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ABSTRACT 

Introduction: Elevation in serum bilirubin concentration is associated with reduced risk 

of cardiovascular disease (CVD). Silymarin, an extract of the Milk Thistle plant, inhibits 

UGT1A1 enzymes, the main enzyme responsible for the conjugation and elimination of 

bilirubin from the body. This effect of elevated serum bilirubin may potentially protect 

against CVD. 

 

Aim/Objective: Using a single-blind, placebo-controlled crossover trial to investigate the 

in-vivo effects of Legalon®, on circulating bilirubin concentrations, platelet 

characteristics, and coagulation, recognised CVD biomarkers. 

 

Method: The effects of Milk Thistle (Silibinin) On circulating unconJugated bilirubin 

levels and markers of Oxidative stress and inflammation (MOJO) study was a randomised 

single-blind, crossover, placebo-controlled trial. The required number of participants, 

based on power calculation and basis of the trial was sixty-five participants. Participants 

were provided Legalon® and placebo during two supplementation phases, each of 14 

days duration with a 28 day washout period in between. Demographic data and blood 

samples were collected during seven participant visits (screening, Day 0, Day 7, and Day 

14 for each arm). Light transmission aggregometry, flow cytometry, clinical 

biochemistry, haematology, coagulation analysis, and high-pressure liquid 

chromatography (HPLC) were performed for collecting blood samples. Subsequent 

statistical analysis was conducted for seventeen participants who had satisfactory 

compliance (> 80% compliance for both study arms). 

 

Results: Twenty-five male participants were enrolled into the MOJO trial. Seventeen 

male participants completed the trial with satisfactory compliance (>80% for  both the 

Legalon® and placebo capsules). Circulating total bilirubin (TB) and direct bilirubin 

(DB) showed no significant difference between time points, and between the study arms 

(TB ANOVA time p=0.8773, treatment p=0.8971; DB ANOVA time p=0.9210, treatment 

p=0.9849). This was confirmed with HPLC analysis. Platelet aggregation induced by no 

agonist (NA), collagen, adenosine diphosphate (ADP) and thrombin receptor-activating 

peptide (TRAP) did not significantly differ between time points, and between study arms 

(maximum aggregation (%) NA ANOVA time p=0.4672, treatment p=0.1946; collagen 

ANOVA time p=0.6387, treatment p=0.3527; ADP ANOVA time p=0.3740, treatment 

p=0.9956; TRAP ANOVA time p=0.5790, treatment p=0.2029). No significant 
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difference in platelet activation was observed between the Legalon®-arm and placebo-

arm in flow cytometry analysis (ADP CD62P ANOVA time p=0.2943, treatment 

p=0.6460; ADP PAC-1 treatment p=0.1093; TRAP CD62P ANOVA time p=0.3032, 

treatment p=0.7140; TRAP PAC-1 ANOVA time p=0.4070, treatment p=0.3103). 

However, a significant increase was observed for PAC-1 between Day 0 and Day 14, in 

response to ADP (ANOVA time p=0.0311). Mean platelet volume (MPV) and platelet 

count showed no significant change between time points and between the study arms 

(MPV ANOVA time p=0.2631, treatment p=0.6900; platelet count ANOVA time 

p=0.8766; treatment p=0.8766). Prothrombin (PT) and activated prothrombin time 

(aPTT) did not differ significantly between the study arms or between time points (PT 

ANOVA time p=0.8106, treatment p=0.9331; aPTT ANOVA time p=0.8106, treatment 

p=0.9331).  

 

Conclusion: The MOJO trial did not demonstrate significant changes to the primary or 

secondary outcomes. When compared to other clinical studies that utilised silymarin, the 

differences in silymarin preparation, the participants involved, duration of administration 

and dosage of the intervention may have contributed to these findings. Despite this, 

Legalon® capsules were taken at the prescribed dose, therefore, these results are 

important and challenge claims made by the manufacturer. The main limitation of the 

present study, includes that the sample size (17 participants), did not meet the required 

participant number (65 participants), as such this trial is underpowered. Secondly, the 

duration of Legalon® administration was another limitation as the two-week duration 

may have been too short in comparison  to other clinical studies, who administered 

Silymarin for over a month. Other factors such as the poor bioavailability of Legalon®, 

time of blood collection, and variability in lifestyle may have contributed to the lack of 

significant findings. The MOJO trial remains an important field of research and 

challenges the manufacturer claims for this preparation and explored the in-vivo effects 

of silymarin on circulating bilirubin levels and its correlation to platelet characteristics, 

platelet function and coagulation in humans. Recommended changes to the MOJO trial 

include changing the silymarin preparation (silipide) and increasing participant 

recruitment. Initiating these changes may demonstrate a novel means to increase 

circulating bilirubin and therefore reduce CVD risk, which remains the world’s greatest 

cause of mortality. 
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1.0. INTRODUCTION 

With the continued rise of cardiovascular mortality, the search for an effective treatment 

to combat this threat has never been more sought after. Bilirubin, one of the three 

constituents of haemoglobin breakdown, has been extensive researched to potentially 

provide an innate protection against cardiovascular disease. Thus the search for a novel 

method of elevating bilirubin has also been on the rise. Silymarin, or more commonly 

known as Milk Thistle Extract, is one novel mechanism that has shown to elevate bilirubin 

within the body. Furthermore, several in-vitro, animal and clinical studies suggest a 

negative correlation between CVD risk and silymarin use, further suggesting a potential 

therapeutic use for CVD development. However, insufficient in-vivo evidence in human 

subjects exists to confirm the effectiveness of silymarin in reducing CVD risk factors in 

healthy human subjects. Whether oral silymarin use increases serum bilirubin 

concentration induced by clinical silymarin use has not been properly investigated.  

This thesis aims to explore whether targeting platelets with antioxidant supplements 

might be an effective means to reduce CVD and mortality risk, as compared to non-

specific antioxidant supplementation. The primary objective of the thesis was to observe 

the in-vivo effects of oral Legalon® supplementation on circulating bilirubin concentration 

(total and direct bilirubin) using automated clinical biochemistry analysis and high-pressure 

liquid chromatography (HPLC). The secondary objective was to also observe if there was 

a reduction of platelet aggregation/activation and increase in coagulation time if 

circulating bilirubin concentrations increased. The impact of oral Legalon® 

supplementation on platelet function (aggregation/activation), characteristics (mean platelet 

volume [MPV], platelet count) and clotting time (prothrombin [PT] or activated partrial 

tromboplastin time [aPTT]) were assessed using LTA, flow cytometry, haematology, and 

coagulation analysis. The in-vitro effects of silibinin on ex-vivo platelet aggregation was 

assessed using LTA only.  The null hypothesis of the thesis was that orally administered 

Legalon® does not increase or alter circulating bilirubin concentrations, and decrease platelet 

function (aggregation or activation), characteristics (mean platelet volume or platelet count) 

and clotting time (prothrombin or activated partrial tromboplastin time) when compared to 

placebo. Meanwhile, the alternate hypothesis would be these aforementioned biological 

parameters would alter with Legalon® administration. 
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2.0. LITERATURE REVIEW 

2.1. INTRODUCTION TO CARDIOVASCULAR DISEASE 

Cardiovascular disease (CVD) is a group of diseases impacting the heart and vascular 

system and is responsible for approximately 18 million deaths per year, worldwide (1, 2). 

CVD is a major cause of mortality in Australia, with approximately 43,500 reported 

deaths in 2017 (3). Although the CVD mortality rate has reduced in the past 30 years, it 

remains one of Australia’s greatest health problems emphasising the need for further 

research to reveal effective prevention and treatment strategies (3). CVD occurs due to 

pathological changes in the cardiac and vascular system that compromises cardiovascular 

function. Atherosclerosis is one pathological change that subsequently leads to CVD 

events, which threaten life. 

2.2 ATHEROSCLEROSIS 

Atherosclerosis is implicated as a key pathological process in many CVDs and causes 

narrowing of arteries, which compromises oxygen delivery to distal tissue (4). The 

process of atherosclerosis is initiated by damage to the endothelium potentially caused by 

several factors such as smoking, hypertension, hyperglycaemia, hypercholesterolemia 

and damaging chemical compounds (e.g. oxidants that are found within cigarette smoke). 

This increases the permeability of the vascular wall and deposition of low-density 

lipoproteins-cholesterols (LDL-C) into the tunica intima, which then undergoes oxidative 

modification, due to local inflammatory processes, forming oxidized-LDL (ox-LDL) (5). 

Adhesion molecules are also expressed on endothelial cells that lead to the recruitment of 

monocytes into the endothelium (i.e. by interacting with receptors found on the surface 

of monocytes) (6). Adhered monocytes then undergo a morphological change allowing 

them to flatten and transmigrate into the intima. The local inflammatory milieu activates 

monocytes, stimulating their differentiation into classically activated macrophages, 

which phagocytose residual ox-LDL via scavenger receptors to become foam cells, 

further amplifying the inflammatory process by stimulating cytokine secretion 

(Tumour Necrosis Factor-α [TNF-α], interleukin [IL]-1β, IL-12, IL-6) (7, 8). Necrosis of 

foam cells provides a powerful stimulus for further endothelial activation and reinforces 

leukocyte recruitment with the secretion of TNF-α and IL-6 (9). Continuation of 

monocyte recruitment leads to intimal thickening and the formation of fatty streaks, 

visible on the surface of arteries. Inflammatory cell recruitment further promotes plaque 

growth and recruit additional cell types, including vascular smooth muscle cells (SMC), 

which proliferate and stabilise the fibrous plaque (8). Proteases (i.e. matrix 
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metalloproteinases) released from the foam cells weaken the plaque wall, increasing the 

risk of plaque rupture.  

 

A pro-thrombotic milieu from the plaque rupture promotes platelet activation and platelet 

adhesion to the overlying endothelium, forming a thrombus. Growth of the atherosclerotic 

plaque continues, narrowing blood vessels and eventually limiting blood flow distal to 

the occlusion, and therefore inducing tissue ischaemia (10). Tissue ischaemia manifests 

as local pain (angina) in the heart or claudication (pain during exercise) if the lower limb 

muscles are affected. If obstruction to blood flow is substantial, critical organ/limb 

ischaemia can occur, resulting in cellular death, and whole organ dysfunction, which 

threatens life (i.e. in the case of myocardial infarction [MI]/heart attack). 

 
Figure 2.1. Schematic diagram of atherosclerotic development (11). The process begins with the 

expression of adhesion molecules from activated endothelial cells. Monocytes adhere to the 

endothelium and accumulate into subendothelial space, transform into macrophages and engulf 

ox-LDL to become foam cells. This inflammatory environment allows SMCs to migrate, 

proliferate and produce collagen. The plague continues to grow, causing local tissue hypoxia, and 

promoting neovascularisation, which may cause intraplaque haemorrhaging in the atherosclerotic 

lesions. During the advanced stages of atherosclerosis, a fibrous cap can form encapsulating a 

necrotic core with calcium microcrystals and allowing a thrombus to form if the plaque ruptures. 

 

2.3. BIOMARKERS OF CVD RISK 

Numerous blood biomarkers of CVD risk have been identified and published, which are 

crucial for the early estimation of diseases and mortality risks (12). Additionally, the 

identification of these biomarkers has been critical to revealing the mechanisms behind 

the vascular disease. Currently established biomarkers of CVD risk include blood lipid 
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profile (e.g. cholesterols, triglycerides), inflammatory markers (e.g. high-sensitivity C-

reactive protein [hs-CRP]), oxidative damage markers (e.g. oxidized lipids and proteins) 

and platelet activity, each of which are believed to play crucial roles in the development 

and progression of vascular disease, atherosclerosis and thrombosis, leading to organ 

ischaemia (13, 14). 

2.3.1. LIPID PROFILE IN CVD 

Circulating LDL-C plays a critical role in the development of atherosclerosis (15). LDL-

C diffuses into the walls of arteries, where it is oxidised and is subsequently engulfed by 

macrophages. These macrophages then transform into foam cells, which further damage 

the arterial wall, leading to the development of atherosclerotic lesions. As such, LDL-C 

is a recognised clinical marker of CVD risk (16), as demonstrated by the incorporation of 

the total cholesterol: LDL-C ratio being incorporated into an equation that evaluates CVD 

risk (17). The importance of lipids is further emphasised by the effectiveness of lipid-

lowering therapy, such as statins, which have recognised effectiveness in reducing future 

risk of MI (18). Emerging evidence has also identified a significant association between 

different lipid profile parameters (e.g. triglyceride, high-density lipoprotein cholesterol 

[HDL-C]) and CVD risk (19, 20). 

2.3.2. INFLAMMATION IN CVD 

The innate inflammatory response is an identified crucial factor in the pathogenesis of 

numerous CVDs (12). Atherosclerotic development is typified by an inflammatory 

response, including cytokines release and macrophage activation (4). Inflammatory 

markers such as hs-CRP, white blood cell (WBC) count, IL-6, IL-8, IL-10 and fibrinogen 

are all positively associated with increased CVD risk (21-23). Furthermore, IL-6, hs-CRP 

and fibrinogen were identified as predictors of cardiovascular death, linking these risk 

factors to thrombosis and cardiac failure (12). These studies have, therefore, raised 

interest in the viability of anti-inflammatory treatments to reduce CVD risk. An example 

of one such anti-inflammatory drug is aspirin, which blocks arachidonic acid (AA) 

metabolism and downstream prostaglandin production, reducing platelet 

aggregation/activation and thrombotic formation (24, 25).  

2.3.3. OXIDATIVE STRESS IN CVD 

Oxidative stress is another crucial modulator of CVD pathogenesis (12, 15). For example, 

patients with coronary artery syndrome were identified as having significantly higher 

levels of advanced oxidation protein products (AOPP) (26), a biomarker of oxidative 

stress formed from a reaction between plasma proteins and chlorinate oxidants (27). 
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Additionally, myeloperoxidase (MPO), another marker of oxidative stress (and 

inflammation) involved in the production of hypochlorous acid (HOCl) from hydrogen 

peroxide (H2O2) and chloride anion (28), also modifies proteins and lipids, is abundantly 

found within the oxidised environment of advanced atherosclerotic plaques (29). Sub-

clinical manifestations of CVD, including endothelial dysfunction, reduced flow-

mediated dilation, and increased carotid intima-media thickness is all associated with 

elevated circulating markers of oxidative damage (30, 31). Behaviours and conditions 

including smoking, hypertension and diabetes can, directly and indirectly, promote 

oxidative damage, caused by increased formation of molecules with unpaired electrons 

(free radicals), classified as reactive oxygen species (ROS) and reactive nitrogen species 

(RNS) (32, 33). ROS, the most common form of free radicals, are ‘singular electron oxide 

anions’ molecules, including superoxide anion (O2•
-), hydroxyl radical (HO•), and lipid 

radicals (34). ROS oxidises other macromolecules (e.g. lipids, proteins and DNA) 

changing the structure and function of cells within the arterial wall, resulting in chronic 

cellular injury and death (35). Oxidative damage caused by elevated ROS can lead to 

other detrimental effects within the cardiovascular system including myocardial 

remodelling, fibrogenesis, and plaque formation/rupture and microvascular dysfunction. 

ROS at pathologically elevated levels induce LDL oxidation and initiate inflammatory 

signalling, which contributes to early foam cell formation, increased ox-LDL formation, 

and SMC proliferation during atherosclerotic development (36). 

2.3.4. ROLE OF ANTIOXIDANTS IN ALLEVIATING CVD RISK 

In response to experiencing oxidative stress, the human body produces antioxidant 

defences to counteract this stress. Antioxidants are molecular entities that either prevent 

the formation, or chemically neutralise, free radicals (37). Antioxidants are either 

provided endogenously (e.g. glutathione [GSH], bilirubin, superoxide dismutase [SOD]) 

or can be obtained from food and supplement (e.g. vitamin A, C and E, selenium). A 

balance between free radical production and antioxidant defences is crucial to prevent the 

damaging effects of excessive free radical to lipids, proteins and DNA (37). Evidence 

now shows the negative correlation between antioxidant intake and CVD 

development (38), such as within the Health Professional Follow-Up Study, which 

reported that a higher intake of β-carotene (the precursor for vitamin A) was significantly 

associated with reduced risk of CVD among smokers (39). Consumption of vitamin E 

reduces CVD risk by approximately 34% and reduce cardiac death by 58%. Furthermore, 

low intake of vitamin E appears to associated with increased risk of CVD in both male 
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and females (40). More importantly, drugs that specifically target ROS production, such 

as apocynin, an NADPH oxidase (NOX) inhibitor, reduces CVD risk by reducing free 

radical interactions with platelet aggregation and thrombus formation (41, 42). Despite 

the evidence for the link between antioxidant activity and cardioprotection, a large 

number of studies have also demonstrated no link between antioxidant 

activity/supplementation and CVD inhibition (43-45), challenging the notion that 

increased antioxidant consumption can prevent CVD risk and death. However, these 

studies have substantial limitations, including compliance, disease state and study design, 

making it difficult to conclude the influence of antioxidants activity on CVD risk. 

