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Abstract 

 

Aim: Drug-induced liver injury (DILI) is recognized as a significant clinical problem, 

which may account for up to 50% of all cases of acute liver failure. DILI is initiated by 

the bioactivation of parent drug molecules to produce chemically reactive metabolites. 

These reactive intermediates induce mitochondrial dysfunction and oxidative stress 

leading to glutathione (GSH) depletion and damage to cellular proteins, lipids and 

nucleic acids, which eventually culminates in necrotic cell death. The principal 

objective of this study is to establish an in vitro screening platform to identify potential 

hepatoprotective natural products (plants and mushrooms) from South Africa (SA).  

 

Method: Aqueous plant extracts (Cyclopia intermedia, Opuntia ficus indica and Kigelia 

africana), and aqueous and ethanolic macrofungal extracts (Ganoderma lucidum, 

Russula capensis, Pleurotus ostreatus and Lenzites elegans) were prepared and 

screened against HepG2 and VERO cells to assess their safety using Hoechst 33342-

PI dual labelling. A drug-induced hepatotoxic model was established, using the dietary 

supplement menadione (vitamin K3). Hoechst 33342- PI, -CellROX® Orange and -

TMRE dual labelling was used for necrosis, oxidative stress and mitochondrial 

membrane potential depolarization (ΔΨm) detection, respectively. The accuracy of the 

hepatoprotection model was confirmed through HepG2 cellbased assays (Hoechst 

33342- PI, -CellROX® Orange and -TMRE dual labelling) that measured the protective 

effects of natural products against the menadione-induced toxicity, anti-oxidant assays 

(DPPH, NO, ORAC, CAPe and FRAP) that measured their anti-oxidant potential and 

enzyme assays (βglucuronidase, carboxylesterase and CYP450 isoform 3A4) that 

measured their effects on drug metabolism. Silymarin was used as a positive control 

for each assay.   

 

  



 

viii 
 

Results: Menadione displayed significant cell death, increased oxidative stress and 

decreased ΔΨm at an elevated concentration of 100 µM; confirming the hepatotoxicity 

model, where necroptosis was suspected to be menadione’s cell death mode. Only 

ethanolic G. lucidum was cytotoxic. All three aqueous plant extracts demonstrated 

strong anti-oxidant capacities out of all the tested extracts; where C. intermedia 

displayed the most promising DPPH, NO, ORAC, CAPe and FRAP activity, followed 

by aqueous G. lucidum. Aqueous plant and ethanolic macrofungal extracts (C. 

intermedia, O. ficus indica, K. africana, and ethanolic P. ostreatus, R. capensis) 

displayed decreased menadione-induced ROS production and protected against 

menadione-induced ΔΨm depolarization, posing them and aqueous G. lucidum 

potential therapeutic interventions for DILI. Ethanolic L. elegans demonstrated the 

highest enzyme inhibition for each assay and presented genotoxicity, ruling it out as a 

therapeutic strategy against DILI.  

 

Conclusion: Together these assays addressed several aspects relating to DILI and 

hepatoprotection, and served as a good starting point in evaluating the therapeutic 

value of natural products from South Africa.  

 

Keywords: Drug-induced liver injury, natural products, hepatoprotection, menadione 
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Chapter 1: Research rationale, aims and objectives 

 

Research rationale 

 

The incidence of drug-induced liver injury (DILI) or diseases associated with oxidant 

or anti-oxidant imbalance and inflammation is increasing (Church et al., 2018). Drug 

toxicity has proven to be a major contributor to liver disease and presents a great 

challenge to clinical medicine and drug development (NIH, 2014). Thus, there is a 

desire for in vitro models to accurately predict and assess compounds that protect 

against DILI as well as identifying potential treatments and therapeutic strategies 

against DILI.  

Currently the mainstream pharmaceutical strategy against DILI is to develop new 

drugs to replace the existing repertoire of otherwise clinically effective drugs that are 

associated with undesirable hepatotoxic side effects. Unfortunately, new drug 

development is a costly and time-consuming process. In addition to this, there is no 

guarantee that a new drug will present with sufficient efficacy or absence of side 

effects. As a plausible alternative to combat DILI, the present study explores the 

development of protective agents to counteract hepatotoxicity, thereby eliminating the 

need for new therapeutic drugs and opening the possibility to reconsider the many 

clinically effective drugs removed from the market due to hepatotoxicity concerns. For 

such an approach to be successful, three fundamental criteria need to be satisfied. 

Firstly, the protective agent must possess a satisfactory safety profile and not be 

harmful. Secondly, the hepatoprotective efficacy should be sufficient to 

counterbalance DILI. Lastly, the protective agent must not negatively influence the 

therapeutic efficacy (pharmacokinetics and pharmacodynamics) of the drug in 

question. Thus, these three criteria form the basis for the experimental design of the 

present study.   
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Within the last decade, there has been a renewed interest in using natural alternatives 

instead of synthetic drugs. The gravitation to these natural alternatives are as a direct 

consequence of the wide range of synthetic compounds presenting patients with many 

side effects and disease related problems later in their lives (Stickel & Shouval, 2015). 

Given that South Africa (SA) has the world’s third largest biodiversity, it is speculated 

that there is still a vast number of flora and other life forms, like macrofungi, that the 

science world can explore (Cadman et al., 2010). Moreover, while extensive research 

has been done on the potential hepatoprotective effects of plant extracts, currently 

very little research has been conducted on the potential health benefits of macrofungi 

from SA. Therefore, the inclusion of both plants and macrofungi in this study therefore 

broadens the scope and potential outcomes of the study. 

Often homeopathic fanatics, traditional healers and the plethora of information 

available to people from online health and natural alternative initiatives, suggest that 

natural alternatives are always safer and better than synthetic compounds. However, 

more often than not, natural products can contain constituents that at certain 

concentrations may present more harmful effects than chemically synthesised 

compounds. Thus, there is a need to screen both natural and synthetic compounds 

thoroughly before they can be documented as ‘safe to use’ and advocated as the ‘next 

best treatment’. Furthermore, from an in vitro perspective, cytotoxicity screening is 

mandatory, as any cytotoxicity will supersede a natural product’s potential 

hepatoprotective effects. 
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Aims and objectives 

 

Based on the rationale outlined above, the aims of this project were: 

 Investigate selected South African medicinal plants and macrofungi (or natural 

products) for potential therapeutic intervention against DILI. 

 Confirm that the selected natural products are not cytotoxic and thus amenable to 

in vitro hepatoprotection models. Further, establish any risk for genotoxicity, using 

the micronucleus assay.   

 Initiate the development of an in vitro high content analysis (HCA) screening 

platform to assist the search for potential hepatoprotectants. This includes safety 

assessment, hepatoprotection and potential drug interaction. 

 Refine and explore mechanism based in vitro screening assays to address the 

effects of hepatotoxins and target potential hepatoprotective natural products.  

 Find novel extracts and adapt previously established hepatotoxicity models to 

incorporate HCA for in depth and multifaceted results.  

The objectives of this study were to establish an in vitro cell culture model 

representative of DILI, using the dietary supplement menadione, and to characterise 

the biochemical indicators of a hepatotoxicity cell culture model relative to untreated 

hepatocytes. A target-directed screening platform was established to address the 

recurrent features of drug toxicity mechanisms such as oxidative stress, mitochondrial 

membrane potential (ΔΨm) and necrosis. To confirm the functionality of the platform, 

selected extracts were screened and compared to reference compounds like 

silymarin. Lastly, the overall objective served to enrich both pharmaceutical and 

nutraceutical industries of South Africa by providing good quality research regarding 

macrofungi and drug metabolism research.  

 

. 
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Overview of chapters  

 

Chapter 2: Introduction  

Serves as an introduction to the study, reviews key concepts, such as characteristics 

of the liver, types of liver injury, DILI and provides an overview of the proposed 

mechanisms involved in DILI. 

 

Chapter 3: Methodology: Background and principles 

Provides a description of all the principles and related background information of the 

various techniques employed in the study.  

 

Chapter 4: Menadione-induced hepatotoxicity cell model 

Describes the development and characterisation of a hepatotoxicity cell model, where 

menadione-induced liver injury was assessed using three different parameters, 

namely oxidative stress, ΔΨm and necrosis.    

 

Chapter 5: Cytotoxicity screen 

Screens selected plant and macrofungal extracts against hepatocarcinoma (HepG2) 

cells and kidney epithelial (Vero) cells to identify potential cytotoxic effects.  

Chapter 6: Hepatoprotection model 

Describes the development of a hepatoprotection model, to screen selected natural 

products’ anti-oxidant potentials and assess their ability to prevent menadione-

induced liver injury. 

 

Chapter 7: Concluding remarks 

Summarizes the findings of this study, describes the shortcomings and considerations 

for its improvement, as well as prospective future studies.  
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Chapter 2: Introduction 

 

2.1. Liver 

 

2.1.1. Introduction 

 

The liver is dubbed as the ‘central hub’ of drug biotransformation owing to its significant 

interplay between the different biological systems of the body (Jaeschke et al., 2002). 

According to Jaeschke et al., 2002, approximately 75% of hepatic blood that originates 

from the gastrointestinal viscera and spleen surrounding the liver, is transported by 

means of the portal vein to provide nutrients, waste and drugs that were previously 

absorbed by the gut to the liver (Hoffman, 2017). These substances arrive at the liver 

in a concentrated form, where enzymes present in the liver effectively filter and 

process them so that, if necessary, they can be safely eliminated from the body. As a 

result of the liver’s filtering and processing functions, it is able to metabolise ingested 

nutrients, detoxify and excrete any harmful or undesired substances (Mulaikal et al., 

2018). 

The liver is also responsible for a number of other functions, some of which include: 

storage of glycogen, vitamins and minerals; synthesis of cholesterol and lipoproteins; 

assembly of blood clotting factor constituents; protection against infection through 

phagocytes (Kuppfer cells); creation and excretion of bile; regulation of blood glucose 

levels (Amitrano et al., 2002; Hoffman, 2017; Mulaikal et al., 2018). In addition to the 

liver’s wide range of important functions, it is the only organ capable of regenerating 

its cells (Mulaikal et al., 2018).   

While the mature liver has the capacity to regenerate its tissue once being negatively 

affected, hepatocytes that are subjected to a genetic predisposition, bacterial or viral 

infections, substance abuse or prolonged use of a substance, are susceptible to injury 

which may cause the cells to function poorly and inhibit the regeneration of liver cells 

(Michalopoulos, 2007; Mulaikal et al., 2018). Based on the liver’s central role in 

biotransformation, clearance of substances and its ability to influence other essential 

organs directly and indirectly, the liver is highly susceptible to DILI (Russman et al., 

2009). 
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2.1.2. Types of liver injury 

 

Genetics, alcohol misuse, lack of appropriate vaccination administration and poor diets 

have been identified as the most common causes of liver disease (Devarbhavi, 2012). 

These liver diseases do not typically cause detectable signs or symptoms until the 

liver damage is fairly advanced or irreparable. While these diseases are becoming 

increasingly common and leading causes of death, most are preventable by simple 

lifestyle changes (Hoffman, 2017).   

The stages of liver failure begin with inflammation. During this stage, the liver becomes 

tender and enlarged, indicating that the body is attempting to fight infection and or heal 

the injury. Proper diagnosis and treatment is imperative in preventing the progression 

of the liver disease. If inflammation is not controlled, it can cause scarring. Over time, 

excessive scar tissue will replace normal hepatocytes, in a process called fibrosis, 

marking the next stage (Leise, 2014). If left untreated, more soft tissue will be replaced 

with hard scar tissue, resulting in chronic scarring (cirrhosis).  

Cirrhosis can lead to a number of serious complications, including cancer as the liver’s 

ability to regenerate itself decreases. End-stage liver disease (ESLD) is characterised 

by patients with cirrhosis who have signs of decompensation, where the organ fails 

due to the functional overload caused by the disease. At this point, the chance of 

hepatocellular carcinomas increases and a liver transplant is required in order for the 

patient to survive (Wiegand & Berg, 2013; American Liver Foundation, 2018). The 

stages of liver failure are depicted in Figure 2.1. 

  

Figure 2.1: Overview of the different liver failure stages. The first liver represents healthy liver tissue. The 

second liver represents a fibrotic liver that has undergone scarring due to uncontrolled inflammation. The third liver 
represents a cirrhotic liver as a direct consequence of large portions of healthy soft tissue being replaced by thick 
nodular scarring. At this point, the excessive scarring blocks blood flow and interferes with liver functioning. The 
last stage includes ESLD where liver cancer occurs and the organ fails. (Wiegand & Berg, 2013; American Liver 
Foundation, 2018) 
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The different stages of liver damages can be assessed through a series of tests, such 

as the liver function test (LFT). LFT is composed of different, separate examinations 

that each aim to assess the different properties of blood through biochemical markers 

such as plasma alanine transaminase (ALT), aspartate aminotransferase (AST) 

alkaline phosphatase (ALP) and bilirubin (Benichou, 1990; Mumoli et al., 2006). For 

example, inflammation is indicated by a rise in ALT and AST, while hepatocellular 

damage is characterised with a rise in ALT levels, and cholestatic damage is detected 

with a rise in ALP and bilirubin levels. Thus, biochemical markers can serve as useful 

indicators of the type or stage of liver disease a patient may be suffering from (Leise 

et al., 2014). Examples of liver diseases include alcohol-related liver disease, non-

alcoholic fatty liver disease, hepatitis, heamochromatosis, primary biliary and drug-

induced liver injury. These liver diseases are described in Table 2.1. 

 

Table 2.1. Overview of the different types of liver disease. A summary of the different reported types of liver 

diseases and descriptions of their respective causes and consequences. 

 

Condition Description1 

Alcohol-related liver disease Drinking alcohol excessively can 

lead to cirrhosis (scarring of the 

liver). 

Non-alcoholic fatty liver disease Unhealthy diet and obesity leads to a 

build-up of fat within liver cells. 

Hepatitis Viral infections, alcohol or drug 

misuse leading to inflammation. 

Haemochromatosis A hereditary disorder with gradual 

build-up of iron in the liver.  

Primary biliary cirrhosis A rare condition that affects the bile 

ducts in the liver caused by immune 

system failure. 

Drug-induced liver injury Overuse of dietary supplements, 

medication or consumption of 

xenobiotics with alcohol, causing 

many possible liver injury outcomes.  

1(Leise et al., 2014; American Liver Foundation, 2018)  
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2.1.3. Drug-induced liver injury 

 

While liver injury such as in fatty alcohol steatosis can result from the misuse of 

alcohol, it can also result from the misuse of medication, herbal- and dietary-

supplements. DILI, and thus hepatotoxicity, has revealed itself as one of the leading 

causes for medication being withdrawn from the market (Ostapowicz et al., 2002; 

Devarbhavi, 2012). This hepatic damage is generally due to the bioactivation of a 

parent drug, initially highlighting therapeutic effects, but subsequently generating 

chemically reactive metabolites that can be toxic and potentially fatal in idiosyncratic 

cases or cause allergic reactions in immunogenic cases (Russman et al., 2009; 

Devarbhavi, 2012). Hepatic damage can also occur due to incorrect drug dosages, the 

chronic use of drugs, as well as its use in combination with other medicines, resulting 

in acute, chronic or irreparable liver injury (Hinson et al., 1995; Church et al. 2018). 

Consequently, DILI has become a popular topic of study in many different research 

fields in attempt to decrease its incidence. 
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2.1.4. Proposed mechanisms of drug-induced liver injury 

 

Lipophilic xenobiotics permeate easily through the membranes of intestinal epithelial 

cells and can be stored within adipocytes for several years, only being released during 

times of stress, fasting or vigorous exercise (Nelson & Cox, 2007). Upon release, 

symptoms such as headaches and nausea may become apparent in patients. To avoid 

such symptomatic outcomes, the liver aims to render drugs more hydrophilic. More 

specifically, the liver biochemically processes the drugs and yields water-soluble 

products that can be released from the body in the form of urine or bile, simultaneously 

circumventing the accumulation of hepatotoxins (Lee, 2003). 

Drug biotransformation or metabolism can be divided into two main phases. During 

phase 1, drugs undergo various reactions such as oxidation, reduction, hydrolysis and 

hydration (Gordon & Skett, 2001). These reactions make the drugs more hydrophilic, 

by either unmasking (if already present) or inserting a polar functional group such as 

-OH, -NH2 or -SH (Gordon & Skett, 2001; Jaeschke et al., 2002). The hepatic 

cytochrome P450 (CYP450) system is said to be the most essential component of the 

phase 1 oxidation system (Guengerich, 2008). 

CYP450 enzymes are described as a superfamily of mixed function oxidases that are 

predominantly expressed in the microsomal fraction of the liver and may be found 

elsewhere such as the small intestine to reduce drug bioavailability further (Lynch & 

Price, 2007; Yuan & Kaplowitz, 2009; Thorn et al., 2011). Examples of these isoforms 

include CYP3A4 and CYP2D6, active in phase 1 drug metabolism, as well as CYP2E1, 

which is an essential factor in toxicology studies owing to its strength in converting 

small molecular weight substances into toxins and even carcinogens (Jaeschke et al., 

2002; Thorn et al., 2011). Usually CYP450 isozymes render drugs metabolically 

inactive or active, however numerous other factors affect drug biotransformation which 

may alter drugs to form harmful reactive intermediates instead (Thorn et al., 2011). 

During phase 2 reactions, phase 1 products are rendered chemically inert and safe for 

elimination through conjugation to other molecules by means of transferase enzymes. 

Examples of these reactions include glutathione (GSH) conjugation, glucuronidation, 

sulfation and acetylation reactions (Yuan & Kaplowitz, 2009).  
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However, as stated above, it is possible that some phase 1 drugs are made more 

reactive and toxic due to altered metabolism, thus resulting in bioactivation (Gordon & 

Skett, 2001). Although the precise molecular mechanisms of bioactivation have only 

been defined for some hepatotoxins, oxidative stress, GSH depletion, necrosis and 

adverse immune reactions appear to be common outcomes in the mechanisms of liver 

injury, despite the hepatotoxins’ chemical diversities (Jaeschke et al., 2002). To date, 

six mechanisms for liver failure or dysfunction have been proposed:  

1. Imbalances of intracellular calcium homeostasis 

2. Disruption of actin filaments and hindrance of transport pumps 

3. Stimulation of Kuppfer cells 

4. Activation of apoptotic pathways 

5. Mitochondrial disruption 

6. Bile duct injury  

(Jaeschke et al., 2002; Lee, 2003; Yuan & Kaplowitz, 2009).  

Firstly, the disruption of intracellular calcium homeostasis is said to cause the 

disassembly of actin filaments at the hepatocyte surface. The disassembly of actin 

fibrils then leads to cell membrane blebbing, rupture or lysis (Hinson et al., 1995; 

Mumoli et al., 2006). The second mechanism relates to cholestatic diseases, where 

actin filaments disrupt and negatively affect bile excretion. Simultaneously there may 

be a loss of villous processes and the subsequent hindrance of important transport 

pumps such as the multidrug resistance associated protein 3 (MRP3), ultimately 

preventing bilirubin excretion. Cholestasis then leads to intrahepatic accumulation of 

toxic bile acids and excretion products, promoting further hepatic injury (Jaeschke et 

al., 2002; Lee, 2003).  

In the third proposed mechanism, non-parenchymal Kuppfer cells, sinusoidal 

endothelial cells, newly recruited leukocytes and stellate cells, contribute to 

hepatotoxicity (Jaeschke et al., 2002). More specifically, cytolytic T-cell activation 

causes covalent binding of a drug to CYP450 enzyme or its isoforms. This type of 

bound enzyme constitutes an immunogen, which activates thymocytes (T-cells) and 

cytokines that are present in the neutrophils and Kuppfer cells. These in turn stimulate 

an immune response generating reactive oxygen species (ROS) and nitrogen species 

(Burke et al., 2010; Aseervatham et al. 2018).   
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If the immune response is not controlled, it becomes overstimulated. This promotes 

further oxidative stress and increases the expression of adhesion molecules such as 

intercellular adhesion molecule-1 (ICAM-1), causing neutrophils to target hepatocytes 

and resulting in protease release and necrosis (Figure 2.2). The sinusoidal endothelial 

cells are susceptible to reperfusion injury which ultimately leads to veno-occlusive 

injury, while activated stellate cells cause the overproduction of collagen, ensuing 

hepatic fibrosis and cirrhosis (Jaeschke et al., 2002). 

It is also possible for drugs to activate apoptotic pathways whereby death receptors, 

such as the tumour necrosis factor-alpha (TNF-α) and Fas receptor, as well as its 

associated caspase pathway, are triggered (James et al., 2003). Previous studies 

state that when canalicular transport is stunted, bile acids accumulate, causing rapid 

translocation of cytoplasmic vesicular Fas to the plasma membrane (Sodeman et al., 

2000). Here these receptors self-aggregate and consequently affect the intracellular 

caspase cascade which leads to apoptotic cell death (Yuan & Kaplowitz, 2009). 

 

Figure 2.2: Kuppfer and neutrophil contribution to liver injury. Various causes can result in liver injury: drug-

induced toxicity, endotoxins, trauma and bacteria. These then trigger the formation of inflammatory mediators such 
as complement factors (C5a) cytokines (TNF-α, IL-1) and chemokines (CXC). These factors upregulate the 
expression of β-integrins and prime neutrophils (PMN), which produce reactive oxygen species (ROS). 
Furthermore, C5a’s stimulate Kuppfer cells to produce ROS. Cytokines increase in the expression of adhesion 
molecules such as ICAM-1, on endothelial cell and hepatocytes, which may result in neutrophils adhering to 
hepatocytes, causing activation of neutrophil degranulation and protease release. Adherence-dependent oxidative 
stress and liver necrosis also occurs and therefore, cell injury mediators like lipid peroxidation (LPO) products and 
chemokines (CXC) cause further neutrophil activation, adding to the vicious cycle. (Adapted from Jaeschke et al., 
2002) 
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The fifth mechanism is possibly through mitochondrial disruption, where drugs inhibit 

mitochondrial function by preventing the production of nicotinamide adenine 

dinucleotide (NAD+) and flavin adenine dinucleotide (FAD+). This disrupts β-oxidation 

as a mechanism of energy production, mitochondrial membrane mechanisms and 

thus, adenosine triphosphate (ATP) production (Cande et al., 2004). Decreased levels 

of ATP can lead to hepatocyte apoptosis or actin disruption, while drastically 

decreased levels of ATP leads to necrosis (Russman et al., 2009).  

The sixth and final proposed mechanism encompasses bile duct injury. In this 

mechanism, any toxic metabolites created and excreted into the bile may result in bile 

duct epithelial damage (Jaeschke et al., 2002; James et al., 2003). While some of the 

proposed mechanisms have extensively detailed pathways, many of them are linked 

to, or result in, one of the other mechanisms. Thus, one mechanism of action is 

typically never the sole cause of liver dysfunction (Devarbhavi, 2012; Leise et al., 

2014). 
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Chapter 3: Methodology: background and principles 

 

3.1. Mammalian cell culture 

 

3.1.1. Introduction 

 

Mammalian cell culture has become a useful tool to the research world as it provides 

researchers with a chance to test cell responses, study interactions between cells, and 

identify cell components, under controlled conditions. The evaluation of these cellular 

responses and studies can be conducted through a number of different technologies, 

such as spectrophotometers, fluorometers and fluorescence microscopes that allow 

for high throughput and high content screening. Therefore, this chapter outlines the 

steps required to maintain adherent cell lines by sub-culturing and provides a 

description of all the principles, as well as a broad overview of all the methods used in 

the study. Detailed methods and materials are described in their respective chapters. 

