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Abstract 

 
Background: Secondary metabolic products of fungi and mould are called mycotoxins, and they are 

usually hazardous to organisms. Patulin (PAT) is a mycotoxin most prevalent in apples and their 

products, such as juice and cider. PAT may threaten animal and human health by causing chronic 

effects including immunotoxicity, genotoxicity, teratogenicity, and carcinogenicity. Research 

demonstrates that PAT is hepatotoxic; however, its mechanism of action is unclear. The adrenergic 

receptors are altered during liver injury. The adrenergic receptors utilise the mitogen- activated 

protein kinases/extracellular signal-regulated kinase (MAPK/ERK) and phosphatidylinositol-3-

kinase/protein kinase B (PI3K/AKT) pathways. It is unclear if ARs are modulated by DNA 

methylation. DNA methylation is crucial for cell differentiation. Hence its dysregulation can lead to 

diseases such as cancer. 

Aim: To determine the effect of PAT on global DNA methylation and adrenergic receptor signalling 

in C57BL/6 mouse livers. 

Methods: In the livers of four C57BL/6 mice fed PAT (2.5 mg/kg BW) for 10 days:  

qPCR determined the mRNA expression of alpha and beta-adrenergic receptors, as well as 

MAPK, MAPK14, ERK1/2, PI3K and AKT, DNMT1, DNMT3A, DNMT3B and MBD2. Western 

blot determined the protein expression of P38, ERK1/2, PI3K, DNMT1, DNMT3A, and MBD2. The 

ELISA assay was used to determine global DNA methylation levels. 

Results: PAT significantly increased alpha-1A adrenergic receptor mRNA levels whilst decreasing 

alpha-2A, 2B, and all beta-adrenergic receptor expression, with beta-2 reduced significantly. PI3K’s 

decline was PAT-induced. PAT significantly increased AKT, MAPK, MAPK14, and ERK1 expression 

but significantly reduced ERK2 levels. PAT increased MBD2 and DNMT1 expression while 

significantly decreasing DNMT3A and 3B levels. PAT significantly increased and decreased the 

protein levels of P38 and ERK1/2 respectively. Additionally, a PAT- mediated increase in PI3K 

protein levels was observed. PAT significantly increased DNMT1 and increased DNMT3A and 

MBD2 expression. Significant global hypermethylation was PAT- induced. 
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Discussion/Conclusion: PAT significantly impacted alpha-1A and beta-2 adrenergic receptors which 

also utilise the MAPK/ERK/PI3K/AKT pathway. The dysregulation of these signalling cascades has 

been associated with altered expression of the adrenergic receptors. PAT-induced global 

hypermethylation. PAT disrupts adrenergic receptor signalling and modifies global DNA 

methylation, thus resulting in liver injury. 

Keywords: patulin, adrenergic receptors, MAPK/ERK/PI3K/AKT, global DNA methylation, 

hepatotoxicity. 
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Chapter 1: Introduction 

 
Fungal secondary metabolic products known as mycotoxins are toxic to organisms (Awuchi et al., 

2022a). Climate conditions, pest infestation, and improper harvesting and storage procedures are 

conducive to fungal contamination and mycotoxin production in food. The Food and Agriculture 

Organisation (FAO) reports that mycotoxin contamination affects almost 25% of agricultural products 

globally (World Health, 2011). When consumed at excessive doses, mycotoxins can lead to acute 

poisoning and even death (World Health, 2023). Due to their severe toxicity, mycotoxins have gained 

attention in the past decade (World Health, 2023). Mycotoxins of agricultural importance include 

fumonisins, aflatoxins, ochratoxins, and patulin (PAT) (Saleh and Goktepe, 2019). 

Aspergillus, Byssochlamys and Penicillium fungal species predominantly generate PAT (Torović et 

al., 2017). PAT (C7H6O4; 154.12 g/mol) is a water-soluble white powder that contains a polyketide 

lactone structure (Iqbal et al., 2018, Saleh and Goktepe, 2019). PAT has been detected across the globe 

(Saleh and Goktepe, 2019). The primary route of exposure to PAT is through ingestion of 

contaminated foods (Duncan et al., 2021). While PAT is found in fruits and vegetables, it is 

predominantly present in apples (Zhong et al., 2018). Penicillium expansum produces the hazardous 

mycotoxin PAT, which causes “blue mould” in damaged apples (Hammami et al., 2017). According 

to a study by Bissessur et al. PAT's electrophilic properties may allow it to attach to the solid part of 

apples (Bissessur et al., 2001). The chemical purification process cannot detect PAT once it’s bound 

(Saleh and Goktepe, 2019). PAT poses significant health concerns for humans and animals (Chu et 

al., 2021). PAT induces acute, and chronic toxicity (Torović et al., 2017). Acute symptoms encompass 

a range of conditions such as vomiting, ulcers, agitation, inflammation of the intestines, and 

convulsions (Iqbal et al., 2018). In rat models, subacute toxicity was characterised by weight loss, 

impaired kidney function, hindering numerous enzymes, and gastrointestinal disturbances defined by 

distension and bleeding. Chronic symptoms comprise genotoxic, carcinogenic, developmental, and 

organ-specific, toxic effects (Qiu et al., 2022). 

Adrenergic receptors (AR) are class A G protein-coupled receptors classified under the rhodopsin 

family, which regulate epinephrine and norepinephrine activity (Wu et al., 2021). The two types 
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of adrenoreceptors: alpha and beta are further classified into subtypes such as α1A- AR, α1B-AR, 

α1D-AR, α2A-AR, α2B-AR, α2C-AR, β1-AR, β2-AR, and β3-AR (Chen et al., 2020). The α-AR 

and β-AR serve crucial roles in the liver. The α1A and α2A-AR regulate inflammation in the Kupffer 

cells whilst α2B-AR regulates liver fibrosis (Huan et al., 2017, Schwinghammer et al., 2020). The β1 

governs hepatic norepinephrine-mediated pro-inflammatory response (Zapater et al., 2012). The β2-

AR promotes liver regeneration (Tao et al., 2022). The β3-AR expression increases significantly in 

human and rat cirrhosis liver (Trebicka et al., 2009). 

Upon its conformational activation, α1-AR engages with Gq/proteins and activates phospholipase C 

(PLC). PLC converts phosphatidylinositol 1, 2-biphosphate (PIP2) to inositol triphosphate (IP3) and 

diacylglycerol (DAG), which releases intracellular calcium (Ca2+). Smooth muscle contractions and 

protein kinase C (PKC) stimulated by DAG and Ca2+. PKC ensures proteins are phosphorylated and 

mediate the proper response. This comprises mitogen-activated protein kinase (MAPK), and 

phosphatidylinositide-3-kinase (PI3K) (Pillay et al., 2020). 

