients were recruited on the basis of elevated 

serum transaminase levels and possessed underlying liver disease, therefore, the results cannot be 

extrapolated to those presented here.436  

Velussi et al. also reported no change in serum bilirubin concentrations following Legalon® 

administration.435 In this open label study of insulin-treated diabetics with alcoholic cirrhosis, one 

group (n=30) received standard insulin therapy while the other (n=30) received both insulin and 

Legalon® therapy.435 Participants were instructed to dissolve 200mg of Legalon® into 100mL of water, 

for a total daily intake of 600mg, for a period of 12 months.435 Fasting total bilirubin levels were 

examined every 90 days for the duration of the study, with no significant difference between the two 

groups observed.435 In contrast, other authors have reported substantial increases of circulating 

bilirubin following silymarin administration, however these studies utilised different silymarin 

preparation with greater bioavailability.30,348,361,437 

The addition of phosphatidylcholine to silymarin preparations facilitates greater oral bioavailability 

through phytosome formation.438 Phytosomes are complexes between natural products and 
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phospholipids, substantially increasing bio-availability.439 Flaig et al. examined oral administration of 

high dose silibinin-phytosome (Siliphos®), in an escalation study of 13 prostate cancer patients where 

a total of 91 dose regimes were administered.30 Over a period of 4 weeks, participants were directed 

to ingest silibinin-phytosome three times daily, at least 30 minutes prior to meals.30 Blood and urine 

were collected for all participants on treatment days 1, 8, 15 and 22, with blood collected prior to 

ingestion (0min) and 30, 60, 120 and 240 minutes following a single dosage to establish 

pharmokinetics.30 At a well-tolerated oral dose of 13g of silibinin-phytosome daily, peak serum silibinin 

concentrations (~100µM) were reported 60 minutes after administration, remaining above ~10µM 

after 4 hours.30 Grade 1 and Grade 2 hyperbilirubinemia (equivalent serum total bilirubin 

concentrations up to ~60µM) was first observed following administration of 10g of silibinin-

phytosome, in ~70% of patients (9/13).30 Moreover, ~44% of the dosage courses reported Grade 1 or 

2 hyperbilirubinemia.30 Importantly, total bilirubin was increased without concurrent increases in 

direct bilirubin, suggesting that silibinin increases serum UCB by inhibiting conjugation.30 Given peak 

serum silibinin concentrations were well above 1.4µM (the IC50 of selective UGT1A1 inhibition 

reported in vitro) inhibition of UGT1A1 activity is the most likely mechanism explaining how silibinin 

elevated UCB.30 These trials are consistent with results utilising IV silibinin administration which 

document substantial increases in serum total bilirubin concetrations.348,361–363,437  

Silibinin-C-2’,3-dihydrogen succinate disodium, (Legalon®-SIL) is a silibinin derivative with greater 

aqueous solubility, routinely and preferentially transfused for the treatment of mushroom 

poisoning.348 More recently Legalon®-SIL has found utility in the treatment of recurrent HCV, through 

silibinin mediated inhibition of viral RNA polymerases.360 Rendina et al. investigated the antiviral 

activity of Legalon®-SIL, following IV administration at 20mg/kg/day, in a cohort of patients diagnosed 

with HCV following liver transplant (NCT01518933).361 In this double-blinded and placebo-controlled 

trial, participants received either silibinin or saline (randomly allocated 3:1) for a period of 14 days, 

with viral load and biochemical markers investigated on days 1, 7, 14 and 30.361 Bilirubin 

concentrations were similar between groups at baseline, 0.85mg/dL (~14.3µM) and 0.78mg/dL 
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(~13.38µM) for the intervention and placebo cohorts respectively (p=0.49), and increased in the 

silibinin treated group.361 A peak total bilirubin concentration of 4.32 ± 6.53mg/dL (~73.87 ± 

111.66µM) was reported on day 14, in contrast, there was no significant change in the placebo group 

(0.87 ± 0.50mg/dL (~14.87 ± 8.55µM).361 Two weeks post cessation, total bilirubin concentrations 

decreased to slightly elevated levels than baseline (2.33  ± 3.76mg/dL (~40 ± 65µM) in the intervention 

group.361 This is consistent with work by Rutter et al. where the antiviral capacity of Legalon®-SIL was 

investigated in a cohort of HCV patients (NCT00684268).362 In this Phase II trial, 27 SOC non-responding 

patients received additional Legalon®-SIL therapy (IV; 20mg/kg/day) in conjunction with pegylated 

interferon-2a and ribavirin combination therapy, for either 14 days (n=12) or 21 days (n=15).362 