2.3.5. PLATELETS IN CVD 

Platelets are important biomarkers of CVD risk with ample evidence for their 

importance. Ridker et al. (46) demonstrated that healthy individuals with elevated 

concentrations of soluble P-selectin, a protein released by activated platelets, is associated 

with increased risk of suffering a future cardiovascular event. Formation of clots and the 

resulting interruption of coronary blood flow is a critical terminal manifestation of CVD, 

leading to major adverse coronary events (47). Furthermore, platelet hyper-aggregability 

is significantly correlated to smoking, hypercholesterolemia, and hypertension, which are 

converging factors within coronary artery disease (CAD) (48). Evidence for the 

involvement of platelets in CVD pathophysiology is shown through therapeutics that 

reduce CVD risk by inhibiting platelet activity. Platelet aggregation inhibitors, including 

aspirin and apocynin, are commonly prescribed as preventive therapies for individuals 

experiencing, or at high risk of, cardiovascular events (25, 41). The effectiveness of 

aspirin, for example, is evident from a study performed on 22,000 men reporting that 

aspirin taken on alternating days for five years was associated with a 44% reduction for 

MI (49).  

2.4. PLATELETS 

Platelets are discoid enucleated cell fragments originating from megakaryocytes in the 

bone marrow (50). Platelets are approximately 2–3 µm in size with a typical count of 1.5 

to 4.0 x 1011/L  and a lifespan of 7 to 10 days within the circulation (51, 52). Platelets are 

crucial for controlling bleeding upon endothelial damage (53, 54) but are also involved 

in the thrombotic process that occurs after an atherosclerotic plaque ruptures, releasing 

platelet-activating agents, attracting and aggregating platelets, and promoting coagulation 

(55). The formed blood clots may break off and embolise, occluding smaller ‘down-
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stream’ vessels and occlude blood flow to crucial organs, including the brain and the heart 

(56). 

 
Figure 2.2. A diagrammatic ultrastructure of a platelet, showcasing its organelles; including the 

alpha-granules (called granules here), dense granules (called dense bodies here), dense tubular 

system, mitochondria and surface-connected cannicular system (57)  

 

2.4.1. PHYSIOLOGICAL PLATELET AGGREGATION 

Under physiological conditions, platelets circulate in the bloodstream without interacting 

with the endothelium of the blood vessels. However, if the endothelium is removed due 

to hypertension or areas of turbulent blood flow, collagen fibres are exposed to the blood 

and circulating platelets (58). Two adhesive receptors on the platelet surface membrane, 

integrin α2β1 (GPIa/IIa) receptors and the glycoprotein VI (GPVI) receptors, directly 

interact and adhere to the exposed collagen. Platelet adhesion at the site of injury initiates 

platelet activation events that result in platelet aggregation (59). Adhered platelets 

undergo a conformational change into an irregular spherical shape with multiple filopodia 

(shown in Figure 1.2.). This conformational change increases the surface area of contact 

for the platelets to improve interactions with other platelets and fibrin. The activation of 

platelets also results in the release of molecules, stored within platelet granules (alpha and 

dense granules), into the extracellular matrix via exocytosis (60). It is through the agonist-

induced stimulation of P-selectin, found on the platelet surface, that transduces the release 

of alpha granules. These released molecules, including von Willebrand factor (vWF), 

adenosine diphosphate (ADP) and thromboxane A2 (TXA2), bind to specific receptors on 

neighbouring platelets and further stimulate platelet activation and aggregation via 

specific receptor-mediated signal transduction events (see Figure 1.2.).  
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Platelet aggregation, or the binding of platelets to each other, initiates intracellular 

signalling pathways leading to the activation of the integrin αIIbβ3 (GPIIb/IIIa) complex 

(61). Ultimately, this activation causes the extracellular globular head domains of 

GPIIb/IIIa to shift from a bent (resting) to an erect (active) state, which promotes the 

strong binding of fibrinogen and vWF between platelets to cement them together in the 

platelet plug (51). Fibrinogen and vWF serve as bridges that allow other activated 

GPIIb/IIIa of adjacent platelets to bind to other fibrinogen and vWF, creating an aggregate 

of platelets at the site of activation/injury. To prevent unnecessary platelet activation, the 

GPIa/IIa and GPVI receptors are insufficient to initiate the binding of platelets to collagen 

fibres and requires GPIb-IX-V binding to vWF to immobilise the platelets to the 

collagen fibres at high shear rates. 

 
Figure 2.3. Molecular process of platelet activation, adhesion and aggregation (62). Platelet 

activation leads resting platelets to undergo morphological changes to increase the surface area 

for adhesion to collagen and vWF receptors present on the damaged endothelium. Once adhered 

to the site of injury, platelets release molecular factors (e.g. ADP, TXA2, serotonin [5-HT here]) 

to activate other platelets and express GPIIb/IIIa antigens permitting neighbouring platelets to 

bind. 

2.4.2. THE INVOLVEMENT OF BILIRUBIN IN CVD RISK 

CVD is a complex and multifactorial disorder influenced by several physiological and 

biochemical factors. Antioxidant, anti-inflammatory, lipid-lowering and anti-platelet 

therapies are used to reduce CVD risk by targeting individual CVD biomarkers (63). 

Although these treatments have proven effective in reducing CVD risk individually, 

recent treatments have aimed to target multiple biomarkers/mechanisms of action. 
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Growing epidemiological and scientific evidence suggest that bilirubin is one 

cytoprotective compound that demonstrates a multi-potent mechanism in reducing CVD 

risk (64) 

2.5. BILIRUBIN 

2.5.1. WHAT IS BILIRUBIN? 

Unconjugated bilirubin (hereon referred to as ‘bilirubin’) is a linear tetrapyrrole and is 

formed as a by-product of haem catabolism. Haem is first ring-opened and oxidised to 

form biliverdin, which is then chemically reduced to bilirubin (65). The formed bilirubin 

binds to the plasma protein albumin and is transported throughout the body via the blood. 

The intramolecular hydrogen bonding of the bilirubin IXα isomer, characterised by a 

“ridge-tile” conformation (66) between the propionic acid groups, polar lactams and 

nitrogen groups forms a stable ‘open-book’ configuration (shown in Figure 1.3.) and is 

responsible for bilirubin’s poor water solubility, approximating 70 nM (67). Despite 

bilirubin’s low water solubility, the normal circulating unconjugated bilirubin 

concentration approximates 5-20 µM, thanks to albumin binding  (68). 

 
Figure 2.4. Molecular process of haem catabolism and biliverdin reduction into bilirubin (69). 

Red blood cells (RBCs) undergo catalysis into three main constituents; globin, iron and haem 

(referred to as heme here). The haem constituent is further catalyzed by haem-oxygenase-1 (HO-

1) into three more constituents; iron, carbon monoxide (CO), and biliverdin. The rate-limiting 

step of haem degradation yields biliverdin by opening the α-carbon bridge of the haem group (70). 

The biliverdin is reduced to bilirubin by biliverdin reductase (BVR) via the reduction of the 

double the C10 bridge situated in the middle of the biliverdin molecule. The ridge-tile/open-book 

conformation of bilirubin IXα is displayed on the bottom left.  
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2.5.2. EXCRETION AND ELIMINATION OF BILIRUBIN 

The accumulation of circulating bilirubin leads to jaundice and neurotoxicity at 

concentrations exceeding the albumin binding capacity (~350 µM) (71). As such, the 

bilirubin excretory pathway is of critical physiological importance (shown in Figure 1.4.). 

Bilirubin excretion begins with circulating the bilirubin-albumin complex reaching the 

liver and bilirubin undergoing hepatic uptake by organic anion transporting polypeptide 

(OATP) 1B1 transporters  (72). Following this, bilirubin is conjugated by uridine 

diphosphate glucuronyltransferase (UGT) 1A1 within hepatocytes by adding one or two 

glucuronic acid molecules that allow for its excretion into the bile canaliculus by 

multidrug resistance-related protein 2 (MRP2) (73, 74). The biliary tract then directs 

conjugated bilirubin into the gastrointestinal tract (GIT) to be de-conjugated into bilirubin 

by β-glucuronidase of enteric bacteria (e.g. Clostridium species [sp.], Corynebacterium 

sp., Bacteroidaceae sp.), which is then further metabolized into urobilinogen by similar 

enteric bacteria (75, 76). Urobilinogen can either form stercobilinogen, which is excreted 

from the body through faeces, or remains as urobilinogen to be excreted through the urine. 

2.5.3. HYPERBILIRUBINAEMIA 

Abnormalities in bilirubin’s excretory pathway lead to an elevation in serum bilirubin 

concentrations. In adults, if bilirubin concentrations exceed 20 µM, this condition is 

referred to as hyperbilirubinaemia (77). The most common form of hyperbilirubinaemia 

is Gilbert’s syndrome (GS; or Gilbert-Meulengracht syndrome), occurring in 

approximately 5-10% of the population (68, 78). This condition is caused by a genetic 

polymorphism in the promoter region of the UGT1A1 gene that reduces the synthesis of 

the hepatic UGT1A1 enzyme, reducing bilirubin conjugation and thereby increasing the 

circulating concentration of unconjugated bilirubin (79, 80). Other forms of 

hyperbilirubinaemia exist, including Rotor syndrome, Crigler-Najjar syndrome and 

Dubin-Johnson syndrome, though these are less common than GS (65) (see Figure 1.4. 

for the aetiology of each form). Interestingly, correlative data indicate protection from 

CVD in individuals with hyperbilirubinaemia (Gilbert’s syndrome), suggesting a 

potential role for bilirubin in cardiovascular protection. 
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Figure 2.5. Schematic diagram for the synthesis and metabolism of bilirubin and conditions of 

impaired bilirubin metabolism (81). Unconjugated bilirubin (UCB), formed from the reduction of 

biliverdin (BV), is transported to the liver via albumin-binding and is absorbed into the liver by 

OATP1B1 uptake (SLCO1B1 here). UCB is then conjugated (conjugated bilirubin [CB]), which 

is transported via MRP2 into the bile canaliculus. CB enters the intestine via the bile duct and is 

metabolized into urobilinogen and stercobilinogen for urinary and faecal excretion, respectively. 

Remaining urobilinogen is reabsorbed via the enterohepatic circulation. Hyperbilirubinemia 

disorders occur due to the deficiency in one or more processes within the excretory pathway of 

bilirubin and are classified based on the aetiology of the hyperbilirubinaemia state (65). Inhibition 

of OATP1B1 uptake transporter and MRP2 efflux transporter lead to Rotor syndrome and Dubin-

Johnson syndrome, respectively. Meanwhile, reduced activity or complete inhibition of UGT1A1 

enzymatic activity leads to Gilbert’s syndrome and Crigler-Najjar syndrome, respectively. 

 

2.5.4. HYPERBILIRUBINAEMIA AND CARDIOVASCULAR DISEASE 

Schwertner et al. (82) first reported the protective association between mildly elevated 

serum bilirubin levels and CAD. This study reported that a 50% reduction in total serum 

bilirubin was associated with a 47% increased risk of severe CAD in male aviators. 

Following this, Hopkins et al. (83) reported that serum bilirubin concentrations were 

negatively associated with the severity of familial CAD for both sexes. For example, 

individuals with elevated bilirubin levels (>17 µM) have up to 80% reduced risk of 

developing early familial CAD. Turfan et al. (84) reported that serum bilirubin levels 
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were independently and inversely associated with severity of CAD in patients with stable 

CAD. Vitek et al. (85) also observed that the incidence of ischaemic heart disease in GS 

individual was substantially reduced compared to the age-matched “general population” 

(2% compared to 12.1% respectively). Additionally, mild elevation of bilirubin is also 

negatively associated with MI and peripheral arterial disease (86). A prospective cohort 

study by Song et al. (87) reported that increasing CAD risk was significantly associated 

with reduced bilirubin levels, with the risk of CAD increasing by six-fold in those with 

metabolic syndrome.  

 

A meta-analysis, including many of these articles, reported a consistent inverse 

relationship between serum bilirubin levels and severity of atherosclerosis in men and 

demonstrated that a concentration of 10 µM for bilirubin represented a critical value for 

determining increased/decreased risk (88).  Interestingly, these findings are supported by 

data showing a 50% reduction in all-cause mortality in GS versus non-GS individuals 

(89) and this protection appears to be imparted in a dose-responsive manner, as 

demonstrated in a cohort of more than 500,000 individuals in the United Kingdom (90). 

This negative association, frequently observed when bilirubin increases by more than 

5 M, suggests that mildly increased bilirubin could potentially reduce CVD risk and that 

low serum bilirubin levels could represent a biomarker for increased future CVD risk. 

The potential protective association of bilirubin may be attributable to multiple effects 

related to the increased antioxidant status, reduced inflammatory response, lipid profile 

modification, and inhibition of platelet activity/characteristics, which are all beneficially 

associated with mildly increased (benign) hyperbilirubinaemia (77, 81, 91). 

2.5.5. ANTIOXIDANT PROPERTY OF BILIRUBIN 

Bilirubin is a potent antioxidant molecule that effectively inhibits of oxidative damage to 

lipids and proteins. Clinically relevant translation of bilirubin’s antioxidant effects shows 

that individuals with GS have improved circulating antioxidant status and resistance to 

serum oxidation (64). The Framingham Heart Study suggested that bilirubin’s antioxidant 

property was responsible for reducing CVD risk in GS individuals (92). This antioxidant 

property allows bilirubin to inhibit lipid peroxidation (e.g. ox-LDL), which could initiate 

of atherosclerotic development (36, 93). Furthermore, Stocker et al. (94) reported 

bilirubin to be a more effective scavenger of peroxyl radicals than α-tocopherol. This 

antioxidant property stems from its system of the conjugated double bond and reactive 

hydrogen atoms at the C10 bridge of bilirubin, that readily donates electrons to free 
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radicals (95). Stocker et al. (94) also determined that the antioxidant property of bilirubin 

was maintained when bound to albumin. Since this study, bilirubin has been shown to 

scavenge of ROS and RNS, including peroxynitrite (ONOO-), oxidised nitric oxide 

(NO•), HOCl and O2•
- (64, 96). Additionally, bilirubin’s antioxidant properties are 

amplified by an oxidation-reduction cycle that involves BVR, known as the biliverdin-

bilirubin cycle (97, 98). As shown in Figure 1.5. the cycle involves BVR reducing 

biliverdin to bilirubin using  NADPH, which is then re-oxidized back to biliverdin 

by  ROS (99, 100). This cycle protects HeLa cells from a ten-thousand-fold excess of 

H2O2 after treatment with 10 mM UCB (99). It should be noted, however, that this in-

vitro redox cycle has been questioned and is dependent on the type of oxidant that 

interacts with bilirubin, to form biliverdin (101). Nonetheless, it is possible that 

bilirubin’s antioxidant property, under physiological conditions, could prevent lipid 

oxidation and therefore protect against the development of CVD, which often arise from 

an accumulation of oxidized cholesterol, within plaques (the ‘oxidative modification’ 

hypothesis) (102).  

 
Figure 2.6. Schematic diagram for the biliverdin-bilirubin antioxidant cycle (99). Biliverdin 

formed is reduced to bilirubin, which is then oxidized back to biliverdin by ROS (e.g. lipid 

peroxide). 

 

The inhibitory effects on RNS by bilirubin may also add to its cardioprotective properties. 

RNS, including nitric oxide (NO•) and ONOO- are involved in the pathogenesis of CVD 

and atherosclerosis development through increased oxidative stress (103, 104). Bilirubin 

inhibits ONOO- formation and reduces NO• bioavailability through a direct (via 

quenching ONOO-) and indirect (via quenching O2•
-/scavenging NO•) mechanisms (64). 
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Together, bilirubin sufficiently competes with the formation of ONOO- (product of O2•
-

and NO• reacting) (68, 105). Additionally, bilirubin’s inhibitory effects on NOX activity 

in producing O2•
- also reduces ONOO- formation (106). Figure 1.6. shows the potential 

interaction of bilirubin in altering NO bioavailability and thus ONOO- formation. These 

combined antioxidant effects contribute towards bilirubin’s cardioprotection properties 

and indicate potentially diverse ways in which bilirubin could inhibit CVD. 