 

3.1.2. Cell culture conditions 

 

In this study, HepG2 (hepatocarcinoma) (Highveld Biological, South Africa) and Vero 

(kidney epithelial) (American Type Culture Collection, Manassas, Virginia, USA) cells 

were used. Only cells below the passage number of 25 (T25) were used to avoid 

genotypic and phenotypic drift.  
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3.1.2.1. HepG2 cells 

 

The HepG2 cell line was derived from the liver tissue of a 15-year-old Caucasian 

American male diagnosed with a well-differentiated hepatocellular carcinoma. Human 

induced pluripotent stem cell derived hepatocytes display typical features and 

metabolism of mature hepatocytes and are quintessential for use in high-content 

screening in the early stages of drug development (Mersch-Sundermann et al., 2004; 

Tolosa et al. 2013; Donato et al., 2015). While CYP450 activity is an important 

measure of drug-induced liver injury (DILI), HepG2 cells are reported to possess very 

little CYP450 activity. Their low activity of CYP enzymes implies that hepatotoxic drugs 

that are typically associated with CYP activation would be weakly cytotoxic to HepG2 

cells. To circumvent this problem, menadione, which does not rely solely on the 

CYP450 oxidation mechanisms, was used to induce hepatotoxicity (Tolosa et al., 

2013). 

Adherent HepG2 cells were routinely maintained in 10 cm culture dishes with Minimal 

Essential Medium with Earle’s Balanced Salt Solution (MEM/EBSS) supplemented 

with 10% (v/v) foetal bovine serum (FBS) (GE Healthcare Life Sciences, Logan, Utah, 

USA) and 1% (v/v) non-essential amino acids as growth medium (GE Healthcare Life 

Sciences, Logan, Utah, USA). Constant environmental conditions were maintained by 

keeping cells in a humidified 37°C incubator, continuously supplied with 5% carbon 

dioxide (CO2) to assist in maintaining the pH at physiological levels between pH 7.2 

and 7.4. HepG2 cells were sub-cultured upon reaching 70-80% confluence at a split 

ratio of 1:5 and using a standard trypsinisation protocol (Freshney, 2015). Antibiotics 

were not used during routine maintenance; however, 1% (v/v) penicillin/streptomycin 

(P/S) (Sigma/Aldrich, St/ Louis, MO, USA) was added to seeding and treatment media. 

Cells were seeded during log phase at a density of 10 000 cells/mL, in 96-well plates 

and left overnight to attach and recover before exposure to treatments. An Axiovert 

40C inverted microscope (Carl Zeiss, Gottingen, Germany) with phase contrast was 

used to observe cell cultures daily.  
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3.1.2.2. Vero cells 

 

Vero cells are derived from a continuous and aneuploid lineage. These cells were 

isolated from the kidney epithelial cells of an adult female African green monkey 

(Chlorocebus sabeus) (Osada et al., 2014). They  are commonly used in studies owing 

to their rapid ability to grow in monolayers in comparison to other heteroploid cell lines, 

and their ability to support the growth of a number of viruses. Moreover, it is often used 

as a reference cell line to compare cytotoxic and genotoxic effects due to its non-

tumorigenic characteristics and growth as a monolayer, which eases the identification 

of the cells in fluorescence microscopy as other cells can form clusters that do not 

allow accurate assessments during cell analysis (Macfarlane & Sommerville, 1969).   

Adherent Vero cells were routinely maintained in 10 cm culture dishes with Dulbecco’s 

Modified Eagle’s Medium (DMEM) containing 4 mM L-glutamine, 4.5 g/L glucose and 

sodium pyruvate, supplemented with 10% FBS. Environmental conditions, sub culture 

and antibiotic treatment were carried out as described in 3.1.2.1. Cells were seeded 

during log phase at a density of 5 000 and 10 000 cells/mL (to compare proliferating 

and growth arrested cells, respectively) in 96-well plates and left overnight to attach 

and recover before exposure to treatments. Cell cultures were observed using the 

inverted microscope as described in 3.1.2.1.  
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3.1.3. Cell counts and viability 

 

Cell numbers and viability were monitored using an automated cell counter, Luna™ 

(Logos Biosystems, Inc., Korea). Luna™ uses trypan blue exclusion (Figure 3.1) to 

discern viable cells from non-viable cells. It also uses mathematical algorithms to 

detect cell debris and cell clusters to provide the most accurate cell viability related 

parameters possible. These parameters include cell number (total, live and dead), 

percentage viability, average cell size and cluster maps.  

 

 

 

 

 

 

 

 

 

This is a well-established cell culture method of estimating cell number as it relies on 

the simple principle, where the trypan blue dye cannot enter the cytoplasm of intact 

healthy cells, but can enter the cytoplasm of compromised cell membranes in dead or 

dying cells (Strober, 1997). More specifically, trypan blue is also a substrate for p-

glycoprotein, which actively transports trypan blue out of the healthy cells (Finch & 

Pillans, 2014). However, dead cells are metabolically inactive (in equilibrium state) and 

thus cannot produce ATP necessary to eliminate the trypan blue. Once the trypan 

blue) has reached the cytoplasm, it binds to the intercellular proteins and stains the 

cell a blue colour. A light microscope and haemocytometer combination or automatic 

cell counter can then easily display these blue-stained and unstained cells and thus 

distinguish between dead and live cells, respectively. While this is a simple and 

efficient method, as time passes cells become more susceptible to the dye. Thus 

working as timely and efficiently as possible is important in obtaining the most accurate 

representation of dead and live populations (Avelar-Freitas et al. 2014).   

 

Figure 3.1: Trypan blue exclusion principle. Trypan blue is a cell membrane permeable dye that is excluded 

from intact cell membranes present in viable cells and included in compromised cell membranes characteristic of 
non-viable cells. Red circles indicate dead cells and green circles indicate live cells on Luna™. (Adapted from 
Sigma Aldrich, 2018) 

Compromised 

Trypan blue 

Healthy 
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3.2. Spectrophotometric & fluorometric determination 

 

Spectrophotometry is commonly used in analytical procedures of chemistry and 

biochemistry. The method is adapted for the determination of small quantities of 

materials that possess an absorption maximum at a particular point of the spectrum 

(Gorog, 2018). Usually, if the absorption maximum falls into the visible part of the 

spectrum, the material presents a distinct colour that is detectable by the 

spectrophotometric device, such as the BioTek® PowerWave XS spectrophotometer 

(Winooski, VT, USA) used in this study. When materials do not possess a specific 

absorption maximum in the visible region, a chemical reaction can be used to produce 

a coloured complex that is then also detectable by the spectrophotometer (Eugen, 

2013).  

Spectrophotometric quantitative measurements are based on the Beer-Lambert law, 

where monochromatic light of a given wavelength is absorbed by a substance and 

travels through a constant light path, which is proportional to the concentration of that 

substance in the sample (Heygi, 2013; Gorog, 2018). Therefore, the UV-visible 

spectrophotometer is a convenient method of analysis for many important biological 

compounds. In addition to the spectrophotometer’s normal function, it can have the 

added capacity of measuring fluorescence.  

Upon excitation of fluorescent biomolecules or fluorescently labelled molecules by 

light, they emit millions of photons that can be easily detected by highly sensitive 

photon devices, such as the BioTek® Synergy HTX Multi-Mode Reader fluorometer, 

used in this study. Fluorophores can be characterised by particular fluorescence 

spectra, specifically their excitation (ex) and emission (em) spectra (Heygi, 2013). 

Fluorophores of a sample interact and combine to stain-specific areas of a cell or 

chemical molecule, allowing the sample to absorb photons of certain wavelength and 

have their electrons elevate to an excited state. The excited state only lasts for a few 

nanoseconds as collisions between molecules cause the excited electron to lose 

vibrational energy, until it returns to its lowest vibrational state (ground state) (Gore, 

2000). The transition from an excited to ground state, results in a photon being emitted. 

This emitted photon has a longer em wavelength, which can be collected 

perpendicular to the excited light (Gore, 2000; Heygi 2013). This emitted signal is 

processed by the fluorometers digital software.  
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Generally, at low concentrations, the fluorescence intensity is proportional to the 

concentration of the fluorophores in a sample (Schulman, 2017). However, the 

intensity of a fluorescence molecule is highly sensitive to its environment and thus 

parameters such as light, pH, polarity and temperature must be controlled. For 

example, light can reduce the intensity of the sample, while non-polar solvents in 

combination with decreased temperature can increase fluorescence intensity (Hegyi 

et al., 2013). Based on these properties, fluorometry is commonly used to analyse 

different chemical reactions and conformational changes of biological and chemical 

samples.  

The most used research applications for spectrophotometers and fluorometers include 

determining deoxyribonucleic acid (DNA), protein or other compound concentrations, 

measuring enzyme-catalysed reaction rates and monitoring bacterial growth curves 

(Gore, 2000). These methods can be adjusted to characterize a sample to suit the 

focus and needs of the researcher. Spectrophotometric and fluorometric determination 

come with each of their own strengths and weaknesses. While spectrophotometer 

devices and its respective reagents fare cheaper and are easier to use, the fluorometer 

offers higher specificity, sensitivity and accuracy (Heygi 2013). Overall, both are 

considered valuable tools to any research, where the device is dependent on the 

application. Table 3.1 indicates the various assays that employed spectrophotometric 

and fluorometric determination. 

 

Table 3.1: Summary of the different assays used in the present study and their respective method of 

detection.  

Spectrophotometry Fluorometry 

1. MTT assay 1. CAPe scavenging assay 

2. LDH release assay 2. ORAC scavenging assay 

3. DPPH scavenging assay 3. Cytochrome P450 activity assay 

4. FRAP assay  

4. NO scavenging assay  

5. β-glucuronidase activity assay  

6. Carboxylesterase activity assay  
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3.3. Fluorescent imaging and analysis 

 

The ImageXpress Micro XLS Widefield High-Content Analysis System (Molecular 

Devices®, LLC, USA) was used for fluorescent imaging and analysis. It is a widefield, 

automated microscope that is capable of fluorescent, transmitted light and phase-

contrast imaging (Molecular Devices, 2018). The fluorescence microscopy function of 

this system relies on principles of fluorescence and phosphorescence to study organic 

and inorganic materials.  

The fluroescence microscope operates by allowing light of a partucular ex wavelength 

to illuminate the specimen through an objective lens (Figure 3.2) (Lictman & 

Conchello, 2005). Given the correct exposure time, fluorescence is emitted by the 

specimen and focused onto a detector by the same objective lens mentioned 

previously. Most of the excited light is then transmitted through the specimen, so only 

the reflected excitatory light reaches the objective together with emitted light 

(Schulman, 2017). A dichroic mirror then acts as a wavelength specific filter cube and 

transmits the fluoresced light through to an ocular lens or detector connected to a 

computer screen (Schulman, 2017). On the screen the fluorescent image can be 

observed and analysed with appropriate software.  

 

  

Figure 3.2: Basic schematic diagram of a fluorescence microscope. (Majtner, 2015) 
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The ImageXpress Micro XLS Widefield High-Content Analysis System’s robust design 

accurately locates and identifies sub-cellular features and permits high throughput 

screening based on its abiility to capture up to one million cells per hour in a high 

resolution two-fluorescent colour experiment (Figure 3.3) (Molecular Device, 2018). 

 

  

Figure 3.3: ImageXpress Micro XLS WIdefield High-Content Analysis System. (Molecular Devices, 2018) 
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3.3.1. Acquisition 

 

Once seeding and treatments were completed, staining was carried out using 

experiment specific dyes, for example, Hoechst 33342 nuclear dye and propidium 

iodide (PI) dye used for the cytotoxicity determination experiment described below in 

section 3.3.4. Once the dyes were added and incubated at their respective 

temperature and time conditions, the plate was loaded into the ImageXpress Micro 

XLS Widefield High-Content Analysis System’s fluorescent microscope. By use of its 

MetaXpress® software, the following steps were used to ensure the best acquisition 

took place: 

 A protocol was set up or loaded from the database, for example ‘Shanika HepG2s 

Hoechst PI’ (Figure 3.4a).  

 

 

 The correct objective lens and camera were chosen, where all fluorescent imaging 

in this study was captured using the 10X objective lens. 

 

 The correct plate layout was selected so that the layout of the stained 96-well plate 

matched the layout presented on the screen (Figure 3.4b). 

 

 

 

 

 

 

 

 

  Figure 3.4b: A representation of the 96-well plate layout. Green wells (B1-H12) indicated wells selected for 
acquisition, while grey wells (A1-12) indicated wells not selected for acquisition. 

Shanika HepG2s Hoechst PI 

Figure 3.4a: Example of where the protocol would be selected on the plate acquisition set up page. 



 

22 
 

 The number of sites and how far apart these sites should be from one another in 

one well was determined. This was a useful step as it allows the camera to acquire 

images according to whether minimum or maximum coverage of the well is desired. 

After optimization, the best configuration for the number of sites to visit by the 

camera was 3X3 (i.e. nine sites per well) and the nine sites were spaced out to fit 

the circular well area as best as possible (Figure 3.4c). 

 

 

 

 The number of wavelengths was then determined. Although the instrument allows 

the simultaneous acquisition of five different dyes, most often a combination of only 

two or three dyes is used, as multiplex staining is only possible if the dyes’ 

fluorescence spectra do not overlap significantly with one another. Thus, if a blue 

nuclear dye is used, in combination with a red or orange dye, it is unlikely that it 

will be combined with a yellow dye as the red-orange-yellow em wavelengths are 

too close to one another and overlap (Figure 3.4d). In this case, dual staining would 

be preferred over the multiplex, as overlap would yield misleading results.  

 
Figure 3.4d: Fluorescence spectral view. Hoechst 33342 does not overlap with CellROX® Orange or PI, while 

CellROX® Orange and PI do overlap. As a result, the CellROX® orange and PI combination cannot be used in a 
multiplex staining procedure. ThermoFischer, 2018a. 

Figure 3.4c: A representation of one well in a 96-well plate, to display how the nine sites are spaced out in 
the well to ensure maximum coverage of the well by the camera during acquisition. 
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 After the number of wavelengths are determined, each wavelength was adjusted 

to have the correct corresponding filter cube. Different dyes require different filter 

cubes, for example bisBenzamide H-33342 trihydrochloride (Hoechst 33342) is a 

blue dye and will thus require the 4’6-diaminidine-2’-phenylindole dihydrochloride 

(DAPI) filter cube, while PI is a red dye that will require the Texas Red filter cube. 

If the incorrect filter cube is selected, poor acquisition will occur.  

 

 Next, an appropriate exposure time was chosen for each wavelength. This is an 

important step as too high or too low of an exposure time can result in overexposed 

or underexposed images, that are of poor quality and lead to inaccurate analysis.  

 

 Lastly, image resolution was optimized by calculating the ‘post laser offset (µm)’ 

value, settings were saved and the acquisition process started. 

 

3.3.2. Analysis  

 

Once acquisition of the plate was complete, the MetaXpress® analysis software was 

used to define and determine parameters, such as cell number, dead cells, cells that 

positively stain for reactive oxygen species and so on. Once the correct profile was 

selected, for example, ‘Multiwavelength cell scoring module/profile’, settings were 

configured, such as adjusting minimum or maximum cell size, and intensity thresholds 

above background. Once the appropriate profiles, settings and desired parameters 

were successfully chosen, the analysis process began. Thereafter, the previously 

selected parameters were accessed and logged into an Excel spreadsheet for further 

data analysis, such as calculating averages, standard deviation (SD) and statistical 

significance. 
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3.3.3. Fluorescent dyes  

 

There is a wide variety of commercially available fluorophores that exhibit different 

fluorescent properties, which makes qualitative and quantitative biological analysis 

possible. As stated in section 3.4, each fluorophore is excited by a characteristic 

wavelength and are designed to attach to specific bases or functional groups, allowing 

specific areas of a cell to be stained (Gore, 2000; Omar et al.,2018).  

In dual labelling experiments, Hoechst 33342 was always used as a reference dye for 

total cell number. Dual staining was employed for each of the experiments listed in 

Table 3.2, except for genotoxicity that only required one dye. For staining purposes, it 

was important to keep the incubation time of staining as consistent as possible, to 

ensure minimum variation between experimental sets.  

 

Table 3.2: Summary of the experiments conducted and their respective dyes and filters used in the present 

study. 

Assay Dye Filter set Em/Ex1 

Cytotoxicity   Hoechst 33342 

 PI  

 DAPI 

 Texas Red 

 350/470 nm 

 535/617 nm 

Oxidative stress   Hoechst 33342 

 CellROX® Orange 

 DAPI 

 TRITC 

 350/470 nm 

 545/565 nm 

Mitochondrial 

membrane potential 

 Hoechst 33342 

 TMRE 

 DAPI 

 TRITC 

 350/470 nm 

 552/575 nm 

 

Genotoxicity   NucRed™ Live 647  Cy5  649/670 nm 

1 (ThermoFischer, 2018)  
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3.3.4. Principles of dyes 

 

The following section serves to introduce and concisely explain the principles of the 

dyes used in the study. 

 

Hoechst 33342 

 

Hoechst 33342 is a blue fluorescent dye that is permeant to live and dead cells. Its 

use in combination with high content analysis (HCA) provides a convenient method of 

quantifying total cell numbers. The nuclear dye enters live and dead cells and 

quantitatively binds to adenine-thymine rich regions of double stranded DNA, staining 

nuclei a bright blue colour (Breusegem et al., 2002). 

 

Propidium iodide (PI) 

 

PI is a red fluorescent dye that is not permeant to live cells. The red dye intercalates 

between the bases of double stranded DNA, indicating the presence of dead necrotic 

or late apoptotic cells (Johson & Spence, 2011). Figure 3.5a displays Hoechst 33342-

Pi dual labelling. 

 

 

  

Figure 3.5a: Hoechst 33342-PI dual labelling of HepG2 cells. Blue stained nuclei represent all (live and dead) 

cells stained with Hoechst 33342 only and red or pink stained nuclei (stained with Hoechst 33342 and PI) represent 
dead cells. 
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NucRed™ Live 647 

 

The NucRed™ Live 647 reagent probe is described as a bright, far-red, cell-permeant 

nuclear stain for live or fixed cells. When images of cells stained with NucRed™ are 

analysed with appropriate software, it can discern between mono-, bi-, multi- and 

micro- nucleated cells, where micronucleated cells are characteristically smaller than 

the other nuclei (Figure 3.5) (Chen et al., 2016; ThermoFisher, 2018b). Micronuclei 

are cytoplasmic bodies that contain a part of an acentric or whole chromosome due to 

improper separation during anaphase. The extent of chromosomal damage or 

genotoxicity can be determined through the number of micronuclei observed. 

 

 

 

 

 

 

 

 

 
Figure 3.5b: NucRed™ Live 647 labelling of Vero cells. Red stained nuclei represent the various forms of nuclei. 

Yellow arrow represents a mononucleated cell white arrow represents a binucleated cell, blue arrow indicates a 
multinucleated cell and green arrow represents a micronucleus.  
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CellROX® Orange 

 

CellROX® Orange provided a reliable measure of the ROS in live cells, where cell-

permeable reagents that are noted as non-fluorescent or very weakly fluorescent in 

reduced states, exhibit strong fluorogenic signals upon oxidation (Invitrogen™, 2002). 

Importantly, the cell permeable reagents are localized in the cytoplasm and thus, 

yellow fluorescent cytoplasm was indicative of ROS and therefore oxidative stress 

seen in Figure 3.5c. 

 

 

 

 

 

 

 

 

  

H
o
e
c
h
s
t 
3

3
3
4

2
- 

C
e

llR
O

X
®

 O
ra

n
g
e

 

Figure 3.5c: Hoechst 33342-CellROX® Orange dual labelling of HepG2 cells. Blue stained nuclei represent all 

(live and dead) cells stained with Hoechst 33342 only and yellow stained cytoplasm (stained with CellROX® 
Orange) represents ROS. 
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TMRE 

 

Tetramethylrhodamine ethyl ester (TMRE) is a cell permeant, positively charged, red-

orange dye that collects in active mitochondria due to their relative negative charges. 

Therefore, this fluorescent probe is used to quantify the changes in ΔΨm in live cells, 

where depolarized mitochondria have decreased membrane potentials and are 

incapable of sequestering TMRE, resulting in a low fluorescence intensity signal 

(Farrelly et al., 2001). Figure 3.5d represents Hoechst 33342-TMRE staining. 

 

 

  

Figure 3.5d Hoechst 33342- TMRE dual labelling of HepG2 cells. Blue stained nuclei represent all (live and 

dead) cells stained with Hoechst 33342 only. Green stained cytoplasm (stained with TMRE) represents 
sequestered TMRE and thus the ΔΨm of active mitochondria. 
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3.4. Principles of anti-oxidant assays 

 

3.4.1. DPPH free radical scavenging 

 

Oxidation can be described as a chemical reaction that transfers hydrogen or electrons 

from a substance to an oxidising agent, often generating free radicals in the process. 

Free radicals also arise as a consequence of the incomplete reduction of oxygen 

molecules (Kohen et al., 2002). The uncontrolled formation of these free radicals can 

cause structural and functional changes in biomolecules that can lead to a number of 

diseases. An example of a radical includes, 2,2-diphenyl-1-picrylhydrazyl (DPPH). 

DPPH is as a stable free radical owing to its spare electron that is delocalized over the 

molecule (Huang et al., 2005). This prevents the molecule from dimerizing, as in the 

case with other free radicals. The delocalization of the electron also results in a deep 

violet colour (Alam et al., 2013). Thus, DPPH can be mixed with a substrate that is 

capable of donating a hydrogen atom, to reduce the DPPH radical and cause a loss 

of deep violet colour (Figure 3.6). The change in absorbance is a relative measure of 

the anti-oxidant capacity of non-polar compounds (Huang et al., 2005; Guo et al., 

2007). This assay is often favoured owing to its quick and simple method.  

 

  

Figure 3.6: Principle of the DPPH free radical scavenging assay. The violet DPPH radical is reduced in the 

presence of an anti-oxidant, causing DPPH to lose its radical nature and turn a yellow colour. Red circle represents 
the radical that becomes reduced. (Sarla et al., 2011; Rachu, 2015)  
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3.4.2. Nitric oxide scavenging 

 

Biological tissues such as vascular endothelial cells and phagocytes, produce nitric 

oxide (NO) through electron driven oxidation reactions and important enzymes such 

as NO synthase, where NADPH and molecular oxygen (O2) is used to synthesize NO 

from L-arginine. NO can also arise from the decomposition of compounds such as 

SNP (Beckman & Koppenol, 1996; Aktan, 2004). Regardless of how NO is presented 

to biological tissues; it can react with O2 to form stable products, such as nitrite and 

nitrate (provided that adequate aerobic conditions are available) (Aktan, 2004). NO is 

categorised as a free radical owing to its unpaired electron and its reactivity observed 

with certain kinds of proteins and other free radicals. However, the toxicity of NO 

becomes adverse when it reacts with superoxide radicals, forming highly reactive 

products such as peroxynitrite anion (ONOO−).  

At physiological levels, the formation of these products at small quantities are deemed 

acceptable, however, when the body is injured, the body recruits important factors of 

the immune system, which in turn stimulate macrophages. The overproduction of 

these products lead to the overstimulation of macrophages and cell death (Jaeschke 

et al., 2002). The Griess reaction developed by Peter Griess (1858) easily measures 

the quantity of NO, presenting a colour change, where the decrease in pink colour 

indicates higher scavenging abilities by the treatment. Figure 3.7 summarises the NO 

production and its principle can be used to assess NO scavenging.  

Figure 3.7: Principle of the NO scavenging assay. NO scavenging assay was based on the principle that sodium 

nitroprusside (SNP) at physiological pH and in aqueous solution will spontaneously produce NO which can react 
with oxygen to produce nitrite ions. This is detectable by using the Griess reagent. Anti-oxidants will compete with 
oxygen and scavenge the nitrite ions. Therefore, this assay can be used to assess how effective anti-oxidants 
inhibit NO production. (Puja & Karthik, 2016) 
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3.4.3. Oxygen radical absorbance capacity 

 

The ORAC scavenging assay is based on the mechanism of hydrogen atom transfer. 

It measures the oxidative degradation of a fluorescent probe, called fluorescein, after 

the addition of a free radical generator, such as an azo-initiator compound (Ou et al., 

2001). The presence of an azo-initiator produces peroxyl radicals through thermal 

decomposition, which in turn degrades the fluorescent probe and causes reduced 

fluorescent signals. The ROS generator, AAPH was used owing to its known presence 

in the human body in this study, making it biologically relevant to use (Ganske, 2014). 