Administration of Legalon®-SIL therapy significantly elevated serum total bilirubin concentrations 

(p<0.001), increasing from 0.98 ± 0.35mg/dL (~16.75 ± 5.9µM) prior to therapy, to 2.12 ± 0.98mg/dL 

(~36.25 ± 16.75µM) after the therapy period.362 Although these trials demonstrate the capacity of oral 

and IV silibinin administration to increase total bilirubin concentrations, they were undertaken in 

patient cohorts with underlying hepatic pathologies. Given likely alterations of hepatic blood flow, 

enzyme activity and silibinin pharmacokinetic profile, these are limited in terms of generalisability to 

study results presented here.440,441 Clear variation within the literature on the effect of Milk thistle 

(and respective constituent flavonolignans) on circulating bilirubin levels exists; these differences are 

likely explained by the preparation used, dosage, route of administration employed, and the cohort in 

which the studies were undertaken.  

The early cessation of the trial was underpinned by the statistically indifferent impact on serum total 

bilirubin concentrations, limiting the power of the trial given the small sample size evaluated. The 

secondary outcome of a hypothesised reduction in platelet aggregation and activation was not 

supported by the MOJO trial, however the inability to reliably elevate serum total bilirubin 

concentrations required to investigate such limits this result substantially. It should be acknowledged 

that although the current data from the MOJO trial does not demonstrate an impact on platelet 

function, it does not preclude differing results if an alternative preparations of Milk thistle (Legalon®) 
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were investigated, in order to firmly achieve an increase in serum total bilirubin. Greater antiplatelet 

activity may be realised if Siliphos® or Legalon®-SIL were used, given the greater bioavailability 

associated with these preparations.442,443  

Attenuated platelet function, following ex vivo exposure of silymarin, detail the potential of Milk 

thistle constituents to also possess direct antiplatelet activity.365,367,444 These studies have observed 

inhibited platelet activation and haemostatic function, reporting inhibition of various pathways within 

platelets.365,367,444 A growing body of work supports silibinin attenuaton of purinergic receptor 

function, AA signalling, αIIbβ3 integrin upregulation and platelet adhesion ex vivo.365,367,444 Silibinin has 

therefore been porposed as a potential novel supplementary therapy to prevent both primary and 

secondary thrombotic events, in conditions where excessive plateet responses are observed.367,444 This 

hypothesis is further underscored by the antioxidant profile of silibinin, given the benefit of increased 

serum antioxidant status in conditions like (ACS) and artheroscloerosis.4,344,347,445,446 However, studies 

to date have exclusively investigated silibinin exposure ex vivo, utilising concentrations that are well 

above those previously reported in vivo.365,366,444,447 Given the hydrophobicity of silibinin, the lowest 

concentration investigated during ex vivo investigations (10µM) is approximately three times greater 

than that of the reported peak serum flavonolignan concentration, 1.33µg/mL (~2.8µM) achievable 

following Legalon® ingestion (175mg thrice daily) over 28 days.343,444 The indifferent impact of Milk 

thistle (Legalon®) on platelet function reported here within does support the need to robustly 

establish in vivo serum silibinin concentrations that allow for direct comparison to previous ex vivo 

results, if future works were to be undertaken. Although not investigated directly in the MOJO trial, 

any potential efficacious serum silibinin concentrations required to meaningfully (and more relevantly 

are clinically efficacious to) attenuate platelet function are not likely achieved using this Legalon® 

preparation at the indicated dosage.367 Further, it may be plausible that any potential in vivo 

attenuation of platelet function by Milk thistle (or constituents) is possibly acting through an indirect 

bilirubin mechanism. Although not specifically investigated in the aforementioned patient cohort 

trials, it is likely that the serum total bilirubin concentrations observed (some up to 60µM and above) 
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attenuated some haemostatic activity given such results observed GS individuals.30 Although the 

MOJO trial aimed to initially tease apart the impact on platelet function, the dosage and preparation 

utilised does not increase serum total bilirubin enough to begin investigating this hypothesis. 

However, it stands to reason that any haemostatic function of Milk thistle constituents may be acting 

synergistically with any attenuation of haemostatic function directly attributable to increased 

bilirubin. These trials, in which greater increases of serum bilirubin were observed, did not greatly 

detail any reduced haemostatic function (by way of coagulation factor analysis or greater incidences 

of bleeding events) however the underlying liver pathologies would have likely perturbed such results 

independently. 