 

 

 

Figure 2.7. Schematic diagram showing the potential interaction of bilirubin with RNS and 

nitrosative stress (64). Bilirubin inhibits NOX-induced O2•- subsequently reducing ONOO- 

formation and thereby preserving NO bioavailability, ONOO- formation is reduced and preserves 

NO bioavailability. Bilirubin also scavenges ONOO- and subsequently inhibits 3-nitrotyrosine 

formation (106). Increased NO bioavailability favours N2O3/NO2- formation and nitrosylation 

reactions (S-nitrosylation [S-NO]) with NO interacting with radical decomposition products of 

ONOOH, to inhibit tyrosine nitration (secondary reaction) (107). S-NO react with bilirubin 

forming NO-bilirubin species.  
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2.5.6. ANTI-INFLAMMATORY EFFECTS OF BILIRUBIN 

An early demonstration of bilirubin’s anti-inflammatory effect showed the remission of 

rheumatoid arthritis symptoms linking to the development of jaundice during liver disease 

(108). Most recently, the anti-inflammatory effect of bilirubin have been implicated in 

protecting from vascular injury and atherosclerosis by inhibiting vascular cell adhesion 

molecule-1 dependent reactive oxygen species production and leukocyte, transmigration 

into atherosclerotic plaques. (91). Bilirubin, however, could inhibit inflammatory 

responses by inhibiting myeloperoxidase (MPO) oxidant production/reactions. For 

example, when MPO is released (i.e. from neutrophils and monocytes), bilirubin inhibits 

the effect of MPO driven HOCl production and chloramine formation. Considering the 

hypothesised role of MPO within atherogenesis this data suggest an important mechanism 

whereby bilirubin could inhibit vessel disease (109-111). Moreover, direct and indirect 

inflammatory markers, such as hs-CRP and neutrophil: lymphocyte ratio are also 

inversely associated with serum bilirubin concentration (112, 113).  

 

Bilirubin was also reported to inhibit the complement system, an innate immune response 

that eliminates foreign pathogens and promotes inflammatory processes (114). Bilirubin 

interferes with C1q-immunoglobulin interaction, thereby inhibiting the initial step in 

complement cascade activation and complement-mediated inflammation (115, 116). Both 

biliverdin and bilirubin were also reported to down-regulate the C5a receptor gene and 

protein expression within macrophages (63, 117-119). However, one study reported 

significantly higher level of IL-1β and significantly lower levels of IL-6 in GS individuals 

when compared to non-GS individuals (120). These results underscore the complexity of 

bilirubin’s potential anti-inflammatory effects. Bilirubin may exhibit redox-dependent 

anti-inflammatory effects, by preventing leukocyte transmigration and quenching 

oxidants (i.e. HOCl) released by activated neutrophils/monocytes (91). These 

inflammatory processes would otherwise contribute and accelerate the atherosclerotic 

process, supporting a second potential mechanism whereby bilirubin could exert its 

protective effect. 

2.5.7. LIPID MODULATING EFFECTS OF BILIRUBIN 

Breimer et al. (121) first reported a positive relationship between HDL-C and bilirubin 

concentration and a negative relationship with triglyceride levels and bilirubin 

concentrations. Additionally, LDL-C negatively correlate with bilirubin concentration 

(77). This may explain the difference in lipid profile (lower triglyceride and LDL-C 
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levels) between GS individuals and non-GS individuals (122). Bulmer et al. (77) proposed 

that modifications in GS individual may arise due to decreased biliary hepatic cholesterol 

excretion, decreased hepatic cholesterol synthesis, and increased intestinal cholesterol 

excretion. Inhibition of lipolysis or stimulation of glucose oxidation in the presence of 

high bilirubin concentration may also explain the changes in lipid profile seen in GS 

individuals (123). The increased activity of peroxisome proliferator-activated receptor-α 

in hyperbilirubinaemia mice with Gilbert’s polymorphism (HuUGT*28) was also linked 

to decreased hepatic triglyceride and cholesterol storage (124), These mutant 

hyperbilirubinaemia Gunnrats possess approximately 60% reduced total cholesterol, 

implicating UGT1A1 function, or bilirubin concentration, in reducing circulating 

cholesterol (125). Due to the importance of lipids (e.g. cholesterol, LDL-C) in the 

initiation and propagation of atherosclerosis (126), the ability for bilirubin to modulate 

lipids is crucial in providing its cardioprotective properties. The mechanism by which 

bilirubin modulates lipid metabolism remains incompletely understood, however, redox 

independent mechanisms including binding to nuclear receptors may be responsible 

(124). This data indicate a third potential way in which bilirubin could inhibit CVD and 

associated mortality. 

2.5.8. ANTI-PLATELET EFFECTS OF BILIRUBIN 

Of the many proposed mechanisms by which  bilirubin could  influence CVD, the effects 

of bilirubin on platelet function has been investigated the least (127). The anti-thrombotic 

property of bilirubin was first proposed  in 1969, by Suvansri et al. (128) who reported 

an alteration in platelet morphology, clot formation and platelet function when platelets 

were incubated with bilirubin. In contrast other studies have reported hyperactivation of 

platelets when treated with exogenous bilirubin (129, 130); however, it is likely that 

platelet isolation techniques including the use of calcium chloride and potassium, which 

were used prior to aggregation analysis caused platelet aggregation in these studies (127). 

Recent epidemiological studies have demonstrated altered haematological parameters in 

GS individuals and a negative association between platelet characteristics and serum 

bilirubin level (128). Data to support these conclusions  include reduced soluble P-

selectin and circulating CD40 ligand, crucial markers of platelet aggregation, in GS 

individuals (131), and the association between serum bilirubin elevation and increasing 

clotting time in one-month-old infants (132). Furthermore, a dose-dependent decrease in 

platelet count and mean platelet volume (MPV) were observed in relation to total bilirubin 

concentration within humans, though platelet counts remained within the reference range 
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(133, 134). These effects may be explained by increased platelet cell lysis, which was 

demonstrated ex-vivo by NaveenKumar et al. (135). In-vitro platelet apoptosis, with 

alterations to apoptotic markers, including increased generation of ROS, intracellular 

calcium, cardiolipin peroxidation, mPTP formation and PS externalization, was observed 

after incubation with exogenous bilirubin (50-200 µM). These findings may also explain 

the occurrence of thrombocytopenia seen in liver disorders (e.g. hepatitis C) linked with 

increased bilirubin (136). Further evidence for the inhibitory effects of bilirubin on 

platelet aggregation was demonstrated by Kundur et al. (127) when 35 µM of exogenous 

bilirubin (a concentration observed in GS), incubated in platelet rich plasma (PRP), 

inhibited collagen-induced platelet aggregation. This finding was consistent with findings 

from Naveenkumar et al. (135) whom also demonstrated the inhibition of collagen-

induced platelet aggregation when incubated of exogenous bilirubin (100 & 200 µM) in 

PRP. Furthermore, bilirubin ditaurate (10-35 μM), a water-soluble bilirubin analogue, 

inhibited alpha and dense granule exocytosis and platelet mitochondrial ROS production 

ex-vivo, thereby inhibiting platelet activation (137). The anti-complement effects by 

bilirubin and biliverdin, including the down-regulation of the C5a receptor gene and 

protein expression and inhibition of the C-ethylenediaminetetraacetic acid  (EDTA) step 

(117, 118), were also proposed to be correlated with a reduction in the complement-

mediated platelet activation (81). 

 

The potent antioxidant activity of bilirubin may be crucial in the inhibition of platelet 

activation. Endothelial dysfunction is a major factor contributing to the development and 

initiation of thrombosis and is clearly linked to oxidative stress (138, 139). Therefore, 

improvements to endothelial-dependent vasodilation and inhibition of oxidative stress by 

bilirubin could inhibit thrombosis and platelet activation. GS individuals, with greater 

circulating antioxidant status, have improved flow-mediated vasodilation (140). 

Additionally, individuals administered atazanavir (a protease inhibitor with off-target 

UGT1A1 inhibitory effects) experienced increased bilirubin concentrations and improved 

vascular relaxation responses could reduce shear stress-induced platelet activation and 

adhesion (141, 142). The search for additional bilirubin increasing agents could harness 

these effects, without imparting potentially harmful effects associated with long term 

protease inhibitor use. 

 

H2O2 scavenging properties of bilirubin may also indirectly inhibit AA-induced platelet 

aggregation by inhibiting AA mobilization required for TXA2 formation (an agonist of 
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platelet aggregation) (81). Additionally, the scavenging of H2O2 release from collagen-

induced platelet activation, which creates a positive feedback loop agonist-mediated 

platelet aggregation (143), by bilirubin may explain the inhibition on collagen-induced 

platelet aggregation (127, 135). Ox-LDL scavenging activity of bilirubin could also 

inhibit the interaction between ox-LDL, platelets and leukocytes that induces platelet 

activation through the stimulation of the tyrosine kinase-dependent and phospholipase 

A2/cyclooxygenase-dependent pathway (144, 145). The reduced ox-LDL levels and 

improved resistance to lipid peroxidation in GS individuals could thus reduce the risk of 

ox-LDL-induced platelet activation in GS individuals (146-148). In addition, the NO 

altering and inhibitory properties of bilirubin also inhibit free radical-induced platelet 

aggregation, due to RNS involvement in platelet function via increased oxidative stress 

(149). Moreover, improvements to hypertension and flow-mediated dilatation were also 

linked to bilirubin’s NO scavenging and inhibition of free radical formation (115). The 

resulting increased NO bioavailability from bilirubin’s inhibition on O2•
- produced from 

NOX could inhibit platelet activation from the cyclic guanosine monophosphate pathway 

(150). Figure 1.7. describes both currently investigated and proposed mechanisms for 

bilirubin’s antiplatelet effects. 

 
Figure 2.8. Proposed mechanisms for the inhibition of platelet aggregation and activation by 

bilirubin (81). Bilirubin can scavenge H2O2 and may intercept AA-induced platelet activation by 

preventing H2O2-mediated AA mobilization. Bilirubin also directly blocks collagen receptor 

function. Bilirubin also inhibits the production of platelet-derived thromboplastin and platelet 

factor (PF)-3, which catalyse the production of thrombin from prothrombin. Bilirubin may also 

inhibit complement-mediated platelet activation by interfering with several complement proteins; 

Inhibition of P-selectin-α-granule release may also occur in hyperbilirubinaemia as indicated by 

reduced levels of circulating P-selectin in GS individuals. 
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2.5.9. PHARMACOLOGICAL MEANS TO ELEVATE BILIRUBIN 

Discovering methods that could mildly elevate bilirubin has become important in light of 

bilirubin’s cardioprotective association (81). The protease inhibitor HIV drug, atazanavir, 

induces hyperbilirubinaemia via off-target  inhibition of UGT1A1 (151). Furthermore, 

atazanavir-induced hyperbilirubinaemia was linked to a reduced risk of CVD in human 

immunodeficiency virus-infected patients (152). Acute atazanavir administration 

improves endothelial function, plasma antioxidant capacity and reduced plasma vWF in 

Type II diabetic patients (142). A number of other drugs including cephalosporins, 

penicillin and beta-lactamase inhibitors also induce hyperbilirubinaemia through 

increased haemolysis (153). Rifampicin was reported to induce unconjugated and 

conjugated hyperbilirubinaemia by interfering with bilirubin hepatic uptake and bile salt 

exporter pump function (154, 155). Due to many of these drugs having defined effects on 

physiological function, their use is likely to be inappropriate. Furthermore, careful 

consideration should be made concerning the degree of hyperbilirubinaemia induced and 

the effect that this can have. For example, bilirubin-induced toxicity was reported in a 

patient using ceftriaxone (156). As such, safe methods of elevating bilirubin will require 

extensive safety profile assessment. Silymarin, or Milk Thistle extract, is a naturally 

occurring phytochemical that could meet these requirements in that its active component 

‘silibinin’ is well tolerated and also inhibits UGT1A1 function (157). 

2.6. SILYMARIN (MILK THISTLE EXTRACT) 

2.6.1 HISTORICAL CONTEXT OF SILYMARIN 

Silymarin is an extract from the seeds of the Milk Thistle plant, Silybum marianum L. 

Gaertn, a member of the Asteraceae family consisting of a widespread family of 

Angiosperms that include asters, daisies and flowers (158). The extract is registered on 

the Chemical Abstracts Service as number 84604-20-6.  Transcripts concerning the use 

of silymarin were first observed in a publication entitled De Materia Medica, written by 

the ancient Greek physician Pedanios Dioskurides around 65CE (159). Use of silymarin 

then increased in popularity, expanding to Traditional Chinese Medicine and European 

medical practices (160), primarily for treating acute and chronic liver and gallbladder 

diseases (161, 162). The earliest scientific publication of silymarin dates to 1968 and 

reported the chemical properties and hepatoprotective functions of silymarin (163, 164). 

A year later, silymarin was demonstrated to protect against Amanita phalloides 

mushroom poisoning (165), and in 1975 silibinin dihemisscuinate was recognised as an 

antidote for mushroom poisoning (166). The mechanism for this protection stems from 
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the inhibition of hepatic uptake transporters by silymarin, particularly OATP transporters, 

which this thesis will discuss in greater detail. 

2.6.2. CHEMISTRY OF SILYMARIN 

Silymarin is an extract mixture of compounds that share a polyphenolic structure of 15 

carbon atoms with two benzene rings joined by a linear three-carbon chain (shown as A, 

B and C in Figure 1.8.) (159). Compounds that possess this common structure are known 

as flavonolignans, and this polyphenolic structure is called the flavonolignan skeleton 

(see Figure 1.8.). 

 

 
Figure 2.9. Chemical structure of silibinin (167). The red outline highlights the flavonolignan 

skeleton while the blue outline is highlighting the chromanone. 
 

2.6.3. COMPOSITION AND CONSTITUENTS OF SILYMARIN 

Silymarin possesses several types of flavonolignans that differ based on their functional 

group originating from flavolignan skeleton. The most common flavonolignans are 

silibinin (synonymous with silybin), silichristin (or silychristin), silidianin (or silydianin) 

and isosilibinin (or isosilybin) (168) (see Figure 1.9 for the structure of each 

flavonolignan). Flavonoids, including taxifolin and quercetin, are also found in silymarin 

mixtures. Although quantification of the bioactive components of silymarin varies, 

silibinin (silibinin A [SA] and silibinin B [SB]) constitutes the majority of silymarin’s 

bioactive component, ranging from 30% to 60%, by mass (169-171). 
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Figure 2.10. Various flavonolignans  found in silymarin extracts (168). 

 

2.7. MECHANISM OF ACTIONS FOR SILYMARIN 

The mechanisms of action for silymarin flavonolignans are poorly understood and are 

attributed to a variety of biological functions published in disparate, cell culture and 

animal studies. While the array of potential mechanisms are likely influenced by the many 

flavonolignans within the extract, the effects may also be attributable to the many 

individual components. Nonetheless, the potential mechanisms of action for silymarin 

can be categorized into 1) anti-oxidant, 2) anti-inflammatory and 3) hepatoprotective 

effects (172). Evidence for these mechanisms is also provided by FlordisTM, the suppliers 

of the silymarin used for this thesis (Legalon®) to support their marketing claims (173). 

2.7.1. ANTI-OXIDANT PROPERTIES OF SILYMARIN 

Silymarin possesses antioxidant properties via free radical scavenging and regulating 

enzymes involved in free radical formation/quenching (174, 175). For example, silymarin 

is a potent scavenger of HOCl (176) and decreases H2O2 concentration in Aβ(1-42)-

stressed neurons, thus preventing oxidative injury (177). All silymarin flavonolignans 

possess free radical scavenging properties through their scavenging activity varies (178, 

179). Silidianin and silichristin were more potent scavengers of 1,1-diphenyl-2-
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picrylhydrazyl radicals than silibinin on a per mole basis, (mean IC50 silichristin = 107.5 

µM, silidianin = 66.8 µM, silibinin = 641 µM) (180). Silymarin flavonolignans (10-50 

µM) are also inhibitors of xanthine oxidase (XO) induced O2•
- production (176, 181). 

Inhibition of NOX by silymarin also contributes to its antioxidant properties. 

Muthumani and Prabu (182) observed the reduction in enzymatic activity of NOX 

subunits (NOX2 and NOX4) and the recovery of multiple parameters affected by arsenic 

(AS) toxicity, such as enzymatic antioxidants, mitochondrial enzymes and damage 

cardiac markers after the oral administration of 75 mg/kg body weight (BW) silibinin to 

rats experiencing AS-intoxicated cardiotoxicity and dyslipidaemia. Interestingly, this 

study also reported increased protein expression of  HO-1 which may suggest the 

involvement of the biliverdin-bilirubin antioxidant cycle in attenuating ROS levels upon 

silibinin administration (182). Pre-treatment of monocytes, from pre-eclamptic women, 

with 50 µM of silibinin also significantly reduced the generation of free radicals and H2O2 

release (183). 