Conversely, anti-oxidants protect the fluorescent probe from oxidative degeneration 

by absorbing free radicals, where the degree of protection is indicated by a persistent 

or increased fluorescent signal (Garrett et al., 2010; Prior, 2015).  Figure 3.8 

graphically represents the principle of the ORAC assay. 

The ORAC is useful as it effectively evaluates the anti-oxidant potential of foods and 

supplements, which may have complex ingredients, with different slow- and fast- 

acting anti-oxidants. However, the method is limited as it is in a cell-free system and 

only measures anti-oxidant activity against a certain type of radical, such as peroxyl 

radicals (Garrett et al., 2010). Therefore, this assay in combination with other assays 

is always recommended. 

 

 

 

  

Figure 3.8: Principle of the ORAC scavenging assay. The fluorescent probe in a blank sample will be degraded 

by free radical initiators (such as AAPH), while samples containing anti-oxidants will protect the fluorescent probe 
against oxidative degradation by AAPH. (Cell Biolabs Inc., 2008) 
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3.4.4. Cellular anti-oxidant protection in erythrocytes 

 

The cellular anti-oxidant protection in erythrocytes (CAPe) assay is a relatively new 

assay that aims to assess whether anti-oxidants present in natural products are 

capable of penetrating and protecting cells from oxidative damage. It implements basic 

chemical principles, such as in the principle outlined in the ORAC assay, to measure 

the effects of products on a simple cell type like red blood cells (RBC) (Jensen, 2015). 

As in the ORAC assay, it also measures the oxidative degradation of a fluorescent 

probe, 2',7'-dichlorofluorescin diacetate (DCF-DA), after the addition of a free radical 

generator, like AAPH. The CAPe assay is different to the ORAC in that it measures 

anti-oxidant bioavailability in a cell-based assay. Thus, the ORAC and CAPe can be 

combined to evaluate the anti-oxidant potential of natural products, where it can 

indicate the content of the anti-oxidant and suggest the degree of bioavailability, 

respectively. Figure 3.8, illustrates the main principle of the CAPe assay too, however 

the CAPe assay would be conducted using RBCs. 

 

3.4.5. FRAP activity 

Ferric ions produce radicals from peroxides. However, their radical production rate is 

tenfold less than that of ferrous ions; thus ferrous ions are considered as one of the 

most powerful pro-oxidants among the various species of metal ions. Therefore, 

minimizing ferrous ions may afford protection against oxidative damage through the 

inhibition of ROS production and lipid peroxidation (Köksal et al., 2009 Sarla et al., 

2011).  

The FRAP assay implements an electron transfer reaction, where anti-oxidants react 

with a ferric tripyridyltriazine complex to produce a coloured ferrous tripyridyltriazine 

product (Benzie et al., 1996; Sun et al., 2016).  In the assay, there is a colour change 

from yellow to various shades of blue depending on the reducing power of anti-oxidant 

samples. The reduction is monitored by this change in absorbance and compared to 

ferric iron and Trolox standard curves. From these standard curves, Trolox equivalent 

(TE) values are obtainable and serve as an indicator of a water-soluble compound’s 

anti-oxidant potential (Sarla et al., 2011).  
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3.5. Data and statistical analysis  

 

Experiments were performed in quadruplicate and repeated three independent times 

(n=3), unless stated otherwise. SD of three independent experiments was calculated 

and are represented using error bars in graphs. Statistical significance was determined 

by means of the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was 

deemed significant relative to the untreated control, unless stated otherwise. For all 

experiments, statistical analysis was performed using Microsoft Excel version 2010 

(Microsoft Office, USA) software and for experiments that used fluorescent imaging, 

the MetaXpress® version 6 (Molecular Devices, LLC, USA) software, was used to 

analyse images and provide image overlays. 
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Chapter 4: Menadione-induced hepatotoxicity cell model 

 

4.1. Hepatotoxins 

 

4.1.1. Introduction 

 

This chapter discusses the establishment of a hepatotoxicity cell culture model using 

menadione and aims to assess menadione’s effects on HepG2 cell viability. To 

determine an optimal menadione concentration to inflict adequate cell damage, but 

not total cell death, a range of concentrations were tested. Cell damage is preferred 

to cell death, as the hepatotoxin must still have a chance of being counteracted by 

treatment with a hepatoprotectant in the subsequent hepatoprotection model. 

Therefore, treatment with menadione at concentrations that reflected high cell death 

were not suitable for the study.  

Hepatotoxins can be defined as toxic chemical substances that cause liver damage. 

Hepatotoxins are found naturally as microcystins, or generated in laboratory 

environments and induce liver damage by way of many mechanisms, such as those 

highlighted in chapter 2, section 2.1.4. The toxicity of hepatotoxins can be inflicted 

through intrinsic and idiosyncratic methods (Rowe et al., 2018). The former causes 

direct damage to the liver by covalently binding to macromolecules, resulting in the 

disruption of cell membranes and inactivation of important cellular enzyme systems. 

The latter causes idiosyncratic immune reactions, which cause rashes, fevers, 

eosinophilia and inflammation (McNally, 2010). The extent of damage by hepatotoxins 

depends on its concentration, point of entry, drug-specificity, distribution speed of the 

hepatotoxin, and the overall health of an individual (Rowe et al., 2018).  

Three well-known hepatotoxins include carbon tetrachloride (CCl4), acetaminophen 

and menadione. Of these three, menadione’s mechanism of action is most appropriate 

for the scope of the present study, based on its ability to induce damage to hepatocytes 

without using traditional CYP450 activity reactions. As stated previously, HepG2 cells 

express low levels of the CYP isoforms and are therefore a suitable cell line to use in 

combination with menadione to demonstrate hepatotoxicity (Tolosa et al., 2013).  
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4.1.2. Menadione 

 

4.1.2.1. Background 

 

Vitamin K is described as a group of fat-soluble vitamins that the body requires for 

bone health and regulating blood-clotting factors. The most common forms of vitamin 

K include two natural vitamers, vitamin K1 (phylloquinone), K2 (menaquinone) and a 

synthetic vitamer, K3 (menadione) (Figure 4.1). The two natural vitamers are found in 

plants, or produced from intestinal bacteria, respectively, while the synthetic vitamer 

is obtained through supplementation (Cojocel, 2006; Scott et al., 2008).  

The synthetic form, menadione is commonly administered in cases of Warfarin 

overdoses or patients lacking vitamin K (Bolton et al., 2000). Before it can be 

effectively used by the body, the menadione has to be alkylated to yield menaquinones 

(Scott et al., 2008). While menadione is often seen as a useful precursor to vitamin 

K’s more natural versions, there are claims that high levels of menadione may promote 

allergic reactions, weaken the immune system, induce red blood cell and liver toxicity 

(Badr, 1989).  

 

  

Figure 4.1: Vitamin K vitamers. A summary of the three main vitamin K vitamers’ chemistries, sources and 
alternative names. (Norris, 2016) 
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4.1.2.2. Mechanism of action 

 

Menadione’s drug biotransformation process begins with reduction reactions at 

complex I of the mitochondrial respiratory chain (Brière et al., 2004). This accounts for 

up to approximately 50% of its metabolism and diverts the electron flow from the 

normal flux to complex II (Floreani & Carpenedo, 1992). At large dose, menadione 

deviates from its usual path in the drug biotransformation process and undertakes a 

single intracellular electron reduction reaction, producing intermediate semiquinone 

radicals and hydrogen peroxide (H2O2), and takes on a two-electron reduction to form 

hydroquinones.  

These two reductions are accompanied by the consumption of important reducing 

equivalents such as reduced adenine dinucleotide (NADH), reduced nicotinamide 

adenine dinucleotide phosphate (NADPH) and glutathione (GSH). For example, H2O2 

can conjugate to GSH and become reduced by glutathione reductase (GR), resultantly 

depleting GSH levels (Yuan & Kaplowitz, 2009). These highly reactive molecules 

accumulate and induce ROS production, leading to oxidative stress and the 

concomitant activation of protein kinase and RAS signalling pathways (Bolton et al., 

2000). Quinones are reported to result in acute cytotoxicity, immunotoxicity and 

carcinogenesis (Bolton et al., 2000). Many studies indicate that when the reduction 

reactions and thus H2O2 formation is favoured, the intracellular environment becomes 

unfavourable and promotes cell death. Menadione is therefore proposed to be a 

hepatotoxin with serious consequences if not properly regulated. 
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4.2. Methods 

 

4.2.1. Cell Culture 

 

HepG2 cells were cultured and maintained as described in chapter 3.1.2.1.  

 

4.2.2. Preparation of hepatotoxin  

 

A 25 mM stock solution of menadione was prepared using sterile water. The stock 

solution was diluted in complete medium to working concentrations of 12.5, 25, 50, 

100, 200 and 400 µM before each independent MTT cytotoxicity experiment (and 100 

µM for each independent menadione-induced experiment).   

 

4.2.3. Induction of menadione hepatotoxicity 

 

Menadione-induced hepatotoxicity was assessed through the use of cytotoxicity, 

genotoxicity, cytolysis and oxidative stress assays. 
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4.2.3.1. Cytotoxicity 

 

a) MTT assay 

 

HepG2 cells were seeded in a 96-well tissue culture plate at a density of 100 000 

cells/mL using 100 μL/well. Seeded samples were incubated for 24 hours prior to their 

respective treatment. To find the optimal menadione concentration for subsequent 

assays, HepG2 cells were treated with the varying working concentrations (12.5, 25, 

50, 100, 200 and 400 μM) of menadione sodium bisulfate for 90 minutes. HepG2 cell 

viability was assessed by measuring the intracellular enzymatic conversion of the 3-

(4,5-Dimethylthiazo-1-2-yl)-2,5-Diphenyltetrazolium bromide (MTT) substrate to the 

reduced formazan precipitate. Spent medium was aspirated and replaced with 100 μL 

of fresh medium containing 0.5 mg/mL MTT. Cells were incubated for 2 hours at 37°C. 

After incubation, the MTT (prepared in complete medium) was aspirated and the 

crystals were solubilised using 100 μL dimethyl sulfoxide (DMSO). The absorbance 

was measured at 540 nm on the BioTek absorbance plate reader. Percentage cell 

viability was calculated using the following formula: 

%Cell viability =    Asample     x 100 

      Acontrol 

where Asample represents absorbance values of test samples, Acontrol represents the 

absorbance of untreated cells.  
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b) Hoechst 33342-PI labelling 

 

HepG2 cells were seeded in a 96-well tissue culture plate at a density of 100 000 

cells/mL using 100 μL/well. Seeded samples were incubated for 24 hours prior to their 

respective treatments. HepG2 cells were treated with 100 μM menadione for 90 

minutes at 37°C. To stain cells the treatment medium was removed and replaced with 

50 μL Dulbecco’s Phosphate Buffered Saline (DPBS) with Ca2+ and Mg2+, containing 

5 μg/mL Hoechst 33342. Immediately before acquisition, 50 μL DPBS with Ca2+ and 

Mg2+, containing 50 μg/mL PI (Beckman Coulter), was added. The cells were acquired 

using the ImageXpress XLS Micro Widefield microscope (Molecular Devices®, LLC, 

USA) with MetaXpress® software and a 10X objective with the DAPI and Texas Red 

filter cubes, acquiring nine sites per well. Images were analysed using the 

Multiwavelength cell scoring analysis module. The following parameters were logged: 

scoring profile 1 (stained with Hoechst 33342 only, i.e. live cells), scoring profile a and 

2 (stained with Hoechst 33342 and PI, i.e. dead cells) and total cells (i.e. live and dead 

cells). Percentage cell viability was calculated using the following formula: 

%Cell viability =   (Total cellssample - SP12sample)    x    100 

      (Total cellscontrol- SP12control) 

where Total cellssample and Total cellscontrol represent the total cells of test samples and 

untreated cells, respectively, and SP12sample and SP12control represent dead cells from 

test samples and in untreated cells, respectively. 
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4.2.3.2. Cytolysis 

 

HepG2 cells were seeded as described for cytotoxicity in chapter 4, section 4.2.3.1.b. 

The Pierce Lactate Dehydrogenase (LDH) Cytotoxicity Assay Kit (ThermoScientific) 

was used for LDH release or necrosis analysis. The kit included Substrate Mix 

(lyophilizate), Assay Buffer, 10X Lysis Buffer, Stop Solution and a LDH Positive 

Control (name of control not specified by the kit). To a set of four untreated wells 

previously incubated for 24 hours at 37°C, the spent medium was aspirated and 100 

µL of 60 µM menadione sodium bisulfate (prepared in complete medium) was added 

to the untreated wells and incubated for 1 hour at 37°C.  

To separate wells, containing untreated HepG2 cells, 10 µL of 10X lysis buffer control 

(maximum LDH activity control) and LDH positive control were added in quadruplicate 

and incubated for 45 minutes at RT. Thereafter, 50 µL of each well was transferred 

into a cell-free plate, containing 50 µl of the reaction mixture (11.4 mL substrate mix 

and 0.6 mL assay mix). The plate was left to incubate for 30 minutes at RT. Finally, 50 

µL of the stop solution was added and the plate was subsequently read at two different 

wavelengths (490 nm and 680 nm) on the BioTek absorbance plate reader, where the 

LDH release percentage was calculated according to the following formula: 

%LDH release = (A490 nm- A680 nm) – Acm x 100 

      Abc - Acm  

where A490 nm and A680 nm represent absorbance values of test samples read at 490 and 680nm, 

respectively. Acm represents the absorbance of complete medium (without cells) and Abc 

represents the absorbance value of the 10X Lysis buffer control.  
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4.2.3.3. Oxidative stress 

 

HepG2 cells were seeded and treated as described for cytotoxicity in chapter 4, 

section 4.3.2.1.b. Cells were treated with 100 μM menadione for 90 minutes. The 

treatment medium was replaced with 100 μL DPBS with Ca2+ and Mg2+, containing 5 

μg/mL Hoechst 33342 and 5 μM CellROX® Orange. The images were acquired using 

the ImageXpress XLS Micro Widefield microscope with MetaXpress® Software and a 

10X objective with the DAPI and TRITC filter cubes. Nine sites per well were acquired 

and images were analysed using the ImageXpress® Multiwavelength Cell Scoring 

analysis module. The average intensity of the CellROX® Orange dye in the cytoplasm 

(All W2 Cytoplasm Average Intensity) was logged. 

 

4.2.3.4. Mitochondrial membrane potential 

 

HepG2 cells were seeded and treated as described for cytotoxicity in chapter 4, 

section 4.3.2.1.b. Cells were treated with 100 μM menadione for 90 minutes. The 

treatment medium was replaced with 100 μL DPBS with Ca2+ and Mg2+, containing 5 

μg/mL Hoechst 33342 and 5 mM TMRE (diluted 1:200). Cells were incubated in the 

dark for 30 minutes at 37°C. The images were acquired using the ImageXpress XLS 

Micro Widefield microscope with MetaXpress® Software and a 10X objective with the 

DAPI and TRITC filter cubes. Nine sites per well were acquired and images were 

analysed using the ImageXpress® Multiwavelength Cell Scoring analysis module. The 

average intensity of the TMRE dye in the cytoplasm (All W2 Cytoplasm Average 

Intensity) was logged to assess how menadione affects the ΔΨm of HepG2 cells. 
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4.3. Results and Discussion  

 

4.3.1. Menadione-induced cytotoxicity 

 

The MTT assay is a colorimetric assay that is used to assess a cell’s metabolic activity, 

which denotes to the relative cell viability of a sample. More specifically, viable cells 

with active metabolism convert the yellow MTT dye into a purple coloured formazan 

product with an absorbance maximum near 540 nm (Berridge et al., 2005; Riss, 2013). 

However, dead cells cannot convert the MTT dye and thus do not produce a colour 

conversion.  

A low serum concentration of menadione, such as 2 μM, offers protection against 

ischaemic heart injuries, while higher concentrations are reported to induce adverse 

biological effects (Loor et al., 2011). From the MTT cytotoxicity experiment (Figure 

4.2a), menadione revealed a dose dependent response; as the concentration of 

menadione increased, HepG2 cell viability significantly decreased. Therefore, any 

concentration between 50-100 μM for 90 minutes was deemed a suitable and optimal 

combination to inflict adequate cell damage, without causing too much injury and cell 

death; 100 μM for 90 minutes was used for subsequent assays. Literature by Loor et 

al (2011), reported that 100 μM menadione for 1 hour or 25 μM menadione for 4 hours 

is sufficient to induce both oxidative stress and cell death, supporting the concentration 

and time combination chosen for the hepatotoxicity model (Life Technologies 

Corporation, 2002; Loor et al., 2011). 
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Figure 4.2a: MTT dose response. The effects of varying menadione concentrations after 90 minutes of exposure 

on HepG2 cells. Cell viability was determined using the MTT assay and calculated as a percentage relative to the 
untreated control. Error bars indicate SD of four replicate values from three independent experiments. Statistical 
significance was determined by means of the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was 
deemed significant relative to the untreated control. 

 

Hoechst 33342 staining in combination with high content analysis (HCA) provided a 

rapid and automated screen of cell number that was independent of metabolic activity, 

as in the MTT assay (Zock, 2009). While, Hoechst 33342 staining bypasses MTT’s 

drawback of metabolic activity influencing the accuracy of the results, it also poses a 

limitation; it does not differentiate between live and dead cells and requires the addition 

of other dyes that mark cell death, such as PI. Therefore, the Hoechst 33342-PI dual 

labelling provided a sensitive, fluorometric staining method to evaluate cell viability 

changes qualitatively, with the added advantage that PI would stain necrotic cells 

which the expected cell death mode induced by menadione. 

While apoptosis is a process of cellular suicide from the activation of a dedicated 

intracellular programme, necrosis is a form of cell death that occurs in response to 

apoptotic inhibition or insults such as infection, trauma or toxins (Rock & Kono, 2008). 

Necroptosis is a more recently discovered pathway of necrosis (Zhao et al., 2015). In 

contrast to conventional necrosis and apoptosis, necroptosis is programmed and is 

independent of caspase processes, respectively. Instead, it relies on the activity of 

receptor-interacting serine/threonine-protein (RIP) kinases. The most extensively 

studied molecular mechanism of necroptosis includes TNF-α-induced necroptosis 

(Linkerman & Green, 2014; Zhao et al., 2015). 
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When inflammation in response to the release of danger-associated molecular 

patterns (DAMPs) occurs, TNF-α binds to either TNF receptor 1 or TNF receptor 2, 

recruiting specific molecules to form complex I. Upon TNF stimulation, a TNF receptor 

1 complex I is produced at the plasma membrane of a cell. To form the cytosolic death-

inducing TNFR1 complex II and activate RIPK1, deubiquitylating enzymes, such as 

cylindromatosis, are required (Zhao et al., 2015). Inactivation of caspase-8 in complex 

II permits phosphorylation and activation of RIPK1, RIPK3 and mediator mixed-lineage 

kinase domain like (MLKL) so that necroptosome assembly can begin (Linkerman & 

Green, 2014; Silke et al., 2015). RIPK3 activates other intermediates, such as 

phosphoglycerate mutase 5 and dynamin-related protein 1, which induces the 

production of ROS in mitochondria, ultimately mediating plasma membrane rupture 

and thus necroptosis. In the event that caspase-8 is activated instead, complex II will 

drive the cell death by apoptosis (Silke et al., 2015; Zhao et al., 2015).  

As stated in chapter 3, section 3.3.4, early apoptotic cells exclude PI, while late 

apoptotic, necrotic and necroptotic cells stain positively for PI. Therefore, PI stained 

nuclei in the menadione-treated cells displayed in Figure 4.2b, confirmed that 

menadione encouraged HepG2 cell death at concentrations higher than 2 µM, but did 

not specifically indicate which cell death mode menadione induced. Therefore, 

cytolysis, oxidative stress and mitochondrial membrane potential assays were used to 

gain better insight on the type of cell death induced by menadione. 
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Figure 4.2b: Fluorescent images of menadione-induced cytotoxicity. Fluorescent images (10X objective) of 

untreated- and 100 µM menadione- treated HepG2 cells. Hoechst 33342- PI dual labelling was used, where blue 
stained nuclei represent all (live and dead) cells stained with Hoechst 33342 only and red or pink stained nuclei 
(stained with Hoechst 33342 and PI) represent dead cells.  
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4.3.2. Menadione-induced cytolysis 

 

Cell swelling and the rapid loss of plasma membrane integrity leads to cytolysis, i.e. 

the spillage of intracellular contents (Rock & Kono, 2008; Moriwaki & Ka-Ming Chan, 

2013). Amongst, the spilled cellular contents, one prominent constituent includes the 

enzyme marker, LDH, where the amount of LDH released offers insight on the state 

of membrane integrity and cytotoxicity levels (Loor et al., 2011). It is also frequently 

used as a method to quantify necrosis, where necrosis is a hallmark of many 

hepatotoxic drugs and a contributory factor to drug-induced liver injury (DILI), 

therefore, the assay offers the possibility to screen mechanism specific 

hepatoprotectants too.  

More specifically, when there is plasma membrane damage, LDH releases into the 

cell culture media. This extracellular LDH present in the media is quantifiable by a 

coupled enzymatic reaction, where LDH catalyses the conversion of lactate to 

pyruvate through a NAD+ reduction to NADH. Another enzyme, namely diaphorase 

then uses NADH to reduce the tetrazolium salt (INT) into a red formazan product that 

is measurable at 490 nm. Therefore, the level of formazan produced is directly 

proportional to the quantity of extracellular LDH in the medium, indicating cytolysis and 

cytotoxicity (Figure 4.3a) (ThermoFischer, 2018c). 

 

 

 

Figure 4.3a: LDH cytolytic assay principle. In damages cells, LDH is released into the cell culture medium. The 

LDH converts lactate to pyruvate, generating NADH from NAD+. In turn, the NADH interacts with the diaphorose to 

convert the tetrazolium dye into formazans that are detectable at 490 nm. (ThermoFischer, 2018c) 
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HepG2 cells treated with 10X Lysis buffer presented maximum LDH release 

percentage. Lysis buffer provides an unconducive environment for the cell, where it 

chemically breaks down the cell membrane and other related cellular components, 

causing cell rupture and the subsequent release of cellular content and target 

molecules (Nelson & Cox, 2007; Church et al., 2018).  

Based on this, the lysis buffer control was used as a reference control to compare the 

LDH release in the untreated control, LDH positive control and 60 µM menadione-

treated cells. Figure 4.3b indicated that untreated HepG2 cells had displayed a 

significantly low percentage of the LDH release. This was expected because LDH is a 

naturally occurring soluble cytoplasmic enzyme that is present at low levels in almost 

all cells; thus the observed effect was not cause for concern (Chan et al., 2013). 

HepG2 cells treated with 60 μM menadione (34 ± 1%) presented the same percentage 

of LDH release in comparison to kit’s LDH positive control (34 ± 4%), strongly 

presenting it as an inducer of necrosis.  

Moreover, Figure 4.3b indicated that 60 μM menadione-treated cells (34 ± 1%) 

exhibited a small, but significantly higher LDH release percentage relative to untreated 

HepG2 cells (26 ± 0.2%), where the optimised combination of 100 μM for 90 minutes 

may have presented higher LDH release. However, the intention was to show that 

menadione causes LDH release at concentrations even lower than the previously 

optimised concentration and time combination, and aligns with the aim of damaging, 

and not killing all cells; as this would make it impossible to reverse or prevent the effect 

of the hepatotoxin. These LDH release observations are consistent with the Hoechst 

33342-PI result in Figure 4.2a, which displayed a small, yet significant decrease in cell 

viability by 60 µM menadione too.  
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Figure 4.3b: Menadione-induced cytolysis. The cytolytic effects of the 10X Lysis buffer, LDH standard control 

and 60 µM menadione on HepG2 cells in the LDH release assay. Error bars represent SD of six replicate values 
from two independent experiments. Statistical significance was determined by means of the two-tailed student’s t-
test, where p < 0.05 (*) and < 0.005 (#) was deemed significant relative to the untreated HepG2 cells control and 
p < 0.05 (^) and < 0.005 ($) was significant relative to the 10X lysis buffer control.   
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4.3.3. Menadione-induced oxidative stress 

 

Hoechst 33342-CellROX® Orange dual labelling provided a reliable way of qualitatively 

and quantitatively assessing the formation of ROS in the cytoplasm of the HepG2 cells. 