 Limitations and Future Considerations  

The small sample size, attributable to early cessation, is the greatest limitation of this trial. Although 

hypothesised to increase serum total bilirubin concentrations, Milk thistle (Legalon®) administration 

in a cohort of 17 healthy males was observed to have no significant impact. Therefore, the ability to 

robustly investigate the impact of inducing an “iatrogenic Gilbert’s Syndrome” on platelet function 

was not achieved. However, the MOJO trial does evidently demonstrate that alternate formulations 

are required for any future works wanting to use Milk thistle as a therapeutic agent to elevate serum 

total bilirubin concentrations or that wish to investigate the direct antiplatelet activity of Milk thistle 

constituents, as hypothesised given ex vivo results.  

Additionally, future investigations may benefit from increasing the duration of therapy. The MOJO 

trial administered Milk thistle (Legalon®) for a period of 14 days, based on literature demonstrating 

the short-term activity of milk thistle constituents on both UGT1A1 activity and hepatic uptake. 25,357,361 

Further, 14 days is of sufficient duration to establish initial antiplatelet characteristics given that the 

in vivo lifespan of platelets is 7 to 10 days.448 Finally, the MOJO trial only investigated male participants. 

This was undertaken to minimise the potential influence of the menstrual cycle, as oestrogen is also 

conjugated by UGT1A1 and fluctuations of serum total bilirubin are decribed.3 Although ethical 
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approval to recruit both sexes was obtained, data presented here with are within a male population 

only and as such examining a cohort of both sexes is of merit and a planned future study. However, 

an alternate formulation or approach to increasing serum total bilirubin concentrations is evidently 

required.  

Conclusions 

The MOJO trial aimed to increase serum total bilirubin concentrations and investigate the impact on 

platelet function. Significant elevations in total serum bilirubin concentrations were not observed 

following Milk thistle (Legalon®) administration in a healthy male cohort.  
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 Chapter Six: General Discussion 
 

 

This thesis includes three original investigations, presented as a series of chapters, each independently 

examining the impact of a bilirubin compound on platelet function in three distinct conditions. This 

final chapter will culminate the results from the previous research chapters and provide a discussion 

in relation to the broader literature. This chapter will also highlight key future directions provided by 

this thesis.  
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6.1. General Discussion 

Based upon the results of the three submitted manuscripts contained within Chapters 3, 4 and 5, this 

thesis lends support to the following conclusions; 1)  that BRT demonstrates acute antiplatelet effects 

but extended exposure substantially impairs platelet function, resulting in death within a model of 

platelet storage; 2) that the effects of ex vivo conjugated hyperbilirubinemia on platelets  are  similar  

to reported effects of ex vivo unconjugated bilirubin, suggesting that extended exposure of platelets 

to physiological/pathological forms of hyperbilirubinemia may have detrimental effects and 3) that 

care must be taken to establish risk profiles of chronic conjugated and unconjugated 

hyperbilirubinemia to better understand their in vivo effects and the potential of inducing 

unconjugated hyperbilirubinemia as a cardiovascular protective strategy. 

This thesis provides the first evidence that BRT, a synthetic analogue of BDG, possesses antiplatelet 

properties following acute ex vivo exposure and demonstrates likely toxic properties following 

extended ex vivo exposure. Chapter Three aimed to assess the impact of acute ex vivo BRT exposure 

on platelet functional responses and ROS production. It was hypothesised that BRT, based upon its 

antioxidant characteristics, would attenuate platelet functional responses (aggregation and 

activation) and reduce ROS formation. Following acute exposure attenuated granule exocytosis and 

integrin upregulation following agonist stimulation was observed, consistent with previous results 

detailing platelet inhibition following ex vivo UCB exposure.26,27 Kundur et al. first demonstrated that 