The α-ARs stimulate the MAPK/ERK and PI3K/AKT signalling cascades to trigger physiological 

effects (Mazibuko et al., 2024). Central to signalling networks, the MAPK/ERK cascade governs 

cell proliferation, development, and differentiation. Furthermore, this pathway modulates responses 

to stress (Guo et al., 2020). The PI3K/AKT signalling pathway influences cell growth, proliferation, 

metabolic processes and survival (Shamsan et al., 2024). This signalling cascade can reduce liver 

fibrosis (Shamsan et al., 2024). 

Epigenetics is defined as inheritable gene alterations that do not alter DNA sequence and result in 

phenotypic modifications (Li et al., 2023). Epigenetics regulates cellular growth and 

differentiation. DNA methylation is a well-studied epigenetic mechanism that regulates genes. This 

reaction is catalysed by DNA methyltransferases (DNMTs) 1, 3A and 3B (Li et al., 2023). DNA 

demethylation levels are modulated by MBD2 (Kumar et al., 2018b). Research has demonstrated that 

mycotoxins alter DNA methylation patterns leading to harmful consequences (Li et al., 2023). The 

carcinogenicity of mycotoxins can be attributed to altered DNA methylation (Li et al., 2023). 
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1.1. Problem statement 
Mycotoxin contamination is a worldwide concern that leads to various complications and 

unpleasant outcomes (Zheng et al., 2018). Moreover, mycotoxins have a significant economic impact on 

agriculture, resulting in annual financial losses worldwide (Pal et al., 2017). In Africa, food safety issues 

hinder food security, trading, and a healthy lifestyle. They contaminate food, feed and beverages. This 

affects the food chain and thus threatens human and animal health (Iqbal et al., 2024). Many disorders, 

particularly mycotoxicoses and mycoses, can result from mycotoxin ingestion, ultimately leading to 

mortality. PAT is prevalent globally (Saleh and Goktepe, 2019). The European Union (EU) set a 

maximum of 50 µg/kg of PAT in apple juice, 25 µg/kg in solid apple products, and 10 µg/kg in apple-

based products for children and newborns (Iqbal et al., 2024). A South African study revealed that the 

mean concentration of PAT (210 µg/L) surpassed the established maximum threshold (Shephard et al., 

2010). Particular age groups are more vulnerable to toxins. Pregnant women are at risk of toxin exposure, 

which can impact fetal development. Mothers on a plant-based diet with a higher daily fruit intake may 

be more susceptible to PAT exposure (Saleh and Goktepe, 2019). Nursing infants could be in danger if 

their mother is exposed to the maximum daily intake for adults or ingests a toxin that surpasses the safe 

limit for her age group (Saleh and Goktepe, 2019). PAT’s prevalence in baby food, especially fruit juices, 

is a significant problem. Children are more susceptible than adults because they are exposed to higher 

levels of substances relative to their body weight and have distinct physiological traits (Saleh and Goktepe, 

2019). Additionally, in mice, the offspring of PAT-exposed mothers were adversely affected, with 

mortality observed in males and females (Awuchi et al., 2022b). The primary route of mycotoxin exposure 

is through ingestion (Duncan et al., 2021). PAT toxicity primarily targets the liver (Chu et al., 2021). The 

liver is the first organ to receive PAT from the gut through enterohepatic circulation (Wei et al., 2020). 

It has demonstrated hepatotoxicity. However, the potential mechanisms are not entirely clear (Chu et al., 

2021). Contrary to other mycotoxins, research on PAT is sparse and requires further exploration (Wei et 

al., 2020). Therefore, to fill this research gap, PAT’s hepatotoxic mechanism utilising the adrenergic 

receptors, MAPK/ERK/PI3K/AKT pathways and global DNA methylation will be investigated.
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1.2. Research questions 

i. Does PAT affect alpha and beta-adrenergic receptor signalling in mouse livers? 

ii. Does PAT alter alpha and beta-adrenergic receptors' mRNA and protein expression in mouse 

livers? 

iii. Does PAT alter global DNA methylation levels in mouse livers? 

iv. Does PAT alter the mRNA and protein expression of DNA methylation regulators including 

DNMT1, DNMT3A, DNMT3B and MBD2 mouse livers? 

1.3. Aim 

The study aims to determine the effect of PAT on adrenergic receptor signalling and global DNA 

methylation in C57BL/6 mouse livers. 

1.4. Hypothesis 

PAT alters adrenergic receptor signalling and global DNA methylation levels in mouse livers 

following prolonged exposure (10 days). 

Confirmed hypothesis: The findings of the study proved the hypothesis to be true. 

1.5. Objectives 

 To determine global DNA methylation levels in the livers of C57BL/6 patulin fed mice using the 

enzyme-linked immunosorbent assay.  

 To determine the mRNA expression of alpha and beta-adrenergic receptors as well as MAPK, 

MAPK14, ERK1/2, PI3K and AKT, DNMT1, DNMT3A, DNMT3B and MBD2 in the livers of 

C57BL/6 patulin fed mice using the qPCR assay. 

 To determine the protein expression of p38, ERK1/2, PI3K, DNMT1, DNMT3A and MBD2 

in the livers of C57BL/6 patulin fed mice using the western blot assay. 
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Chapter 2: Literature review 

 

2.1. Mycotoxins 

Fungi produce secondary metabolites called mycotoxins (Chu et al., 2021). Fungi including 

Aspergillus, Penicillium, Fusarium, and Rhizopus produce mycotoxins (Nawaf, 2023). Mycotoxins 

have existed since the beginning of crop farming (Pal et al., 2017). Both internal and external 

environmental factors influence the production and release of mycotoxins. Some mycotoxins are 

produced primarily in the field, while others can develop both in the field and after harvesting (Awuchi 

et al., 2022b). They are commonly found in places with high temperatures and humidity, including 

tropical regions. Mycotoxins can be found in the spores or mycelium of fungi (Nawaf, 2023). 

Mycotoxins infiltrate the food chain when crops become infested with mould. They are chemically 

stable and can withstand the harsh conditions in the food supply chain (Awuchi et al., 2022b). 

Mycotoxin exposure can occur directly through the ingestion of infected feeds and foods, or indirectly 

when humans consume products from animals exposed to mycotoxin- contaminated feeds, such as 

milk, eggs and meat products. Aflatoxins, citrinin, ochratoxins, fumonisin, PAT, zearalenone, 

nivalenol, deoxynivalenol, and ergot alkaloids are among the most frequent mycotoxins affecting 

humans and livestock (Awuchi et al., 2022b). In humans and animals, mycotoxins are hepatotoxic, 

nephrotoxic, genotoxic, carcinogenic, neurotoxic and immune suppressors (Zheng et al., 2018, 

Duncan et al., 2021). The mycotoxin's toxic properties, amount, and duration of exposure determine 

the clinical manifestations. Mycotoxicoses refer to disorders produced by ingestion of mycotoxins 

(Nawaf, 2023). Through routes of exposure such as ingestion, inhalation, and skin contact, 

mycotoxicosis can induce acute and chronic effects in humans and livestock (Awuchi et al., 2022b). 