 

Silymarin also enhances endogenous antioxidant defenses by up-regulating antioxidant 

enzymatic systems, including glutathione peroxidase (GPx), SOD and catalase (CAT) 

(184-186). Oral administration of silymarin (100mg/kg BW) over a week protected the 

kidney of rats from ischaemia-reperfusion injury through the up-regulation of SOD and 

GPx, while reducing markers of oxidative stress (e.g. urea, creatinine, cystatin) in serum 

(187). Increased activity of the same enzymes was also reported in alloxan-induced 

diabetic rats treated with oral silymarin (200 mg/kg BW) (188). The up-regulation of 

antioxidant enzymes (particularly SOD) also inhibits lipid peroxidation (189, 190). For 

example, pre-treatment with oral silibinin (75 mg/kg BW) decreased thiobarbarbutic acid 

reactive substances (TBARS), lipid hydroperoxide and conjugated dienes production, 

which are all markers of lipid peroxidation, in AS-induced rats, which was also linked to 

increased SOD, CAT and GPx concentration (182). Decreases in non-alcoholic 

steatohepatitis-induced lipid peroxidation after oral treatment with silibinin (200 mg/kg 

BW) was also linked to decreased O2•
-release and restoration of glutathione (GSH) 

concentration, further eluding to silymarin’s role in free radical scavenging and protecting 

hepatic tissues from oxidative stress (191). These antioxidant properties of silymarin 

appear to provide protection to many different cell types, including neurons (192), 

macrophages (193), and hepatocytes (194), from oxidative stress. Free radical 

trapping (195), reduction of cell membrane lipid peroxidation (190, 195) and 

amelioration of hepatic collagen accumulation (196) were other effects  observed with 
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oral silymarin treatment in rats. This data is are quite consistent and suggest the major 

means by which silymarin may prevent tissue damage is by scavenging/preventing the 

formation of O2•
- and lipid peroxidation, and improving antioxidant enzyme defences.  

2.7.2. ANTI-INFLAMMATORY PROPERTIES OF SILYMARIN 

Silymarin exerts its anti-inflammatory properties by regulating the expression of two 

genes, nuclear factor-2 (Nrf2) and nuclear factor kappa-B (NF-κB) (197). Nrf2 is the 

transcription factor and redox-sensitive master regulator for adaptive response to 

oxidative stress and inflammation (198). When activated, Nrf2 downregulates the 

inflammatory response by increasing the production of anti-inflammatory cytokines 

(199). For example, HO-1 gene induction by Nrf2 inhibits pro-inflammatory cytokine 

release and activates anti-inflammatory cytokine production (200). A water-soluble 

formulation of silymarin containing succinate-modified active compounds, Legalon®-

SIL (50-100 µM), significantly up-regulated Nrf2 protein levels in concanavalin-1 cells 

after 48 hours of intravenous (I.V.) infusion (201). Nrf2 and HO-1 genetic and protein 

expression, in the liver of 2,2-azobis(2-amidinopropane) dihydrochloride (AAPH)-

treated mice, were also up-regulated after treatment with silymarin (200 mg/kg BW) 

(202). The same study also reported that protection of human hepatic HepG2 cells, treated 

with 100 µM of silymarin, from AAPH-induced oxidative stress and apoptosis was 

associated with the up-regulation of antioxidant genes (e.g. HO-1, SOD, NADPH quinone 

oxidoreductase-1, γ-glutamylcysteine synthetase) via transcriptional activation of Nrf2. 

Similar antioxidant genes were up-regulated via Nrf2 gene activation by silymarin (25-

100 µM) in human lung adenocarcinoma A549 cells exposed to paraquat (203). 75 mg/kg 

BW of silymarin also ameliorated AS-induced nephrotoxicity in rats, through the 

inhibition of oxidative stress, inflammation and apoptosis (204).   

 

NF-κB is a transcription factor that regulates the genetic expression of cytokines, growth 

factors, apoptosis, inhibitors and effector enzyme in response to extracellular signals (e.g. 

infection and oxidative stress) (205, 206). NF-κB is crucial for the activation of 

inflammatory responses, including inflammatory cytokine production and apoptosis of 

cells (207), while suppression of NF-κB inhibits inflammatory responses. In-vitro 

incubation onto human histiocytic lymphoma with silymarin (10-50 µM) inhibits TNF-

α-induced NF-κB activation by inhibiting the phosphorylation and degradation process 

of this activation (208). Intraperitoneal (I.P.) injection of silymarin (25 mg/kg BW) 

inhibited intrahepatic activation of NF-κB and intrahepatic expression of TNF-α, 
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interferon-γ, IL-4, IL-2 and inducible nitric oxidase synthase (iNOS) (209), a crucial 

enzyme that produces large quantities of nitric oxide (NO) in response to stimulation by 

pro-inflammatory cytokines. The down-regulation of iNOS gene expression can also be 

linked to the inhibition of TNF-α-induced NF-κB/Rel activation by I.P. silymarin (200 

µg/kg) (210). Furthermore, the inhibition of H2O2-induced production of ROS may 

contribute to the inhibition of NF-κB activation, further linking silymarin’s antioxidant 

effect with its anti-inflammatory property. The combined up-regulation of Nrf2 activity 

and down-regulation of NF-κB translocation provide silymarin with its anti-inflammatory 

properties by down-regulating pro-inflammatory cytokines (e.g. IL-1, IL-6) and 

increasing antioxidant defenses. 

2.7.3. HEPATOPROTECTIVE EFFECTS OF SILYMARIN 

In 1970, silymarin was classified by the World Health Organisation as medicine with 

hepatoprotective properties (211) and is now used to treat liver diseases (212, 213). 

Preliminary studies first showed that silymarin up-regulates protein synthesis in 

hepatocytes (163, 164), potentially by directly up-regulating protein, DNA synthesis and 

RNA polymerase I at specific binding sites that stimulate ribosome formation (172, 214, 

215). Later studies reported that silymarin’s direct and indirect inhibition of free radical 

production and bioavailability contribute to its cytoprotective properties (216-218). For 

example, hepatocytes pretreated with silymarin were protected from lipid peroxidation 

induced by tert-butyl hydroperoxide (219). Mice with paracetamol-induced liver 

intoxication experienced restoration of plasma aspartate aminotransferase (AST) and 

alanine aminotransferase (ALT) activities (markers of hepato-biliary injury) and 

significantly reduced O2•
- production when pre-treated with silymarin (100 mg/kg BW) 

(220). Reduction in serum ALT and AST activities decreased hepatic malondialdehyde 

(MDA), and increased SOD and GPx activities were also reported in rats administered 

with ethanol and treated with oral silymarin (100-200 mg/kg BW/day) (221). 

 

One mechanism that contributes to silymarin’s hepatoprotective function relates to the 

preservation of the hepatic cell membrane (222). I.P. injection of silymarin (150mg/kg 

BW) protected rats with liver cirrhosis induced by long-term administration of carbon 

tetrachloride by preserving the functional and structural integrity of hepatocyte 

phospholipid membrane (223). This protection prevented toxins from the enterohepatic 

recirculation from entering the hepatocytes by regulating the permeability and stability of 

the hepatic membranes (224). Silymarin improves cell membrane stability by binding to 
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and modifying the function of transporters and receptors (e.g. OATP transporters, MRP 

transporters) residing on the cell surface membrane (225). OATP transporter proteins are 

multi-specific transporters mediating the uptake of compounds into tissues and are 

important for the absorption and elimination of many drugs and endogenous compounds 

(72). Amanita phalloides is a poisonous mushroom that releases two toxins, amatoxins, 

and phallotoxins (226), which are transported into the hepatocytes via OATP1B3 and 

OATP1B1, respectively (227-229). Silymarin flavonolignan inhibits these OATP uptake 

transporters, which subsequently prevents toxins from entry and damage. This 

hepatoprotective mechanism was first described in 1986 (163, 164), resulting in silymarin 

being recognised as a standard therapeutic option for Amanita phalloides poisoning (159). 

Other in-vitro studies have also observed the inhibitory effects of silymarin on OATP-

mediated substrate transporter to establish herbal-drug interactions (230, 231). Inhibition 

of OATP1B1-, OATP1B3- and OATP2B1-mediated substrate uptake was observed when 

human embryonic kidney cells were incubated with 100 µM of silymarin and silibinin 

(both SA and SB) (230). Another in-vitro study observed the inhibition of OAT1B1, 

OATP1B3, and OATP2B1 by silibinin and silibinin hemisuccinate, though a rather 

complex interaction was observed (231). Silibinin hemisuccinate suppressed the high-

affinity binding site of OATP1B1, while silibinin stimulated the low-affinity binding site 

below a concentration of 10 µM but suppressed it at a higher concentration (>100 µM).  

 

Due to the basolateral OATP overlap substrate specificity with the canalicular bilirubin 

conjugate efflux of MRP transporters (232), responsible for the biliary excretion of 

organic anions, glucuronide, glutathione and sulphate, and conjugates of endogenous 

compounds (233-235), silymarin flavonolignans also inhibited MRP biliary transport. 

Silibinin was an inhibitor of MRP1-mediated of efflux 2`,7`-bis-(3-carboxypropyl)-5-

(and-6)-carboxyfluorescein from human erythrocytes with a maximal inhibition of 96% 

and IC50 of 5 µM (236). Silymarin also inhibits MRP4- and MRP5-mediated transport 

from intact cells (237). These observed effects highlight the hepatoprotective effects and 

the potential therapeutic role of silymarin in preventing liver damage from different 

agents (238). In addition to the inhibition of hepatic transport proteins, silymarin also 

inhibits hepatic enzymes, including the CYP450 family, that are responsible for the 

metabolism and elimination of many drugs (157, 239-241). Though it remains unclear 

what therapeutic effect this could have. This raises the potential for interactions between 

drug metabolism and silymarin administration. More importantly, silymarin is known to 

inhibit the UGT suite of conjugating enzymes, which could also impair hepatic 
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elimination of drugs and endogenous products, and therefore influence their 

bioavailability and therapeutic effects (71). This inhibitory effect on UGT1A1 activity 

may explain the induced hyperbilirubinaemia reported with clinical use of silibinin-

monotherapy (242-244). 

2.8. SILYMARIN-INDUCED HYPERBILIRUBINAEMIA 

Administration of silibinin-monotherapy within human studies have reported varying 

degrees of hyperbilirubinaemia (242-248). One clinical study, providing I.V. 

administration of silibinin (20 mg/kg BW/day) observed a transient and reversible serum 

bilirubin elevation in patients with hepatitis C recurrence (243) while the oral 

administration of silibinin, in the form of silibinin-phytosome (10-20g/day), reported a 

greater total bilirubin elevation in prostate cancer patients (246). Table 2.1. summaries 

the available clinical studies that have measured serum bilirubin with silibinin-

monotherapy. It is important to note, however, that all listed studies in Table 2.1. included 

patients with hepatitis C or another form of liver disease, which are conditions known to 

elevate bilirubin levels. Therefore, it is difficult to differentiate the effect of silibinin-

monotherapy on circulating bilirubin levels, due to the potential confounding effect of the 

disease itself, in these clinical studies (172, 212, 249). 
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Table 2.1. Clinical studies in human subjects that have measured changes in serum bilirubin levels with silibinin-monotherapy. 

Author/s 

(year) 

Patient type 

 

Sample size 

(n) 

Supplementation 

(Administration route/type of 

silymarin/ dosage/duration) 

Outcome in bilirubin 

Flaig et al. 

(2006) (246) 

Prostate cancer patients  

 

13 Oral silibinin-phytosome 10-20g/day 

for 1 month. 

 

9 of 13 patients experienced up a 26-43 µM 

increase in bilirubin (classified as grade 1 or 2 

hyperbilirubinaemia). All, but one patient, 

returned to baseline levels several weeks after 

silibinin treatment. 

Neumann et 

al. (2010) 

(244) 

A 57-year-old male with hepatitis 

C recurrence after liver transplant 
1 I.V. Legalon®-SIL 1400 mg/day for 

14 days. 

Bilirubin increased by  162 µM from baseline for 

seven days after transplant and continued until 

four weeks later.  

Beinhardt et 

al. (2011) 

(248) 

A 46-year-old male with chronic 

hepatitis C after orthotopic liver 

transplantation  

1 I.V. Legalon®-SIL 20 mg/kg BW/day 

for 24 weeks. 

Bilirubin increased during treatment and then to a 

maximum of 293 µM on day 3 post-OLT, and 

then  decreased continuously while the patient 

was still on Legalon®-SIL. 

Rutter et al. 

(2011) (245) 

Hepatitis C patients who were 

non-responders to pegylated 

interferon- α2a/ribavirin   

 

27 I.V. Legalon®-SIL 20 mg/kg BW/day 

for 14 or 21 days, in addition to 

pegylated interferon- α2a/ribavirin. 

Average total bilirubin increased from 17 µM to 

36 µM. 

Marino et al. 

(2013) (242) 

Viral hepatitis C patients 

 
10 I.V. Legalon®-SIL 20mg/kg BW/day 

for 21 days before liver transplant and 

7 days after liver transplant. 

 

Average bilirubin increased from 65 µM at 

baseline to 80 µM at the time of liver transplant. 

Roos et al. 

(2013) (247) 

Patients with hepatitis C 

recurrence after liver transplant 

 

N/A I.V. Legalon®-SIL 20mg/kg BW/day 

over 4 hours for 26 days, in addition to 

pegylated interferon-α2a/ribavirin.  

Total bilirubin increased from 21 µM to 82 µM 

then returned to baseline after two weeks. 

Rendina et al. 

(2014) (243) 

Patients with hepatitis C 

recurrence after liver transplant  
20 I.V. Silibinin (ivSIL) 20 mg/kg/day 

over 14 consecutive days. 

Average total serum bilirubin increased from 15 

µM to 30 µM in 93% of patients then returned to 

baseline. 
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The observed serum bilirubin elevation in clinical studies can be attributed to silymarin’s 

inhibitory effect on UGT enzymes, which conjugate bilirubin, allowing its excretion from 

the body. Inhibition of UGT1A1 enzymatic activity, therefore, leads to unconjugated 

hyperbilirubinaemia (73). UGT1A1 and UGT1A6 activity, in human and rat hepatic 

microsomes, were inhibited by 20 µg/ml of silymarin, silibinin and silibinin-glucuronide 

(250). Silibinin (25-250 µM) was 20- and 14-fold more selective for UGT1A1 than for 

UGT1A6 and UGT1A9 (IC50 UGT1A1 = 1.4 µM, UGT1A6 = 28 µM, UGT1A9 = 20 

µM) in inhibiting glucuronidation of model substrates by human recombinant UGTs 

(UGT1A1, 1A6, 1A9, 2B7, 2B15) (157). Amongst nine herbal extracts, silymarin was the 

most potent inhibitor of UGT1A4, UGT1A6, and UGT1A9 (251).  

 

Additionally, oral and I.P. administration of 2,3-dehydrosilibinin (50 mg/kg BW, see 

Figure 1.10.) in mice increased serum bilirubin concentration (160% and 125% increase 

from control with oral and I.P. respectively) (252). Hyperbilirubinaemia was also 

associated with increased intracellular bilirubin concentration and down-regulated 

UGT1A1 mRNA expression within the liver. Incubation of 2,3-dehydrosilibinin (25 µM) 

with HepG2 cells also increased cellular bilirubin concentration to a greater extent than 

atazanavir, a recognised UGT1A1 inhibitor (252). This bilirubin elevation in HepG2 cells 

was also observed for silibinin (80 µM) and isosilibinin (80 µM). Furthermore, the 

inhibition of OATP1B1 and MRP2 transporters alongside UGT1A1 suppression may 

contribute to the serum bilirubin elevation with clinical use. It is hypothesised that 

induced hyperbilirubinaemia with silymarin use may lead to cardioprotection properties 

by bilirubin (231). 

 

 
Figure 2.11. Structure of 2,3-Dehydrosilibinin in A and B isomers. (252)  

 

2.9. SILYMARIN AND CARDIOVASCULAR PROTECTION 

Silymarin may also provide cardiovascular protection by directly interacting with 

biomarkers of CVD (178). For example, incubation of rat aortic tissues from 

ovariectomized rats with 50 mg/L silymarin led to a slight restoration in in-vitro elasticity 

and endothelial function (253). This was indicated by an increased in smooth muscle 
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relaxation and decreased phenylephrine hydrochloride concentration in response to 

sodium nitroprusside drug and potassium chloride administration. This is one example of 

a study that has reported mechanisms related to silymarin’s direct cardiovascular 

protective properties. Intravenous administration of silymarin (250 mg/kg BW/day) in 

rats for eight days reduced lung ischaemia-reperfusion injury-induced pulmonary 

vascular dysfunction by inhibiting the activation of hypoxia-inducible factor-1α 

and iNOS (254). Multiple daily doses of oral silymarin (300, 500 mg/kg/day) reduced 

systolic and basal arterial blood pressure in rats with deoxycorticosterone acetate induced 

hypertension (255). Additionally, a randomized clinical study reported that pre-operative 

administration of oral silymarin (420 mg) reduced myocardial injury during coronary 

artery bypass graft (CABG) surgery (256). Circulating troponin and creatine kinase-MB 

were significantly reduced in silymarin versus the no-treatment control group. These 

observed cardiovascular protective properties can be attributed to many biological effects 

studied for silymarin. 

 

The antioxidant properties of silymarin, including direct free radical scavenging, up-

regulation of antioxidant enzyme activity and concentration (e.g. SOD, GPx and CAT) 

and direct inhibition of free radical-forming enzyme activity and concentration (e.g. 

NOX, XO) is believed to provide silymarin’s cardiac and vascular protective properties. 