UCB inhibits ex vivo collagen and ADP induced platelet aggregation, at physiologically relevant 

concentrations (i.e. concentrations observed in GS individuals).26 Known perturbation of Ca2+ 

homeostasis and inhibition of nerve terminal vesicle exocytosis through both through dependent and 

independent mechanisms, further support the capacity of bilirubin based tetrapyrroles to attenuate 

granule exocytosis.393  

Additionally, acute ex vivo exposure did not induce platelet activation, as demonstrated by non-

significant changes in basal expression of P-selectin, high affinity αIIbβ3 and ROS production. Given both 
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the direct and indirect scavenging capacity of UCB, the literature strongly supports the effect bilirubin 

on ROS production at mildly elevated physiological concentrations.3,315,397,398 This is consistent with 

results observed in Chapter Three, where ex vivo BRT exposure scavenged ROS following induced 

oxidative stress. Both H2DCFDA and MitoSOX Red oxidation product fluorescence were significantly 

attenuated following ex vivo exposure of platelets, consistent with the capacity of bilirubin to 

scavenge superoxide.317,398,399 Further, acute ex vivo BRT exposure did not perturb platelet viability, 

Δψm or induce PS expression.404 Taken together these results supported a conclusion that the acute 

effects of BRT exposure were unlikely to be a result of induced toxicity. The results of Chapter Three 

demonstrate that BRT possesses significant antioxidant capacity during induced oxidative stress and 

reduced granule release and activation. Further, the indifferent effects on viability, basal activation 

marker surface expression and Δψm provided a sound rationale for testing the efficacy of 35µM BRT 

in stored platelet products, with the aim of preserving function. 

Chapter Four aimed to assess the impact of extended BRT exposure on various parameters of platelet 

function and ROS generation, in a model of platelet storage at room temperature supplemented with 

PAS. It was hypothesised that BRT would preserve platelet functional responses (aggregation and 

activation), attenuate inappropriate activation and scavenge ROS generation over the storage 

duration. Unfortunately, and quite surprisingly, inclusion of 35µM BRT resulted in a deleterious impact 

on platelet viability and in vitro aggregation responses. A significant reduction in Δψm was observed 

within twenty-four hours and completed glucose exhaustion approximately seventy-two hours later. 

Concurrent increases of both lactate and LDH activity, with decreased bicarbonate buffering capacity, 

supported a metabolic shift away from oxidative phosphorylation towards glycolysis. These data are 

consistent with trends observed during the PSL although glucose depletion is not typically observed 

in storage containing additive solutions until D8 – D12.176,413,414 Previous results do not indicate a rapid 

drop in glucose concentrations within PAS containing platelet units.176,413,414 This is in contrast to 

results reported in this thesis, however, significant reductions of Δψm are observed within twenty 

four hours of exposure, with the first substantial loss documented on day 4 in the BRT treatment 



 
 

6-193 
 

group. Given this substantial loss not previous reported in the studies, these results would suggest 

that the loss of oxidative phosphorylation drove the sudden exhaustion of glucose. Additional 

observations of increased PS expression, loss of functional responses and marked reductions in 

viability staining all supported the conclusion that chronic exposure of platelets to 35µM BRT during 

storage is likely toxic. While acute BRT exposure data suggested the potential of this compound to 

combat key elements of the PSL, inclusion during storage is likely not suitable.  

The results reported within this thesis are in line with previous observations of modulated platelet 

function following exposure to UCB. Ex vivo platelet exposure to UCB inhibits collagen induced platelet 

activation with further indications that UCB also reduces Δψm, increases ROS production and 

upregulates PS expression, similar to that seen during chronic exposure of platelets to BRT in Chapter 

Four.26,321 However, the difference between acute and chronic exposure is of importance considering 

previous works have demonstrated both platelet inhibitory and, in some models, the pro-apoptotic 

phenotype of UCB.321 Naveenkumar et al. reported lower platelet counts in individuals with benign 

hyperbilirubinemia (GS individuals) compared to healthy controls, with thrombocytopenia also 

demonstrated in a rodent model of hyperbilirubinemia.321 Similar reductions of platelet count are 

observed in vivo with total serum bilirubin also negatively correlated with platelet count in work by 

Hancox et al., although similar reports are not consistent within the literature.26,321,449 In a 

retrospective study of patient medical records, Hancox et al. reported that platelet count was 

negatively correlated with increasing total bilirubin concentrations in the patient cohort, in which liver 

cirrhosis the greatest cause of liver disease reported (~66%).449 It should be noted however that the 

presence of cirrhosis and portal hypertension, resulting in splenomegaly and increased platelet 

capture, may confound these results and demonstrate co-linearity with total bilirubin 

concentrations.449 These results support previously reported incidences of thrombocytopenia in liver 

disease cohorts and suggest that conjugated bilirubin, in addition to UCB, can impact platelet 

viability.449 Interestingly, reduced platelet counts were also observed in individuals with total bilirubin 