Figure 4.4a displayed that 100 µM menadione presented higher levels of oxidative 

stress relative to the untreated HepG2 cells. Figure 4.4b quantitatively confirmed that 

as the menadione concentration increased, the average fluorescence intensity 

observed in the cytoplasm significantly increased. It also indicated that the longer 

HepG2 cells were exposed to menadione, the higher the average fluorescence 

intensity.  

This was expected as menadione is reported to encourage H2O2 production at multiple 

cellular sites by way of unnecessary redox cycling. These free radicals (H2O2) are 

highly reactive owing to the two unpaired electrons in the outer shells of their oxygens 

and consequently become reduced in the electron transport chain of mitochondria, 

where the resultant ROS damages a wide range of macromolecules (Bowen, 2003; 

Loor et al., 2011). A related study by Criddle et al. also implied that menadione 

promotes cell death by increasing ROS production through a redox-cycling 

mechanism. 

 

 

Figure 4.4a: Fluorescent images of menadione-induced oxidative stress. Fluorescent images (10X objective) 

of untreated- and 100 µM menadione- treated HepG2 cells. Hoechst 33342-CellROX® Orange dual labelling. Blue 
stained nuclei represent all (live and dead) cells stained with Hoechst 33342 only and yellow stained cytoplasm 
(stained with CellROX Orange®) represents ROS.  
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Figure 4.4b: Menadione-induced oxidative stress. The effects of menadione (25, 50 and 100 µM) for  60, 90 

and 180 minutes on HepG2 cells, using the average cytoplasm fluorescence intensity; indicating ROS and thus, 
oxidative stress. Error bars represent SD of six replicates from two independent experiments. Statistical 
significance was determined by means of the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was 
deemed significant relative to the untreated control.  
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4.3.4. Menadione-induced ΔΨm depolarization 

 

Direct mitochondrial inhibition, where β-oxidation and the respiratory chain is 

disrupted, causes mitochondrial dysfunction and affects the mitochondrial permeability 

transition (MPT) pore (Russman et al., 2009). MPT is a pre-existing pore in the inner 

mitochondrial membrane that allows protons to permeate from the matrix into the 

intermembrane space or vice versa under specific conditions (Yuan & Kaplowitz, 

2009). Different drugs affect the MPT through various kinds of mechanisms. 

Compounds like ROS and bile acids have been shown to induce pore openings, while 

other drugs may rely on calcium or Fas-and MPT- dependent mechanisms to open 

pores (Jaeschke et al., 2002).  

When the permeability transition pores open, the inner membrane becomes more 

permeable to compounds with molecular weights less than 1500 Da (Dumas et al., 

2009). Protons may move back into the matrix, causing ΔΨm depolarization and 

uncoupling. This decreases the availability of ATP, where massive ATP depletion 

leads to inflammatory responses and necrosis. In the event that ATP production 

continues, the energy dependent process- apoptosis- will occur (Dumas et al., 2009; 

Russman et al., 2009). Therefore, ΔΨm was measured quantitatively using Hoechst 

33342-TMRE dual labelling.  

Literature by Loor et al., (2002) indicates how elevated menadione concentrations 

cause cell death through decreases in ΔΨm and concomitant redistribution of 

cytochrome c from the mitochondria to the cytosol. Often pre-treatment with inhibitors, 

such as bonkrekic acid (an inhibitor of the adenine nucleotide translocator in the 

mitochondrial inner membrane) are required to prevent the depolarization induced by 

menadione. Based on this, the lower green stained cytoplasm and significant decrease 

in fluorescence intensity relative to the untreated control (illustrated in Figures 4.5a 

and 4.5b) were expected. These results supported that menadione can induce ΔΨm 

depolarization. 

Ethanol was used to solubilize silymarin, where all tested concentrations produced 

ethanol percentages below 0.5% (results not shown). Da Violante et al., 2002 and 

Timm et al., 2013 only reported observable toxic effects at 0.5% or higher, confirming 

that the calculated ethanol percentages for this study were acceptable.   
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Notably, silymarin displayed a dose dependent response, where as its concentration 

increased, the fluorescence intensity increased, however silymarin only displayed 

slightly higher fluorescence relative to the untreated control.  

 
Figure 4.5b: Menadione-induced ΔΨm depolarization. The effects on HepG2 cells exposed to menadione (100 

µM) for 90 minutes, on the average cytoplasm intensity, where a decrease in intensity indicates ΔΨm 
depolarization. Error bars represent SD of six four values from two independent experiments. Statistical 
significance was determined by means of the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was 
deemed significant relative to the untreated control.  

  

Figure 4.5a: Menadione-induced ΔΨm depolarization images. Fluorescent images of untreated- and 100 µM 

menadione- treated HepG2 cells. Hoechst 33342-TMRE dual labelling. Blue stained nuclei represent all (live and 
dead) cells stained with Hoechst 33342 only and green stained cytoplasm (stained with TMRE) represents 
sequestered TMRE in active mitochondria.  
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4.3.5. Menadione-induced hepatotoxicity cell model summary 

 

Together, the four assays assessed and confirmed that when menadione is applied at 

higher concentrations than 2 μM, it causes cytotoxicity, cytolysis, ROS production and 

ΔΨm depolarization, ultimately validating menadione as a hepatotoxin that can be 

used to set up an in vitro hepatotoxicity model. Results indicated that menadione-

induced cell death was by way of either late apoptosis, necrosis or necroptosis. DNA 

fragmentation causes morphologically different apoptotic nuclei in comparison to 

normal nuclei. DNA fragmentation was not observed in the Hoechst 33342 and PI dual 

stain. Therefore, apoptosis may be ruled out as the cell death mode and biochemical 

markers, such as caspase 8, could be used to confirm this finding.  

The results also featured membrane depolarization and cytoplasm spillage as part of 

its cell death mechanism, suggesting necrosis as the cell death mode as necrosis is 

morphologically associated with a collapse of membrane potential, loss of ATP and 

cytoplasmic spillage (LDH release). However, owing to the observed ROS levels 

induced by menadione, necroptosis is suspected as necroptosis is closely associated 

with ROS production. This speculation was supported by literature from Loor et al. 

(2011) and Zhao et al. (2015), whose studies indicated that menadione could prompt 

necrotic cell death via cytochrome c release from mitochondria (causing the collapse 

of ΔΨm) and ROS-dependent mechanisms, whilst not inducing apoptosis or 

accidental necrosis mechanisms. However, this was not enough evidence so possible 

biochemical markers such as RIPK1/3 or MLKL would be necessary to evaluate 

whether necroptosis is the actual type of cell death involved (Zhao et al. 2015). 
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The identification of the cell death mode (necrosis or necroptosis) was important in 

developing the hepatotoxicity model to search for hepatoprotectants, as it provides a 

means to compare the effects of natural products, thereby increasing the chances of 

obtaining an appropriate protectant. Therefore, the study addressed specific and 

important factors, instead of only using more general types of assays, such as the 

MTT assay. Thus, the menadione-HepG2 hepatotoxicity model developed in the study 

encompasses the most important features required from a hepatotoxicity model in the 

search for potential hepatoprotectants. These features are: 

 menadione induces oxidative stress, common to most forms of DILI; 

 menadione induces ΔΨm depolarization and ROS, which eliminates the problem 

associated with low levels of CYP enzymes in HepG2 cells; 

 and necrosis/necroptosis is the predominant cell death mechanism, which 

improves the accuracy of the model. 
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Chapter 5: Cytotoxicity screen  

 

5.1. Natural products 

 

5.1.1. Introduction 

 

Secondary metabolites from natural products and herbal preparations have paved the 

way to find new lead compounds with great medicinal value. Ethnopharmacological 

studies are often driven by the aim of preserving traditional knowledge to comprehend 

the pharmacological basis of herbal medicines and to steer away from artificial or 

synthetic products currently present on the market (Johnson, 1996; Kim, 2005). Many 

medicinal drugs that are used today were discovered as a result of traditional or 

indigenous remedies of the past, such as the nonsteroidal anti-inflammatory drug, 

aspirin that was derived from willow bark and traditionally used for the treatment of 

fevers and pain (Johnson, 1996; Goldberg, 2009). Over the years, many more plant 

derivatives have been designed into drugs, such as morphine and taxol (Gertsch, 

2009). Similarly, macrofungi are also sources of secondary metabolites for drug 

design, for example, the antibiotic, penicillin and the LDL cholesterol regulator, 

lovastatin (Tolbert, 2003; Adkinson et al., 2018).  

Plant and macrofungal derivatives are often employed as prototypes by chemists to 

provide potential choices to synthetic compounds. However, these derivatives must 

be properly screened and evaluated, as many plants and macrofungi can contain 

highly toxic compounds that could prove more dangerous than synthetic compounds 

(Johnson, 1996). Therefore, natural alternatives can pose potential threats as they 

may fail clinical trials due to hepatotoxicity or may pass the trial only to lead to 

hepatotoxic problems later. Thus, when identifying lead compounds for novel drug 

development, the ethnobotanical information should be recorded, screened for 

potential activity and confirmed by in vitro activity, animal models and clinical trials to 

ensure that no false assumptions are made (Gertsch, 2009).  
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5.1.2. Experimental design 

 

It is ideal to assess the cytotoxicity of natural products as it would be a waste to 

evaluate protection against drug-induced liver injury (DILI) if the extracts already cause 

cell death at an in vitro level. Therefore, careful experimental design and data 

interpretation was necessary to ensure that the selected extracts were deemed as 

acceptable candidates for the hepatoprotection screening platform in chapter 6. 

Three plant and four macrofungal species were selected as the natural products for 

the study. The fruiting bodies of macrofungi species (Ganoderma lucidum, Pleurotus 

ostreatus, Russula capensis and Lenzites elegans.) were collected and prepared into 

aqueous and ethanolic extracts. The leaves, fruit and cladodes of plant species 

(Cyclopia intermedia, Kigelia africana and Opuntia ficus indica, respectively) were 

collected and prepared into aqueous extracts. A more detailed description of these 

extracts can be found in sections 5.2.1 and 5.2.2.  

Throughout experimental procedures HepG2 cells were seeded at a density of 10 000 

cells/mL while Vero cells were seeded at 5 000 and 10 000 cells/mL to evaluate toxicity 

on proliferating and confluent cells, respectively. Cells were incubated for 24 hours 

before treatments with the plant and macrofungal extracts (25, 50 and 100 µg/mL).  

Thereafter, Hoechst 33342-PI dual labelling was used to quantify live and dead cell 

numbers. Macrofungi and plants were selected based on their known polyphenolic 

profiles and their abundance in South Africa. Some of the selected extracts have very 

little research previously conducted on them and thus, provided a potentially novel 

aspect to the present study. 
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5.1.3. Macrofungi  

 

For many years, macro- and micro-fungi have been used in food preparations, 

alcoholic beverages and medicine (Choi et al., 2017). Macrofungi can be described as 

a group of wood-rotting fungi that belong to Basidiomycota and Ascomycota phyla. 

Based on their unique structural entities, they are great sources of pharmacologically 

active compounds such as peptides, alkaloids, terpenes, polyketides, quinones, 

sterols and coumarins (Lenzie et al., 2018).  

There is only an estimated 4% of fungi that has been identified in Africa. Although 

many macrofungal species are widely distributed across different continents, many 

fungal species are found to be unique to Africa. Therefore, given that South Africa’s 

biodiversity is the third largest in the world, it is speculated that there is still a vast 

number of flora and other life forms, like macrofungi, that researchers have not 

adequately tapped into (Cadman et al., 2010). Studies conducted in other parts of the 

world suggest that macrofungi are worth researching to find new lead compounds with 

great medicinal value (Costa et al., 2016). Thus, the low percentage of research 

conducted on South African macrofungal species and the high propensity of 

macrofungi possessing medicinal value make them an interesting topic of research 

and could provide novel outcomes for the study. The study specifically aimed to screen 

four macrofungal species that occur in South Africa, namely G. lucidum, R. capensis, 

P. ostreatus and L. elegans (Table 5.1). A brief summary of published literature 

relating to the present study follows in the next section. 

 

Table 5.1: Overview of the macrofungal species used in the study. (Boukes et al., 2017).  

Macrofungal spp. Common name Status Usage Specimen number 

Ganoderma lucidum  Reishi Wild Medicinal PEU25349 

Russula capensis Cape russula Wild Edible PEU25359 

Pleurotus ostreatus Oyster Domesticated Edible/ 

medicinal 

PEU25350 

Lenzites elegans  Elegant Wild Inedible PEU25356 
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Ganoderma lucidum 

 

Ganoderma lucidum (Figure 5.1a) is a polypore mushrooms belonging to the 

Ganodermataceae family. It is a well-known medicinal mushroom that is frequently 

used in traditional Chinese medicine. Over time, its popularity has extended to many 

different parts of the world, owing to it showing great promise for a variety of cancer-

related therapies, where its usage alongside other medications, has helped improve 

cases of breast cancer, hepatitis, fatigue syndrome and prostate cancer. Ethanolic 

and aqueous preparations of G. lucidum are reported to have potent anti-oxidant and 

radical scavenging effects against hepatotoxins like carbon tetrachloride (CCl4), 

benzo-(a)-pyrene and ethanol (Boh et al., 2007). Both types of extracts exert protective 

actions against acute hepatitis due to their strong free-radical scavenging abilities 

(Armstrong et al., 2013). Hot water extracts are reported to protect against renal injury, 

where it is said that these effects are attributed to the extracts inhibitory effects on 

membrane lipid peroxidation and free radical formation (Armstrong et al., 2013). 

Furthermore, in experiments against cyclophosphamide-induced liver injury in mice, 

the aqueous G. lucidum extract demonstrated restoration of previously depleted 

glutathione (GSH) levels and alleviation of increased hepatic malondialdehyde levels 

(Pham et al., 2016). G. lucidum possesses a number of compounds, such as 

hydroxybenzoic acid, 5-O-caffeoylquinic acid, gallic acid and protocatechuic acid, 

which are all well-known for free radical scavenging effects (Alves, 2013), therefore G. 

lucidum has a high propensity to deliver a therapeutic strategy towards DILI. 

Figure 5.1a: Ganoderma lucidum. Collected and photographed by Dr. Gerhardt Boukes, Plettenberg bay, SA. 
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Pleurotus ostreatus 

 

Pleurotus. ostreatus (Figure 5.1b) is a common edible mushroom that belongs to the 

family Pleurotaceae. It was first recognised as an edible mushroom in Germany during 

World War I. Later, it was cultivated across the world and is popular in Chinese cuisine 

owing to its high nutritional value (Corrèa et al., 2016). P. ostreatus is noted to possess 

high concentrations of cysteine, methionine and aspartic acid. It has been reported to 

stimulate the immune system owing to the high vitamin D content present within it, 

which aids in the replication of healthy cells and prevents excessive or prolonged 

inflammatory responses (Merck, 2017; Oyetayo & Ariyo, 2017). Furthermore, its high 

vitamin B1 (thiamine) levels are suggested to reduce chances of the brain disorder 

named Wernicke-Korsakoff Syndrome, which is associated with low thiamine levels in 

alcoholics and offers protection against the hepatotoxin, CCl4 (Alves, 2013). Based on 

the species’ claimed health benefits, and its role against alcoholism and CCl4, it was 

worth testing whether it could offer protection against other toxins, such as menadione.  

 

 

 

 

 

 

 

 

 

 
Figure 5.1b: Pleurotus ostreatus. Collected and photographed by Dr. Gerhardt Boukes, Plettenberg bay, SA. 
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Russula capensis 

 

Russula capensis (Figure 5.1c) belongs to the family Russulaceae. It is also an edible 

mushroom that is fairly large with white gills and commonly grows among pine tree 

needles (Mushroom Guru, 2018). To date, there has been very limited research 

conducted on the R. capensis macrofungal species. Investigations report the related 

species such as Russula delica to have anti-microbial activity and, while there is little 

about medicinal information on Russula capensis itself, it was selected based on the 

possibility of presenting a novel outcome. 

 

Figure 5.1c: Russula capensis. Collected and photographed by Dr. Gerhardt Boukes, Plettenberg bay, SA. 
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Lenzites elegans  

 

Lenzites elegans (Figure 5.1d) is a plant pathogen whose ecological role is to 

decompose the dead wood of hardwoods (Kuo, 2005). Similarly, to R. capensis, L. 

elegans has not been extensively studied, also presenting itself as a potential novel 

therapy. 

 

Figure 21: Lenzites elegans. Collected and photographed by Dr. Gerhardt Boukes, Plettenberg bay, SA. 
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5.1.4. Plants 

Plant secondary metabolites are reported to have many functional and commercial 

roles, some of which include natural defences against predation, assistance in the 

germination of seeds and flavourants of foods and beverages (Karimi, 2005). Separate 

from these functional roles, plants are rich resources of compounds that can be used 

in drug development of either pharmacopoeial, non-pharmacopoeial or synthetic 

drugs. Therefore, phytochemicals have become an important area of research, where 

plenty of studies indicate that the controlled intake of these phytochemicals can be 

useful in the prevention or treatment of a number of diseases (Varda et al., 2018).  

One of the most well studied and largest group of phytochemicals include phenolics. 

Phenolics are characterised by their aromatic rings and hydroxyl groups and can be 

divided into two groups, namely flavonoids and non-flavonoid phenolic compounds. 

Flavonoids are abundant in plants and are identified as sources of potent anti-

oxidants. The most common dietary non-flavonoid compounds include phenolic acids 

and polyphenolic stilbenes, which are reported to offer both anti-oxidant and anti-

inflammatory effects (Giada, 2013). Many South African plants are reported to possess 

both flavonoids and non-flavonoid compounds (Joubert et al., 2003). Therefore, three 

South African plant species, namely Cyclopia intermedia, Kigelia africana and Opuntia 

ficus indica (where the latter is not indigenous but naturalised in South Africa), were 

selected for the study. 

 

Table 5.2: Overview of the plant species used in the study.  

Plant spp. Common name Usage 

Cyclopia intermedia Honeybush Medicinal tea1 

Kigelia africana Sausage tree Medicinal, edible2 

Opuntia ficus indica Prickly pear Medicinal, edible3 

1(Joubert et al., 2008) 

2(Olalye & Rocha, 2007) 

3(Wiese et al., 2004)  
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Cyclopia intermedia 

 

Cyclopia intermedia (Figure 5.2a, left), a member of the family Fabaceae is commonly 

known as Honeybush. It is endemic to the Cape Fynbos biome and well known for its 

aroma and pleasant taste as a herbal tea (Joubert et al., 2008). Decoctions of this 

plant were used as restoratives and treatments in chronic catarrh and pulmonary 

tuberculosis. The tea is also said to increase appetite, assist in stomach ailments and 

heartburn. Among these healing properties, the plant is reported to detox blood 

(Bowie, 1830; Joubert et al., 2008). C. intermedia is suggested to have these healing 

and cleansing properties as a result of the organic compounds present in the plant, 

including xanthones, like xanthonoids and mangiferin (Joubert et al., 2003). These 

xanthones resemble those present in the plant, Mangosteen, and are reported to be 

very stable molecules, owing to the double bonds present in their six-carbon 

conjugated ring structure, contributing to the high anti-oxidant capacity of the plant 

(Figure 5.2a, right) (Marona et al., 2001). To date, there has not been any reported 

adverse effects or toxicities by C. intermedia. However, no clinical trials or human 

studies examining the effects of C. intermedia have been reported. 

 

Figure 5.2a: Cyclopia intermedia (honeybush) (left) and the general structure of C. intermedia's major class of 
bioactive compounds, xanthones (right) (Mattern, 2009; Grulich, 2012) 
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Kigelia africana 

 

Kigelia africana, also known as sausage tree, (Figure 5.2b, left) belongs to the genus 

of flowering plants in the family Bignoniaceae. It is a tropical tree used in African tribal 

medicine owing to its vast medicinal properties (Olalye & Rocha, 2007). While it was 

traditionally used to help curb the side effects of alcohol and veisalgia (the unpleasant 

side effects after the consumption of alcohol), it is now more commonly used to treat 

liver disease (Oliver-Bever, 1986; Li et al., 2014). It is suspected that K. africana’s 

constituents such as verminosides and phenols (Figure 5.2b, right) are the elements 

responsible for the extracts medicinal value. Olalye and Rocha (2007) had confirmed 

via in vitro experiments, anti-inflammatory effects by K. africana, while other in vitro 

experiments have illustrated that extracts from this plant offer protection against 

sodium nitroprusside (SNP)-induced oxidative stress and thus possible reduction of 

lipid peroxidation (Oliver-Bever, 1986; Olalye & Rocha, 2007). Therefore, it is thought 

to be a promising hepatoprotectant. 

 

Figure 5.2b: Kigelia africana (sausage tree) (left) and the general structure of K. africana's major polyphenolic 
constituents (right) (Li et al., 2014). 
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Opuntia ficus indica 

 

Opuntia ficus indica (prickly pear) (Figure 5.2c, left) is a member of the Cactaceae 

family and is widely distributed across the globe. The first scientific evidence regarding 

the use of O. ficus indica against hepatotoxic substances was brought forward by 

Wiese et al., (2004), describing the cactaceous species as beneficial in reducing the 

symptoms of veisalgia and inflammation after the excessive consumption of alcohol or 

psychoactive drugs (Wiese et al., 2004). Prickly pear cladodes (fresh stems) have also 

been used to treat hyperglycaemic and hyperlipidaemic cases (Frati et al., 1990; 

Butera et al., 2002). The main anti-oxidant or anti-radical capacity of the fruit has been 

ascribed to the two pigments indicaxanthin and betanin (Figure 5.2c, right). These 

pigments are reported to scavenge or reduce radicals via ICAM-1 inhibition and 

consequently reduce lipid oxidation, uncontrolled protease release and necrosis 

caused by hepatotoxins (Zaharova & Petrova, 1998; Gentile et al., 2004; Fernández-

Lȯpez et al., 2010). 

 

Figure 5.2c: Opuntia ficus indica (prickly pear) (left) and the general structure of O. ficus indica's pigment 

indicaxanthin and betanin (Zaharova & Petrova, 1998; Bravo, 2007). 
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5.2. Methods 

 

5.2.1. Collection of macrofungal and plant extracts 

 

The fresh fruiting bodies of the four mushrooms (previously collected from Knysna and 

Plettenberg bay, South Africa, and dried at 25-30°C) and their respective specimen 

numbers were obtained from a post-doctoral researcher, Dr G.J. Boukes. The leaves 

of Cyclopia intermedia, fruit of Kigelia africana and cladodes of Opuntia ficus indica 

(previously collected and dried at 25-30°C) were obtained from a South African 

commercial supplier. Plant specimen or herbarium numbers were not provided by the 

supplier.  

 

5.2.2. Preparation of macrofungal and plant extracts 

 

Aqueous and ethanolic macrofungal preparations were used, while only aqueous plant 

extracts were used due to their availability.  

Aqueous extracts were prepared by briefly submerging the dried material into liquid 

nitrogen and then crushing the contents using a mortar and pestle. A ratio of 1 

material:15 solvent (w/v) was used. Extraction in 80% ethanol or deionised water for 

24 hours at room temperature (RT) with stirring was performed. Extracts were then 

transferred into 50 mL tubes and centrifuged at 1800 xg for 5 minutes. Supernatants 

were collected and the pellets were discarded, followed by vacuum filtration using 

WhatmanTM filter paper (Sigma Aldrich, USA). Ethanol was evaporated using a BUCHI 

rotary evaporator R-210 (Switzerland) and aqueous extracts were freeze dried using 

a VirTis sentry 2.0 freeze dryer (SP Scientific, Gardiner, NY, USA). Macrofungal and 

plant extracts were stored in a desiccator in the dark at 4 °C until further use.  