Studying mycotoxins' mechanism of action is vital as they weaken the host, thus allowing fungi to 

grow and inflict further damage (Awuchi et al., 2022b). 

2.2. Patulin 

2.2.1. History 

PAT, a previously unknown metabolite of Penicillium patulum Bainier, was isolated and 

exhibited antibacterial characteristics. It was called anhydro-3-hydroxymethylene tetrahydro-y-

pyrone-2-carboxylic acid (Raistrick, 1943). Chain et al. originally isolated PAT (4-hydroxy-4H- 
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furo[3,2-c] pyran-2(6H)-one) and named it claviformin as it was a Penicillium claviforme isolate 

(Chain et al., 1942). Claviformin was renamed as PAT after the PAT-producing mould, Penicillium 

patulum (which would later be called P. urticae, currently known as P. griseofulvum) that was 

extracted by Birkinshaw et al. (Birkinshaw et al., 1943). PAT had several names, including clavicin, 

clavitin, gigantic acid, expansin, leucopin, mycoin, penicidin, and tercinin. In the mid-1900s, PAT 

was recognised for its antibacterial and anticancer capabilities and as a medication to cure common 

colds from Penicillium patulum (Pal et al., 2017). As PAT suppresses gram-positive and gram-

negative bacteria including Shigella species, E. coli and Salmonella typhi, earlier clinical research 

studied PAT's ability as an anti-bacterial agent (Wei et al., 2020). Between the years 1950 through 

1960, PAT was re-identified as a mycotoxin although it has anti-bacterial, anti-viral, and anti-

protozoal properties. In the 1960s, PAT was found to be highly toxic to bacteria and animals (Li et al., 

2019). 

2.2.2. Background 

PAT is produced by fungi including Aspergillus, Byssochlamys and Penicillium (Chu et al., 2021). 

Various physiological variables, including temperature, moisture levels and storage conditions, 

influence PAT production. Additionally, acidic pH levels (3, 4 and 5) promote PAT production 

(Kumar et al., 2018a). 

Humans are primarily exposed to PAT in apples and their products. Additionally, PAT can be found 

in decaying fruits including pears and strawberries as well as in various foods such as vegetables, 

cheese and cereals (Zheng et al., 2018) (Figure 2.1). 
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Figure 2.1: The various sources of PAT (prepared by author using canva.com). 

 

Several studies conducted on apple juice reported the following concentrations of PAT. In a South 

African survey, the following PAT levels were found in apple juice: 5 out of 22 samples (23%) 

exhibited concentrations ranging from 10-45 ppb (Bissessur et al., 2001). Additionally, apple juice 

concentrates were obtained from three sources. All 215 samples contained concentrations of PAT 

between 7-375 ppb, and 43% of the samples surpassed the 50 ppb recommended threshold (Bissessur 

et al., 2001). In South Africa (Cape Town), 5 out of 8 samples of apple juice showed PAT levels 

exceeding 10 ng/ml, with one sample being substantially contaminated at 75 ng/ml (Katerere et al., 

2007). In the United Kingdom, PAT was found in apple juice at 38 and 56 µg/kg (Leggott and 

Shephard, 2001).PAT tainted 23% of apple juice and cider samples where concentrations ranged from 

8.8 to 2700.4 µg/L in Michigan, USA (Harris et al., 2009). The Czech Republic observed the presence 

of PAT in apples (415 μg/kg) (Vaclavikova et al., 2015). In Qatar (Doha), PAT contaminated all 20 

samples of apple juice samples with concentrations ranging from 5.8-82.2 µg/kg (Hammami et al., 

2017). In Beijing, 9 out of 23 apple juice samples were contaminated with PAT with levels ranging 

from 0.50-4.82 µg/L (Yang et al., 2017). 
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Out of 73 apple juice samples, 54 were affected by PAT in Serbia (Novi Sad) at levels < limit of 

quantification–65.4 (Torović et al., 2018). In Pakistan (Punjab), 15 out of 29 apple juice products 

displayed PAT contamination at < limit of quantification–120.5 μg/L (Iqbal et al., 2018). In Japan, 

apple juice products exhibited PAT contamination at a concentration of 464 μg/L (Li et al., 2019). 

Other studies that tested infant products observed PAT contamination at the following levels. In SA, 

infant apple products displayed 29% contamination within 5-20 ppb (Bissessur et al., 2001). In Qatar 

(Doha), all 6 infant apple juice samples tested positive for PAT with concentrations ranging from 7.7-

61.3 µg/kg (Hammami et al., 2017). Interestingly, studies conducted on other fruits found PAT 

contamination at the following levels. The Czech Republic observed the presence of PAT in various 

products, pears (41.6 μg/kg) and a fruit salad mix (14 μg/kg) (Vaclavikova et al., 2015). In Pakistan 

(Punjab), grapes contained PAT at levels ranging from 410-1100 μg/kg (Iqbal et al., 2018). 

Furthermore, in Cameroon, the level of PAT-contaminated maize-fufu samples ranged from 12-890 

µg/kg with a mean of 105 μg/kg (Abia et al., 2017). Based on these statistics, it is evident that PAT is 

a global concern. 

2.2.3. Patulin’s structure 

PAT (C7H6O4; 154.12 g/mol) is a water-soluble white powder that contains a polyketide lactone 

structure (Saleh and Goktepe, 2019) (Figure 2.2). PAT is among the smallest polyketides. It is an 

alpha, beta (α, β) unsaturated compound (Hammami et al., 2017). Additionally, sulfhydryl groups (for 

instance, cysteine (Cys) and glutathione), free amino groups, sulphur dioxide, and ascorbic acid can 

interact with this electrophilic gamma (γ)-lactone (Wei et al., 2020). PAT possesses three 
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covalently formed cyclic adducts owing to the R-amino group’s nucleophilic activity in Cys and 

glutamic acid residues (Pillay et al., 2015). 

 

 

 

 

 

Figure 2.2: The chemical structure of PAT (4-hydroxy-4H-furo [3, 2-c] pyran-2(6H)-one; C7H6O4) 

(prepared by the author using biorender.com). 

2.2.4.  Effects 
 

        PAT has demonstrated hepatotoxic, proteotoxic and genotoxic effects in cell cultures and animal models 

(Saleh and Goktepe, 2019). In animals and humans, PAT exerts gastrointestinal issues, immunotoxicity, and 

neurotoxicity as well as mutagenic and genotoxic effects, which result in oxidative DNA damage and cancer 

(Nawaf, 2023, Iqbal et al., 2024). Excessive doses of PAT may cause animal death. According to research, 

erythrocytes and blood-rich organs such as the liver, kidney, and spleen are primary PAT storage sites (Pillay 

et al., 2020). PAT damages the liver, kidneys, intestines, and immune system (Qiu et al., 2022). In a rat 

mycotoxicosis study by McKinley et al., purified patulin was dissolved in 0.1 mM-citrate buffer (pH 5'0) to 

determine concentrations: the oral, intraperitoneal, and subcutaneous doses were 4.7, 1.1, and 7.5 mg/ml, 

respectively (McKinley et al., 1982). Gastric intubation was used for oral administration, with an 18-gauge, 

1.5-inch animal-dosing needle. The subcutaneous and intraperitoneal injections were conducted using a 

tuberculin syringe and 25-gauge needle (McKinley et al., 1982). The acute toxicity of a single dosage of 

patulin displayed consistent clinical symptoms independent of the administration route. Thus highlighting 

PAT’s ability to induce detrimental effects regardless of the route of administration or exposure time. 
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PAT has been demonstrated in acute investigations to induce oedema, haemorrhages and intestinal dilatation 

in animal models (Pal et al., 2017). Most of the rats given PAT by the oral and subcutaneous routes that died 

did so within 24 hr of treatment whilst deaths were delayed in the intraperitoneal routes (25-75 hr) (McKinley 

et al., 1982).   