levels greater than 6µM (non-pathologic) by Rodrigues et al. with Cure et al. also observing reduced 
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mean platelet volume in GS cohorts.450,451 Contrasting observations of indifferent platelet count and 

mean platelet volumes in GS individuals, as described by Kundur et al., demonstrate the complexity 

of understanding the condition of benign hyperbilirubinemia and its effect on platelet production, 

function and turnover.27  

Comparatively, our understanding of UCB and associated unconjugated hyperbilirubinemia are far 

better developed that that of conjugated bilirubin, primarily due to the associated cardioprotective 

phenotype afforded to GS individuals.3 This thesis, for the first time, specifically assessed the effects 

of a conjugated bilirubin analogue demonstrating detrimental impacts on platelets, during extended 

exposure. These data clearly demonstrate that BRT is not a suitable candidate for inclusion during 

storage and that similarly, conjugated bilirubin may have detrimental effects on platelets in patients 

with chronic forms of conjugated hyperbilirubinemia. Based upon these novel findings, further 

investigation of the dose and time dependent effects of conjugated bilirubin, of these patient cohorts, 

are warranted.  

This thesis also presents a human clinical trial that sought to investigate the impact of Milk thistle 

(silymarin) on circulating total bilirubin concentrations and platelet function in vivo. This trial, 

contained within Chapter Five, was the first to specifically investigate the impact of elevated in vivo 

serum total bilirubin on platelet functional responses (aggregation and activation). Given previous 

studies and trials demonstrating induced hyperbilirubinemias following administration, the MOJO trial 

administered Milk thistle (Legalon®) to 23 healthy male participants. However, an analysis of 17 

participants’ data (out of the 30 planned male enrolments) failed to demonstrate a substantial (≥5µM) 

increase of serum total bilirubin. Although a small difference was observed (0.76µM), additional 

statistical power calculations required substantially increased participant numbers were required to 

observe the primary outcome of the trial. As such the trial was halted citing ethical considerations. 

Therefore, this study could not assess the impact of induced hyperbilirubinemia, with silymarin 
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administration (at the recommended dose) also demonstrating no significant effect on platelet 

characteristics. 

These data are surprising, considering the manufacturer’s documentation indicating that 1) jaundice 

can be a side effect and 2) the supplement possesses antioxidant and anti-inflammatory effects.359 It 

remains to be determined whether silymarin (containing silibinin), at the recommended dose is 

sufficiently bioavailable to affect UGT1A1 function and/or inhibit platelet function directly in vivo. 

Although previous studies have investigated the effect of Legalon on bilirubin concentrations, they 

have done so utilising IV administration or after oral administration in patient cohorts with liver 

dysfunction, making effects on bilirubin concentrations difficult to interpret. Both Salmi et al. and 

Velussi et al. observed no significant change in serum bilirubin concentrations following Legalon® 

administration, in cohorts of prostate cancer and insulin treated diabetics with alcoholic cirrhosis, 

respectively.435,436 These observations are consistent with results reported Chapter Five where no 

substantial impact on total serum bilirubin concentrations was observed. This is in contrast to other 

works reporting increased serum bilirubin levels following the administration of Milk thistle with 

greater bioavailability, either due to IV administration or by utilising alternate preparations.362,427 It is 

therefore likely that greater efficacy may be observed in replicate studies utilising preparations with 

greater bioavailability. Although these works demonstrate the capacity of oral and IV administered 

Milk thistle to increase total bilirubin concentrations, these trials were undertaken in patient cohorts 

with underlying hepatic pathologies. As alterations to hepatic blood flow, hepatic enzyme activity and 

silibinin pharmacokinetic profile are likely in such cohorts, these are limited in terms of generalisability 

to study results presented within Chapter Five.440,441 Despite these findings it remains clear that 

Legalon® administration at the suggested dosage, resulted in no adverse events and did not impact 

on platelet functional characteristics. This will add some evidence to the safety profile of this 

supplement and may be of value to any future works investigating Milk thistle (Legalon®) as a potential 

antiplatelet agent.  
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It is acknowledged that the MOJO trial had limitations, which effect the generalisability of the results 

reported within Chapter Five. Variation in the replicates tested for the differing analytical parameters 

during the MOJO trial further limits the outcomes possible from the observed results. Although a total 

of 17 participants were included for statistical analysis, unfortunate equipment malfunction during 

the trial reduced the availability of some data for several assays. The cross-over design requires full 

data sets to be available for statistical analysis and therefore the loss of a single visit measurement 

renders all other measurements excluded. Replicate numbers for both the CBC and the flow 

cytometric analysis of platelet activation were chiefly impacted by this strict exclusion policy, 

highlighted by the respective replicates reported.  