Oral administration of silibinin (75 mg/kg BW) to rats with AS-induced cardiotoxicity 

showed improved recovery of enzymatic and non-enzymatic antioxidant activities (e.g. 

SOD, GPx, vitamin E), and cardiac lipid profile (increased total cholesterol, triglycerides 

and free fatty acids), thus improving the health of the rats (182). Furthermore, the down-

regulation of NF-κB gene expression, decreasing inflammatory cytokine production, and 

restoration of Nrf2 signalling by silymarin could inhibit the inflammatory component of 

atherosclerosis and attenuate cardiac hypertrophy (197, 216, 257, 258). The significant 

decrease in serum cholesterol, triglyceride and LDL-C, and increased levels in hepatic 

HDL-C, with oral silibinin (300, 600 mg/kg) in animal models, may influence CVD risk 

and atherosclerotic plaque development (259, 260). The elevation in HDL-C was also 

reported in patients pre-treated with silymarin following CABG surgery (256). The 

reduction in AA metabolism and LDL-C oxidation by silymarin may be crucial for 

inhibiting inflammatory-related lipid oxidation and thus atherosclerotic development 

(261). Inhibition in the expression of adhesion molecules on the surface of leukocytes and 

endothelial cells by silymarin may prevent cell-to-cell adhesion and leukocyte 

transmigration into atherosclerotic plaques (262). The findings above suggest 
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cardiovascular protective effects of silymarin may be induced through protection against 

atherosclerosis and the subsequent effects of myocardial ischaemia. Figure 1.11. shows a 

schematic diagram on the molecular interaction of silymarin within cells. An additional 

mechanism that may contribute to silibinin’s relate to cardioprotective properties might 

silymarin’s direct anti-platelet effects, though this has not been linked to reduced CVD 

risk of mortality. 

 

 
Figure 2.12. Schematic diagram of the mechanism of silymarin in inducing cardiovascular 

protection (259). Silymarin acts as a scavenger of free radicals (OH•, O2•
-), enhances antioxidant 

enzyme activity (SOD, CAT, GPx), which together improve the cellular antioxidant defences and 

up-regulates mitochondrial enzyme activity. Silymarin also down-regulates the genetic 

expression of endothelial NOS and MAPK/ERK1/2/JNK, activates Nrf2 activity, and inhibits NF-

κB activity, which regulates gene expression. The regenerative ability of cardiovascular tissues is 

increased by silymarin through the activation of ribosome and protein synthesis. Silymarin also 

stabilizes the cellular membrane through the modification of transporters and receptors of cell 

membranes (e.g. MRP and OATP). The cell-regenerative properties, free radical scavenging and 

promotion of ribosomal RNA synthesis culminate in improving dyslipidaemia and cardiovascular 

dysfunction. 
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2.10. INHIBITION OF PLATELET FUNCTION BY SILYMARIN 

In-vitro analysis of silymarin flavonolignans demonstrate that they alter platelet function. 

PRP samples incubated with silibinin, silichristin and silidianin (10-100 µM) reduce ex-

vivo ADP-induced platelet activation (263). Specifically, the formation of microplatelet 

aggregates and platelet P-selectin expression were significantly reduced with increasing 

flavonolignan concentration. ADP-induced platelet aggregation detected by light-

transmission aggregometry (LTA), was also significantly reduced with increasing 

flavonolignan concentration. Another in-vitro study slowed reduced AA-induced 

maximal aggregation with increasing concentrations of the same flavonolignans (10-100 

µM) in isolated platelet samples (264). Cyclooxygenase (COX)-1 activity, a major 

enzyme in AA-induced platelet activation, was also reduced with increasing 

flavonolignan concentrations. This was in conjunction with decreasing TBARS levels, 

which indicates a potential inhibition of free radical-induced platelet activation by 

silymarin’s antioxidant activity. Silibinin and silichristin (10-100 µM) were reported to 

reduce  IL-1β-induced platelet leukocyte interaction (265), indicated by reduced INF-γ 

and TNF levels, and mRNA expression with silibinin and silichristin incubation. These 

findings provide additional evidence for silymarin’s anti-inflammatory effects and this 

links to its platelet inhibition, which can also influence thrombosis and atherosclerosis.  

 

The most recent assessment of silymarin’s anti-platelet effect was on ex-vivo collagen-

induced platelet aggregation and activation by the same three flavonolignans (266). The 

study reported that incubation with the flavonolignans (10-100 µM) reduced collagen-

induced platelet activation, indicated by decreased expression of P-selection and integrin 

GPIIb/IIIa, reduced adhesion to collagen and PF-4 secretion (required for clot formation). 

Only flavonolignans at 100 µM were reported to inhibit collagen-induced platelet 

aggregation. Detail of these in-vitro studies is further detailed in Table 2.2. The 

antioxidant effects of silymarin, including the inhibition of NOX and XO, and free radical 

scavenging may also attenuate free-radical induced platelet activation, similar to bilirubin 

(81, 145). However, evidence for this is weak and rather limited and thus cannot conclude 

with certainty the antioxidant properties of silymarin on platelet function. 
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Table 2.2. In-vitro studies investigating the effects of silymarin on platelet function. 

Study Design Testing Parameters Investigated Parameters Outcome Reported 

Ex vivo  

Whole blood, PRP 

and isolated platelets  

(4 x 108/mL) (263) 

Silibinin, silichristin 

or silidianin at 10, 50 

or 100 µM for 30 

min 37ºC. 

Whole blood cytometry. 

P-selectin and GPIIb/IIIa by 20µM ADP 

stimulation. 

 

Silichrisin and silibinin: Reduction in platelet aggregates, 

GPIIb/IIIa, P-selectin expression at all concentrations 

Silidianin: Reduction in platelet aggregates, GPIIb/IIIa, P-selectin 

expression at 50 and 100 µM only. 

Aggregation, adhesion to fibrinogen, 

PF4 secretion, and  VASP 

phosphorylation by 20µM ADP 

stimulation. 

All compounds reduced platelet aggregation, platelet adhesion to 

fibrinogen, PF4 release and VASP phosphorylation in response to 

ADP stimulation at all concentrations tested. 

Ex vivo  

PRP and isolated 

platelets 

(4 x 108/mL) (264) 

Silibinin, silichristin 

or silidianin at 10, 50 

or 100 µM for 30 

min 37ºC. 

Aggregation, COX-1 activity and TXB2 

formation by 1 mM AA stimulation. 

All compounds showed a dose-dependent reduction of platelet 

aggregation, COX activity and TXB2 formation. 

 

Ex vivo  

Whole blood samples 

(4 x 108/mL) (265) 

 

 

Silibinin, silichristin 

or silidianin at 10, 50 

or 100 µM for 30 

min 37ºC. 

Whole blood cytometry. 

Platelet-leukocyte aggregates, cytokine 

production (INF-γ, TNF, INF-α, IL-2), 

INF-γ and TNF relative gene expression 

by 10 ng/mL IL-1β stimulation. 

 

Silichrisin and silibinin: Reduced platelet-leukocyte aggregates, and 

cytokines (INF-γ, TNF, INF-α) at all concentrations. IL-2 was only 

reduced at 50 and 100 µM for these compounds. INF-γ and TNF 

relative gene expression for these compounds at all concentrations. 

 

Silidianinin: No reduction to all measured parameters 

Ex vivo  

Whole blood, PRP 

and isolated platelets 

(4 x 108/mL) (266) 

Silibinin, silichristin 

or silidianin at 10, 50 

or 100 µM for 30 

min 37ºC. 

Whole blood cytometry. 

P-selectin and GPIIb/IIIa activation by 2 

µg/mL collagen stimulation. 

Silichristin: Reduction in platelet aggregates, GPIIIb/IIIa and  

P-selectin expression at 50 M and 100 M. 

Silibinin: reduction in platelet aggregates but no other effects on 

GPIIIb/IIIa and P-selectin expression. 

Aggregation, adhesion to collagen, and 

PF4 secretion by 2 µg/mL collagen 

stimulation. 

Only 100 µM of all compounds significantly reduced platelet 

aggregation significantly. 

All compounds at all concentrations significantly reduced adhesion 

to collagen and PF4 secretion. 

Note: AA, Arachidonic acid; COX, cyclooxygenase; LDH, Lactate Dehydrogenase; LTA, Light-transmission aggregometry; PF, Platelet Factor; TXB2, 

Thromboxane B2; min, minutes; INF, Interferon, TNF, Tumor Necrosis Factor; IL, Interleukin; GPIIb/IIIa, Glycoprotein IIb/IIIa; PRP, Platelet Rich Plasma; VASP, 

Vasodilator-Stimulated Phosphoprotein.  
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3.0. METHODS AND MATERIAL 

3.1. MOJO STUDY 

3.1.1. OVERVIEW OF THE TRIAL METHODOLOGY 

The effects of Milk Thistle (Silibinin) On circulating unconJugated bilirubin levels and 

markers of Oxidative stress and inflammation (MOJO) study was a prospective, 

randomized single-blinded, cross-over, placebo-controlled study. The study consisted of 

two supplementation phases each spanning 14 days separated by a washout period equal 

to, or greater than, 31 days. The trial design required volunteers to take Legalon® in the 

first phase, followed by the placebo in the second phase, or vice versa. Participants were 

randomized to receive Legalon® or placebo using block randomisation (1:1). The end-

points of the study were measured during three time-points of each phase. These end-

points were circulating total and direct bilirubin levels, platelet characteristics (MPV, 

platelet count, platelet activation/aggregation in response to collagen, adenosine 

diphosphate [ADP] and thrombin receptor activating peptide [TRAP]), and coagulation 

(TB and apTT). A schema for the MOJO study and the end-points measured are presented 

in Figure 3.1., on page 38. 

 

Throughout the duration of the trial, participants had physical parameters and blood 

samples collected. Resting blood pressure of the right and left arm was taken to obtain an 

average result. Body composition parameters, including body mass, body fat percentage, 

muscle mass, bone density, body mass index (BMI), visceral fat and metabolic age, were 

recorded using the bioelectrical impedance. Blood was collected into a serum (5mL of 

whole blood), K2EDTA plasma (4mL of whole blood) and four 0.109M sodium citrate 

vacutainers (approximately 10mL of blood in total), in this order. These procedures are 

outlined in the flow diagram shown in Figure 3.2. and further explained in following sub-

sections. Phase 1 of the study comprised of V2, V3 and V4, with V2 serving as the 

baseline while Phase 2 comprised of V5, V6 and V7, with V5 serving as the baseline for 

this phase. The statistical analysis was conducted based on ‘per protocol’ treatment of 

individuals who completed the study with satisfactory compliance. Visits within each 

phase were conducted on the same day of the week at the same time as the baseline visit 

(V2 and V5) preceding an overnight fast with only water permitted. All aforementioned 

physical parameters were recorded manually onto a visit form (Appendix F) and then 

uploaded to the MOJO trial network drive on the day of the visit, which was only 

accessible to MOJO members. A protocol of the trial can be found in Appendix A. 
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3.1.2. LEGALON® (INTERVENTION) 

Legalon® capsules were purchased from Flordis Pty Ltd (St Leonards, New South 

Wales), using research funds, and were administered according to the recommended 

dosage of three capsules a day (one capsule every 8 hours) as recommended in the 

Legalon® information sheet (Appendix C). One capsule of Legalon® contains the 

equivalent (eqv.) of 140mg of silymarin; thus, participants were expected to ingest 420mg 

of silymarin per day during the Legalon®-arm. The safety profile of Legalon® at this 

dosage has been studied previously (267, 268) and confirmed in the Legalon® 

information sheet. 

3.1.3. PLACEBO (CONTROL) 

The placebo followed the same recommended capsule intake of one capsule three times 

per day. The placebo capsules contained mannitol (Melborune Food Ingredient Depot, 

Melbourne, Victoria), the major non-bioactive constituent of Legalon®, and was prepared 

in red gelatin capsules (The Capsule Guy, Adelaide, South Australia) using a capsule 

machine (The Capsule Guy, Adelaide, South Australia) by a clinical trial co-ordinator. 

The placebo capsule looks identical to the capsule used for Legalon® and does not posses 

any distinct smell. The placebo and Legalon® capsules were also dispensed by members 

of the MOJO study, making the study single-blinded. 

3.1.4. STUDY DESIGN 

A cross-over component was implemented to utilise a within-subjects design, which 

increases the statistical power (decreasing variability) of observations. The administration 

period of 14 days, for both oral Legalon® and the placebo, was based on the short-acting, 

reversible inhibitory effects of silymarin on UGT1A1 activity, and serum bilirubin 

elevation over similar supplementation durations using silymarin. Each participant was 

required to attend a screening visit prior to their commencement in the study. Once 

approved to participate, participants were scheduled to attend three visits per study arm. 

These visits were the first, seventh and fourteenth day of each study arm (7 visits in total, 

including screening). Each participant visit began with a brief questionnaire about 

participants’ health status, potential adverse events, complications, taken medications and 

compliance were recorded on dedicated case report forms (CRF) by MOJO members 

during the participant visits (Appendix F). All experimental data for each participant was 

recorded manually onto respective CRF during and after each visit. Blood pressure, heart 

rate, bioelectrical impedance records, clinical, biochemical results, FBC and platelet 

characteristic analysis were recorded onto the respective participant visit sheet. All 



pg. 35 
 

recorded information was stored in dedicated folders locked in a cabinet within GCGU, 

which were then uploaded to the MOJO network drive as digital copies. At each baseline 

visit, the appropriate capsules (Legalon® or placebo) were provided to the participants, 

according to their MOJO ID, and at the end of each phase (V5 and V7), the capsules were 

returned to calculate compliance. 

3.1.5. INCLUSION AND EXCLUSION CRITERIA 

The normal ranges for baseline blood test results (liver function test [LFT], full blood 

count [FBC]) for the inclusion criteria were provided by the Royal College of Pathologists 

of Australasia (Appendix H), and is shown on Table 3.1. page 35. 

Table 3.1. Inclusion and exclusion criteria for eligibility to participate in the MOJO study. 

Inclusion Criteria Exclusion Criteria  

Age between 18 and 65 History of liver disease  

Normal liver function test results  

(see Appendix H) 

History of alcohol abuse  

Normal full blood count results 

(see Appendix H) 

History of Type II diabetes  

Random fasting blood glucose level  

(3.0–7.7 mmol/L) 

History of psychological illness or condition 

that will interfere with the participant’s 

ability to understand or comply with the 

requirements of the study  

Body mass index (18.50–29.99 kg/m2)   

Capacity to provide informed consent   
 

  

 

3.1.6. TARGETED POPULATION 

The initial stage of the MOJO trial planned to recruit 30 male participants to avoid the 

potential confounding effect of the oestrogen-cycle/menstrual on bilirubin concentrations 

and platelet activity, female participants would then be recruited. 

3.1.7. ETHICAL APPROVAL AND TRIAL REGISTRATION 

MOJO study was conducted at Gold Coast Griffith University (GCGU) with ethical 

approval from Griffith University Human Ethics Committee (GU reference number: 

2017/173) and was registered with the Australia New Zealand Clinical Trials Registry 

(ACTRN 12619001296123). Funding for the MOJO trial was provided by the Endeavour 

College of Natural Health, Office of Research Project Grant (Grant 20160824). This trial 
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was not industry-supported, and no conflicts of interest were identified. Ethical approval 

for the MOJO study is provided in Appendix B. 

3.1.8. RECRUITMENT, PRE-SCREENING AND SCREENING 

The first stage of the study only included male participants to avoid oestrogen interaction 

in female participants. The intention was then to recruit female participants if the alternate 

hypotheses were confirmed in male participants. Male participants were indirectly 

recruited from GCGU by convenience sampling through an information flyer (Appendix 

D). Individuals who expressed interest in the study contacted members of the MOJO trial 

via email or telephone. The individuals were provided with a participant information sheet 

that outlined the purpose, requirements, risks, ethical conduct and expected benefits of 

the MOJO study (Appendix E). Participants who requested to proceed with the study were 

scheduled for a screening visit to assess their eligibility for the study. 

 

The first, screening visit (V1), for each participant, served to assess the participants’ 

eligibility to be enrolled in the MOJO study. Inclusion and exclusion criteria were applied 

to determine individual eligibility as shown in Table 3.1. on page 35. During the screening 

visits, all participants provided demographic details, medical history, any current 

medication, and their informed consent (written and spoken) to proceed with the study. 

Information from screening questionnaires was recorded on to the specific questionnaire 

documents. 