Primary effects observed in subchronic investigations were hyperaemias of the duodenal epithelium and 

impaired renal function. Symptoms of agitation, convulsions, dyspnea, ulceration, pulmonary congestion, 

hyperaemia, gastrointestinal distention, and oedema were identified in all investigations (Pal et al., 2017). 

Cellular and animal models were used to investigate PAT's toxicity (Saleh and Goktepe, 2019). 

i. PAT affects reproduction 

 

PAT was considered teratogenic and embryotoxic to chick eggs (Awuchi et al., 2019). 

PAT injected into chick eggs is embryotoxic and teratogenic at 2.35-68.7 µg/egg and 1-2 µg/egg 

respectively (Puel et al., 2010). As an example of the effects of PAT administration in another 

species, a study by Guldeniz Selmanoglu investigated PAT’s reproductive toxicity using Wistar 

albino male rats aged 5-6 weeks which were randomly assigned to four groups of ten animals each.  

There were two treatment groups and two control groups. All administration was done through 

gavage.  The rats in the first treatment group (P-60) received 0.1 mg/kg bw/day of PAT for 60 days 

whilst the second treatment group (P-90) received 0.1 mg/kg bw/day of PAT for 90 days.  The 

equivalent control groups (C-60 and C-90) received sterile water. The sterile water was equivalent 

to the amount administered to the animals in treatment groups. The dose level of 0.1 mg/kg/BW 

was chosen for this study.  PAT was dissolved in sterile water.  Selmanoglu reported that PAT had 

reduced sperm count while affecting sperm morphology, thus leading to a decline in male rat 

fertility (Selmanoğlu, 2006). Whilst an oral dosage of PAT (50 µg/day) to pregnant female Sprague 

Dawley rats for 1-5 days reduced litter size (Selmanoğlu, 2006). In reproduction research 

conducted on two-generations of male and female Sprague Dawley rats', their offspring were given 

1.5 mg PAT/kg body weight/day through gavage for 7 weeks (Dailey et al., 1977). Post conception 

and throughout the gestational period, females were administered PAT daily. PAT increased 

resorption in F1 litters, but not in the F2 generation. In this generation, only a reduction in foetal 

weight was seen, with no evident deformations. Similar results were observed in Charles river CD-

1 strain male and female mice administered 1.5 mg PAT/kg b.w. intraperitoneally; a dose of 2 mg 

toxin/kg b.w. aborted all embryos (Reddy et al., 1978). It is interesting to note that whilst the 

species, dosage and route of administration differs, resorption still occurs in Sprague Dawley rats 

and Charles river CD-1 strain mice at 1.5 mg PAT/kg b.w. and 2 mg toxin/kg b.w. respectively. 
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In female and male Swiss mice, 2 mg/PAT/kg administered daily through gastric intubation caused 

mortality due to brain, lung, and skin haemorrhages (Osswald et al., 1976). 

The studies have observed ways in which PAT is embryotoxic and teratogenic even leading to 

mortality. This highlights that regardless of the species, gender or route of administration, PAT 

affects reproduction in various ways.  

 

ii. Neurotoxic effects 

 

Rat models exhibited neurotoxicity after recurrent dosages of PAT (Awuchi et al., 2019). Certain 

herds of beef cattle experienced severe neurotoxicity upon exposure to Aspergillus clavatus and 

PAT in their diet (Pal et al., 2017). Animal necropsies revealed the degeneration of neurons and 

axons in the CNS and PNS, respectively. Additionally, lesions in the nerves were observed. PAT 

seems to target the neurons and nerves which are fundamental to communication pathways, thus 

resulting in neurotoxic effects or neural abnormalities. PAT depletes ATP in neuro-2a cells, leading 

to dysfunctional mitochondria and lysosomes (Pal et al., 2017). 

iii. Immunological effects 

 

Additional sources of PAT, including fruits, juices, and jams, have been demonstrated in vitro to 

reduce immune system responses (Kraft et al., 2021). PAT inhibits interferon-producing T-helper 

type 1 cells (Pal et al., 2017). PAT therapy significantly reduced Lipopolysaccharide (LPS)-induced 

transcription of pro-inflammatory TNF-α and IL-6 genes in a dose-dependent manner.  Overall, PAT 

inhibits pro-inflammatory cytokine production in LPS-induced macrophages (Hong et al., 2023). It 

also has immunosuppressive properties (Moss, 2008). PAT may target pro-inflammatory cytokines 

to reduce the body’s immune response. PAT-exposed animals have exhibited impaired immunity. 

The findings of these animal studies indicate that humans are equally susceptible to immune system 

disturbances caused by PAT (Awuchi et al., 2019). 

iv. Carcinogenic effects 

 

PAT was classified as a Group 3 agent by the International Agency for Research on Cancer (IARC), 

as it may be carcinogenic; however, there is inadequate data to establish this (Chu et al., 2021). In 

1982, a considerable rise in hyperplastic nodules in F344 male rat livers was noted after introducing 

PAT (4 ppm) to their diets during a six-week study. Thus indicating the ability of PAT to be 
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tumorigenic in the liver (Saleh and Goktepe, 2019). Birth abnormalities and cancer can result due to 

the presence of PAT in the decaying apples and pears utilised by juice companies in recent years 

(Nawaf, 2023). PAT may induce colorectal cancer and fibroadenomas (Nawaf, 2023). The main 

source of PAT-induced skin cancer is contact with decomposing fruits. In PAT-induced skin 

carcinoma, apoptosis is disrupted as the phosphorylation of B-cell lymphoma 2 (BCL 2)-associated 

agonist of cell death (BAD) is inhibited (Nawaf, 2023). Research has found that applying Patulin 

(400 nM) to the skin of female Swiss albino mice enhanced the production of ROS, doubled 

cellular proliferation, and resulted in tumour growth within two weeks (Saleh and Goktepe, 2019). 