Furthermore, the duration of therapy employed within the MOJO trial was chosen based on previous 

literature demonstrating  the short-term activity of milk thistle constituents on both UGT1A1 activity 

and hepatic uptake.25,357,361 As such, the relatively short duration of therapy potentially limited the 

ability of the trial to observe substantial elevations in serum total bilirubin concentrations.    
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6.2. Future Directions  

This thesis provides the first evidence that BRT, at physiologically relevant concentrations, possesses 

antiplatelet action and that following extended ex vivo exposure, in a model of platelet storage; BRT 

is likely toxic to platelets. This contrasts with attractive acute ex vivo observations of substantial 

antioxidant capacity following induced mitochondrial oxidative stress and attenuated granule release, 

without observations of any impact on basal platelet aggregation.  

Given the deleterious impact of BRT observed during platelet storage, further investigations perusing 

this agent in conditions of storage would be of little merit. However, the impact of BRT inclusion in 

platelet units following PI treatment may be of merit, given the noted increases in ROS generation, 

inappropriate activation and death.245,249,259 The apparent reduction of both UCB and BRT media 

concentrations is likely attributable to oxidant scavenging, furthers the potential to act as an 

antioxidant in oxidative stress conditions. However, any future investigations would ideally quantify 

bilirubin oxidative breakdown products to firmly establish if scavenging of ROS by included 

tetrapyrroles occurs during storage. Moreover, although BRT breakdown products were not 

examined, additional studies may wish to examine the breakdown of BRT or BDG to further establish 

the toxicity products.  

This thesis is the first to investigate the storage of platelets with a conjugated bilirubin analogue, 

demonstrating a significant impact on mitochondrial function. Given previous works detailing induced 

platelet apoptosis following UCB exposure, future works should investigate time and concentration 

dependent effects of conjugated bilirubin, both in vivo and in vitro,  to better understand the potential 

physiological/pathological effects on platelet function in conditions of conjugated hyperbilirubinemia, 

such as DJS or cholestasis/cirrhosis.286 Little work has investigated platelet function in DJS, despite 

neonatal presentations of thrombocytopenia, with future works needed to further explore the impact 

of conjugated hyperbilirubinemia in vivo.410,420 
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Given the unique hepatic modulation of the flavonolignan constituents of Milk thistle, additional 

works may wish to build upon results reported in Chapter Five. Said future works towards elevating in 

vivo serum bilirubin concentrations as a therapeutic strategy for oxidative stress pathologies would 

be well served to investigate additional preparations / dosages of Milk thistle. Observations from 

Chapter Five demonstrate a clear and immediate need for future studies to establish a robust dosage 

regime likely to achieve efficacious in vivo concentrations of silymarin / silibinin, similar to those 

demonstrated to attenuate hepatic activity.364,365 The use of preparations with increased 

bioavailability and an increase duration of therapy would be proposed avenues of first investigation.  

Further, despite previous ex vivo descriptions of attenuated functional platelet responses following 

Milk thistle constituent exposure, Legalon® administration did not impact platelet aggregation or 

activation in this thesis.364,365,367,444 A growing body of work supports attenuaton of platelet P2Y 

receptor function, both through direct inhibition and modulation of intracellular signalling, by silibinin. 

Moreover, silibinin has been porposed as a potential novel therapy particulary in ACS.444 If Milk thistle, 

or a constituent flavonolignan, is to have therapeutic potential it is evident, from results presented in 

Chapter Five, that alternate preparations of a standardised preparation are investigated. Although the 

pharmacokinetics of silymarin have been previously investigated, any associated impacts on platelet 

characteristics are poorly described.343 Therefore, additional work to characterise specific 

preparations / dosages are required if this naturally occurring supplement is to find relevance as a 

potential antithrombotic agent.  
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Supplementary Material 1 

Platelet Isolation from Whole Blood 

Briefly, PRP was diluted 1:1 with HEPES Buffer (140mM NaCl, 3.8mM HEPES, 2.7mM KCl, 5mM EDTA, 

pH 7.4) with 1µM PGE1 (final concentration) prior to pelleting to remove contaminating cells (100RCF, 