 

Automated clinical biochemistry and haematological analysis were conducted for the 

screening, which involved blood collection via venipuncture from the medial antebrachial 

fossa by a qualified phlebotomist. All samples were preceded by an overnight fast, with 

only water permitted, 12 hours prior to blood collection. Blood collected was analysed by 

a haematology analyser (DxH 500 Hematology Analyzer, Beckman Coulter, Brea, 

California), and biochemistry analyser (Cobas Integra® 400 Plus Biochemistry analyser, 

Roche Diagonistics, Indianapolis, Indiana). Resting blood pressure (sitting position) of 

the right arm was also taken during the screening visit after 10 minutes of quiet rest by a 

blood pressure monitor (IntelliseTM sense Model IA1B Blood Pressure, OMRON 

Healthcare, Kyoto). Participant body mass was recorded with a bioelectrical impedance 

scale (InnerScan® V BC-601, Tanita, Tokyo). Eligible participants were required to 

satisfy the inclusion criteria whilst possessing none of the listed exclusion criteria. 
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Participants who satisfied the eligibility criteria were enrolled in the study, provided a 

unique MOJO ID and scheduled for a second visit (V2). 

 

 

Figure 3.2. Flow chart outlining the order of procedure and measurements undertaken for each 

participant visit. 

3.1.9. RANDOMISATION 

Participants enrolled in the study were given a unique study ID, comprising of the letters 

MJ (MOJO), followed by a number (from 1 onwards) based on the order of participation. 

For example, the first participant enrolled in the MOJO study was labelled MJ01. The 

MOJO ID was randomized using block randomization (1:1) in blocks of 10 participants 

to receive either the Legalon®-arm or the placebo-arm in the first phase. 

 

3.1.10. BLOOD COLLECTION 

Venous whole blood was collected from the medial antecubital fossa from either the left 

or right arm, with a 21 gauge needle, by a certified phlebotomist. Participants who 

experienced vasovagal syncope from past experience were asked to lay down, and a 21 

gauge butterfly needle was used instead. Whole blood was collected into two vacutainers 

for the screening visits, and six vacutainers for subsequent visits. These six tubes were 

collected in the order of serum, K2EDTA, and four 0.109M sodium citrate tubes.  
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Figure 3.1. Study design for the single-blinded, randomized crossover, placebo-controlled MOJO trial, indicating the study arms (Legalon®, placebo) and visits 

(V2-V7) during each phase and end-points measured. 
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3.2. EXPERIMENTAL PHASE 

3.2.1. PLATELET SAMPLE PREPARATION 

Platelet isolation from whole blood followed the Abcam guidelines (269). Whole blood 

collected into BD VacutainersTM containing sodium citrate and was centrifuged (200RCF 

brake off) for 10 minutes (Pro-Analytical Medium Centrifuge, Wetherill Park, New South 

Wales) to obtain platelet rich plasma (PRP) and isolated into separate 15mL falcon tubes. 

Remaining PRP was centrifuged (2000RCF, 10 minutes) to obtain platelet poor plasma 

(PPP). Platelet samples were standardised to 2x108 platelets/mL and 1x108 platelets/mL 

for LTA and flow cytometry analysis, respectively, based on the platelet count of PRP. 

All platelet samples were standardised with HEPES saline [4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid; 4.385g NaCl, 1.19g HEPES, 50mL MQ-H2O pH 7.4]. 

Participants who were unable to obtain a platelet count due to problems with the 

haematology analyser were standardised by either a PRP:HEPES dilution (1:1 for LTA 

& 1:5 for flow cytometry) or an average platelet count from previous visits. A spreadsheet 

of the standardisation method used for each participant can be found in Appendix K. 

3.2.2. PLATELET AGGREGATION 

PRP samples prepared for LTA followed previously established methods (127, 270). 

Specific volumes of platelet samples were added into CHRONO-LOG® Glass Cuvettes 

(CHRONO-LOG® Corporation, Havertown, Pennsylvania) based on the type of agonist 

added (see Table 3.2.). Duplicate analyses were conducted to obtain an average result. If 

duplicates were not within a 10% margin for maximum aggregation (MaxAgg%) of each 

other, the samples were re-run.  
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Table 3.2. The volume of PRP and PPP, and the amount of agonist added to these samples. 

Cuvette 

Number 

PRP Volume (µL) Stock concentration 

of agonist 

Volume of 

agonist added 

Final concentration 

of agonist 

1 250µL PRP No agonist No agonist N/A 

2 250µL PRP No agonist No agonist N/A 

3 245µL PRP 100 µM 5µL Collagen 2µg/mL 

4 245µL PRP 100 µM 5µL Collagen 2µg/mL 

5 243µL PRP 200 µM 6.25µL ADP 5µM 

6 243µL PRP 200 µM 6.25µL ADP 5µM 

7 245µL PRP 1000 µM 2.5µL TRAP 10µM 

8 245µL PRP 1000 µM 2.5µL TRAP 10µM 

Cuvette 

Number 

PPP volume (µL) Stock concentration 

of agonist 

Volume of 

agonist added 

Final concentration 

of agonist 

9 250µL PPP No agonist No agonist N/A 

  

The CHRONO-LOG® Model 700 Aggregometer with a four-channel configuration 

(CHRONO-LOG® Corporation, Havertown, Pennsylvania) was used to analyse platelet 

aggregation. Each channel was set to 37°C and a stirring speed of 1200RPM. All isolated 

platelet samples were analysed after addition of 2 μg/mL collagen (Helena Laboratories, 

Beaumont, Texas), 5 μM ADP (Helena Laboratories, United States) and 10 μM TRAP 

(Roche Diagnostics, Indianapolis, Indiana; final concentrations). Platelet samples were 

calibrated against a PPP control, representative of 100% aggregation. Aggregation results 

were recorded over a period of six minutes. All samples yielded maximum aggregation 

(MaxAgg%), aggregation amplitude (AggSlope), area under the curve (AUC) and lag 

time results. Aggregation traces were uploaded to the MOJO network drive, and the 

values for the aggregation parameters (MaxAgg%, AggSlope, AUC and lag time) were 

collated into an individual spreadsheet. 

3.2.3. PLATELET ACTIVATION 

PRP samples were prepared based on established flow cytometric methods (270, 271). 

SORP LSR II Fortessa (Becton Dickinson, Piscataway, New Jersey) was used 

to analyse platelet activation. PRP samples were stimulated with either 10 µM ADP and 

20 µM TRAP for 5 minutes at room temperature prior to incubation with three 

fluorochrome antibodies; 5 µL anti-PAC1-FitC (PAC, 340507), 2.5 µL anti-CD62P-PE 

(AK4, 555524) and 5 µL anti-CD42b-APC (HIP1, 551016) for 30 minutes at room 

temperature in the dark. A control sample, no agonist (NA), was prepared to establish 

control platelet activation. Samples were then fixed with 800µL of 1% paraformaldehyde 

(PFA) in HEPES saline for 30 minutes, followed by a wash with 1000µL Phosphate 

Buffer Solution (PBS) and centrifuged (800g, 10min). The supernatants were discarded, 
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and the pellet resuspended with 500µL PBS then refrigerated at 4°C until analysis by flow 

cytometry. Platelets were identified by characteristic forward, and side scatter parameters 

alongside the expression of CD42b with a minimum 50,000 events recorded. 

3.2.4. COAGULATION 

Undiluted, PPP samples were analysed by an electromechanical clot detection-based 

coagulation analyser (STA-R Evolution® Diagnostica, STAGO Inc., Parsippany, New 

Jersey) to assess prothrombin (PT) and activated partial thromboplastin time (aPTT). PT 

and aPTT analysis was conducted in duplicate, and the average of duplicate analysis was 

recorded. 

3.2.5. BIOCHEMICAL ANALYSIS 

Whole blood collected into serum vacutainers were centrifuged at 2000RCF for 10 

minutes at ~22°C. After centrifugation, separated serum was isolated and flash-frozen in 

liquid nitrogen followed by storage in a –80℃ freezer. The samples were thawed at room 

temperature and vortexed prior to analysis. Serum biochemical analysis, which included 

lipid profile, LFT and antioxidant status analysis, was conducted using the Cobas 

Integra® 400 Plus biochemistry analyser with assay calibration and quality control 

undertaken as per manufacturers operating instructions prior to sample analysis. Fifteen 

biochemistry assays were used for the analysis, with some ran in duplicate (Appendix I). 

Lipid profile alongside LFT was analysed to ascertain the safety of Legalon® 

supplementation. However, clinical biochemistry analysis, including a lipid profile, LFT 

and antioxidant status, with Legalon® supplementation, was previously reported by 

another colleague within the Bulmer research group (272).  
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3.2.6. HIGH-PRESSURE LIQUID CHROMATOGRAPHY 

High-Pressure Liquid Chromatography (HPLC)-Photo Diode Array (PDA) analysis was 

performed using the Shimadzu Prominence HPLC system comprising column oven 

(CTO-20), auto-sampler (SIL-20 AC), and photo diode-array (SPD-M20A). UCB 

separation was achieved via phase C18 column (GreatSmart TM RP-C18, 150mm x 3mm, 

3 µM; Phasesep, Melbourne, Victoria), which was preceded by a guard column (Altima 

HP, C18-HL All Guard 5uM) and an UltraLine HPLC in-line filter (Restek, 0.5uM, 

Shimadzu, Sydney, New South Wales). The column oven and auto-sampler were set to 

45ºC and 16ºC, respectively. This was accompanied with a flow rate of 0.9 mL•min -1. 

The initial mobile phase consisted of 34% mobile phase B (100% HPLC grade methanol) 

and 66% mobile phase A (10mM ammonium acetate in 75% Milli-Q purified H2O and 

25% HPLC grade methanol), which represents a 50% initial methanol concentration. A 

linear gradient was applied for the analytical segment of the run, 0 to 1.6 minutes 

increasing to 92% B. After 3 minutes the column was equilibrated to 34% B with an 

increasing flow rate from 0.4 mL • min -1 to 0.7 mL • min -1 and back to 0.4 mL • min-1 

after 3.75 minutes until 6 minutes to re-equilibrate the column between analysis. 

 

3.2.7. IN-VITRO EFFECTS OF SILIBININ ON PLATELET AGGREGATION 

PRP samples were generated and separated into control (containing no silibinin or 

DMSO, vehicle (DMSO only) and silibinin (silibinin and DMSO). Silibinin was 

dissolved with DMSO to make a stock solution of 100 mM, and 3 µL of the silibinin-

DMSO stock was then added to 2997 µL of standardized PRP to make a final 

concentration of 100 µM silibinin with 0.1% DMSO. All samples were incubated at 37ºC 

for 10 minutes before LTA analysis was conducted. LTA methodology followed the 

established method used during the MOJO study. 
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3.3. STATISTICAL ANALYSIS 

3.3.1. SAMPLE SIZE CALCULATION 

The prospective sample size for this pilot study was determined by results that have 

hypothesised cardioprotection from a 5 µM increase in total bilirubin (81, 85). Therefore, 

power calculations using changes in circulating bilirubin as the primary end-point 

indicate that the MOJO study will have an adequate statistical power to detect a clinically 

significant increase in bilirubin levels of >5 µM from baseline (10.3±3.3 µM) with a 

sample size of 65 patients (allowing an attrition rate of 10%). The single-blinded nature 

of this trial permitted preliminary analysis of data from male individuals, who would have 

a more consistent response in bilirubin to Legalon® supplementation. Following this, 

female participants would then be recruited. bilirubin elevation This analysis showed no 

change in the mean concentration of bilirubin (i.e. <0.5 µM change from baseline serum 

bilirubin) and therefore, a decision was made to terminate the study after recruiting 

approximately 40% of the intended recruitment number. 

 

3.3.2. BLOOD PARAMETERS STATISTICAL ANALYSIS 

A two-way repeated measures analysis of variance (two-way RM ANOVA) was 

conducted to test the hypotheses of the study. The two factors analysed for the primary 

and secondary outcomes were treatment (Legalon® or placebo) and repeated time 

measures (Day 0, 7, 14). Statistical significance was set at p<0.05, at a B value of 0.8, for 

the analysis. All graphical data utilizing the two-way RM ANOVA were represented as 

mean ± standard deviation (SD). Any significant time or treatment effects were followed 

by a Sidak’s multiple comparisons post-hoc test to identify and further assess the 

significance of the difference. Outliers were not excluded from the any of the examined 

paramaters due to the small sample size (n = 17). These changes, which may appear, as 

outliers may correlate with Legalon® supplementation. All data were collated and 

analysed using Graph Pad Prism Version 7.0d (Appendix J, for example of statistical 

output).  
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4.0. RESULTS 

4.1. PATIENT DEMOGRAPHICS 

A total of twenty-three participants completed the study, seventeen of which met 

satisfactory compliance, taking at least 80% of the Legalon® and the placebo capsules. 

MOJO participants with satisfactory compliance for both study-arms included within the 

statistical analysis. A study flowchart of participant exclusion is highlighted in Figure 4.1. 

Demographic information, baseline serum biochemistry and FBC results for included 

participants are shown in Table 4.1. 

 

 

Figure 4.1. CONSORT diagram for participant inclusion and exclusion. 
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Table 4.1. Demographic information, baseline serum biochemistry and FBC results from 

the screening visit for successfully completed participants only (n = 17) 

Variable 
 

Participants Reference range 

Demographics Age (years) 31.8 (10.7) N/A 

Mean (SD) BMI (kg/m2) 24.7 (3.29) N/A  
SBP (mmHg) 118 (10.6) N/A 

 
DPB (mmHg) 74.4 (8.74) N/A  

HR (bpm) 69.8 (14.8) 
 

    

Ethnicity White/Caucasian 12.0 [48.0] N/A 

Number [%] African American 1.00 [4.00] N/A  
Aboriginal or Torres 

Strait Islander People 

1.00 [4.00] N/A 

 
Asian 2.00 [8.00] N/A  

Middle Eastern 1.00 [4.00] N/A 

    

Serum Biochemistry ALT (U/L) 21.8 (14.2) <35.0 

Number [%] ALP (U/L) 80.1 (15.4) 30.0–100  
AST (U/L) 20.2 (7.89) <40.0 

 
GGT (U/L) 23.3 (12.6) 50.0  
TB (µM) 12.1 (4.50) <20.0 

 
BGL (mM) 5.46 (0.62) 3.00–7.70     

Blood characteristics WBC (109/L) 5.33 (1.46) 4.00–10.0 

Mean (SD) RBC (1012/L) 5.03 (0.50) 4.50–5.50 
 

Hb (g/L) 148 (9.59) 130–170  
HCT (%) 36.2 (17.4) 40.0–50.0  

PLT (109/L) 230 (55.7) 150–400 
    

Compliance Legalon® (%) 96.2 >80.0  
Placebo (%) 97.2 >80.0 

Note: BMI, Body Mass Index; SBP, Systolic Blood Pressure; DBP, Diastolic Blood Pressure; ALT, Alanine 

Aminotransferase; AST, Aspartate Aminotransferase; GGT, Gamma-Glutamyl Transferase; Hb, 

Haemoglobin; Hct, Hematocrit; HR, Heart rate; RBC, Red Blood Cells; WBC, White Blood Cells; BGL, 

Blood Glucose Level. PLT, Platelet count. TB, Total bilirubin. 
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4.2. PRIMARY OUTCOME 

4.2.1. BILIRUBIN 

The primary outcome of the study was to investigate the change in circulating bilirubin 

concentration in response to Legalon® supplementation. Results of circulating total 

bilirubin (TB) and direct (conjugated) bilirubin (DB) levels were measured during both 

study arms (Legalon® and placebo) and are shown in Figure 4.2.  

 

Figure 4.2. Circulating bilirubin concentration for MOJO participants at three-time points (Day 

0, 7 & 14) during both study arms. [A] TB (n = 17), [B] DB (n = 17). Data are presented as mean 

± SD. 

 

Both TB and DB were not significantly different between the Legalon® and placebo-

arms. At no time point was a significant difference in TB and DB concentration noted 

(TB ANOVA time p=0.8773, treatment p=0.8971; DB ANOVA time p=0.9210, treatment 

p=0.9849).   
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4.2.2. HPLC BILIRUBIN 

HPLC analysis of TB in response to Legalon® intake was also conducted. TB results 

throughout Legalon® supplementation obtained from automated biochemistry analysis 

(COBAS) and HPLC were compared, which is shown in Figure 4.3. 

 
Figure 4.3. Circulating TB at three time points (Day 0, 7 & 14) during Legalon® supplementation 

were measured by COBAS and HPLC (n = 17). Data are presented as mean ± SD 

 

The difference in TB, measured by COBAS and HPLC, were not significantly different 

(TB ANOVA method p=0.3690). At no time point was a significant difference also 

observed in TB concentrations between the two methods (TB ANOVA time p=0.5141). 
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4.3. SECONDARY OUTCOMES 

4.3.1. PLATELET AGGREGATION (MAXIMUM AGGREGATION %) 

Platelet aggregation was a secondary outcome measure for the present study. Results are 

shown in Figure 4.4. demonstrate the percentage of maximal aggregation (%) in 

response to NA, collagen, ADP and TRAP.  

 

Figure 4.4. Platelet aggregation results at three-time points (Day 0, 7 and 14) in the Legalon®- 

and placebo-arms. Platelet aggregation was measured as a percent of maximum aggregation after 

six minutes. Isolated platelet samples were induced by: [A] NA (n = 8), [B] collagen (2 µg/mL, n 

= 10), [C] ADP (5 µM, n = 14), [D] TRAP (10 µM, n = 11). Data are presented as mean ± SD. 