Utilising oxidative stress and apoptosis is a plausible mechanism of action for PAT-induced 

carcinogenicity.  

i. Disruption of biological processes 

PAT disrupts a cell's plasma membrane (Pal et al., 2017). Additionally, PAT impedes the following 

processes, sodium (Na+)-coupled amino acid transport, transcription and translation, DNA and protein 

synthesis (Pal et al., 2017). PAT’s inhibitory influence on several enzymes (RNA polymerase, lysosomal 

enzymes, ATPase) is well attributed to its relationship with sulfhydryl groups (Saleh and Goktepe, 2019). 

PAT impairs mitochondrial integrity and ATP generation (Pillay et al., 2020). By disrupting several 

enzymes, affecting the mitochondria and its affinity for sulfhydryl groups, it strengthens oxidative stress 

as PAT’s mechanism of action. By influencing ion transport, disrupting enzyme activity, and impeding 

amino acid intake and protein production, PAT induces cytotoxicity (Frizzell et al., 2014).  

 

ii. Proteotoxic effects 

PAT exerts a profound influence on the generation of vital proteins involved in cell junctions, membrane 

potential, gene expression, protein production, and cell signalling (Ramalingam et al., 2019). PAT may 

be proteotoxic. Studies suggest that proteotoxic molecules typically have sex-dependent responses 

(Guerra-Moreno and Hanna, 2017). Research indicates that males are more vulnerable than females to 

the deleterious effects of mycotoxins, which are frequently neglected in toxicological investigations 

(Saleh and Goktepe, 2019). In 2018, Soler et al. found that PAT alters endocrine function. To accurately 

evaluate results in hormonal research, both male and female models should be employed (Soler and 

Oswald, 2018). Administering PAT (0.1 mg/kg/day) affects the thyroid at histopathological and hormonal 

levels in developing male rats (Selmanoğlu, 2006). PAT interacts with proteins comprising histidine or 

lysine and reduces Cys levels (Saleh and Goktepe, 2019). Inter and intra-molecular protein cross-linking 

were induced by PAT. Covalent adducts are formed when PAT reacts with electrophilic chemicals (Saleh 
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and Goktepe, 2019).  PAT has strong reactivity with cellular nucleophiles and the ability to react quickly 

with sulfhydryl groups but gradually with amino functionalities in proteins, and glutathione accounts for 

its genotoxic and cytotoxic effects (Glaser and Stopper, 2012). The ability to inhibit enzymes is attributed 

to PAT's preference for compounds possessing sulfhydryl groups (SH) such as cysteine (Cys) and 

glutathione, thus aiding in its deleterious effects (Frizzell et al., 2014, Awuchi et al., 2019). This links tos 

PAT’s ability to disrupt biological processes in the aforementioned section. PAT-induced cytotoxicity is 

mediated by its ability to diminish cellular glutathione levels (Frizzell et al., 2014). The protein cross-

linking is achieved through a preferential reaction with Cys' thiol group; however, it can occur with the 

side chains of histidine, lysine, and the α-amino group (Pal et al., 2017). The proteasome is modulated by 

the regulatory particle non-ATPase 4 (Rpn4) transcription factor, which breaks down proteins (Saleh and 

Goktepe, 2019). PAT overexpresses the Rpn4 gene by activating the Rpn4 transcription factor. The 

overexpression of Rpn4 is proteotoxic and degrades proteins (Saleh and Goktepe, 2019). 

 

iii. PAT exerts nephrotoxic effects 

In human embryonic kidney (HEK293) cells, PAT inhibits proliferation, possibly by elevating oxidative 

stress levels, which results in apoptosis (Zhang et al., 2015). PAT damages DNA in HEK293 cells (Zhang 

et al., 2015). PAT affects HEK293 cells by inducing apoptosis through oxidative stress and DNA damage, 

thus affecting the cell line and possibly is a mechanism of action in the kidney. In rat kidney tissues, PAT 

leads to apical microvilli, mitochondria, and the convoluted tubules' brush border loss, in addition to an 

interstitial inflammatory cell influx (Ramalingam et al., 2019). 

 

iv. PAT-induced hepatotoxicity 

The intraperitoneal injection of PAT increased serum levels of liver function biochemical markers, 

alkaline phosphatase (ALP), aspartate aminotransferase (AST), and alanine aminotransferase (ALT) in 

Kunming, BALB/c, and C57BL/6 mice (Wei et al., 2020). Intraperitoneally injecting PAT (2mg/kg) in 

Swiss albino male mice increases lipid peroxidation, malondialdehyde (MDA) generation, and protein 

carbonyl levels in the liver while decreasing antioxidant activity, particularly superoxide dismutase 

(SOD), catalase (CAT), glutathione (GSH), glutathione peroxidase (GPx) and glutathione reductase (GR) 

(Jayashree et al., 2017). An increase in the loss of mitochondrial membrane potential and reactive oxygen 

species (ROS) levels along with a reduction in the activation of serine (Ser)/threonine (Thr) kinase 1 

(AKT 1) and mammalian target of rapamycin (mTOR) was observed in a PAT-administered (0-2µM) 

HepG2 cell model (Wei et al., 2020). At similar doses, PAT is able to induce oxidative stress in different 
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models. PAT activated the p53 and mitogen-activated protein kinase (MAPK) pathways to induce liver 

damage in intraperitoneally injected BALB/c mice (Wei et al., 2020). PAT ingestion causes serious 

histopathologic harm in mice livers (Wei et al., 2020). Liver hypertrophy, inflammation, and cellular 

necrosis were observed in male albino mice upon oral treatment of PAT (0.1 mg/kg/ b.w.) (Wei et al., 

2020). An experiment by Jayashree et al. revealed that an oral dosage of PAT (2 mg/kg/b.w.) caused 

serious histopathologic alterations in male BALB/c mice, including localised hepatocellular vacuolation 

and mild haemorrhages (Jayashree et al., 2017). At an oral dose of 0.1 and 2 mg/kg/b.w. PAT induces 

histological changes. In primary hepatocytes preparations, PAT-mediated effects varied significantly 

among 3 different individuals (n=3). In one case, exposure to 50 mM (7706 ng/ml) only resulted in a 20% 

reduction in cell viability, while in others, a 5 mM (770.6 ng/ml) dosage further reduced cell viability 

significantly (Frizzell et al., 2014). The difference in cell viability could be attributed to two variables: 

the individual or the concentration administered. The observed 20% reduction in the first hepatocyte 

samples possibly had better integrity and thus was able to repair or protect itself against any PAT-

mediated effects as opposed to the other samples.  

 

Research gaps 

Studies have focused on the effects of PAT in the body, including the kidney, nervous system and immune 

system, amongst others. However, research on PAT in the liver is sparse, including mechanistic studies. 

Research is required on the effect that PAT has in the liver’s MAPK/ERK/PI3K/AKT pathways, 

additionally on the liver-specific adrenergic receptors that regulate the above-mentioned pathways. There 

is limited research on PAT’s influence on DNA methylation in the liver. 