10min) in Falcon® 5mL round bottom polypropylene tubes. The platelet rich supernatant was 

transferred to a second tube with platelets pelleted (800RCF, 10 min), supernatant discarded and 

pellet washed twice with 500µL platelet wash buffer (140mM NaCl, 3.8mM Na3C6H5O7, 5mM EDTA, 

1% w/v dextrose, pH 7.4) ensuring minimal disruption of the pellet before resuspension in HEPES 

Modified Tyrode’s Buffer (HMTB) (138mM NaCl, 5mM HEPES, 5.5mM Glucose, 2.6mM KCl, 0.49mM 

MgCl2, 0.36mM NaH2PO4, 12mM NaHCO3 pH 7.4). 
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Supplementary Material 2 

The BD SORP LSR II Fortessa flow cytometer was equipped with 355nm, 405nm, 488nm, 561nm and 

640nm laser lines with detector filter sets for FITC (530/30BP), PE (588/12BP), APC (670/30BP), BV421 

(450/50BP), MitoSOX Red (585/42BP), MitoSPY Green (530/30BP) and TMRE (615/24BP). The Guava 

EasyCyteTM 5HT flow cytometer was equipped with a single 488nm laser line and detector sets for 

Green (525/30), Yellow (583/26) and Red (690/50). Setup and tracking of cytometer performance was 

undertaken daily with OEM reference beads (CS&T FACSDiva 8 or Guava easyCheck Kit) with additional 

QC by way of the 6th peak method (RCP-30-5a-6, Spherotech USA) 452 All fluorescence values reported 

as median fluorescence intensity (MFI). Prior to analysis titration of fluorescent dye or antibody 

concentration was by way of staining index (not shown).453 Methods utilizing antibody conjugated 

fluorophores were compensated with BD CompBeads (Anti-Mouse Ig, κ/Negative Control 552843) 

where 1µL of antibody was incubated with 1 drop of both positive and negative beads in the same 

manner as analytical samples. Fluorogenic dyes were compensated by way of a single stained sample 

either incubated at double the relevant analytical concentration (TMRE and MitoSPY Green) or 

pharmacological treatment to induce the relevant marker upregulation. These samples were then 

mixed with unstained samples immediately prior to acquisition (Supplementary Material 6).454 

MitoSOX Red was analysed by 355nm laser line excitation due to the greater specificity of the specific 

superoxide product (2-OH-MitoE+) using this wavelength.382,455 Relevant Fluorescence Minus One 

(FMO) controls were undertaken where necessary to establish percentage positive gating. All flow 

cytometric data analysis undertaken in FlowJo V10 (FlowJo LLC USA). The gating strategy adopted for 

both pulse geometry doublet exclusion and target population identification are presented in 

Supplementary Material 7.  
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Supplementary Material 7 

 

Representative flow cytometric gating strategy for exclusion of doublets and analysis of platelet activation. A) 
FSC vs SSC acquisition of platelet population B) FSC-H vs FSC-W exclusion of doublets, C) further exclusion of 
doublets via SSC-H vs SSC-W, D) anti-CD42b-APC positive event gating by way of FMO (not shown), E) anti-
CD42b-APC positive events displayed as anti-CD62P-PE vs anti-PAC-1-FITC.  
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HPLC Method 

Briefly, HPLC-PDA analysis was performed using a Shimadzu Prominence HPLC system consisting of an 

online degassing unit (DGU20A5R), solvent delivery unit (LC-20AT), autosampler (SIL-20 AC), 

column oven (CTO-20) and photo diode-array (SPD-M20A), connected in series. Separation was 

achieved via reverse phase C18 column (GraceSmart™ RP-C18, 150mm x 4.6mm, 3µm; Grace 

Davidson, Australia), which was preceded by a guard column (GraceSmart™ RP-C18, 3µm; Grace 

Davidson, Australia) and an UltraLine HPLC in-line filter (Restek, 0.5µm; Shimadzu, Sydney, Australia), 

respectively. The column oven and autosampler were set to 45˚C and 4˚C, respectively, with an initial 

flow rate of 1.6mL·min−1. Starting mobile phase consisted of 20% organic B (100% HPLC grade MeOH) 

and 80% aqueous A (10mM NH4OAc in 25% HPLC grade MeOH and 75% Milli-Q purified H2O). A linear 

gradient was applied, reaching 90% B at 4.5 minutes, remaining until 7 minutes. From 7 to 11.5 

minutes, the mobile phase was set at 20% B. To assist equilibration, flow rate remained at 1.6mL·min−1 

until 6 minutes where it increased to 2.3mL·min−1 at 6.35 minutes, remaining until 8.5 minutes. From 