 

No significant time or treatment effects were observed for ex-vivo platelet aggregation in 

response to no agonist (NA), collagen, ADP and TRAP (NA ANOVA time p=0.4672, 

treatment p=0.1946; collagen ANOVA time p=0.4864, treatment p=0.8922; ADP 

ANOVA time p=0.3740, treatment p=0.9956; TRAP ANOVA time p=0.8378, treatment 

p=0.2302). 
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4.3.2. PLATELET AGGREGATION (AREA UNDER THE CURVE) 

Platelet aggregation was also assessed using the area under the curve (AUC) in response 

to NA, collagen, ADP and TRAP, as shown in Figure 4.5.  

 

Figure 4.5. Platelet aggregation results (measured as AUC, arbitrary unit [U], over 6 minutes) at 

three-time points (Day 0, 7 and 14) for the Legalon® and placebo-arms. Platelet aggregation was 

induced by: [A] NA (n = 10), [B] collagen (2 µg/mL, n = 19), [C] ADP (5 µM, n = 13), [D] TRAP 

(10 µM, n = 11). Data are presented as mean ± SD. 

 

No significant time or treatment effects were observed for platelet aggregation in response 

to NA, collagen, ADP and TRAP (NA ANOVA time p=0.4488, treatment p=0.8841; 

collagen ANOVA time p=0.1375, treatment p=0.5021; ADP ANOVA time p=0.4100, 

treatment p=0.6865; TRAP ANOVA time p=0.8491, treatment p=0.6246). 
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4.3.3. PLATELET ACTIVATION 

Impact of Legalon® on flow cytometric evaluation of platelet activation was another 

secondary outcome of the study. Activation was measured as a fold change (median 

fluorescence intensity) from baseline (established by NA samples) in PAC-1 and CD62P 

expression in response to ADP and TRAP exposure (Figure 4.6.). 

  
Figure 4.6. Platelet activation results for MOJO participants at three-time points (Day 0, 7, and 

14) in the Legalon® and placebo-arms. Platelet activation was measured as fold change (median 

fluorescence intensity) from baseline (NA) for CD62P and PAC-1 expression induced by ADP 

(10 µM) and TRAP (20 µM). Platelet activation was represented as: [A] ADP CD62P (n = 10), 

[B] ADP PAC-1 (n=8), [C] TRAP CD62P (n=10), [D] TRAP PAC-1 (n=10). Data are presented 

as mean ± SD. Note: *p<0.05 

 

No significant time or  treatment effects were observed for ADP CD62P, ADP PAC-1, 

TRAP CD62P, and TRAP PAC-1 results (ADP CD62P ANOVA time p=0.2943, 

treatment p=0.6460, treatment p=0.1093; TRAP CD62P ANOVA time p=0.3032, 

treatment p = 0.7140; TRAP PAC-1 ANOVA time p=0.4070, treatment p=0.3103). A 

significant time effect for ADP PAC-1 was observed (ANOVA time p=0.0311). A 

Sidak’s multiple comparison test revealed a significant difference between Day 0 and Day 

14 in PAC-1 expression (adjusted p=0.0279)  
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4.3.4. MPV AND PLATELET COUNT 

MPV (mean platelet volume) and platelet count were platelet characteristics measured 

from full blood count analysis, as shown in Figure 4.7. 

 

Figure 4.7. FBC platelet characteristics for MOJO participants at three-time points (Day 0, 7 & 

14) during both study arms. [A] MPV (n=17) and [B] Platelet count (n=17) Data are presented as 

mean ± SD. 

 

No significant time or treatment effects were observed for MPV and platelet count (MPV 

ANOVA time p=0.2631, treatment p=0.6900; platelet count ANOVA time p=0.8766, 

treatment p=0.8766).  
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4.3.5. CLOTTING TIMES 

Clotting time was another secondary outcome measured. PT and aPTT were biomarkers 

used to measure extrinsic and intrinsic coagulation, respectively (Figure 4.8.). 
  

 

Figure 4.8. Intrinsically (APTT) and extrinsically (PT) activated coagulation at three-time points 

(Day 0, 7 and 14) in Legalon® and placebo-arms. [A] PT (seconds, n=17). [B] aPTT (seconds. 

n=17). Data are presented as mean ± SD. 

 

No significant treatment or time effects were observed in clotting times (PT ANOVA 

time p=0.7021, treatment p=0.7299; aPTT ANOVA time p=0.8106, treatment p=0.9331). 
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4.4. IN-VITRO SILIBININ ANALYSIS 

4.4.1. PLATELET AGGREGATION (MAXIMUM AGGREGATION %) 

A platelet aggregation analysis was conducted to assess the effects of silibinin 

incubation on platelet aggregation. Samples were prepared into three groups; control 

(PRP only), vehicle (PRP, 0.1% DMSO) and silibinin (PRP, 0.1% DMSO, 100 μM). 

Results are shown in Figure 4.9. represent a percentage of maximal aggregation (%) 

stimulated by NA, collagen, ADP and TRAP agonists. 

 
Figure 4.9. Platelet aggregation results for control, vehicle and silibinin (100 µM) treated (PRP) 

samples was measured as a percentage of maximum aggregation (%) after six minutes (n = 3). 

Platelet aggregation was induced by: [A] NA, [B] collagen (2.5µg/mL), [C] ADP (5µM), [D] 

TRAP (10µM). Data are presented as mean ± SD. 

 

A one-way ANOVA was conducted for the following results, and no significant 

differences were observed between the control, vehicle and silibinin conditions (NA 

p=0.7185, collagen p=0.3653, ADP p=0.0993 and TRAP p=0.2920). Due to the 

borderline significant result for ADP, a Tukey’s multiple comparisons tests were also 

conducted between all conditions; however, no significant difference in maximum 

aggregation for ADP was noted (p>0.05).  



pg. 54 
 

4.4.1. PLATELET AGGREGATION (AREA UNDER THE CURVE) 

Platelet aggregation for PRP samples incubated with silibinin were also analysed for their 

AUC and was measured in response to NA, collagen, ADP and TRAP (Figure 4.10.).  

 
Figure 4.10. Platelet aggregation results for control, vehicle and silibinin (100µM) treated (PRP) 

samples was measured as AUC, an arbitrary unit (U) after six minutes (n = 3). Platelet aggregation 

was induced by: [A] NA, [B] collagen (2.5µg/mL), [C] ADP (5µM), [D] TRAP (10µM). Data are 

presented as mean ± SD. 

 

A one-way ANOVA was conducted, and no significant differences were observed 

between the control, vehicle and silibinin conditions (NA p=0.6999, collagen p=0.6121, 

ADP p=0.1174 and TRAP p=0.2248).  
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5.0. DISCUSSION 

The main finding (primary outcome) of this study was that 14 days of oral Legalon® 

consumption (420 mg of silymarin/day) did not increase total bilirubin concentrations. 

Investigation of the primary outcome was based on available literature suggesting 

silymarin flavonolignan, particularly silibinin, inhibits UGT1A1 and should, therefore, 

increase unconjugated bilirubin concentrations (157, 251, 252). Further assessment 

involving HPLC method confirms the accuracy of total bilirubin measurements by the 

COBAS analyser. The secondary outcome measures of this thesis included MPV, platelet 

count, ex-vivo platelet aggregation/activation and clotting time (PT and aPTT). These 

platelet and coagulation markers were selected based on literature that have previously 

reported altered characteristics (i.e. reduced platelet activation, MPV and platelet count) 

linked to hyperbilirubinaemia and direct inhibition by silymarin (134, 263, 266). As such, 

it was expected that Legalon® administration would also alter platelet characteristics and 

coagulation through circulating bilirubin elevation. Findings of the present study, 

however, demonstrated no significant change in platelet characteristics, platelet 

activation/aggregation or coagulation status with Legalon® administration. 

 

Multiple studies have investigated the effects of silymarin compounds in various patient 

groups, though findings of the present study differ to these observations as no significant 

elevation to circulating total and direct bilirubin levels with Legalon® intake. This 

difference was most likely the result of the differences in silymarin preparation used, the 

dose administered, the patient group investigated and the route of administration. For 

example, an increase in unconjugated bilirubin (up to 43 µM from baseline) was assessed 

in prostate cancer patients who received increasing doses of silibinin-phytosome (10g to 

20g) (246). For example, silibinin-phytosome (or silipide), a phospholipid modified 

preparation of silibinin that is primarily designed to improve the absorption of silibinin 

in the gastrointestinal tract (273, 274) had greater oral bioavailability than commercially 

standardized silymarin (similar to Legalon®) (275-277). Oral administration of three 

Legalon® capsules (eqv. ~152.1 mg silibinin) was reported to yield a Cmax silibinin of 

0.87 µM (169), which was approximately 68% less than the concentration achieved with 

oral silipide of similar dosage (Cmax = 2.715 µM; eqv. ~178 mg silibinin) (276). As such, 

the difference in the serum bilirubin changes between the clinical studies and this thesis 

may relate to differences in the achievable flavonolignan concentration between the 

different preparations. An elevation in total bilirubin was also observed in hepatitis C 

patients after I.V. administration of silibinin (20 mg/kg BW/day) (243). Meanwhile, five 
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other clinical studies reported total bilirubin elevation after I.V. Legalon®-SIL infusion 

in patients with hepatitis C (242, 244, 245, 247, 248). These studies were also in contrast 

to other studies that have utilised the same oral Legalon® preparation (manufactured by 

MADAUS GmbH), at the same dosage (or greater) as the present study showed no 

significant effect to serum bilirubin concentrations (249, 278, 279). While the MOJO 

study incorporated a two-week period of oral supplementation, previous clinical studies 

orally supplemented Legalon® for more than two-weeks with one study requiring one 

month of supplementation. It should be noted, however, that these patients had elevated 

levels of bilirubin as a consequence of their disease and therefore, improved hepatic 

function upon supplementation was expected to reduce circulating bilirubin. The MOJO 

trial applied the recommended dose of Legalon® orally (3 times a day), for two weeks in 

healthy individuals and was therefore expected to increase total bilirubin concentration. 

The lack of changes to total bilirubin concentration in this thesis agrees with the findings 

from Bode et al. (249), Del Dotto et al. (278), and El-Kamary et al. (268) who also 

reported no changes to serum bilirubin in patients with liver disorders with oral 

Legalon®. The similarity in results is most likely a consequence on the dosage of 

Legalon® used. However, the results presented in this thesis are also in contrast with I.V. 

infusion studies of silibinin (e.g. Legalon®-SIL), which achieved higher circulating 

silibinin concentration (usually 50- to 200-fold) as a result of greater flavonolignan 

bioavailability compared to oral administration (280, 281). A higher concentration of 

circulating silibinin would inhibit UGT1A1 and bilirubin conjugation, leading to an 

increase in circulating bilirubin concentration in I.V. conditions. 

 

It is likely that the difference in circulating bilirubin responses reported in this thesis 

compared to published studies may also be due to the type of participants involved. 

Many of the aforementioned studies reporting total serum bilirubin elevation involved 

patients with existing underlying morbidities, including prostate cancer (246) and 

hepatitis C patients (243, 245, 247, 282). The combination of altered hepatic blood flow 

and hepatic enzyme activity caused by these disorders may likely alter the 

pharmacokinetics of silymarin flavonolignans reducing the conjugation and elimination 

of silibinin from the body (283, 284), thereby permitting its retention and allowing its 

bilirubin elevation effect to manifest. The total silymarin flavonolignan bioavailability, 

from a single dose of oral silymarin (eqv. 480 mg/day) were 2.4-, 3.3-, and 4.7-fold 

greater in patients with HCV non-cirrhosis, non-alcoholic fatty liver disease and HCV 

cirrhosis patient cohorts, respectively, when compared with healthy volunteers (AUC0-
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24hr = 4.19 µM•hr) (285). In addition, the extensive metabolism pathway of silymarin 

flavonolignan, evident through its larger bile concentration in multiple studies (280, 286, 

287), may also explain the difference in flavonolignan bioavailability between healthy 

and diseased subjects. The Cmax of bile silibinin conjugates after the oral administration 

of eight Legalon® tablets (eqv. 240 mg of silibinin) in six healthy subjects was ~100 

times more than the Cmax of plasma silibinin (287). Although no significant difference in 

SA and SB conjugates was observed between patients with UGT1A1*28 polymorphism 

(i.e. reduced UGT1A1 activity) and control subjects (i.e. normal UGT1A1 activity) (288), 

higher sulphated SA and SB conjugates in patients with UGT1A1*28/*28 genotype were 

observed. This was consistent with Jančová et al. (289) who reported increased formation 

of different glucuronides of silibinin (e.g. SA-7-OBD-glucuronide, SB-7-

OBD glucuronide, and SA-20-OBD glucuronide) by UGT enzymes other than UGT1A1 

(e.g. UGT1A3, 1A8, 1A10, 1A6, 1A7, 1A9, 2B7 and 2B15). Furthermore, the biliary 

excretion of silymarin flavonolignans by MRP transporters may also support this. For 

example, when Silymarin marianum cell cultures were incubated with MRP-inhibitors 

(glibenclamide and probenecid), the flavonolignans released from MRP transporters 

outside the cells were significantly reduced (290). Moreover, the biliary excretion of 

several flavonolignans (SA, SB, silichristin, silidianin, isosilibinin) were significantly 

reduced in MRP2-deficient Wistar rats when compared to the control wild-type Wistar 

rats (291). These studies suggest a competitive inhibition for bilirubin conjugate transport 

that may also contribute to the bilirubin elevating effect by silymarin flavonolignans. In 

summary, the literature suggests an extensive and multi-conjugative pathway for 

silymarin flavonolignans, closely resembling bilirubin’s conjugative pathway. Therefore, 

from this observation it is hypothesised that healthy subjects with normal hepatic function 

will retain less silymarin flavonolignans while subjects with existing disorders will retain 

more flavonolignans, which could then inhibit UGT enzymes and therefore limit bilirubin 

conjugation and excretion. 

 

Similarly, the null hypothesis for the secondary measured outcomes were also accepted 

as the outcomes also showed no significant changes. Platelet analysis was conducted on 

the basis that platelet function inhibition (reduced platelet activation/aggregation in 

response to agonist) and altered characteristics (reduced MPV and platelet count) will 

occur in response to circulating bilirubin elevation induced by Legalon® intake. The lack 

of significant changes in platelet aggregation, activation and characteristics may be 

related to the absence of increased circulating bilirubin in the MOJO trial. From this, the 
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findings of the present study did not correspond to the findings of other previously 

discussed clinical studies. For example, Bijak et al. (263) reported reduced ADP-induced 

ex-vivo platelet aggregation in whole blood samples incubated with silibinin, silidianin, 

and silichristin at 10, 50 and 100 µM each, which the aggregation results does not 

correspond with the in-vitro findings from this thesis. However, the lowest concentration 

of silibinin (10 µM) to inhibit ADP-induced platelet aggregation was 10-fold greater than 

the Cmax of silibinin (0.87 µM) occurring after oral consumption of oral Legalon® (420 

mg silymarin) (169, 292). This observation was similar for collagen-induced platelet 

aggregation assessed by another in-vitro study (266). As such, the plasma concentration 

of flavonolignan (particularly silibinin) based on the recommended Legalon® intake to 

likely be too low to induce in-vivo inhibitory effects on platelet aggregation in response 

to collagen, ADP and TRAP. However, to confirm the findings from previously published 

in-vitro studies, an in-vitro analysis was also conducted during the MOJO trial to further 

assess the direct effects of silibinin on ex-vivo platelet aggregation. No significant 

decrease in aggregation was observed, in response to assessed agonist, when incubated 

with 100 µM of silibinin. This result contradicts the two in-vitro studies that report a 

significant decrease in ADP- and collagen-induced platelet aggregation with 100 µM of 

silibinin (266). It should be noted that the aforementioned studies utilise whole blood 

aggregometry (WBA), involving electrical impedance between two electrodes that allow 

platelets to adhere and aggregate on the electrodes in response to an agonist stimulation 

(293, 294). WBA confers several advantages over LTA, used in the MOJO study, 

primarily avoiding confounding variables associated with PRP preparation. Furthermore, 

the use of whole blood more closely reflects physiological conditions (295). Whether this 

had a major influence on the results requires further assessment. 

 

Flow cytometry was conducted to detect the potential effects of bilirubin or Legalon® on 

specific markers of platelet activation (e.g. P-selectin and GPIIb/IIIa). A significant time 

effect was observed for PAC-1, indicative of increased GPIIb/IIIa activation in platelets, 

in response to ADP, this change was a significant increase between Day 0 and Day 14, 

which contradicts findings from Bijak et al. (263). It was reported that a significant 

decrease in GPIIb/IIIa activation, and decreased P-selectin expression, in response to 

ADP, was correlated to an in-vitro incubation with 10 µM of silibinin and silichristin. 