2.3. The liver 

The liver possesses remarkable regenerative capabilities (Tao et al., 2022). Even vertebrates have a great 

capacity for liver regeneration, making the liver a unique organ. Through hepatocyte proliferation and 

differentiation, the liver can regenerate up to 70% of its bulk (Wen et al., 2022). Dormant hepatocytes 

can return to the cell cycle and divide to regain tissue equilibrium after acute damage or partial 

hepatectomy (Tao et al., 2022). Using enterohepatic circulation, the liver is the initial organ to receive 

PAT from the intestines (Wei et al., 2020). PAT disrupts the intestinal barrier, enabling easier passage 

from the intestinal lumen to the portal blood supply. PAT targets the liver, an organ responsible for the 

biotransformation of substances and blood detoxification (Wei et al., 2020). 

 

2.3. Adrenergic receptors 
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Adrenergic receptors (ARs) are members of the G protein-coupled receptors (GPCRs) that bind to 

norepinephrine and epinephrine and activate the sympathetic nervous system (SNS) (Chen et al., 2020). 

Liver damage, fibrosis and regeneration are SNS-regulated (Chen et al., 2020). They have three 

intracellular, extracellular, and seven exceptionally preserved hydrophobic transmembrane regions. 

These domains stretch across the lipid bilayer. Additionally, all adrenoreceptors are attached to a GTP-

binding protein (Strosberg, 1993). Their polypeptide chain ranges between 400 and over 500 residues, 

with various amino and carboxy-terminal sections (Strosberg, 1993). ARs regulate tissue homeostasis 

and have been linked to several illnesses (Chen et al., 2020). The adrenergic receptors possess three 

categories: alpha-1 (α1-AR), alpha-2 (α2-AR), and beta (β-AR). Depending on their pharmaceutical 

attributes, these categories are sub-categorised into: α-1A, α- 1B, α-1D; α-2A, α-2B, α-2C; β-1, β-2, and 

β-3 (Pillay et al., 2020). Based on the tissue location, the adrenoreceptor subtypes may exhibit varied 

effects, despite belonging to the same main type (Wu et al., 2021). Adrenergic receptors modulate liver 

repair, tissue equilibrium, innate immunity, and fibrosis (Chen et al., 2020). A healthy liver contains two 

major ARs: α-1 and β-2 ARs. In healthy livers, α-1A is the most prevalent a1-AR subtype (Chen et al., 

2020). Rodent and human livers possess β1- and β2-ARs (Ghosh et al., 2012). Hepatic stellate cells 

express α1-AR, α2-AR, β1-AR, and β2-AR (Schwinghammer et al., 2020). Kupffer cells, hepatocytes, 

and extrahepatic endothelial cells have all been shown to express α2-AR (Schwinghammer et al., 2020). 

Liver damage or fibrosis alters the adrenergic receptors (Schwinghammer et al., 2020). In vivo studies 

demonstrate that liver fibrosis exclusively affects α1-AR and β-AR (Schwinghammer et al., 2020). 

Injuries or partial hepatectomy induces hepatic α1-AR-regulated hepatocyte proliferation, regeneration, 

and metabolic function (Han et al., 2008). The α2A-AR receptors reduce blood pressure and sympathetic 

output (Philipp et al., 2002). The α2A-AR in sympathetic nerves appears to regulate norepinephrine 

release during periods of maximum sympathetic activation. After a liver injury, α2B-AR levels increase 

(Schwinghammer et al., 2020). Liver cirrhosis and portal hypertension patients had reduced α1-AR levels, 

but individuals with cirrhosis and a CCl4 fibrosis model had much higher levels of β3-AR. In non-

alcoholic fatty liver disease (NAFLD), during early fibrosis, α1, β1, β2, and β3-AR levels are lowered, 

but with increasing fibrosis/cirrhosis, they are substantially elevated (Schwinghammer et al., 2020).
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β-adrenergic receptors exist in various organs, including hepatocytes, kidneys, the central nervous 

system, adipocytes, lymphocytes, endothelial cells, and bronchial and vascular smooth muscle cells 

(Vasudevan et al., 2011). The β-ARs principally regulate cellular function. The ability of β- AR to 

perceive and send signals into cells determines its functional status (Vasudevan et al., 2011). The β1-

AR is the most prevalent subtype in the heart (Giltrow et al., 2011). A study by Zapater et al. revealed 

that in CCl4-treated mice with bacterial DNA, hepatic norepinephrine modulates the pro- 

inflammatory response through β1-AR (Zapater et al., 2012). Over-expression of β1-adrenergic 

receptors may cause liver damage, according to growing research (Wu et al., 2022). Signalling 

responses to environmental stimuli and ligands are regulated by the archetypal GPCRs, β2-AR (Tao 

et al., 2022). Furthermore, β2-AR regulates liver regeneration mechanisms including growth factors, 

cytokines, and metabolic systems (Tao et al., 2022). Pathophysiological diseases, notably cancer, occur due 

to abnormal β2-AR expression (Tao et al., 2022). Levels of β2-AR are higher in regenerated liver cells. 

Studies have revealed an increase in β2-AR levels during 70% partial hepatectomy-induced liver 

regeneration (Tao et al., 2022). Two days after partial hepatectomy, deleting β2-AR in mice resulted in a 

62% mortality rate, lower proliferation markers, and poor liver function in regeneration. In β2-AR-deficient 

livers, after partial hepatectomy, and in hepatocytes post hepatocyte growth factor therapy, the mitogen-

activated protein kinase/extracellular signal-regulated kinase (MAPK/ERK) pathway which regulates 

cellular proliferation, was substantially impaired (Tao et al., 2022). Research has found that during liver 

regeneration, β2-AR deletion disrupts the MAPK/ERK pathway (Tao et al., 2022). β3-ARs are primarily 

located in adipocytes (Trebicka et al., 2009). This receptor which promotes adipose tissue (brown and 

white) thermogenesis and lipolysis, was not found in human or rat liver (Ghosh et al., 2012). 



17  

 

2.3.1. Adrenergic receptor signalling 

The α1-AR modulates cellular processes through diverse secondary messengers (Pillay et al., 2020). 

The α1-AR regulates the function of different effectors, comprising MAPKs and 

phosphatidylinositide 3-kinase (PI3K). Triggering α1-AR activates MAPK/ERK and 

phosphatidylinositol-3-kinase/protein kinase B and alpha Ser/Thr protein kinase PI3K/PKB (also 

known as PI3K/AKT) pathways (Mazibuko et al., 2024). 

To interact with the Gq/protein family, α1-AR is activated and structurally modified (Figure 2.3). This 

ensures phospholipase C (PLC) is stimulated, which transforms phosphatidylinositol-1, 2- 

bisphosphate (PIP2) to inositol triphosphate (IP3) and diacylglycerol (DAG), thus liberating 

intracellular calcium (Ca2+)(Pillay et al., 2020). DAG and Ca2+ induce smooth muscle contractions and 

stimulate protein kinase C (PKC), which phosphorylates proteins and regulates the process. This 

includes MAPK, PI3K, and p21-rat sarcoma (ras) (Pillay et al., 2020). The MAPK family, which 

includes the ERK, Jun N-terminal kinase (JNK), and p38 kinases, coordinate α1-AR- regulated 

growth responses. The α-AR stimulate the MAPK/ERK and PI3K/AKT signalling pathways, 

which promote their physiological activities (Mazibuko et al., 2024). 
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Research indicates that activated β-AR promotes mitogen-activated protein kinase (MAPK) 

signalling pathways (Vasudevan et al., 2011). 