8.5 to 9.5 minutes, the flow rate decreased to 1.6mL·min−1 and remained until 11.5 minutes. The total 

run time including adequate column re-equilibration was 11.5 minutes. For UCB and BRT extraction, 

160μL of extractant (1:4 DMSO:MeOH) was added to 40μL of PPM sample, mixed via vortex for 10 

seconds before centrifugation (21500RCF; 10 minutes) to pellet protein. The supernatant was diluted 

(2:1) with Milli-Q H2O upon addition to a HPLC vial, prior to being placed in the autosampler where 

40µL was injected for analysis. Commercially prepared BRT and UCB (Frontier Scientific Inc. Logan, UT, 

USA) served as external standards with retention times of 4.1 and 5.1 minutes respectively. Extraction 

efficiencies of these compounds from PPM was 95% and 91% for BRT and UCB, with standard curves 

indicating great linearity over concentration ranges of 1.5625µM – 100µM (r2 =0.9993) and 

0.15625µM – 10µM (r2 =0.9995) respectively. An approximate LOQ of 70nM and 800nM was reported 

for UCB and BRT respectively (Supplementary Material 9). 
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Cytometer Setup 

Flow Cytometric Analysis parts previously published 404 The BD SORP LSR II Fortessa flow cytometer 

was equipped with 355nm, 405nm, 488nm, 561nm and 640nm laser lines with detector filter sets for 

FITC (530/30BP), PE (588/12BP), PE-Cy7 (780/60BP), APC (670/30BP), BV421 (450/50BP), MitoSOX Red 

(585/42BP), MitoSPY Green (530/30BP) and Zombie Violet (450/50BP). The Guava EasyCyteTM 5HT 

flow cytometer was equipped with a single 488nm laser line and detector sets for Green (525/30), 

Yellow (583/26) and Red (690/50). Setup and tracking of cytometer performance was undertaken daily 

with OEM reference beads (CS&T FACSDiva 8 or Guava easyCheck Kit) with additional QC by way of 

the 6th peak method (RCP-30-5a-6, Spherotech USA).452 All fluorescence values reported as median 

fluorescence intensity (MFI). Prior to analysis titration of fluorescent dye or antibody concentration 

was by way of staining index (not shown).453 Methods utilizing antibody conjugated fluorophores were 

compensated with BD CompBeads (Anti-Mouse Ig, κ/Negative Control 552843) where 1µL of antibody 

was incubated with 1 drop of both positive and negative beads in the same manner as analytical 

samples. Fluorogenic dyes were compensated by way of a single stained sample either incubated at 

double the relevant analytical concentration (MitoSPY Green) or pharmacological treatment to induce 

the relevant marker upregulation. These samples were then mixed with unstained samples 

immediately prior to acquisition.454 MitoSOX Red was analysed by 355nm laser line excitation due to 

the greater specificity of the specific superoxide product (2-OH-MitoE+) using this wavelength.382,455 

Relevant Fluorescence Minus One (FMO) controls were undertaken where necessary to establish 

percentage positive gating. All flow cytometric data analysis undertaken in FlowJo V10 (FlowJo LLC 

USA). The gating strategy adopted for both pulse geometry doublet exclusion and target population 

identification is presented in the following figures.  
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Representative flow cytometric gating strategy for exclusion of doublets by geometric pulse exclusion and analysis of platelet Δψm by JC-1. 
JC-1 red to green shift by way of 50µM CCCP addition prior to incubation (orange).  
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Sample size calculation to detect a mean difference (baseline vs 14) in serum total bilirubin 

concentrations of ≥5µM with a two-sided α (error probability) of 0.01, power (1-β error 

probability) of 0.95. A total of 10 participants is required, with a dropout rate of 50% a total of 

15 participants were required.  

Table 1: G Power Calculation  

t tests - Means: Difference between two dependent means (matched pairs) 
Analysis: A priori: Compute required sample size  
Input: Tail(s) = Two 
 Effect size dz = 1.6666667 
 α err prob = 0.01 
 Power (1-β err prob) = 0.95 
Output: Noncentrality parameter δ = 5.2704629 
 Critical t = 3.2498355 
 Df = 9 
 Total sample size = 10 
 Actual power = 0.9522785 
  

Figure 1: Plot of Power vs Total sample size with a given effect size dz of 1.66 

  

 

 

 

 