Again, this was 10- to 500-folds greater than the Cmax for silibinin and silichristin from 

oral Legalon® (0.87 µM and 0.02 µM, respectively). Nonetheless, the significant finding 

may not be correlated to Legalon® intake and may likely be caused by differences in 
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methodology. For example, whole blood samples in the in-vitro studies were fixed (with 

1% BD CellFix) prior to fluorescent antibody incubation while we fixed (with 1% PFA) 

the PRP samples after fluorescent antibody incubation. Due to the hypersensitive nature 

of platelets in isolated platelet samples, the 30-minute antibody incubation before fixative 

potentially permitted extensive resting platelet activation in a number of participants, 

which were later excluded. However, adding the fixative prior to antibody incubation was 

determined to reduce the detection of platelet activation due to the blocking of antibody-

antigen binding by the fixative (270, 271); thus the MOJO study protocol added the 

fixative to the PRP samples after antibody incubation. Whether this influenced the 

findings of the study cannot be determined. Additionally, the use of WBA in these in-

vitro studies may again explain the different findings from this thesis that utilised isolate 

platelet samples for flow cytometric analysis (294). Further observation of the difference 

between the two fixative methods and the type of samples (whole blood vs isolated 

platelet samples) will require further consideration in future platelet analysis. It is 

important to note, however, that comparison between these findings are between two 

contrasting study designs, in-vitro and human participants, which does not account for 

physiological conditions that may prevent silymarin’s biological effects. 

5.1. LIMITATIONS  

A major limitation of the MOJO trial was the relatively small sample size, limiting the 

power of the applied statistical analysis. Although 23 participants completed the study, 

only 17 participants completed the study with satisfactory compliance. The results of 

these individuals were included in the final analysis. However, despite this limitation, the 

study benefited from a placebo-controlled cross-over design, which reduced variability in 

bilirubin concentrations (and other parameters) due to the within subject experimental 

design. Despite this, very few significant differences in endpoints were documented. The 

study also aimed to recruit female individuals after assessing the impact of 

supplementation in males. This decision was made, because the menstrual cycle is 

associated with changes in circulating oestrogen, bilirubin, platelet activation/aggregation 

and their potential interaction with flavonolignan pharmacokinetics (296-298), and 

therefore, would have contributed to further variation in outcome variables. Assessment 

in male participants was completed first as a ‘proof of concept’ after which females would 

have been recruited. It should be noted that six additional participants were assessed and 

excluded from the study due to their BMI exceeding the 29.9 kg/m2. A strict BMI cut-off 

was required, to allow for assessment of biological effects in healthy individuals, prior to 
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investigating efficacious in obese individuals. The impact of diluting PRP samples (by 

1:1 HEPES), instead of standardising to 2 x 108 platelets/mL, for ex-vivo platelet 

aggregation was also examined to determine the potential influence of the dilution 

preparation. No significant difference was reported, and therefore the dilution method 

was used for MOJO participants who we were unable to obtain a platelet count for (see 

Appendix L). However, future platelet analysis must maintain a consistent dilution to 

avoid added variation in platelet activation and aggregation. 

 

The two-week Legalon® supplementation duration may also be a potential limitation of 

the MOJO study, as this duration may not be sufficient for oral Legalon®. Clinical studies 

providing oral Legalon® to patients with underlying disorders have reported no elevation 

in serum bilirubin even with an administrative duration longer than 2 weeks (between 4 

weeks to 2 months). However, it is important to note that the reason for the two-week 

Legalon® was chosen based on available literature, primarily that the short-acting effects 

of silymarin flavonolignans on UGT1A1 enzymes (157, 250), and clinical studies 

reporting an acute response of bilirubin elevation with I.V. silibinin and silymarin even 

at two-week supplementation (243-245). Additionally, pharmacokinetic studies with 

Legalon® has demonstrated an extensive safety profile and detection of individual 

flavonolignans within two-weeks of administering the recommended dosage of Legalon® 

in healthy volunteers (169). 

 

Another limitation may include the eight-hour gap between each Legalon® capsule 

administration. The Tmax for silymarin usually occurs between 2 to 4 hours after 

consumption, while the half-life (T1/2) is 6 to 8 hours (169, 171). However, these findings 

do not reflect data of the main bioactive flavonolignans (e.g. silibinin), as the Tmax for 

silibinin and isosilibinin isomers range between 1.0 to 1.6 hours, though their T1/2 were 

similar to silymarin (299, 300). Based on these data, plasma concentrations of crucial 

flavonolignans (e.g. silibinin, silichristin) would be very low 8 hours after administration 

and thus may have limited their biological effects (e.g. serum bilirubin elevation), when 

blood was collected. Future studies could require participants to fast overnight and 

consume Legalon® with water 2 hours prior to attending the laboratory for blood 

collection. Interestingly, most participants self-reported consuming their capsules after 

their visit to the laboratory, suggesting the last capsule was consumed more than 8 hours 

previous, which likely resulted in little bioactive molecule circulating at the time of blood 

collection. 
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A potentially minor limitation may include the poor bioavailability of Legalon®, drawn 

from investigation of available literature. The bioavailable concentration after the 

recommended dosing of  Legalon® (420mg/day silymarin; 140 mg every 8 hours) is 20- 

to 50-fold lower than the concentration shown to induce silymarin’s antioxidant, anti-

inflammatory and anti-platelet effects, in in-vitro and animal studies (188, 210, 218, 263, 

266). While the recommended (yet sub-optimal) dosage may have contributed to the 

findings of the thesis, it is also likely the poor bioavailability of oral Legalon® and the 

extensive metabolism of its flavonolignan (267, 287, 300) led to lack of change in primary 

and secondary outcomes. Similar limitations may also exist in other clinical studies using 

Legalon®, despite the larger sample size, diseased patients and longer duration of 

administration (249, 278). As such, an alternative preparation (or higher dosage) will be 

required in future studies to determine the impact of silymarin on circulating bilirubin 

concentration and platelet characteristics. 

 

The consumption of drugs/medications due to unexpected illness throughout the MOJO 

trial may also have affected the findings of this thesis. For example, aspirin, consumed 

by several MOJO participants, reduces platelet activation/aggregation, which will 

significant affect the platelet analysis (25). Consumption of any drugs several days prior 

to the participant visit led to exclusion of their visit’s data, reducing the sample size and 

subsequent statistical power. 

5.2. FUTURE DIRECTIONS 

Recent evidence has demonstrated silymarin’s potential cardiovascular protective 

properties and bilirubin inducing effects. The MOJO trial aims to further expand our 

understanding of silymarin’s potential cardiovascular protective effects and its potential 

link to circulating bilirubin elevation to provide a future means to augment circulating 

bilirubin elevation and determine the impact of this on cardiovascular risk factors. 

Although this thesis presented no significant changes to primary and secondary outcomes, 

the MOJO trial made an important contribution to our understanding of silymarin to 

human biology, by independently assessing the manufacturer’s claims of this product in 

healthy participants. For example, the supplier states that the compound induces 

antioxidant effects (218) while no change in circulating antioxidant capacity was noted 

(data not shown) in another student’s thesis questioning the potential efficacy of the 

reported antioxidant effects.  
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Improvements to the recruitment criteria and process will be required to reach the required 

65 participant for significant statistical findings. This can be achieved by recruiting 

female participants in addition to male participants in future studies. Future MOJO studies 

will also need to consider increasing the duration of Legalon® administration due to the 

potential long-term biological changes that corresponds with Legalon® use. In addition, 

future studies should adopt double-blinding to prevent investigator bias. To implement 

double-blinding, a separate, third party (not directly involved in the study) would be 

required to prepare the Legalon® and placebo capsules (i.e. using the same coloured 

capsules as used in Legalon® packaging). With multiple publications reporting improved 

silibinin bioavailability and evidence for induced hyperbilirubinaemia with silipide use 

(275-277, 301, 302), future MOJO studies should consider using silipide to maximize 

silibinin bioavailability in plasma. Additionally, future participants should be advised to 

consume the supplement one to two hours before their visits ensuring all participants have 

bioactive silibinin within the circulation at the time of blood collection.  

 

In addition, developing an HPLC method for the measurement of silibinin concentration 

in participants’ plasma will allow a direct correlation between silibinin and bilirubin 

concentration to be assessed. At the time of writing this thesis, an HPLC method is being 

developed to quantify and measure silibinin concentration in MOJO participants’ plasma. 

This method will also permit a pharmacokinetic study that will assess the precise Tmax 

and T1/2 of silibinin, and potentially other flavonolignans, in Legalon®. Pharmacokinetic 

evaluation should also be conducted for silipide to determine which supplement is more 

efficacious in terms of increasing bilirubin levels.  
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6.0. CONCLUSION 

The literature demonstrates that that mildly increased concentrations of circulating 

unconjugated bilirubin are associated with protection from cardiovascular disease and 

mortality. The potential cardioprotective effects of bilirubin may arise from its 

antioxidant, anti-inflammatory, lipid-modifying and anti-platelet effects. Discovering a 

method to elevate bilirubin has thus become an important research topic due to the 

potential of this strategy to reduce CVD risk. Silymarin, a herbal extract from the 

Silymarin marianum plant, is reported to induce hyperbilirubinaemia through the 

inhibition of UGT1A1, OATP1B1 and MRP2 transporters, which are involved in the 

excretory pathway of bilirubin. Healthy male participants were provided an oral 

preparation of silymarin, Legalon®, to observe in-vivo changes in circulating bilirubin, 

platelet characteristics and coagulation. Findings of the present study showed no 

significant changes in serum bilirubin (total and direct bilirubin). Consequently, no 

changes in secondary parameters were therefore observed. However several differences 

in study design exists between the published studies and this trial, including the use of a 

different silymarin preparation, dosage amounts, type of participant investigated, duration 

and frequency of administration. Additionally, several limitations of the present study, 

including the relatively small sample size and duration of Legalon® administration were 

identified as potential factors that could explain the lack of significant changes to the 

measured outcomes. The MOJO trial remains an important field of research that sought 

to establish a novel method of elevating circulating bilirubin to decrease the risk of CVD 

development in healthy individuals. Modifications in experimental design (e.g. 

alternative silymarin preparation, improve recruitment criteria) will be necessary to more 

clearly delineate whether Legalon®/silymarin can induce mild hyperbilirubinaemia and 

protect from future CVD. 
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APPENDICES 

APPENDIX A 

MOJO study protocol 
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APPENDIX B 

Griffith University Human Research Ethics Committee HREC approval 
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APPENDIX C 

Legalon® information insert 
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APPENDIX D 

Participant recruitment advertisement flyer 
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APPENDIX E 

Participant information package (consent form included) 
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APPENDIX F 

Case Report Forms 

Screening Measurement (V1) form

 



pg. 107 
 

 
  



pg. 108 
 

Visit forms for V2 to V7 
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Demographics form 
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Eligibility criteria form 
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Informed consent form 
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General medical history form 
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Concomitant medication log form 

  



pg. 115 
 

Adverse Event form 
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APPENDIX G 

FOOD DIARY 
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APPENDIX H 

Normal liver function test (LFT) and full blood count (FBC) results 
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APPENDIX I 

Table 6.1. Biochemical end-points analysed using the Cobas Integra 400 plus  

Roche Cobas Integra ® 400 

plus Biochemistry Assays 

ID CODE Duplicate run   

(Y/N) 

Albumin ALB2 Y 

Alanine Transaminase ALTL N 

Alkaline Phosphate Level ALP2S N 

Aspartate Aminotransferase ASTL N 

Bilirubin Direct BIDL2 Y 

Bilirubin Total BILT3 Y 

Total Cholesterol CHOL Y 

High Sensitivity C Reactive 

Protein 

CRPHS Y 

Ferric Reducing Ability of 

Plasma 

FRAP Y 

γ-Glutamyltransferase GGTI2 N 

Blood Glucose GLUC3 Y 

High Density Lipoprotein 

Cholesterol 

HDLC4 Y 

Low Density Lipoprotein 

Cholesterol 

LDL Y 

Triglycerides TRIGL Y 

Uric Acid UA2 Y 

Total Protein TP2 Y 
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APPENDIX J 

Exemplar statistical output from Graph Pad Prism Version 7.0d: Repeated 

measures two-way ANOVA of ADP PAC-1 FC (median fluorescent intensity) 
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APPENDIX K 

 

 V2 V3 V4 V5 V6 V7 

MOJO1 409 444 422  394 407 

MOJO2 315 325 285 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 

MOJO3 534 534 496 430 platelet count N/A platelet count N/A 

MOJO4 363 388 388 525 platelet count N/A platelet count N/A 

MOJO5 301 platelet count N/A platelet count N/A platelet count N/A platelet count N/A flow 1:5/ agg 1:1 

MOJO6 381 324 310 346 304 AVE of V5&V6 

MOJO7 370 platelet count N/A  397 448 AVE of V5&V6 

MOJO8 448 446 380 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 

MOJO9 444 platelet count N/A 637 680 494 AVE of V5&V6 

MOJO10 517 386 547 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 

MOJO11 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 

MOJO12 546 366 AVE of V2&V3 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 
flow 1:5 

AGG = 324.9 

MOJO13 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 436.8 422.3 454.1 

MOJO14 547 447 472 N/A N/A N/A 

MOJO15 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 289.3 307.8 345.3 

MOJO16 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 608 

MOJO17 445.1 484.3 385.9 408.4 435.6 397.8 

MOJO18 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 486.5 521.8 412.45 

MOJO19 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 N/A N/A N/A 

MOJO20 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 flow 1:5/ agg 1:1 417.7 521 475.5 

MOJO21 387.4 494.4 471.9 AVE of V2,V3&V4 AVE of V2,V3&V4 AVE of V2,V3&V4 

MOJO22 474.7 536.8 355 438.6 419 398.6 

MOJO23 N/A N/A N/A N/A N/A N/A 

MOJO24 496.4 451.5 481.5 502.9 429.1 474.7 

MOJO25 418.6 444.3 433.6 378 341 351.3 

MOJO26 705.1 881 815.5 AVE of V2,V3&V4 AVE of V2,V3&V4 AVE of V2,V3&V4 

Note: flow 1:5/ agg 1:1, flow cytometry 1:5/aggregometry 1:1 PRP dilution; AVE, average.
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APPENDIX L 

STANDARDISED (STD) PLATELET COUNT VS. 1:1 PRP:HEPES DILUTION 

 
 

Figure 5.1. Platelet aggregation results for three samples (n = 3) for standardized preparation and 1:1 

dilution method. Platelet aggregation was measured as a percent of maximum aggregation after six minutes. 

Platelet aggregation was induced by: [A] NA, [B] collagen (2µg/mL), [C] ADP (5µM), [D] TRAP (10µM). 

Data are presented as mean ± SD. 

 

A pair t-test statistical analysis was conducted comparing the two PRP preparations, and 

no significant difference in platelet aggregation (%) was observed between standardised 

dilution and the 1:1 PRP:HEPES dilution (NA p=0.8075, collagen p=0.8297, ADP 

p=0.8317 and TRAP p=0.8784) 
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APPENDIX M 

DOT PLOT FOR ADP PAC-1 

 

Figure 5.2. Dot plot for ADP PAC-1 activation in MOJO participants (n=8) at three time points 

(Day 0, 7, and 14) in the Legalon® and placebo-arms. ADP PAC-1 was measured as fold change 

(median fluorescence intensity) from baseline (NA) induced by ADP (10 µM). Data are presented 

as mean ± SD. Note: *p<0.05
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APPENDIX N 

EXAMPLER OF AN AGGREGATION PROFILE   

Figure 5.3. Exampler of the aggregation profile from visit 5 (V5) and visit 6 (V6) of MJ21. (A) MJ21V5 Aggregation profile in response to NA and 

collagen; (B) MJ21V5 Aggregation profile in response to ADP and TRAP; (C) MJ21V6 Aggregation profile in response to NA and collagen; MJ21V6 

Aggregation profile in response to ADP and TRAP. 
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APPENDIX O 

FLOW CYTOMETRY PROFILE 

 

 

 

Figure 5.4. Presentative histograms of gating strategy for platelet activation by A) FSC vs SSC, 

B) SSC Geometric Pulse Doublet Exclusion, C) FSC Geometric Pulse Doublet Exclusion, D) 

Platelet Population Identification (anti-CD42b-APC), E) anti-PAC-1-FITC positive platelets, F) 

anti-CD62P positive platelets. ADP stimulation platelet samples with activation gating by FMP 

where gating set to include 0.1% of population in FMO. G) & H) BLUE population is relevant 

FMO and RED population above describes platelet population. 
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Figure 5.5. Representative histograms of platelet activation markers from MJ22; anti-CD62P-PE 

(y-axis) and anti-PAC-1-FITC (x-axis) following ADP stimulation (10 µM) after 14-days of A) 

placebo and B) Legalon® administration. Gating strategy for platelet activation adopted as per 

previous Figure 5.4. 