 

 

Figure 2.3: The adrenergic receptor signalling pathway (prepared by author using biorender.com) 

 

2.3.2. The MAPK/ERK pathway 

Phosphorylation processes that phosphorylate MAPK-regulated transcription factors and cytosolic 

proteins modulate MAPK functions (Pillay et al., 2020). MAPKs are classified into several types, 

most notably ERK1/2. The GPCRs and receptor tyrosine kinases (RTKs) initiate the ERK signalling 

pathway. A signal is transmitted to the protein kinases rapidly accelerated fibrosarcoma (Raf)-1, A-

Raf and B-Raf (Rafs) after these receptors stimulate Ras with GTP (Mazibuko et al., 2024). Activated 

Raf protein stimulates MEK1/2 (MAPK/ERK kinase or MAP kinase kinase), which activates ERK1/2 

by phosphorylation and consequently modulates mitosis, differentiation, gene expression, cellular 

metabolism and apoptosis (Mazibuko et al., 2024). The p21 and Ras Gq/mediated interactions as well 

as direct stimulation by PKC and Ca2+ may trigger the ERK 1/2 
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pathway. This action may assist in α1-AR-mediated DNA generation and cell proliferation (Pillay et 

al., 2020). PI3K transforms phosphatidylinositol (4, 5)-bisphosphate (PIP2) to phosphatidylinositol 

(3, 4, 5)-phosphate (PIP3) by working downstream of Ras. This causes AKT/PKB (protein kinase B) 

to localise to the membrane and be phosphorylated (Pillay et al., 2020). Proteins and transcription 

factors governing cell metabolism and survival are phosphorylated by activated AKT. Inhibiting AKT 

leads to malfunctioning mitochondria-induced cell death (Pillay et al., 2020). The redox-sensitive 

MAPK and AKT signalling pathways are essential for cellular function and longevity. The MAPK 

family's proline-directed Ser/Thr protein kinases are prototyped by ERK1 and ERK2 (Wen et al., 

2022). In mice livers, ERK encourages hepatocyte proliferation and differentiation (Wen et al., 2022). 

The ARs trigger the ERK pathway through β-arrestins and G-protein-dependent processes. 

Constituents of the MAPK pathway are recruited by β-arrestins to endosome membranes, which 

activates ERK (Mazibuko et al., 2024). The β-arrestins then impede the migration of active ERK to 

the nucleus, which promotes the ERK signalling cascade. The MAPK/ERK and PI3K/AKT pathways 

impact cytoskeletal organisation, cell growth, proliferation, metabolism, longevity, and cell death 

(Mazibuko et al., 2024) (Figure 2.4). 

2.3.3. The PI3K/AKT pathway 

During stress, the PI3K/AKT pathway impacts cell survival. The lipid kinase PI3K phosphorylates 

inositol phospholipids in the 3'OH group. AKT/PKB promotes various cell activities, notably cell 

cycle progression and survival (Mazibuko et al., 2024). 

The reaction between growth factors and RTKs stimulates the PI3K/AKT signalling cascade 

(Shamsan et al., 2024) (Figure 2.3). Based on its substrates and configurations, PI3K is divided into 

three categories. Their regulatory and catalytic subunits bind to phosphorylated tyrosine residues on 

active RTKs, particularly the p85 subunit. Stimulants of PI3K include ligand-activated receptors, 

cytokines, hormones, and growth factors, this results in the formation of a protein complex (Src 

homology and Collagen/Growth Factor Receptor-bound protein 2/ Son of sevenless proteins) 

(Shc/GRB2/SOS) that activates Ras (Mazibuko et al., 2024). Active Ras initiates p110 and PI3K. PIP2 

is then phosphorylated, yielding PIP3 (Shamsan et al., 2024). To convert PIP2 to PIP3, the α1-AR uses 

a Gq α-subunit and PTx-insensitive G proteins. PIP3 engages and enhances 
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AKT activation by phosphoinositol-dependent kinase-1 (PDK1) and AKT on threonine 308 (Thr308) 

pleckstrin homology (PH) site in the kinase domain (T-loop) (Wang et al., 2017) (Figure 2.4). AKT's 

Ser473 residue is phosphorylated by PDK2 (mammalian target of rapamycin complex 2 (mTORC2)), 

thus fully activating it and initiating its cascade. Activated AKT enhances growth, DNA repair and 

survival and phosphorylates transcription factors and proteins including BAD, murine double minute 

2 (MDM2), glycogen synthase kinase-3 beta (GSK3β) and mTOR thus suppressing apoptosis 

(Mazibuko et al., 2024). Hindering AKT induces mitochondrial malfunction resulting in apoptosis 

(Pillay et al., 2020). 

 

 

Figure 2.4: The MAPK/ERK and PI3K/AKT signalling pathways (prepared by author using 

canva.com) 

2.4. Epigenetics 

Epigenetics is mitotic and meiotic hereditary alterations in gene expression due to chemical 

modifications to DNA, non-coding RNAs and histones, without affecting the DNA sequence (Menezo 

et al., 2016, García-Guede et al., 2020). Epigenetic mechanisms consist of histone modifications, 

microRNAs and DNA methylation. The focus of this study is DNA methylation as it is a common 

epigenetic mechanism. Gene expression is either stimulated or inhibited as these 
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alterations remodel the chromatin. Eukaryotic organisms require gene silencing at the chromatin level 

to function properly (García-Guede et al., 2020). DNA methylation is a widely researched and well-

known epigenetic process. Microbial cells, animals and plants require DNA methylation for normal 

growth and differentiation (Bind et al., 2022). DNA methylation is a natural procedure which 

suppresses chromatin structure, promotes genomic stability, silences genes and regulates pluripotency 

genes, oncogenes, transposons, genomic imprinting, and X-chromosome deactivation (Ghazi et al., 

2020). DNA methylation regulates gene expression (Bind et al., 2022). During cell proliferation, 

development, and differentiation, DNA methylation regulates gene silencing at the transcriptional 

level. Additionally, in adult organisms, it creates distinctive cell lineages (Ghazi et al., 2020). 