To reconstitute, 5 mg of freeze-dried aqueous extract was dissolved in 50 µL sterile 

water and sonicated at RT for 15 minutes. Aqueous extracts were filtered through 0.2 

µM Acrodisc® syringe filters (Pall Corporation, USA) under sterile conditions and 

diluted in complete medium to final working concentrations of 25, 50 and 100 µg/mL.  
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For ethanol extracts, 5 mg of freeze-dried ethanolic extract was dissolved in 50 µL 

DMSO and diluted in complete medium to the same final working concentrations as 

aqueous extracts. DMSO is usually tolerated with no observable toxic effects to cells 

at a final concentration (v/v) of 0.1%. At 1% or higher, toxic effects have been reported 

(Da Violante et al., 2002). All concentrations of DMSO-solubilized extracts, used in 

this study, produced DMSO percentages below 0.5% (results not shown) indicating no 

DMSO toxicity. 

5.2.3. Cytotoxicity 

 

a) Hoechst 33342-PI labelling 

 

HepG2 cells were seeded in a 96-well tissue culture plate at a density of 100 000 

cells/ml using 100 μL/well and Vero cells were seeded in a 96-well tissue culture plate 

at a density of 50 000 cells/mL to represent proliferating cells and 100 000 cells/mL to 

represent growth arrested cells, using 100 μL/well aliquots. Seeded cells were 

incubated for 24 hours prior to their respective treatment procedures. HepG2 and Vero 

cells were treated with plant and macrofungal extracts (25, 50 and 100 μg/mL) for 24 

hours at 37°C. Cells were stained as described for chapter 4, section 4.2.3.1b. 

Seeding densities and extract or treatment concentrations, were previously optimised 

by MNRG post-doctoral researcher, Dr G. J. Boukes, and research associate, Dr T. 

C. Koekemoer). 
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5.3. Results and Discussion 

 

5.3.1. Cytotoxicity 

 

Plants produce bioactive compounds that have presented individuals with great 

healing and revitalising benefits (Skrovankova et al., 2015). Of course, while some 

plants are useful, others can be harmful. Therefore, it was imperative to assess the 

cytotoxic properties of macrofungal and plants, as any cytotoxic effects would override 

their hepatoprotective potential.  

As highlighted previously, the ImageXpress XLS Micro Widefield microscope in 

combination with Hoechst 33342-PI labelling can provide information qualitatively, and 

indicate the presence of late apoptotic, necrotic or necroptotic cell death. In addition 

to Hoechst 33342-PI labelling qualitative function, it can provide quantitative results. 

Therefore, the Hoechst 33342 and PI translate the number of total nuclei and dead 

nuclei, respectively, where the subtraction of number of dead nuclei from total nuclei 

provides cell viability. For purposes of this study, extract-treated cells expressing less 

than 60% viability were deemed cytotoxic and excluded from the rest of the study. 

Figure 5.3 illustrates the effects of extracts and controls on cell viability.  

 

 

Figure 5.3: Cytotoxicity screen using HepG2 cells. The cytotoxic effects of extracts and controls on HepG2 cells 

after 24 hours of exposure. Cell viability was determined using Hoechst 33342-PI dual staining and calculated as 
a percentage relative to the untreated control. Error bars indicate SD of four replicate values from three independent 
experiments. Statistical significance was determined by means of the two-tailed student’s t-test, where p < 0.05 (*) 
and < 0.005 (#) was deemed significant relative to the untreated control.  
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From Figure 5.3, all extracts revealed cell viability above 60% and were considered as 

non-cytotoxic against HepG2 cells, except for ethanolic G. lucidum, which revealed 

cytotoxic effects against HepG2s at 100 µg/mL. When assessing the cytotoxic effects 

of extracts in more detail, the following was noted: 

 Aqueous C. intermedia and O. ficus indica did not cause significant changes in 

cell viability relative to the untreated control, while K. africana surprisingly 

displayed a dose dependent increase from 79 ± 2 to 108 ± 13% relative to the 

untreated control.  

 Aqueous G. lucidum and P. ostreatus extracts exhibited cell viability 

percentages above 100% at all concentrations tested (25, 50 and 100 µg/mL), 

suggesting potential proliferatory effects. However aqueous R. capensis and L. 

elegans exhibited the opposite trend, where they presented cell viabilities 

<100%, but not 60%.  

 Ethanolic G. lucidum indicated cytotoxicity with a dose dependent decrease in 

cell viability, where it displayed cell viability <50% at its highest concentration 

of 100 µg/m; this extract was excluded from subsequent analysis in this study. 

In contrast, ethanolic P. ostreatus, R. capensis and L. elegans extracts 

increased cell viability >100%, also suggesting possible stimulatory effects on 

proliferation.  

 Silymarin only slightly decreased cell viability at each tested concentration; 

therefore, silymarin was considered as non-cytotoxic. 

 Menadione displayed a dose dependent decrease in cell viability, confirming 

the results exhibited in the menadione-induced cytotoxicity observed in chapter 

4, section 4.3.1.  

To determine whether the increased cell viability, displayed at some of the extracts’ 

concentrations, was a result of the liver’s ability to regenerate, the extracts would have 

to be tested against a wide range of cell types, before one could confirm that the 

observed response is a hepatocyte-specific regenerative effect.  

Total cell numbers were also evaluated (data not shown) where none of the extracts 

caused a significant increase in cell death number relative to the untreated control, 

except for ethanolic G. lucidum, and menadione which was expected based on its low 

cell viability observed.  
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Hoechst 33342-PI dual staining was also used to assess the effects of plant and 

macrofungal extracts on the Vero control cell line. As stated in chapter 3, section 

3.1.2.2, Vero cells are frequently used for toxicity assessment against normal cells, 

owing to its non-tumorigenic characteristics and growth as a monolayer, which permits 

the easy identification of cells, in comparison to the tumorigenic HepG2 cell line that 

can clump to form cell clusters (Bokhari et al., 2007).  

Furthermore, a reduction in viable cell numbers could be as a result of toxic or 

cytostatic activity. The latter refers to when a test sample interrupts the normal 

progression of the cell cycle and causes cells to accumulate in a specific phase of the 

cell cycle (i.e. cell cycle arrest) (Gérard & Goldbeter, 2014). Thus, the effects of plant 

and macrofungal extracts against Vero cells were observed at two different seeding 

densities (i.e. 5 000 and 10 000 cells per well) representing actively proliferating cells 

to observe cytostatic activity and confluent, non-proliferating cells to observe cell cycle 

independent toxic effects. Figures 5.4 A and B indicated that all extracts present cell 

viability above 60%, signifying that these extracts do not display cytotoxic or cytostatic 

effects in vitro and were suitable for further investigation of their potential 

hepatoprotective effects. 
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Figure 5.4: Cytotoxicity screen using Vero cells. The effects of extracts and controls on A) 5 000 and B) 10 000 

Vero cells per well after 24 hours of exposure. Cell viability was determined using Hoechst 33342-PI dual staining 
and calculated as a percentage relative to the untreated control. Error bars indicate SD of four replicate values 
from three independent experiments. Statistical significance was determined by means of the two-tailed student’s 
t-test, where p < 0.05 (*) and < 0.005 (#) was deemed significant relative to the untreated control.  
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Chapter 6: Hepatoprotection model 

 

6.1. Hepatoprotection 

 

As a direct consequence of cell death inflicted by trauma, toxins and infections, there 

has been a greater need for protection against these causative agents. It is largely 

noted that these causative agents lead to cell death in the hepatic regions of the body 

and thus preventative measures are necessary to confer hepatoprotection against 

them. This chapter set out to evaluate the hepatoprotective potential of selected plant 

and macrofungal extracts using the in vitro model developed in chapter 4 as well as 

standard anti-oxidant and enzyme inhibition assay. 

 

6.1.1. Introduction 

 

Oxidative stress is a necessary component for the healthy lives of aerobic organisms. 

Aerobic metabolism includes the breakdown of carbohydrates, amino acids and lipids 

into CO2 and water by way of energy-yielding reactions that generate ATP during 

oxygen-consuming reactions. Aerobic metabolic processes can result in the 

production of toxic by-products, such as ROS and reactive nitrogen species (RNS). 

These free radicals are highly reactive in comparison to molecular oxygen and 

nitrogen; thus, when healthy cells are exposed to more ROS than it can degrade or 

scavenge by natural scavengers, oxidative stress becomes a serious condition that 

can lead to pathological consequences (Prior, 2015).  

The human body has an intricate system of natural enzymatic and non-enzymatic anti-

oxidant defences. These defence systems counteract or neutralize the injurious effects 

of free radicals or other oxidants. Protection against free radicals can be enhanced by 

the intake of dietary foods and beverages containing anti-oxidants (Alam et al., 2013).  

As stated in chapter 2, section 2.1.2, during phase 2 of drug metabolism it is common 

for the products of phase 1 to undergo conjugation through the action of transferases. 

An example of this is conjugation by the tripeptide glutathione (GSH). GSH is 

commonly present in hepatocytes and reported to be an effective endogenous anti-

oxidant and efficient redox and cell-signalling regulator (Yuan & Kaplowitz, 2009). 
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The ability of GSH to scavenge both ROS and RNS and thus, protect cells from 

oxidative stress makes it an important natural hepatoprotectant (Ramen, 2015). When 

the normal redox potential of GSH/GSSG balance is disrupted, a ‘domino effect’ is 

observed, where direct cell stress occurs via the intrinsic pathway (Russman et al., 

2009). The uncontrolled formation of free radicals leads to oxidation of important 

proteins, DNA and lipid molecules which can disrupt multiple signalling pathways, as 

well as alter intermediary metabolism and cause cell death (Buettner, 1993; Lee, 

2003). Based on this, various pathways in the body have been reviewed to identify 

potential targets that can be altered to ensure hepatoprotection, such as: 

 inhibition of super radical formations due to CYP450 pathways or undesired 

enzyme reactions; 

 maintenance of the redox potential provided by the tripeptide, GSH; 

 preservation of mitochondrial function through the inhibition of the 

mitochondrial permeability transition (MPT); 

 and inhibition of particular enzyme processes. 
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6.2. Methods 

 

6.2.1. Scavenging assays 

 

6.2.1.1. DPPH scavenging 

 

To reconstitute extracts, 5 mg of freeze-dried aqueous and ethanolic extracts were 

dissolved in 50 µL sterile water and 50 µL DMSO, respectively, and sonicated for 15 

minutes at RT. Extracts were diluted in DPBS with Ca2+ and Mg2+ to final working 

concentrations of 25, 50 and 100 µg/mL Positive controls- silymarin and mangiferin- 

were prepared in ethanol and DMSO, respectively, and then diluted in DPBS with Ca2+ 

and Mg2 to final working concentrations of 25, 50 and 100 µM.  

The free radical scavenging activity of extracts and controls were evaluated by 1, 1-

diphenyl-2-picryl-hydrazyl (DPPH) according to an adaptation of the previously 

reported method by Shen et al., 2010. Briefly, 5 µL extract or control dilution was 

added to a 96-well plate. To each dilution 120 µL of a 50 mM Tris-HCl buffer and 120 

µL of freshly prepared 0.1 mM DPPH in 99% ethanol was added. The mixtures were 

shaken and allowed to incubate in the dark for 20 minutes at RT. Finally, absorbance 

at 510 nm was measured using the BioTek absorbance plate reader. Lower 

absorbance values of the reaction mixture indicated higher free radical scavenging 

activity. The capability of scavenging the DPPH radical was calculated by using the 

following formula: 

%Scavenging =       Asample       x 100 

                                A control 

where Asample represents absorbance values of test samples, Acontrol represents 

absorbance values of blank samples containing buffer and reagents only. 
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6.2.1.2. Nitric oxide radical scavenging 

 

The nitric oxide (NO) radical scavenging activity of extracts and controls were 

evaluated using an adaptation of the NO radical scavenging assay by Balakrishnan et 

al., 2009. Working solutions of each extract were prepared and diluted as described 

for DPPH scavenging in section 6.2.1.1. Positive controls- silymarin and 

aminoguanidine (AG)- were prepared in ethanol and distilled water, respectively, and 

then diluted in DPBS with Ca2+ and Mg2 to final working concentrations of 25, 50 and 

100 µM. Next, 50 µL of each dilution was added to a 96-well plate. A control sample 

with an equal volume of buffer was also prepared and added to the plate.  

Then a 10 mM sodium nitroprusside (SNP) solution was freshly prepared in DPBS 

without Ca2+ and Mg2+. To each dilution and the buffer control, 50 µL of SNP was 

added. The plate was incubated under direct light at RT for 150 minutes. Thereafter, 

100 µL Griess’ reagent was added and the absorbance was read at 550 nm using the 

BioTek absorbance plate reader. The control sample only containing buffer and SNP 

was used as a reference. Percentage NO radical scavenging was calculated using the 

following formula: 

%Scavenging = 100 -   Asample      x 100 

                                      Acontrol 

where Asample represents absorbance values of test samples, Acontrol represents 

absorbance values of the SNP control. 
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6.2.1.3. ORAC scavenging 

 

The oxygen radical absorbance capacity (ORAC) scavenging activity of extracts and 

controls were evaluated using an adaptation of the ORAC antioxidant assay outlined 

by Cao et al., 1993. Extracts were prepared and diluted as described for DPPH 

scavenging in section 6.2.1.1. Positive controls silymarin and quercetin, were prepared 

in ethanol and DMSO, respectively, and subsequently diluted in DPBS with Ca2+ and 

Mg2 to final working concentrations of 25, 50 and 100 µM.  To each well, 25 µL of each 

dilution was added to a non-sterile 96-well plate.  

A 4 μM fluorescein stock solutions was prepared in DPBS with Ca2+ and Mg2+ and 

stored at 4°C. Before use, the fluorescein stock solution was diluted (1:1000) using 

DPBS with Ca2+ and Mg2. Thereafter, 150 μL was transferred to each dilution and the 

plate equilibrated for 10 minutes at 37°C. A working solution of 38 mM 2,2’-azobis(2-

methylpropionamidine) dihydrochloride (AAPH) was prepared in DPBS with Ca2+ and 

Mg2+. Immediately before reading fluorescence, 25 μL of the APPH was added to each 

dilution (and to four wells only containing fluorescein and buffer for the AAPH control) 

to initiate the reaction by producing ROS. Fluorescence was measured after 1 hour 

using the BioTek fluorometer at ex 485 nm and em 528 nm. Percentage ORAC 

scavenging was calculated using the following formula: 

%Scavenging =    Asample      x 100 

                              Acontrol 

where Asample represents absorbance values of test samples, Acontrol represents 

absorbance values of blank samples containing buffer and reagents only. 
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6.2.1.4. Cellular anti-oxidant protection in erythrocytes 

 

A cell-based or cellular anti-oxidant protection in erythrocytes (CAPe) assay based on 

the method described by Jensen (2015) was used to estimate the anti-oxidant capacity 

of a test sample in intact cells. Whole blood (WB) was obtained from four healthy 

volunteers (ethics clearance reference number H17-SCI-BCM-001, Appendix IV). 

From each donor, 10 mL WB was collected into lithium heparin tubes. The WB was 

centrifuged at 1500 xg for 25 minutes to separate the red blood cells (RBC). Cells 

were washed three times with DPBS without Ca2+ and Mg2+ and 200 μL of the pellet 

(containing the packed RBC) was added to 10 mL PBS. The 10 mL of diluted RBC 

was stored at 4°C for 2-4 weeks (no longer than 3 months), to deplete them of their 

natural anti-oxidants. Extracts were prepared and diluted as described for DPPH 

scavenging in section 6.2.1.1. Positive controls silymarin and quercetin, were prepared 

and diluted as described for ORAC scavenging in section 6.2.1.3.   

Then 25 µL of each dilution was added to a 96-well plate. A 25 mM stock solution of 

2',7'-dichlorofluorescin diacetate (DCF-DA) and 12.55 mM stock solution of AAPH was 

prepared in DPBS. To each 100 μL aliquot of test sample in a 96-well round bottom 

plate, 100 μL of RBC was added. RBC were incubated at RT for 20 minutes, 

centrifuged at 1800 xg for 3 minutes and incubated again at 37°C for 1 hour. Treated 

RBC were transferred into a new 96-well flat bottom plate and 50 μL of 55.25 μL DCF-

DA solution was added. Fluorescence was incubated at 37°C for 20 minutes. To each 

well (and to four wells only containing DCF-DA and buffer for the AAPH control), 50 

μL of 12.55 μL AAPH solution was added to initiate the reaction by producing ROS. 

The plate was measured after 1 hour using the BioTek fluorometer with ex at 485 nm 

and em at 535 nm. Percentage CAPe scavenging was calculated using the following 

formula: 

%Scavenging =   Acontrol- Asample      x 100 

                                Acontrol 

where Asample represents absorbance values of test samples, Acontrol represents 

absorbance values of blank samples containing buffer and reagents only. 
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6.2.1.5. FRAP activity 

 

The ferric reducing anti-oxidant power (FRAP) assay described by Benzie & Strain 

(1996) was used to determine the reducing ability of the extracts and control samples. 

Extracts were prepared by dissolving and sonicating 5 mg/mL aqueous and ethanolic 

extracts in 50 µL sterile water and 50 µL DMSO, respectively. Extracts were then 

diluted in DPBS with Ca2+ and Mg2 to final working concentrations of 25, 50 and 100 

µg/mL Positive controls silymarin (in ethanol), quercetin (in DMSO), epigallocatechin 

gallate (EGCG) (in distilled water) and (±)-6-Hydroxy-2,5,7,8-tetramethylchromane-2-

carboxylic acid (Trolox) (in DMSO) were diluted in DPBS with Ca2+ and Mg2+ to final 

working concentrations of 25, 50 and 100 µM. Thereafter, 50 µL of each dilution was 

added to a non-sterile 96-well plate. 

Next, 120 µl freshly prepared FRAP reagent (20 mL of 300 mM Acetate buffer, 2 mL 

of 10 mM (2,4,6- tripyridyl-s-triazine) TPTZ, 2 mL of 20 mM ferric chloride, 2.4 mL of 

distilled H2O) was added to each well. The plate was incubated for 10 minutes at RT 

and the absorbance was subsequently read at 595 nm using the BioTek absorbance 

plate reader. The FRAP assay used Trolox (with a concentration range of 0.001-1 mM) 

as a standard. The FRAP value of the aqueous extract was expressed as µM 

Trolox/mg extract and the pure compounds as µM of Trolox required to give the same 

absorbance as 1 µM of compound. 

 

6.2.2. Oxidative stress 

 

HepG2 cells were seeded in a 96-well tissue culture plate at a density of 100 000 

cells/ml using 100 μL/well. Seeded cells were incubated for 24 hours prior to their 

respective treatment procedures. HepG2 cells were treated with test extracts and 

positive control, silymarin (25, 50 and 100 μg/mL or μM) for 24 hours. Thereafter, the 

medium of previously treated HepG2 cells, was replaced with or without 50 µL of 100 

µM menadione sodium bisulfate (prepared in complete medium) for 90 minutes at 

37°C, to induce hepatotoxicity.  Hoechst 33342-CellROX® Orange dual labelling was 

carried out in the same way outlined chapter 4, section 4.2.3.3. 
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6.2.3. Mitochondrial membrane potential 

 

HepG2 cells were seeded and treated as described for section 6.2.4. Next, the 

medium of previously treated HepG2 cells, was replaced with or without 50 µL of 100 

µM menadione sodium bisulfate (prepared in complete medium) for 90 minutes at 

37°C, to induce hepatotoxicity.  Hoechst 33342-TMRE dual labelling was carried out 

in the same way outlined chapter 4, section 4.2.3.3. 

 

6.2.4. Drug metabolism 

 

6.2.4.1. β-glucuronidase inhibition 

 

Stock solutions of extracts were prepared by dissolving and sonicating 5 mg/mL 

aqueous and ethanolic extracts in 50 µL sterile water and 50 µL DMSO, respectively. 

Extracts were then diluted in DPBS with Ca2+ and Mg2+ to final working concentrations 

of 25, 50 and 100 µg/mL Positive controls silymarin was prepared in ethanol and 

diluted to working concentrations of 25, 50 and 100 µM. Next, 10 µL of each dilution 

was added to a non-sterile 96-well plate. 

A 5 mg/mL β-glucuronidase enzyme solution and a 5 mg/mL 4-nitrophenyl-β-D-

glucuronide (p-NPG) substrate solution were prepared in DPBS, containing 10% 

DMSO and 0.05% BSA. Before use, the enzyme solution was diluted 1:200 in the 

DPBS, containing 10% DMSO and 0.05% BSA. To each well containing test samples 

or the control, 40 µL enzyme was added and the plate incubated for 30 minutes at 

37°C. Then 50 µL substrate solution was added to each well and the plate was 

incubated again at 37°C for 30 minutes. Finally, 10 µL of 2N NaOH in distilled water 

stop solution was added. Absorbance was subsequently read at 405 nm using the 

BioTek absorbance plate reader. β-glucuronidase enzyme activity was calculated 

using the following formula: 

%Scavenging =   Asample      x 100 

                            Acontrol 

where Asample is the absorbance value of the test sample and Acontrol is absorbance 

value of the control containing both enzyme and substrate.  
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6.2.4.2. Carboxylesterase inhibition 

 

Stock solutions of extracts and positive control, silymarin, were prepared and diluted 

as described for β-glucuronidase inhibition in section 6.2.5.1. A 50 mM Tris HCl, pH8 

assay buffer was prepared and used to dilute (1:1000) the positive control, 10 mM 

bis(4-nitrophenyl) phosphate (BNPP) prepared in distilled water. Thereafter, 10 µL of 

each dilution was added to a 96-well plate. 

A 5 mg/mL carboxylesterase 1 isoform c human recombinant enzyme solution was 

prepared and diluted (1:250) in assay buffer; and a 100 mM p-nitrophenyl acetate (p-

NPA) substrate solution prepared in acetone was diluted (1:50) in assay buffer. To 

each dilution, 50 µL enzyme was added and the plate incubated for 15 minutes at RT. 

Then 50 µL p-NPA was added and the plate incubated for 10 minutes at RT. 

Absorbance was read at 410 nm using the BioTek absorbance plate reader. The Vmax 

values were logged and compared. 
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6.2.4.3. Cytochrome P450 3A4 inhibition 

 

The Vivid CYP450 Red Screening kit was used and contained the following: 1X Vivid 

CYP450 reaction buffer, regeneration system, baculosomes, 2 mM substrate and 

NADP+. The kit’s reaction buffer was diluted 2X and a Master Pre-mix was prepared, 

containing 9700 µL of reaction buffer, 200 µL regeneration system and 100 µL 

baculosomes. A 10X Vivid Substrate and NADP+ mix was prepared, containing 1770 

µL of Vivid 1x reaction buffer, 30 µL of 2 mM substrate (reconstituted in anhydrous 

acetonitrile) and 200 µl of NADP+. Stock solutions of extracts and positive control, 

silymarin, were prepared and diluted as described for β-glucuronidase inhibition in 

section 6.2.4.1. To each well, 40 µL of each dilution and 50 µL of the Master Pre-mix 

was added and incubated for 10 minutes at RT. The reaction was initiated by adding 

10 µL of the 10X Vivid Substrate and NADP+ mix to each dilution. Then 50 µL 0.5 Tris 

base was added to stop the reaction. Fluorescence was read at ex at 550 and em 590 

nm using the BioTek fluorometer. CYP450 inhibition was calculated using the following 

formula: 

%Scavenging =   Fsample      x 100 

                            Fcontrol 

where Fsample is the fluorescence value of the test sample and Fcontrol is fluorescence 

value of the control containing both enzyme and substrate.  
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6.2.5. Genotoxicity 

 

Vero cells were seeded in a 96-well tissue culture plate at a density of 100 000 cells/mL 

using 100 μL/well. Seeded cells were incubated for 24 hours prior to their respective 

treatment procedures. Vero cells were only treated with extracts and controls that 

effectively reduced oxidative stress, increased ΔΨm or inhibited enzyme activity (i.e. 

aqueous C. intermedia, aqueous G. lucidum, ethanolic L. elegans and positive control, 

silymarin) at working concentrations of 25, 50 and 100 μg/mL or μM) for 24 hours. The 

stain solution was prepared by adding two drops of NucRed™ Live 647 to 10 mL DPBS 

with Ca2+ and Mg2+. To stain cells, the treatment medium was replaced with 100 μL of 

the stain solution and left to incubate for 20 minutes at 37°C. The cells were acquired 

using the ImageXpress XLS Micro Widefield microscope with MetaXpress® Software 

and a 10X objective with the Cy5 filter cube. Nine sites per well were acquired and 

images were analysed using the ImageXpress® Micronuclei analysis module. The 

following parameters were logged: percentage mono-, bi-, multi- and micro- nucleated 

cells. 
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6.3. Results and Discussion 

 

Most of the selected macrofungal and plant extracts discussed in chapter 5, sections 

5.1.2 and 5.1.3 have previously been reported to possess particular constituents with 

anti-oxidant potential. Therefore, it was expected that these extracts potentially could 

be used to prevent or counteract hepatotoxin-induced adversities, while extracts 

reported to have little or no previous history of anti-oxidant activity, presented novel 

aspects for the study.  

 

6.3.1. Anti-oxidant assays 

 

Anti-oxidant capacity is commonly used as a parameter for medicinal bioactive 

constituents. The anti-oxidant activity of natural products and compounds can be 

determined using various anti-oxidant methodologies. Many of these anti-oxidant 

assays may be categorised as follows: 

 type of anti-oxidants measured (lipophilic or hydrophilic, enzymatic or non-

enzymatic), 

 character of solvent (aqueous or organic),  

 type of reagent being used (radicalic or non-radicalic), 

 by the mechanism of reaction (hydrogen atom transfer or electron transfer).   

(Brand-Williams et al., 1995; Huang, et al. 2005; Dudonné et al., 2009) 

 

The hepatoprotection platform set out to use a combination of these anti-oxidant 

assays (DPPH, NO, ORAC, CAPe and FRAP assays) to assess the anti-oxidant 

potential of the selected natural products previously discussed in chapter 5. The 

scavenging abilities of each extract and control are graphically represented in each of 

their respective sections and are summarised in Table C (Appendix III).  

 

 

 

 

 

 



 

83 
 

6.3.1.1. DPPH free radical scavenging 

 

Provided that uncontrolled ROS production can cause adverse effects, it is useful to 

assess whether the natural products used in the study, have anti-oxidants that can 

reduce non-polar compounds to effectively stabilise them, as in the DPPH assay. The 

percentage of free radical scavenging was plotted against concentration of the extracts 

shown in Figure 6.1.  

 

Figure 6.1: DPPH free radical scavenging. The percentage scavenging effects of extracts and positive controls 

(mangiferin and silymarin). Error bars indicate SD of four replicate values from three independent experiments. 
Statistical significance was determined by the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was 
deemed significant relative to mangiferin positive control.  

 

Mangiferin and silymarin were selected as positive controls for the DPPH scavenging 

assay, based on their abundance in fruits and vegetables, along with their reported 

abilities to donate electrons or protons for the stabilization of free radicals (Mariani, 

2008). Furthermore, published literature by Ahsana et al., 2005 and Martínez et al., 

2012 also confirmed that mangiferin and its derivatives are strong in vitro DPPH 

scavengers, and ascribed mangiferin’s strong scavenging activity to the high presence 

of heterocyclic structures, such as xanthones, whose anions (under physiological 

conditions) deactivate hydroxyl radical species in a single electron transfer. Similarly, 

published literature by Köksal et al., 2009 and Anthony et al., 2013 confirmed silymarin 

as an effective scavenger of hydroxyls, superoxides and other free radicals via 

silymarin’s components like taxifolin (where taxifolin is related to the well-documented 

powerful free radical scavenger, quercetin).  
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In Figure 6.1, mangiferin presented the highest DPPH scavenging percentages of 62 

± 6%, 71 ± 2% and 72 ± 1% at 25, 50 and 100 µM, respectively, followed by silymarin 

that presented intermediate scavenging percentages of 27 ± 2%, 43 ± 2% and 53 ± 

7% at 25, 50 and 100 µM, respectively; affirming them both as strong free radical 

scavengers.  

From the tested plant and macrofungal extracts, C. intermedia exhibited the highest 

DPPH scavenging percentages of 62 ± 1%, 71 ± 1% and 71 ± 2% at 25, 50 and 100 

µg/mL. This observation was expected based on C. intermedia’s high xanthone 

content, whose structure permits the stabilisation of unpaired electrons (Joubert et al., 

2003). Furthermore, C. intermedia’s high scavenging results, were suspected to be as 

a consequence of its phenolic profile that indicates a high presence of mangiferin, 

isomangiferin, eriodictyl-7-O-rutinoside and luteolin-7-O-rutinoside, which are 

constituents with known scavenging abilities (as confirmed in Figure 6.1) (Clifford et 

al., 2011; Muller et al., 2011; Martínez et al., 2012).  

The aqueous macrofungal extract, G. lucidum (20 ± 2%, 27 ± 2% and 43 ± 4% at 25, 

50 and 100 µg/mL) presented the second highest scavenging abilities out of the plant 

and macrofungal extracts. Aqueous G. lucidum’s observed scavenging levels are also 

proposed to be as a result of its constituents (hydroxybenzoic acid, 5-O-caffeoylquinic 

acid, gallic acid and protocatechuic acid) that are well-known for their free radical 

scavenging effects against hydroxyl and hydroperoxyl radicals (Alves, 2013). The 

remaining plant and macrofungal extracts exhibited DPPH scavenging levels below 

15% at their highest concentrations of 100 µg/mL; suggesting them to be poor DPPH 

(or ROS) scavengers.  
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6.3.1.2. Nitric oxide scavenging 

 

Based on nitric oxide (NO) production being recognised as a major contributing factor 

to the pathogenesis of liver disease (Chang-Li et al., 2005), plants and macrofungal 

extracts were also assessed to see whether they could successfully compete with 

oxygen to scavenge for the nitrite radical (generated from SNP) at physiological pH 

created in the assay. Figure 6.2 plotted the percentage scavenging against 

concentration of the extracts and controls. 

 

Figure 6.2: NO scavenging. The percentage scavenging effects of extracts and positive controls (AG and 

silymarin). Error bars indicate SD of four replicate values from three independent experiments. Statistical 
significance was determined by the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was deemed 
significant relative to 10 mM SNP negative control. 

 

SNP generates nitrite radical and thus, was used as a control to measure the 

scavenging effects of plant and macrofungal extracts as well as positive scavenging 

controls. AG and silymarin were selected as positive controls for the NO scavenging 

assay owing to their known anti-inflammatory action, amongst other health properties 

(Li et al., 2014). While silymarin is reported to inhibit NO production and iNOS gene 

expression by preventing the activation of Nuclear factor κ-light-chain-enhancer of 

activated B cells (NF-kB)/Rel complex, AG is a scavenger of carbonyls, chelator, and 

selective inhibitor of iNOS synthase and NO production- at both the gene expression 

and substrate level (Zhang et al., 2001; Vargas-Mendoza et al., 2014). Therefore, AG 

was expected to be more effective than silymarin.  
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Figure 6.2 exhibited NO scavenging by both positive controls, alluding to their 

antioxidant abilities to compete with oxygen and scavenge nitrite radicals generated 

from SNP. AG (13 ± 3%, 23 ± 1% and 41 ± 2% at 25, 50 and 100 µM) did exhibit higher 

scavenging percentages relative to silymarin (15 ± 2%, 17 ± 1% and 20 ± 1% at 25, 

50 and 100 µM), suggesting AG as the better NO scavenger. However, while AG 

displayed the best NO scavenging, the observed effect was still <50% and thus, a 

wider range of concentrations would have to be tested to confirm whether it is a better 

NO scavenger.  

From the plant and macrofungal extracts, aqueous C. intermedia (13 ± 2%, 15 ± 1% 

and 22 ± 1% at 25, 50 and 100 µg/mL) exhibited the highest NO scavenging 

percentages. The remaining plant and macrofungal extracts exhibited NO scavenging 

percentages <10% at their highest concentrations (100 µg/mL), suggesting that they 

ineffectively compete with oxygen to scavenge the nitrite produced by SNP and are 

thus poor NO or RNS scavengers. 
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6.3.1.3. Oxygen radical absorbance capacity & Cellular anti-oxidant protection 

in erythrocytes  

 

As stated in chapter 3, section 3.4.3., ORAC is a popular and useful method of 

evaluating the anti-oxidant capacity of substances. While the ORAC assay is popular 

and evaluates the anti-oxidant capacity of a natural product, it does not examine the 

aspects of bioavailability and therefore does not indicate how meaningful a natural 

product’s anti-oxidants may be to those who consume them (Honzel et al., 2008).  

In order to assess the bioavailability of a sample accurately, clinical trials, animal- and 

cell- based tests are required. This is not always possible as these forms of trials and 

testing are very complex, expensive and time-consuming. Therefore, the CAPe assay 

was developed as a starting point to address whether anti-oxidants can enter and 

protect a living cell effectively (Honzel et al., 2008; Jensen, 2015).  

The CAPe assay specifically uses RBCs as they are highly simplistic and permit the 

measurement of anti-oxidants that are capable of crossing the plasma membrane into 

the intracellular space, without any interference from the intricate cellular processes 

(such as signal transduction, apoptotic pathways and ROS production) that are 

commonly present in other cells. Therefore, RBCs lack of complex cellular processes 

reduce the risk of misinterpretation of results (Honzel et al., 2008; Blasa et al., 2011). 

Figure 6.3a graphically represents the scavenging percentages of each extract and 

control used in the ORAC and CAPe scavenging assays. 
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Figure 6.3a: ORAC and CAPe scavenging. The percentage scavenging effects of extracts and positive controls 

(quercetin and silymarin) in the A) ORAC and B) CAPe assays. Error bars indicate SD of four replicate values from 
three independent experiments. Statistical significance was determined by the two-tailed student’s t-test, where p 
< 0.05 (*) and < 0.005 (#) was deemed significant relative to quercetin positive control. 
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Honzel et al., (2008) proposed that combining the ORAC and CAPe assays offers a 

convenient approach to evaluating the anti-oxidant capacity of natural products, where 

it can indicate the content of the anti-oxidant and the degree of bioavailability, 

respectively. Figure 6.3b demonstrates the various possible outcomes relating to a 

natural products anti-oxidant capacity, where: 

1. high ORAC versus low CAPe value, suggests that the natural product has anti-

oxidant value, but the anti-oxidants are unable to enter and protect cells from 

oxidative damage 

2. high ORAC and high CAPe value, indicates anti-oxidant value and the ability of 

the natural product’s anti-oxidants to enter and protect cells 

3. low ORAC value and high CAPe value, indicates better protection of cells by the 

natural product than what was expected based on the ORAC’s value alone 

 

 

 

 

 

 

 
Figure 6.3b: ORAC versus CAPe graph, indicating the three possible ways to assess the value and bioavailability 
of natural products' anti-oxidants (Honzel et al., 2008) 

 

Figures 6.3a A) and B) revealed that quercetin and silymarin produced the highest 

ORAC and CAPe values, followed by aqueous C. intermedia, O. ficus indica and G. 

lucidum, while the remaining extracts had produced significantly lower scavenging 

percentages.  Figures 6.3a A) and B), and Figure 6.3b generated by Honzel et al., 

(2008) were used to generate Figure 6.3c, where the ORAC and CAPe values were 

set against each other to gain better insight on the anti-oxidant bioavailability capacity 

of quercetin, silymarin, C. intermedia, O ficus indica and G. lucidum at their highest 

concentration tested (100 μM positive control or 100 μg/mL extract). 

 

100 % 
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Figure 6.3c: ORAC vs CAPe: anti-oxidant bioavailability. Combined ORAC and CAPe values to assess the 

anti-oxidant bioavailability of the two positive controls and three extracts based on their medium to high scavenging 
observed in Figures 6.3 A) and B) at their highest concentrations tested (100 μM control and 100 µg/mL extract). 
Error bars represent SD of four independent experiments. 

 

Quercetin’s high ORAC (86 ± 1%) and high CAPe (96 ± 3%) values, proposed that it 

possesses a high level of anti-oxidant activity which can most likely effectively 

accumulate in cells and offer protection against free radicals. Mariani (2008) supported 

this, as they stated that quercetin can donate a proton to a free radical and become 

the radical, where its resultant unpaired electron is delocalized by resonance, making 

it too low in energy to be reactive.  

Therefore, quercetin’s reported free radical scavenging ability and multiple resonance 

structures are suggested to explain the higher scavenging levels and bioavailability 

observed relative to silymarin. According to Graefe et al., 2000 and Cermak et al., 

2003, data on the bioavailability of quercetin after oral intake are reported as 

contradictory, where some investigations report poor uptake of quercetin and other 

investigations suggest that the bioavailability of quercetin from quercetin glycosides in 

pigs and humans is dependent on the sugar moiety of the glycoside, the chemical form 

of the flavonols and dietary factors.  
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Figure 6.3c indicated that silymarin’s high ORAC (84 ± 3%) and medium to high CAPe 

(57 ± 1%) value, implied that silymarin offers high anti-oxidant activity with the ability 

to enter and protect against free radicals. This was expected based on the scavenging 

activities of silymarin noted in chapter 6, section 6.3.1, under the DPPH and NO 

scavenging section. Dixit et al., 2007 and state that silymarin is administered in an 

encapsulated form as it is not soluble in water. In addition to this, they report that the 

after oral absorption of silymarin is between 23-47% and thus its bioavailability is 

considered to be relatively lower than that of quercetin. This was consistent with the 

findings of Figure 6.3c. 

Figure 6.3c indicated that C. intermedia’s high ORAC (84 ± 0%) against the 

intermediate CAPe (34 ± 3%) values, suggested that while C. intermedia can offer 

anti-oxidants, they may not be readily taken up by live cells. Although mangiferin and 

isomangiferin make up a significant part of C. intermedia’s composition, evidence by 

Kammalla, 2015 reports poor uptake and bioavailability of mangiferin alone and only 

increased uptake when in a polyherbal formulation. This may be used to explain the 

small, but significant bioavailability displayed by C. intermedia displayed in Figure 6.3c 

as C. intermedia contains a number of polyphenols and flavonoids. However, an in 

vivo study by Marwenick et al., 2003, indicated that rats provided with a sole drinking 

source of C. intermedia for 10-weeks had resulted in no toxicity and caused a 

significant increase in the GSH/GSSG ratio, proposing that its anti-oxidant constituents 

can be taken up effectively and result in therapeutic effects.  

While there are in vivo model studies that advocate C. intermedia’s bioavailability, 

there is still a need for human studies to further assess the true bioavailability of C. 

intermedia after oral intake. O. ficus indica’s medium ORAC value (49 ± 10%) and 

intermediate to low CAPe (22 ± 1%) values and G. lucidum’s medium ORAC value (32 

± 8%) and low CAPe (11 ± 1%), suggested that although both have anti-oxidants, they 

may not accumulate and protect against free radicals in RBCs.  
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O. ficus indica fruit contains a considerable amount of vitamin C, biothiols taurine, 

redox-active betalain and indicaxanthin pigments that have resulted in a number of 

cytoprotective and therapeutic effects. A study by Livrea & Tesoriere, 2000, reported 

that the oral administration of aqueous extract from the fresh fruit pulp of O. ficus indica 

produced a significant anti-inflammatory effect in rats, where betanin and indicaxanthin 

were considered as the primary contributors to the fruit’s effects as both behave as 

strong scavengers of radicals and are reported as bioavailable. However, the low 

bioavailability of O. ficus indica observed in Figure 6.3c may be due to the present 

study employing the cladodes of O. ficus indica, which may not have contained as high 

of a concentration of these constituents as in the fruit pulp. In contrast, the study on 

pharmokinetics and oral bioavailability of G. lucidum is lacking and thus no evidence 

was found to support this finding. 

 

6.3.1.4. FRAP activity 

The reducing ability of extracts and positive controls were examined using the FRAP 

assay. From the standard curves in Figures A1 and A2 (Appendix III), Figure 6.4 was 

generated. Previous literature by Köksal et al., 2009 and Sun et al., 2016 stated that 

silymarin has a marked binding capacity for iron, effectively interrupts iron complexes 

and strongly sequesters ferrous ions, confirming silymarin’s observed FRAP activity. 

Vargas-Mendoza et al., 2014 attributed silymarin’s reducing and chelating abilities to 

the hydroxyl and carbonyl functional groups present in its flavanol structures. Figure 

6.4 showed that silymarin had presented the highest Trolox equivalent (TE) values, 

confirming the activities reported by the above previous literature. 

C. intermedia exhibited the highest TE value out of the all tested plant and macrofungal 

extracts. There is little evidence explaining C. intermedia’s reducing and chelating 

activity, therefore further investigations would be necessary to confirm this finding. The 

remaining plant and macrofungal extracts exhibited very low TE values indicating little 

to no FRAP activity.   
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Figure 6.4: FRAP activity. TE (ug Trolox/mL) of three positive control (silymarin) and plant and macrofungal 

extracts. Error bars indicate SD of four replicate values from three independent experiments and significance was 
determined relative to the silymarin control. Statistical significance was determined by the two-tailed student’s t-
test, where p < 0.05 (*) and < 0.005 (#) was deemed significant relative to silymarin positive control. 

 

6.3.2. Oxidative stress 

 

As mentioned in section 6.1.1, oxidative stress or free radicals are involved in a 

number of reactions that are important to biological systems. For example, the free 

radical, H2O2, possesses both oxidising and reducing properties, depending on the 

surrounding physiological pH (Bowen, 2003). Therefore, when there is controlled 

production of H2O2, it can be used as mitogenic signals in in vivo or in vitro 

experiments, to increase DNA replication and cell proliferation rates (Buettner, 1993). 

It is also an essential chemical messenger, which transmits signals by oxidising 

specific proteins (Bowen, 2003; Ramen, 2015). Thus, untreated cells are always 

expected to exhibit low levels of free radical species. However, their uncontrolled 

production initiates processes like lipid peroxidation that cause damage to cellular 

membranes, such as plasma membranes, mitochondrial membranes and 

endomembranes (Loor et al., 2011). In addition to this, the radicals can attack 

membrane proteins or induce cross-linking of macromolecules. This can negatively 

alter membrane function and cell signalling or contribute to the development of 

carcinogenesis and degenerative diseases (Bowen, 2003). 
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Based on the above, ROS was measured quantitatively. HepG2 cells were first treated 

with various extracts and positive control (silymarin) for 24 hours and then treated in 

the absence (Figure 6.5a) and presence of menadione (Figure 6.5b). This comparison 

offered information on the ability of the extracts to induce oxidative stress or even 

reduce basal levels in the absence of menadione or whether their treatment with 

menadione could counteract menadione-stimulated ROS formation.  

Figure 6.5a showed that all three ethanolic macrofungal extracts decreased 

fluorescence intensity, suggesting that they decrease ROS to levels below the 

untreated. While this appears to be very useful, the decreased ROS levels may lead 

to abnormal mitogenic signal functions in healthy cells. Therefore, further investigation 

is necessary to confirm whether these ethanolic macrofungal extracts present a 

therapeutic or detrimental effect on the cells. Generally, the other plant and 

macrofungal extracts had no significant effect on the basal ROS levels.  

In Figure 6.5b, menadione had increased ROS levels in comparison to the untreated 

control. Menadione-treated plant extracts displayed levels similar to that of the 

menadione control, indicating that plant extracts had not counteracted the menadione-

induced ROS formation. All three aqueous plant extracts and all three ethanolic 

mushroom extracts had significantly reduced ROS levels back to the level seen in the 

untreated control. The remaining four aqueous extracts had no effect on menadione- 

induced ROS levels. 

Literature by Abou (2012) explained how silymarins’ phenolic nature enables it to 

donate electrons and stabilise unpaired electrons of the oxygens in free radicals. 

Moreover, studies by Salmi & Sama (1982) and Vargas-Mendoza et al. (2014) stated 

that silymarin’s hepatoprotectant nature may stem from its ability to undergo 

competitive inhibition for radicals and form complexes that obstruct the entry of 

hepatotoxins into the interior of the hepatocytes. Therefore, it was expected that 

silymarin would have caused reduced fluorescence intensity. However, silymarin had 

not contributed to ROS levels; instead the observed increase relative to the untreated 

control was as result of menadione. 
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Figure 6.5a: Oxidative stress (absence of menadione). The fluorescence intensity of extracts and positive 

control (silymarin) on HepG2 cells in the absence of menadione treatment relative to the untreated HepG2 cells. 
Error bars indicate SD of four replicate values from three independent experiments. Statistical significance was 
determined by the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was deemed significant relative to 
the untreated control. 
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Figure 6.5b: Oxidative stress (presence of menadione). The fluorescence intensity of extracts and controls 

(menadione and silymarin) on HepG2 cells in the presence of 100 µM menadione treatment for 90 minutes relative 
to the untreated HepG2 cells Error bars indicate SD of four replicate values from three independent experiments. 
Statistical significance was determined by the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was 
deemed significant relative to the untreated control and p < 0.05 (^) and p< 0.005 ($) was significant relative to the 
100 µM menadione control.  
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6.3.3. Mitochondrial membrane potential 

 

The mitochondrial membrane potential (ΔΨm), established through the activity of 

oxidative phosphorylation is an important indicator of mitochondrial function and the 

general health-status of a cell. The positively charged TMRE will either be retained in 

the mitochondria due to the negative charge presented by the ΔΨm and form 

aggregates that will emit a red fluorescence in polarised mitochondria, or will diffuse 

into the cytoplasm because of a collapse in ΔΨm in depolarised mitochondria and emit 

lowered fluorescence.    

Figure 6.6a indicated that HepG2 cells treated with aqueous K. africana and O. ficus 

indica, along with ethanolic P. ostreatus, R. capensis and L. elegans extracts alone 

caused a significant increase in fluorescence intensity. This suggested that these 

extracts help HepG2 cells sequester the TMRE probe due to the cells’ active 

mitochondria and do not aid in ΔΨm depolarisation, preventing mitochondrial 

dysfunction. The remaining extracts had maintained the ΔΨm to same levels as the 

untreated while the positive control (silymarin) appeared to have a dose dependent 

response, where as the concentration of silymarin increased, so did the fluorescence 

intensity, indicating that it too can offer protection against ΔΨm depolarization.  

Figure 6.6b indicated that HepG2 cells treated with the 100 μM menadione for 90 

minutes, significantly decreased fluorescence intensity, causing ΔΨm depolarization. 

In contrast, HepG2 cells treated with most plant and macrofungal extracts (and in the 

presence of 100 μM menadione) resulted in significant increases in fluorescence 

intensity relative to the menadione-treated HepG2 cells and untreated, indicating that 

they offer protection against ΔΨm depolarization that is inflicted by hepatotoxins. 

While, the positive control silymarin displayed a significant dose dependent increase 

in fluorescence intensity relative to the hepatotoxin menadione, it had presented lower 

levels of fluorescence intensity compared to the untreated cells and extract treated 

cells. Therefore, suggesting that silymarin (in combination with the menadione) 

increased the ΔΨm compared to menadione; however, the observed effect was less 

effective than the tested extracts.  



 

97 
 

 

Figure 6.6a: Mitochondrial membrane potential (absence of menadione). The fluorescence intensity of 

extracts and positive control (silymarin) on HepG2 cells relative to the untreated HepG2 cells. Error bars represent 
SD of four replicate values from three independent experiments. Statistical significance was determined by the 
two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was deemed significant relative to the untreated 
control. 

 

  

Figure 6.6b: Mitochondrial membrane potential (presence of menadione). The fluorescence intensity of 

extracts and positive control (silymarin) on HepG2 cells in the presence of 100 μM menadione treatment relative 
to the untreated HepG2 cells. Error bars represent SD of four replicate values from three independent experiments. 
Statistical significance was determined by the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was 
deemed significant relative to the untreated control and p < 0.05 (^) and p< 0.005 ($) was significant relative to the 
100 µM menadione control.  
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6.3.4. Drug metabolism 

Xenobiotics that enter the body follow a process of absorption, distribution, 

metabolism, detoxification and elimination. This series of events then determines how 

much drug is available at the targeted site (Lam, 2018). The liver’s enzymes play 

pivotal roles in the metabolism and detoxification of many clinical drugs and other 

xenobiotics. Therefore, hepatic drug metabolizing enzyme activity is a major 

contributor in drug clearance and safety. 

The endoplasmic reticulum houses liver enzymes, which protect the liver against a 

build-up of lipid-soluble exogenous and endogenous compounds. The enzymes do 

this by converting the lipid-soluble compounds to water-soluble metabolites for easier 

kidney excretion (Remmer, 1970; Lam, 2018). The enzymatic conversions occur via 

reactions that are dependent on the functional groups present on the xenobiotic. 

Phase I, also known as the functionalization phase, uses hydrolysis, reduction and 

oxidation enzyme reactions, while Phase II, the conjugation phase, implements 

glucuronidation and sulfation conjugation reactions. While there are a number of 

hepatic drug metabolising enzymes, the following liver microsomal enzymes, β-

glucuronidase, carboxylesterase 1 (CES1) and CYP450 isoform 3A4 (CYP3A4) were 

assessed in this study, using enzyme-based assays.  

The ideal outcome for this section would be to observe no or minimal interaction 

(inhibition) with the plant and macrofungal extracts as hepatoprotectants should not 

interfere with normal drug metabolism. More specifically, elevated enzyme activity by 

β-glucuronidase and CES1 can result in uncontrolled and undesired enzyme 

reactions, that lead to negative implications. Thus, in some cases, β-glucuronidase 

and CES1 enzyme activity requires hepatoprotectants to counteract their action, but 

not disrupt the normal drug metabolism of which could have undesirable 

repercussions. CYP3A4 activity inhibition by the hepatoprotectant will be highly 

unfavourable, as it will affect the metabolism of too many other xenobiotics. Based on 

this, the efficacy of test samples was tested against each of the three enzymes to see 

how their enzyme activity is affected.  
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6.3.5.1. β-D-glucuronidase inhibition 

 

The β-D-glucuronidase enzyme is encoded by the GUSB gene. It is reported to exist 

as a 332 kDa homotetramer and is located in the lysosomes of liver cells and in the 

gastrointestinal tract (GIT) (Figure 6.7) (Sigma-Aldrich, 2018a). The glucouronidation 

reaction, where glucuronic acid is conjugated by UDP-glucuronosyl transferases 

(UGT), is important as it leads to the formation of harmless glucuronidated derivatives 

(glucuronides) and is thus, responsible for the inactivation and detoxification of drugs, 

hormones and neurotransmitters and thus controls the metabolic fate of xenobiotics. 

Therefore, the product of the enzyme can be partly excreted through bile into the 

digestive lumen of the GIT (Fishman & Boston, 2009).  

The β-D-glucuronidase enzyme catalyses the hydrolysis of β-D-glucuronic acid 

residues from the non-reducing end of glycosaminoglycans of glucuronides (Fishman 

& Boston, 2009; DeWeerdt, 2018). When there is prolonged drug or xenobiotic usage, 

glucuronides can accumulate to toxic levels and β-D-glucuronidase is necessary to 

counteract the toxicity. In the GIT, glucuronated compounds can be excreted, however 

β-D-glucuronidase can cause their deglucuronation, leading to their reabsorption and 

contributing to their bioavailability. In this case, β-D-glucuronidase inhibition is required 

for more excretion and less re-absorption, to lower the circulating levels of the 

compound (Sigma-Aldrick, 2018a; DeWeerdt, 2018).  

 

 

 

 

 

 

Figure 6.7: Principle of β-D-glucuronidase catalysis reaction. The reaction of β-D-glucuronidase catalysing the 
removal of glucuronic acid from β-D-glucuronisdes and rendering them less polar (Sigma Aldrich, 2018a). 
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Due to the role of β-D-glucuronidase in increasing the bioavailability of certain drugs 

on the one hand, and preventing the toxic build-up of glucuronides on the other hand, 

altering its activity may be beneficial or harmful depending on the drug that is being 

metabolised. Therefore, it is important to ensure a balanced level of β-D-glucuronidase 

in the body, where its concentration is enough to allow for conjugation and the 

absorption of desirable molecules, while remaining low enough to avoid uncontrollable 

deconjugation and subsequent reabsorption of toxins (Fishman & Boston, 2009). 

Figure 6.8 showed that the positive control (silymarin) inhibited the β-D-glucuronidase 

reaction successfully. Kim et al., (1994) and Wen et al., (2008), supported this finding 

stating that silymarin and its flavonolignans (specifically, silybin) are potent inhibitors 

of β-D-glucuronidase activity.  Similarly, aqueous C. intermedia and G. lucidum (at its 

highest concentrations 50 and 100 µg/mL) and ethanolic L. elegans (at all 

concentrations 25, 50 and 100 g/mL) also significantly decreased β-D-glucuronidase 

activity, posing them as a potentially new treatment to prevent the uncontrollable 

deconjugation and subsequent reabsorption of hepatotoxins.  

Dong-Hyun et al., (1999) and Liu et al., (2002), indicate that ether fractions of G. 

lucidum are potent inhibitors of β-D-glucuronidase, providing hepatoprotective effects 

against CCl4-induced liver injury. However, there no evidence was found regarding 

aqueous G. lucidum or C. intermedia’s efficacy as enzyme inhibitors. Similarly, there 

is no literature supporting ethanolic L. elegans as a potent inhibitor of β-D-

glucuronidase activity. Therefore, their significant inhibitory effects observed in Figure 

6.8, pose these three extracts as potentially new β-D-glucuronidase inhibitors.  
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Figure 6.8: β-D-glucuronidase inhibition. The effects of extracts and control silymarin β-D-glucuronidase activity. 

Error bars indicate SD of four replicate values from three independent experiments. Statistical significance was 
determined by the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was deemed significant relative to 
the untreated control. 

 

6.3.4.2. Carboxylesterase inhibition 

 

Carboxylesterase is a well-known liver enzyme that is encoded by the CES1 gene 

(Figure 6.9). This liver enzyme is part of the phase 1 of drug metabolism and well 

known for its role in the hydrolysis of ester- and amide- bonds that are commonly found 

in xenobiotics, such as cocaine and heroin, as well as in long chain fatty acid esters 

or thioesters (Sigma Aldrich, 2018b). CES1 functioning produces carboxylates that 

can be conjugated during Phase 2 to form more hydrophilic and inactive molecules. 

Therefore, CES1 inhibitors modulate drug actions by either enhancing efficacy of 

compounds that are inactivated by this class of enzymes, increasing molecular half-

lives or simply decreasing the toxicity of agents that are activated by these enzymes 

(Hatfield & Potter, 2011; Zou et al., 2018).  
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As with β-D-glucuronidase, the over-expression of hepatic CES1 can cause hepatic 

triglyceride levels to fluctuate and promote fatty acid oxidation, and the loss of hepatic 

CES1 can cause hepatic steatosis by increasing sterol regulatory-element binding 

protein processes as well as lipogenesis (Xu, 2016). In addition to this, a lack of CES1 

causes increased hepatic acetaldehyde levels, ROS and lipid peroxidation levels, 

proposing that CES1 plays an active and protective role against alcoholic liver disease. 

The effect that these enzymes play on drug stability and pharmacokinetics is seldom 

considered prior to molecule development. 

Thus, the use of selective inhibitors on this class of enzymes, when they are over-

expressed may provide a means of protection from metabolic diseases while its 

modulation may assist in drug metabolism, distribution and toxicity of agents that are 

presented to the enzyme for hydrolysis (Hatfield & Potter, 2011). The CES1 isoform c 

human used in this study was expressed in baculovirus infected BTI insect cells. This 

assay was conducted as a kinetic assay and as a result, the percentage maximum 

velocity (Vmax) was calculated as shown in section 6.2.5.2.   

Figure 10 indicated that the positive control BNPP significantly and effectively reduced 

the Vmax of carboxylesterase 1, enforcing that it is a more than adequate control for 

carboxylesterase inhibition (Heymann & Krisch., 1997; Napon et al., 2018). The other 

two positive controls, silymarin and EGCG displayed significantly reduced Vmax values 

too. While there was little evidence from literature to support silymarin’s activity, Jian 

et al., (2012) proposed that carboxylesterases can hydrolyze the esters present within 

EGCG. However, there was no published literature on the decreased Vmax effects of 

these two controls, presenting them as novel positive controls for the CES1 assay.  

Figure 6.9: Structure of carboxylesterase isoform 1 c. (by PyMOL rendering of PDB 1, 2009) 



 

103 
 

Similarly, ethanolic P. ostreatus, R. capensis and L. elegans significantly decreased 

enzyme activity. Given that there is no published literature on the effects of these 

particular test samples on CES1 activity, it posed them as novel CES1 inhibitors too. 

While there is no literature confirming that any of these test samples enhance CES1 

activity, Bencharit et al., 2006, reported that CES1 has three ligand-binding sites (an 

active site, a side door and a Z-site), where the Z-site plays a role in the allosteric 

activation of CES1 catalysis. This could explain the observed increased CES1 activity 

by aqueous R. capensis and L. elegans and proposed them as allosteric activators of 

CES1 activity. However, their increased CES1 activity were relatively small, with only 

some that were significant. Therefore, the observed increased may be have been as 

a consequence of interference by the extracts, rather than allosteric activation.  

 

 

Figure 6.10: Carboxylesterase inhibition. The effects of extracts and positive controls (silymarin and EGCG) on 

CES1 activity. Error bars indicate SD of four replicate values from three independent experiments. Statistical 
significance was determined by the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was deemed 
significant relative to the untreated control. 
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6.3.5.3. Cytochrome P450 isoform 3A4 inhibition 

 

The CYP450 family of enzymes are responsible for a number of important reactions 

in the body as described in section 2.1.4 (Guengerich, 2008). Most pharmacokinetic 

drug interactions, encompass drug metabolizing CYP450 enzymes, in particular the 

CYP450 isoform 3A4 (CYP3A4) that specifically oxidises small xenobiotics like toxins 

or drugs, so that they can be safely removed from the body (Lynch & Price, 2007). In 

many cases, the inhibition of this enzyme can lead to an undesired accumulation of a 

compounds, affecting drug pharmacokinetics or pharmacodynamics (Choi et al., 

2009). Therefore, the control of CYP3A4 is important, where CYP3A4 activity should 

not be inhibited to avoid the accumulation of xenobiotics and prevent the metabolism 

of other drugs that use this pathway. Figure 11 is a graphical representation of the 

enzyme. 

 

 

 

 

 

 

 

The screening kit provided a non-cell based assay to assess the impact of the extracts 

on the cytochrome activity. Silymarin’s components (silybin) have been reported to 

inhibit a variety of CYP450 isozymes, including CYP3A4, (Van Erp et al., 2005). Thus, 

the inhibition by silymarin observed in Figure 6.9b was expected. However, while 

silymarin is a known hepatoprotectant the observed CPY3A4 inhibition at its high 

concentrations could suggest that at high concentrations silymarin can be harmful and 

no longer hepatoprotective. This is in accordance with the increased slight cytotoxicity 

and ROS observed at silymarin’s higher concentrations in chapter 5, section 5.3.1. 

and chapter 6, section 6.3.3., respectively.   

  

Figure 6.11: Structure of cytochrome P450 isform 3A4. (Sevrioukova, 2018) 
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Figure 12 also indicated that C. intermedia, aqueous P. ostreatus, and R. capensis, 

displayed significantly increased CYP3A4 activity and this was suggested to be as a 

consequence of extract interference. Ethanolic L. elegans and silymarin significantly 

decreased CYP3A4 activity. Thus, only one extract was recognised as a new potent 

inhibitor of CYP3A4, while the remaining extracts had not negatively affected CYP3A 

activity, indicating that they would not inhibit this important drug metabolizing enzyme. 

 

 

 
Figure 12: CYP450 isoform 3A4 inhibition. The effects of extracts and positive control (silymarin) on CYP3A4 

activity. Error bars indicate SD of four replicate values from three independent experiments. Statistical significance 
was determined by the two-tailed student’s t-test, where p < 0.05 (*) and < 0.005 (#) was deemed significant relative 
to the untreated control. 
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6.3.5. Genotoxicity 

 

Genotoxicity determination was conducted using the fluorescent microscope’s 

MetaXpress® software in combination with the nuclear stain, NucRed™ Live 647 as 

described in chapter 3, section 3.3.4. This in vitro genotoxicity assay easily discerned 

between mono-, bi-, multi- and micro- nuclei, where the increased formation of 

micronuclei indicated chromosomal damage and thus, genotoxicity. As stated in 

3.1.2.2., Vero cells were used owing to their non-tumorigenic nature and their ability 

to grow as a monolayer and consequently observe the different types of nuclei more 

easily than using a cell line (such as HepG2 cells) that grow can clump and grow in 

clusters, which can make the differentiation of different types of nuclei more difficult.  

 

Only extracts that significantly reduced ROS, increased ΔΨm or presented enzyme 

inhibition were screened for genotoxicity. Figure 6.10 indicated that silymarin only 

increased micronuclei formation at its lowest concentration (25 µM), and reduced 

micronuclei formation at its higher concentrations around the untreated control levels. 

While the reduction was not significant, Borges et al., 2016 showed using the Ames 

test and a bone marrow micronucleus test that silymarin and its constituent silibin are 

anti-mutagenic, anti-genotoxic and anti-cytotoxic. 

C. intermedia significantly increased micronuclei formation at 25 and 50 µM and began 

reducing micronuclei formation to basal levels. In a comparative study on the anti-

mutagenic properties of different South Africa herbal teas by van der Merwe et al., 

2006, unfermented C. intermedia had offered the least anti-mutagenic effects against 

the aflatoxin B(1) mutagen in the Salmonella mutagenicity assay relative to Aspalathus 

linearis (fermented and unfermented rooibos) and Camellia sinensis (black oolong and 

green) teas, while fermented extracts had resulted in increased anti-mutagenic activity 

of A. linearis and C. sinensis teas, while the anti-mutagenic activity of C. intermedia 

decreased with fermentation, ultimately supporting the results displayed in Figure 

6.13.  
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Aqueous G. lucidum demonstrated reduced micronuclei formation at all 

concentrations tested. Published literature by Gurovic et al., 2018 indicate that 

aqueuos G. lucidum extracts display weak DNA damaging potential; correlating with 

the anti-mutagenicity observed in Figure 6.13. Ethanolic L. elegans presented the 

highest enzyme inhibitory effects, where the inhibition by β-glucoronidase may be the 

only favourable inhibition and CES1 and CYP3A4 inhibition was not favourable due to 

its possible interference with the metabolism of other drugs or xenobiotics. However, 

Figure 12 displayed a dose dependent increase in chromosomal damage at 50 and 

100 µM, ultimately suggesting that ethanolic L. elegans has a pro-mutagenic nature. 

However, Dávila Giraldo et al. (2018) states that L. elegans does not cause genetic 

changes that are usually associated with micronuclei. Therefore, further investigation 

is required to better assess and understand the genotoxic effects of L. elegans. 

 

 

 
Figure 6.13: Genotoxicity. The effects of aqueous C. intermedia and G. lucidum, ethanolic L. elegans extracts 

and positive control silymarin after 24 hours of exposure on Vero cells. NucRed™ Live 647 staining was used and 
percentage micronucleated cells relative to the untreated control. Error bars indicate SD of four replicate values 
from three independent experiments. Statistical significance was determined by the two-tailed student’s t-test, 
where p < 0.05 (*) and < 0.005 (#) was deemed significant relative to the untreated control. 
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6.3.6. Hepatoprotection model summary 

 

Chemical-based assays are well established and commonly used to evaluate the 

potential of a sample to inhibit the oxidative effects presented by target molecules or 

metabolic processes (López-Alarcón & Denicola, 2013). The chemical-based assays 

performed, provided a convenient and efficient means of screening the extracts and 

controls used in the study. While, chemical-based anti-oxidant assays are useful and 

present some advantages; they do not always correctly mimic interactions between 

extracts and liver cells, as the reaction is conducted in a cell-free system (Alam, 2013). 

Therefore, in order to evaluate their anti-oxidant capacities better, a combination of 

cell- (ROS, ΔΨm, CAPe) and chemical- based (ORAC, DPPH, NO, FRAP) assay were 

used. The effects of extracts on the activity of three drug metabolising enzymes were 

evaluated too. For ease of interpretation and for comparison, all the results (except for 

enzyme activity) are summarised in Table 6.1. 

Silymarin 

Silymarin is a mixture of primarily three flavonolignans, i.e., silybin, silidianin, and 

silychristine, with silybin being the most active constituent (Dixit et al., 2007). As stated 

throughout the study, silymarin contains structural components, such as silybin, with 

documented hepatoprotective properties. Experimental data from in vivo testing has 

showed that pre-treatment with silibinin prevents or mitigates DILI or hepatic injury by 

hepatoxins (such as ethanol, galactosamine, phalloidin, and CCl4) (Ferenci, 2016). 

Thus, pre-treatment with silymarin was perfromed to see whether it too could offer 

prevention against menadione-induced liver injury. Although silymarin and its 

constituents offer hepatoprotective effects, their mechanisms of actions are not fully 

understood. However, literature presumed them to act via four possible ways:  

 as antioxidants, scavengers and regulators of the intracellular content of GSH; 

 as cell membrane stabilisers and permeability regulators, which circumvent 

hepatotoxins from entering hepatocytes; 

 as promoters of ribosomal RNA synthesis, stimulating liver regeneration; 

 and as inhibitors of the transformation of stellate hepatocytes into 

myofibroblasts (which is the process that is responsible for the deposition of 

collagen fibres that leads to cirrhosis). 

(Fraschini et al., 2002; Ferenci, 2016) 
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Each proposed mechanism of action is plausible, however the main mechanism that 

permits hepatoprotection appears to be free radical scavenging. Based on this, 

silymarin was deemed as an appropriate positive control for the hepatoprotection 

screening platform. Table 6.1 highlights silymarin’s non-cytotoxic and non-genotoxic 

properties, along with its high scavenging activity. In addition to these findings, 

silymarin had no effect on reducing menadione-induced ROS, however it had resulted 

in increased TMRE fluorescence intensity. However, no evidence was found to 

support these findings. Thus, its hepatoprotective effects against menadione 

specifically must be further investigated. 

Aqueous plant extracts 

All aqueous plant extracts were non-cytotoxic and presented a degree of scavenging 

abilities, where the best scavenging and reducing ability was presented by aqueous 

C. intermedia.  

The leaves of C. intermedia are commonly used to make herbal teas and are one of 

the few indigenous South African plants that have made the transition from the wild 

into a commercial product. It is known to possess a number of polyphenols and anti-

oxidants, with no caffeine or tannins, and for this reason is said to offer a number of 

restorative health properties (Joubert et al., 2008). Based on Cyclopia species’ high 

flavonoid content and acclaimed anti-oxidant activity, the extract was included in the 

study.  

Table 6.1 showed that aqueous C. intermedia was both non-cytotoxic and non-

genotoxic. Furthermore, it affirmed that the extract offers high in vitro anti-oxidant 

activity. An in vitro bioavailability CAPe assay was implemented and indicated C. 

intermedia’s anti-oxidants are bioavailable to living cells. This is a noteworthy and new 

outcome, as it aligns with one of the main pharmacokinetic properties of drugs, which 

requires natural products to be able to effectively reach systemic circulation.  
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Similar to C. intermedia, K. africana and O. ficus indica are long used as traditional 

remedies for the treatment of minor ailments, and each possess constituents with 

known scavenging, anti-oxidant and anti-inflammatory properties. However, in Table 

6.1, the two latter plant extracts were surmised as weaker free radical scavengers.  

Despite their weak scavenging and reducing abilities relative to the C. intermedia 

extract, pre-treatment of all three plant extracts decreased menadione-induced ROS, 

presenting them all as new mediators of menadione-induced oxidative stress. In 

addition to this, each plant extract increased TMRE fluorescence intensity in the ΔΨm. 

As previously mentioned in section 6.3.3, the ΔΨm is established through oxidative 

phosphorylation, which is carried out by the respiratory chain complexes that are found 

within the inner mitochondrial membrane. Changes in ΔΨm affect the functioning of 

mitochondria with regards to energy metabolism and other intracellular processes, 

such as ion homeostasis (Russman et al., 2009; Perry et al., 2011). A decrease in 

ΔΨm may be indicative of elevated ATP production or thermogenesis, or even due to 

mitochondrial dysfunction, while an increase in ΔΨm may be demonstrative of 

diminished ATP synthesis or an upregulation of proton pumping, which in turn provides 

the cell with an increased potential to produce ATP.  Fluctuations in ΔΨm can therefore 

be interpreted more accurately if considered in conjunction with other related 

parameters. 

The aqueous plant extracts decrease in ROS production observe in the presence of 

aqueous plant extracts and menadione can be used to explain the increased ΔΨm, 

relative to the menadione control. With a decrease in ROS levels, electron flow through 

the electron transport chain becomes more efficient and promotes β-oxidation 

(Russman et al., 2009). As a consequence, active mitochondria become more 

negatively charged and sequester more TMRE probes (causing the observed 

increased fluorescence intensity for aqueous plant extracts). These findings surmised 

that all three plant extracts hold potential to counteract menadione-induced oxidative 

stress and restore depolarized ΔΨm by decreasing ROS formation.   
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Aqueous and ethanolic macrofungal extracts 

All aqueous and ethanolic macrofungal extracts were non-cytotoxic, except for 

ethanolic G. lucidum that displayed cell viability below 50% at 100 µg/mL. In addition 

to this, all aqueous and ethanolic macrofungal extracts displayed poor scavenging and 

reducing abilities, except for aqueous G. lucidum, which presented the second highest 

scavenging and reducing abilities (after the aqueous C. intermedia extract). 

The oriental fungus, G. lucidum, is widely used for health and longevity, owing to its 

acclaimed anti-oxidant and geno-protective (or anti-mutagenic) properties (Wachtel-

Galor et al., 2005). Table 6.1 confirmed that aqueous G. lucidum extract was non-

cytotoxic and non-genotoxic, however it also highlighted that while aqueous G. 

lucidum extract had scored high for anti-oxidant activity, it scored low in the CAPe 

assessment. This suggested that while it offered anti-oxidants, there was poor uptake 

of these anti-oxidants in the in vitro model. Given that there is limited research on the 

bioavailability of this particular macronfungal extract, the results reflected from the 

CAPe assay, served as a valuable stepping stone into the future assessment of G. 

lucidum’s bioavailability. Despite the low cellular uptake of anti-oxidants, it was 

interesting to see that the extract, in the presence of menadione, was able to restore 

the mitochondrial membrane potential to the level of untreated cells. This suggests a 

mechanism independent of its anti-oxidant activity. 

P. ostreatus’ nutritional composition and presence of active ingredients have been 

used to explain its reported anti-cancer, anti-microbial, anti-hypercholesterolemic, 

anti-hypertensive, anti-diabetic, hepatoprotective and anti-oxidant activities (Khan & 

Tania, 2012). Thus, its high nutritional value and reported therapeutic effects, 

especially regarding the liver, made it an extract worth screening. However, despite P. 

ostreatus’ reported health benefits, Table 6.1 indicated that both aqueous and 

ethanolic P. ostreatus extracts scored low for free radical scavenging and reducing 

abilities. Similarly, aqueous and ethanolic extracts of R. capensis and L. elegans also 

presented poor scavenging and reducing activity. No literature was found to support 

R. capensis and L. elegans’ findings, as the effects of both macrofungi have not been 

extensively studied. However, their lack of research and potential to provide novel 

outcomes, made them ideal for the study.  
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However, despite the poor scavenging effects by all aqueous and macrofungal 

extracts, when reviewing ROS production and ΔΨm, pre-treatment of all four aqueous 

macrofungal extracts failed to offset the menadione-induced oxidative stress, but 

significantly increased the TMRE fluorescence intensity (suggesting an upregulation 

of proton pumping or ΔΨm hyperpolarization). Conversely, pre-treatment of all four 

ethanolic macrofungal extracts decreased menadione-induced oxidative stress, and 

considerably increased TMRE fluorescence intensity (suggesting mediation against 

menadione-induced ΔΨm polarization as observed with the plant extracts). 

Overall, aqueous G. lucidum extract’s free radical scavenging effects, suggested high 

in vitro anti-oxidant activity and indicated it as a potential restorative treatment for 

ROS. Aqueous C. intermedia extract’s high scavenging, low bioavailability, in 

combination with its ability to decrease ROS and restore ΔΨm, indicated that it may 

possess a mechanism independent of its anti-oxidant activity. Similarly, ethanolic 

macrofungal extracts’ (P. ostreatus and R. capensis) ability to ameliorate ROS and 

restore ΔΨm in the presesnce of menadione, presented them as strong therapeutic 

strategies against menadione-induced toxicity. 
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Table 6.1: The hepatoprotective potential of selected natural products used in the study. Scoring was only conducted on extracts and control at its highest concentration 

(100 µg/mL extract or 100 µM positive control). Scoring was determined from Table C (Appendix III). 

Natural Product Non-
cytotoxic 

DPPH NO ORAC CAPe FRAP 
activity 

↓ Oxidative stress ↑ ΔΨm Non- 
genotoxic 

no 
menadione 

with 
menadione 

no 
menadione 

with 
menadione 

 

Aq plant extracts (µg/mL) 

C. intermedia ++ ++++ +++ ++++ +++ +++ - + - ++ + 

K. africana + + + + + + - + +++ +++ n/a 

O. ficus indica +++ + + + ++ - - + +++ ++++ n/a 

Aq macrofungal extracts (µg/mL) 

G. lucidum + +++ ++ +++ ++ ++ - - - ++ + 

P. ostreatus + + + + + - - - - ++ n/a 

R. capensis + + + + + - - - - ++ n/a 

L. elegans + + - + - - - - - ++ n/a 

EtOH macrofungal extracts (µg/mL) 

G. lucidum1 - n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a 

P. ostreatus + + + + + - ++ ++ ++ ++ n/a 

R. capensis + + - + - - ++ + +++ +++ n/a 

L. elegans + + - + + - ++ ++ +++ ++++ - 

Positive control (µM) 

Silymarin + ++++ +++ ++++ ++++ +++ - - ++ + + 

- No activity 

+ Poor activity 

++ Medium activity 

+++ Strong activity 

++++ Very strong activity 
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Drug metabolism 

It is important to have insight into the metabolic effects of a hepatoprotectant so that 

an appropriate hepatoprotectant can be selected based on the mechanism through 

which the hepatotoxin (against which the liver has to be protected) is metabolised.  

Therefore, it is proposed that if the hepatotoxin is detoxified by enzyme X then the 

hepatoprotectant must not inhibit enzyme X.  Moreover, if enzyme Y converts the drug 

into a hepatotoxin, then the hapatoprotectant should ideally inhibit enzyme Y, to avoid 

the accumulation of toxic by-products. Therefore, determining whether extracts 

presenting any enzyme inhibition is desirable or not, depends on the type of drug or 

dietary supplement being used by the patient. 

Silymarin 

The activity of all three enzymes were inhibited by the positive control, silymarin. Kim 

et al., (1994) and Wen et al., (2008) attributed silymarin’s potent inhibitory effects to 

its flavolignan constituents. While silymarin presented anti-oxidant activity, its 

inhibitory effects on CES1 and CYP3A4 activity may potentially interfere with the 

metabolism of other drugs that a patient may use. Therefore, based on it presenting 

hepatoprotective effects, but possibly interfering with drug metabolism, it would be 

interesting to further assess silymarin’s mechanism of action as a strategy against 

menadione and thus, DILI. 

Aqueous plant extracts 

The C. intermedia extract at 50 and 100 µg/mL had displayed significant inhibitory 

effects of about 20% for the β-D-glucuronidase assay and slightly lower inhibition at 

25 µg/ml, which is a more realistic concentration when considering in vivo conditions. 

Although the inhibition seemed low, it correlates with the concept indicated by Fishman 

& Bosman, 2008, where activity should be low enough to avoid uncontrollable 

deconjugation and subsequent reabsorption of toxins. Thus, presenting yet another 

noteworthy outcome by C. intermedia. In contrast, C. intermedia had not demonstrated 

inhibitory effects against CES1 and CYP3A4 activity, however this outcome was 

favoured as it suggested that the extract would not negatively affect drug metabolism 

via those enzymes.  
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O. ficus indica and K. africana had not significantly affected any of the enzyme 

activities, suggesting that they would not result in undesirable enzyme activity. 

Aqueous macrofungal extracts 

All aqueous macrofungal extracts had not presented an increase or decrease in the 

enzyme activity of the β-D-glucuronidase or CES1 enzyme assays. However, an 

increase in enzyme activity was observed in the CYP3A4 enzyme assay, and the 

increase was said to be as result of extract interference as there was no evidence 

declaring that allosteric activation by these extracts were possible. Considering that 

the aqueous G. lucidum extract presented high anti-oxidant activity, prevention of 

menadione-induced ROS and reduction in ΔΨm, slight, but significant anti-mutagenic 

effects and no inhibition of the drug metabolising of enzymes used in the study, 

presents aqueous G. lucidum as a potential hepatoprotectant.  

Ethanolic macrofungal extracts 

Ethanolic L. elegans (and positive control, silymarin) had displayed the highest overall 

inhibitory effects, as they potently inhibited all three of the enzymes’ activities. While 

inhibition may under certain conditions be beneficial, this seemingly non-specific 

inhibition by ethanolic L. elegans extract could detrimentally affect drug metabolism. 

In addition to this, the ethanolic L. elegans extract induced micronuclei formation at its 

highest concentrations, suggesting genotoxic effects. Therefore, despite L. elegans’s 

strong ROS inhibition and protection against ΔΨm depolarization, it could not be 

proposed as a therapeutic strategy against DILI due to its observed possible 

interference in drug metabolism and genotoxicity. Ethanolic R. capensis had resulted 

in small, but significant inhibitory effects at its highest tested concentration. This in 

addition with its significant protection against ROS formation and ΔΨm depolarization, 

proposes ethanolic R. capensis as a possible therapeutic strategy against DILI when 

undesired or uncontrollable enzyme activity occurs. Conversely, ethanolic P. ostreatus 

extract showed similar hepatoprotective properties as R. capensis while it had not 

displayed a significant increase or decrease in any of the enzyme assays, suggesting 

that it does not cause undesired enzyme activity or have a marked effect on drug 

metabolism.  
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Chapter 7: Concluding remarks 

 

The main focus of the study was to develop and characterise a hepatoprotection 

screening platform to investigate the potential anti-oxidant properties of selected 

natural products from South Africa, using an in vitro HepG2 cell culture model 

representative of drug-induced liver injury (DILI) and the prevention of DILI.   

To increase longevity there is a rise in the want and need for dietary supplements. 

However, sometimes these dietary supplements are the leading cause of liver 

problems, such as DILI as described in chapter 2. Liver diseases can be exacerbated 

by unhealthy lifestyles and the excessive intake of alcohol and drugs (Jaeschke et al., 

2002; Church et al., 2018). Therefore, it is important to limit continued exposure to 

hepatotoxins and partake in a healthy lifestyle if recovery is desired.  

Natural products are commonly studied and are reported to have an array of health 

benefits. While there have been studies conducted on many plants from South Africa, 

there has not been recent hepatoprotective studies conducted on them or macrofungi 

from South Africa. Studies conducted in other parts of the world highlight plants and 

macrofungi to possess a variety of secondary metabolites that could pave the way to 

find new lead compounds with great medicinal value. The low percentage of research 

conducted on South African macrofungal species and the high propensity of plants 

and macrofungi possessing medicinal value made them appropriate for this study 

investigating DILI and hepatoprotection. 

The rise in population and diseases, along with unaffordable treatments, inadequate 

supply of drugs, drug resistance and side effects to a number of several synthetic 

drugs, have led to an increased emphasis on the use of plant materials as a source of 

therapeutics (Kim, 2005; Adkinson et al., 2018). Thus, the blind dependence on 

synthetic therapeutics is slowly ending, causing an increased desire to using natural 

alternatives with the hopes of safety and efficacy. However, the newfound reliance on 

natural alternatives comes with its own set of risks.   
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The present study employed a two-phased approach to investigate whether 

menadione was a suitable hepatotoxin (chapter 4) and if the selected plant and 

macrofungal extracts possessed hepatoprotective capacities (chapters 5 and 6). It 

also aimed to provide a cost effective means of screening natural products for 

medicinal value so that individuals are able to have increased quality of life despite 

varying economic backgrounds, ultimately helping find a therapeutic strategy to reduce 

the incidence of liver toxicity. 

Four parameters (oxidative stress, cytolysis, mitochondrial membrane permeability 

and hepatotoxin-induced cell death) were used to validate the hepatotoxicity model. 

While there are several other parameters that could have been included, these were 

sufficient, as they had demonstrated in chapter 4 that menadione exposure causes 

increased levels of oxidative stress, collapses ΔΨm and induces cell death. It was 

suspected that the menadione-induced cytotoxicity was most likely as a result of 

necroptotic mechanisms. All in all, the investigation had only highlighted a small 

number of key elements in menadione-induced hepatotoxicity, thus there is still much 

to be learned about the role and mechanism of action concerning both menadione and 

the plant extracts at hand. Therefore, chapter 3 highlighted that elevated exposure to 

known vitamins or dietary supplements induces toxic effects to the liver and thus, the 

use of it must be controlled to avoid health problems. 

While many natural alternatives have medicinal benefits, they cannot always be 

assumed as ‘safe and better’ simply because they are natural (Gertsch, 2009; Stickel 

& Shouval, 2015). Instead, many of the phytochemicals can present toxicity and can 

prove to be just as harmful as the synthetic compounds currently posing problems to 

clinical and pharmaceutical industries. Therefore, highlighting the importance of 

conducting high content analysis (HCA) screening platforms, such as the platform 

used in this study. This was enforced by the positive control, silymarin used in the 

study; while silymarin is a known hepatoprotectant, it too begins to show cytotoxic 

effects at levels around 100 µM in chapter 5, stressing that too much of anything can 

lead to undesirable health effects. Chapter 5 and 6 also successfully screened and 

evaluated natural alternatives, eliminating ethanolic G. lucidum from the platform and 

presenting four extracts (aqueuous C. intermedia, aqueuous G. lucidum, ethanolic R. 

capensis and ethanolic L. elegans) for further evaluation before deeming it as a novel 

and safe natural product. 
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Therefore, proper screening and evaluation of natural alternatives is imperative before 

being implemented in a new drug design.  Cell-based in vitro assays are considered 

as great starting points; however, they are not fully representative of a living system. 

Therefore, subsequent confirmatory in vivo or clinical trials must be implemented so 

that adverse consequences, such as hepatotoxicity, are ruled out. Overall, this study 

can be viewed as the first step in the long process of evaluating the therapeutic value 

of natural products from South Africa. 
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Impact of study  

Based on the limited coverage of macrofungal research in African and South Africa 

and previous research presented for South African plants, this study presented novel 

findings and could potentially aid in making South Africa a forerunner in both 

macrofungi and hepatoprotection research. Some of the potentially novel outcomes 

include: 

 Aqueous C. intermedia demonstrated high levels of scavenging; suggested 

novel low bioavailability in the CAPe assay; and indicated slight, but significant 

inhibition for the β-D-glucuronidase assay, which may be therapeutic 

depending on the drug in use. 

 Aqueous G. lucidum presented novel β-D-glucuronidase inhibitory effects too. 

 Aqueous plant and ethanolic macrofungal extracts presented reduced 

menadione-induced ROS production, whilst concurrently increasing and 

ameliorating the effects presented by menadione-induced ΔΨm depolarization. 

This was a new discovery for both ethanolic P. ostreatus and R. capensis.  

 Aqueous P. ostreatus and R. capensis only demonstrated novel increased 

CES1 and CYP450 3A4 activity, while ethanolic P. ostreatus and R. capensis 

displayed novel inhibitory CES1 and CYP450 3A4 effects. 

 Ethanolic L. elegans displayed potent and novel inhibitory effects for β-D-

glucuronidase, carboxylesterase and CYP450 3A4 activity, and presented 

genotoxicity.  

The study provides knowledge to more than one field of study and thus, assists in the 

future development of herbal remedies and medical preparations as well as 

bioprospecting, simultaneously contributing and enriching both pharmaceutical and 

nutraceutical industries in South Africa. Moreover, owing to previous studies that have 

been conducted in China, Nigeria and so on, efforts to collaborate can be achieved 

through this study. This in turn, could present South Africa with new or related scientific 

opportunities, making South Africa as an ideal science destination and having a 

positive socio-economic impact on the country. 
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Shortcomings, considerations & prospective for future studies 

 

Time constraints had resulted in a few possible assays being excluded from the study 

that could have improved the predictive value of the in vitro hepatotoxicity model. For 

example, annexin-V/PI staining and caspase 8 antibody staining could have been 

used to completely rule out apoptosis as menadione’s mode of cell death. 

Furthermore, RIPK markers could have been included to differentiate between 

necrosis and necroptosis cell death modes.  

RAW 264.7 or human macrophage cell lines could have been included to observe anti-

inflammatory activity as means to address inflammation presented by DILI, and the 

viability dye Calcein AM (Molecular Devices) could have been included as an 

alternative to the Hoechst 33342- PI staining as it is a viability dye that is used to 

address gross compound toxicity in live cells, and is said to yield more accurate toxicity 

information than nuclear counts (Johnson & Spence, 2011). 

The hepatoprotection screening platform could have been expanded to include the 

measurement of enzymatic anti-oxidant systems that directly or sequentially remove 

ROS produced by the activity of enzymes such as superoxide dismutase, catalase, 

GSH reductase (GR). In addition to this, the platform could have included the 

assessment of GSH/GSSG levels, along with the ability of the extracts to affect the 

glutathione-s-transferase enzyme by using the ThiolTracker Kit (ThermoScientific). 

(Ramen, 2015). Finally, the activities of clinical biomarkers such as alanine 

aminotransferase, aspartate aminotransferase, superoxide dismutase and 

malondialdehyde could have also been included to further assess drug metabolism.  

Future studies could also include a purification experiment, where crude macrofungal 

and plant extracts could be purified to isolate the bioactive compounds of selected 

natural products stated in chapter 5, provided that they are novel and not commercially 

available. Thereafter, the isolated bioactive compounds could be analysed to observe 

whether they are the true source that offers increased levels of anti-oxidant or anti-

inflammatory activities. The type of bioactive compounds or phytochemicals, their 

ratios, along with their chemistry could also be determined.  
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It would further be of interest to generate a comparison between a surrogate GSH 

depletion model (a non-specific model such as menadione) and other known 

hepatotoxic drug metabolites (such as N-acetyl-p-benzoquinone-imine or carbon 

tetrachloride). Other molecules and pathways could be targeted for therapeutic 

intervention by specifically targeting compounds to liver as a therapeutic strategy, 

finding novel combination therapies and potentially isolating novel active compounds. 

Finally, the experimental approach used in this study does not have to be restricted to 

a single disease or disorder such as hepatotoxicity. Instead, the in vitro screening 

platform can be elevated to an in vivo model using zebra fish to address an array of 

human diseases and therapeutic targets as these screening systems are already in 

place (cancer, HIV, diabetes, inflammatory disorders, TB and neurodegenerative 

diseases).  
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Scientific outputs 

 

International conferences/ research visits 

 The 43rd Annual FEBS Congress, 2018, Prague, Czech Republic.  

Conference, poster presentation & attended seminars. 

Title: The hepatoprotective capacity of natural products from South Africa. 

Published in abstract in the FEBS Open Bio Journal, 8 (Suppl. S1) (2018), pp. 349-

350. ISSN: 2211-5463.   

 

 National Research Centre research visit, 2018, Cairo, Egypt 

Poster presentation 

Title: The hepatoprotective capacity of natural products from South Africa. 

 

Discussed possible future collaborations 

 ‘Carol Davila’ university of medicine and pharmacy, 2018, Bucharest, Romania.  

Mini conference & poster presentation 

 

National conferences 

 Annual Masters & Doctoral Research Day Conference, 2018, Nelson Mandela 

University (NMU), Port Elizabeth, SA. 

Poster presentation. 

The hepatoprotective capacity of natural products from South Africa. 

Published abstract in Annual Masters & Doctoral Research Day Nelson Mandela 

University booklet. 

 

 Annual Masters & Doctoral Research Day Conference, 2017, NMU, Port 

Elizabeth, SA. 

Poster presentation. 

The establishment of an in vitro hepatoprotection screening platform using 

macrofungal extracts. 

Published abstract in Annual Masters & Doctoral Research Day Nelson Mandela 

University booklet. 

 

Publications in progress: 

 Title: The inhibitory effects of Lenzites elegans on liver enzyme reactions. 

To be co-authored with other members of the Medicinal Plant and Natural 

Product Research Group (MNRG) at NMU. 

 

 Title: Enzyme inhibition and anti-oxidant activities of macrofungal species from 

South Africa. 
To be co-authored with other members of the MNRG at NMU. 
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Appendix I: Equipment list 

Table A lists the equipment used to acquire and analyse samples throughout the 

study. Equipment were listed according to their model and manufacturer. 

Table A: Equipment used in the study. 

Equipment Manufacturer Model  

Light microscope Carl Zeiss, Gottingen, 

Germany 

Axiovert 40C inverted 

microscope  

Automated cell 

counter 

Logos, Biosystems, Inc., 

Korea 

Luna™ automated cell 

counter 

Rotary vacuum Buchi, Switzerland R-210 rotary evaporator 

Freeze dryer SP Scientific, Gardiner, NY, 

USA 

VirTis sentry 2.0 freeze dryer 

Spectrophotometer BioTek, Winooski, VT, USA PowerWave XS 

spectrophotometer 

Fluorometer BioTek, Winooski, VT, USA Synergy HTX fluorescence 

spectrophotometer 

Fluorescence 

microscope 

Molecular Devices, USA ImageXpress Micro XLS 

Widefield High-Content 

Analysis System  
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Appendix II: Reagent list 

Table B lists the reagents used throughout the study that are referred to throughout 

the study. These reagents are listed according to the manufacturer.  

Table B: Reagents used in the study. 

Manufacturer Reagent  

Beckman Coulter  

(CA, USA) 

 Coulter® DNA Prep™ kit 

Hyclone™- GE Healthcare 

Life Sciences  

(Logan, Utah, USA) 

 Hyclone™ DMEM (High glucose, with L- 

glutamine and sodium pyruvate) 

 Hyclone™ Foetal Bovine Serum  

 Hyclone™ MEM/EBSS (with 2.0 mM L-

Glutamine 

Lonza  

(Walkersville, MD, USA) 

 BioWhittaker® Dulbecco’s phosphate 

buffered saline (DPBS) with Ca2+ and Mg2+ 

 BioWhittaker® Dulbecco’s phosphate 

buffered saline (DPBS) without Ca2+ and 

Mg2+ 

 Trypsin-EDTA 

Sigma Aldrich  

(St Louis, MO, USA) 

 2,2-Diphenyl-1-picrylhydrazyl (DPPH)  

 2,4,6- tripyridyl-s-triazine (TPTZ) 

 2',7' –dichlorofluorescin diacetate (DCF-DA) 

 3-(4,5-Dimethylthiazo-1-2-yl)-2,5-

Diphenyltetrazolium bromide (MTT) powder  

 4-Nitrophenyl β-D-glucuronide 

 6-hydroxy-2,5,7,8-tetramethylchroman-2-

carboxylic acid (Trolox) 

 α,α′-Azodiisobutyramidine dihydrochloride 

(AAPH)  

 β-glucuronidase enzyme 

 Aminoguanidine hemisulfate salt 

 Bis(4-nitrophenyl) phosphate (BNPP) 

 Bovine serum albumin (BSA) 

 Carboxylesterase 1 isoform c human 

 Ferric chloride 

 Griess’ reagent for nitrate 

 bisBenzimide H 33342 trihydrochloride 

(Hoechst 33342) 

 Menadione sodium bisulfate 

 NaOH 

 Penicillin/Streptomycin (P/S) 



 

III 
 

 Silymarin 

 Sodium fluorescein 

 Sodium nitroprusside 

 Trypan blue 

 Quercetin 

 Vitamin E (α-tocopherol) 

Molecular Probes®- Life 

Technologies- Thermo Fisher 

Scientific  

(Logan, Utah, USA) 

 CellROX® Orange 

 NucRed™ Live 647 

 Tetramethylrhodamine ethyl ester (TMRE) 

ThermoScientific- Thermo 

Fisher Scientific  

(Logan, Utah, USA) 

 Dimethyl sulfoxide (DMSO) 

 Pierce® Lactate Dehydrogenase (LDH) 

Cytotoxicity Assay Kit 

 Vivid CYP3A4 Red Screening Kit 

 

  



 

IV 
 

Appendix III: Additional data 

 

Figure A: FeSO4 standard curve. Error bars represent SD of four replicates from three independent experiments. 

 

 

Figure B: Trolox standard curve. Error bars represent SD of four replicates from three independent experiments. 
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Table C: Anti-oxidant scavenging summary. SD is representative of four independent experiments. Statistical significance indicated in bar graphs (chapter 6, section 6.3.1). 

 

DPPH NO ORAC CAPe 

% Scavenging 

Concentration (μg/mL extract or μM 
control) 25 50 100 25 50 100 25 50 100 25 50 100 

 Aq plant extracts 

            
 C. intermedia 62 ± 1 71 ± 0 71 ± 1 13 ± 2 15 ± 1 22 ± 1 79 ± 1 82 ± 2 84 ± 0 18 ± 1 31 ± 0 34 ± 3 

 K. africana 6 ± 3 6 ± 3 14 ± 6 -5 ± 2 4 ± 2 7 ± 4 0 ± 1 1 ± 1 8 ± 5 12 ± 5 18 ± 1 14 ± 6 

 O. ficus indica 1 ± 1 3 ± 3 7 ± 1 7 ± 3 4 ± 2 8 ± 3 3 ± 4 20 ± 10 49 ± 10 10 ± 2 4 ± 1 22 ± 1 

 Aq macrofungal extracts 

            
 G. lucidum 20 ± 2 27 ± 2 43 ± 4 8 ± 0 9 ± 0 10 ± 1 6 ± 2 12 ± 4 32 ± 8 7 ± 1 6 ± 4 11 ± 1 

 P. ostreatus 12 ± 6 5 ± 0 8 ± 4 -1 ± 1 1 ± 1 5 ± 1 1 ± 1 3 ± 3 8 ± 8 1 ± 1 0 ± 2 2 ± 3 

 R. capensis 5 ± 1 5 ± 3 12 ± 5 8 ± 4 5 ± 2 6 ± 2 0 ± 0 4 ± 2 13 ± 7 -1 ± 2 6 ± 3 -1 ± 2 

 L. elegans 1 ± 1 1 ± 1 1 ± 1 -11 ± 3 -2 ± 4 -2 ± 3 0 ± 1 5 ± 2 18 ± 5 -6 ± 3 2 ± 1 -11 ± 1 

 EtOH macrofungal extracts 

            
 P. ostreatus 0 ± 1 -1 ± 2 3 ± 3 9 ± 3 5 ± 1 6 ± 1 2 ± 1 6 ± 4 12 ± 4 -3 ± 7 3 ± 2 2 ± 1 

 R. capensis 0 ± 1 3 ± 2 7 ± 3 4 ± 2 0 ± 3 0 ± 4 12 ± 7 19 ± 9 26 ± 8 -6 ± 4 -7 ± 4 -8 ± 2 

 L. elegans 7 ± 4 5 ± 1 8 ± 2 -2 ± 0 -3 ± 2 0 ± 3 3 ± 0 8 ± 3 7 ± 1 -11 ± 8 2 ± 2 1 ± 5 

 Positive controls 

            
 Silymarin 27 ± 2 43 ± 2 53 ± 7 15 ± 2 17 ± 1 20 ± 1 77 ± 5 83 ± 6 81 ± 1 29 ± 4 44 ± 1 57 ± 3 

 Mangiferin 62 ± 6 71 ± 2 72 ± 1 

         
 AG 

   

13 ± 3 23 ± 1 41 ± 2 

      
 Quercetin 

      

79 ± 1 85 ± 1 86 ± 1 90 ± 1 94 ± 3 96 ± 3 
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Appendix IV: Ethics approval 

 

 