Eukaryotic DNA methylation primarily happens when the universal methylation cofactor S- 

adenosylmethionine (SAM) donates a methyl group (CH3) that is added to cytosine's 5th carbon at 5'-

Cytosine-phosphate-Guanine-3' (CpG) dinucleotides yielding 5-methylcytosine (5-mC) (Ghazi et al., 

2020) (Figure 2.5). When CH3 is donated, SAM is transformed to S-adenosylhomoCys (SAH), which 

is then hydrolysed by adenosylhomocysteinase hydrolase (Ahcy) back to homoCys (Hcy). Ahcy will 

prioritise SAH production over hydrolysis if Hcy cannot be metabolised by the transsulfuration 

pathway or re-methylated to methionine (Ghazi et al., 2020). DNA methylation and DNMT activity 

are hindered by excess SAH levels. DNMTs catalyse DNA methylation (García-Guede et al.,   

2020).   DNMT1   prefers hemimethylated substrates and maintains methylation patterns post-DNA 

replication (Bönsch et al., 2006, García-Guede et al., 2020). Methylation patterns are set when the de 

novo methyltransferases DNMT3A and DNMT3B induce DNA methylation in non-methylated 

cytosine bases (Ghazi et al., 2020). 

Demethylation can occur by removing the methyl group from 5-mC and eliminating substances 

produced by DNA repair, or by directly removing 5-mC following conversion to thymine and excision 

repair (Menezo et al., 2016). Whilst DNA methylation is very stable, the CH3 group must be removed 

passively, actively or using both processes for epigenetic regulation (Bind et al., 2022). Passive DNA 

methylation which happens during replication cycles, requires freshly synthesised DNA strands (Bind 

et al., 2022). Active demethylation processes are facilitated by methyl-CpG-binding domains (MBDs) 

(Menezo et al., 2016) (Figure 2.5). 
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Abnormal DNA demethylation results due to uncontrolled 5-HmC levels (Menezo et al., 2016). 

Chromatin structure and gene expression are altered if heritable DNA methylation patterns are 

disrupted (Bönsch et al., 2006). Dysregulated DNA methylation can cause diseases such as cancer 

(García-Guede et al., 2020). 

 

 

Figure 2.5: DNA methylation and demethylation processes (prepared by the author using 

biorender.com) 
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Chapter 3: Materials and Methods 

 

3.1. Materials 

PAT (P1639) was acquired from Sigma-Aldrich (Missouri, USA). Primer sequences were purchased 

from Inqaba Biotechnical Industries (Pty) Ltd (Pretoria, South Africa). The apparatus and reagents 

for western blotting were purchased from Bio-Rad (Hercules, CA, USA). Abcam (Cambridge, UK), 

Cell Signalling Technology (Danvers, Massachusetts, USA), Proteintech (Sankt Leon-Rot, Germany), 

Santa Cruz Biotechnology (Dallas, Texas, USA), and Sigma Aldrich (Missouri, USA), supplied the 

antibodies. The DNA Methylation Quantification Kit was acquired from Abcam (Cambridge, UK). 

Unless otherwise noted, all reagents were procured from Merck (Darmstadt, Germany). 

3.2. Animal Ethics and Procedure 

All procedures complied with the norms and regulations established by the University of KwaZulu-

Natal Animal Research Ethics Committee and the Animal Research: reporting of in vivo experiments 

(ARRIVE) standards (Appendix A). The investigation took place at the Howard College Campus of 

the University of KwaZulu-Natal, involving eight male C57BL/6 mice. Mice were kept at the Africa 

Health Research Institute (AHRI) of the University of KwaZulu-Natal, Nelson R. Mandela Medical 

School, Durban, South Africa, under conventional aseptic settings (temperature: 25⁰C, humidity: 40-

60%, 12-hour (hr) light and dark cycles). 

3.3. Tissue preparation 

Eight mice, approximately six to eight weeks old, were randomly categorised into control and PAT-

fed groups (n=4). To validate my sample size, mice studies by (Schütze et al., 2010, Mulder et al., 

2015) utilised a sample size of n=4. For a small sample size, ≤15 values per group are required for a 

t-test (Mishra et al., 2019). 

The control group were administered 0.1 M phosphate-buffered saline (PBS). The PAT group was 

administered 2.5 mg/kg of PAT orally at 0.250 ml/23g on day zero and then daily for ten days (Jin et 

al., 2016, Mazibuko et al., 2024). 

PBS (0.1 M) was used to prepare PAT. Post the ten-day treatment, four mice from each group were 

sacrificed. Subsequently, the livers were collected, homogenised, and kept at -80°C in CytobusterTM 
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Protein Extraction Reagent (Novagen, 71009) and Qiazol reagent (Qiagen, 79306) for protein and 

RNA extraction, respectively. 
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3.4. Quantitative PCR assay 

3.4.1. Quantitative PCR introduction 

 
Quantitative PCR (qPCR) recognises and quantifies gene expression (Kralik and Ricchi, 2017, Freitas 

et al., 2019). This assay encompasses RNA isolation and cDNA synthesis. An RNA sample is 

converted into complementary DNA (cDNA) through reverse transcription. Primers and SYBR green 

are then used, with SYBR green intercalating between the bases of the newly formed double- stranded 

DNA (Wilhelm and Pingoud, 2003, Antônio José et al., 2016). After each cycle, fluorescence is 

quantified (Kralik and Ricchi, 2017). There is a direct relationship between the fluorescence and the 

quantity of PCR product generated (Antônio José et al., 2016). Increased DNA production leads to 

greater fluorescence detection in qPCR reactions (Adams, 2020). A reference gene particularly 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is employed to normalise the target gene 

(Antônio José et al., 2016). This assay can evaluate mRNA levels (Antônio José et al., 2016). The 

mRNA expression of alpha (α1, 2A and 2B) and beta (β-1, 2, 3) adrenergic receptors, PI3K, AKT, 

MAPK, MAPK14, ERK1/2, DNMT1, DNMT3A and DNMT3B, and MBD2 were probed for using 

qPCR. 

3.5. RNA isolation 

The mice livers were homogenised in a microcentrifuge tube containing 500 µl of Qiazol reagent. All 

samples were administered with 100 µl of chloroform and incubated at room temperature (RT) for 2-3 

minutes (min). The microcentrifuge tubes were centrifuged (4°C, 12,000 xg, 15 min). The 

supernatants were pipetted into new microcentrifuge tubes and to each sample 250 µl of isopropanol 

was added. After vortexing, the samples were incubated overnight (-80°C). The samples were 

centrifuged (4°C, 12,000 xg, 20 min). After discarding the supernatant, the pellet was rinsed with 500 

µl of 75% cold ethanol and centrifuged (4°C, 7400 xg, 15 min). The ethanol was discarded. The pellet 

was air-dried until it was transparent (2 hr). The pellet was re-suspended in 30 µl of nuclease-free 

water, incubated (RT, 2-3 min), vortexed and stored (-80°C). 
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3.5.1. RNA quantification 

The Nano-drop 2000 spectrophotometer (ThermoFisher Scientific) quantified the RNA samples. All 

samples were standardised to 1000 ng/µl. The A260/A280 absorbance ratio evaluated the RNA purity. 

At a ratio of 2.0, RNA was considered pure. 

3.5.2. Complementary DNA (cDNA) synthesis 

Utilising the Maxima H minus first strand cDNA synthesis kit (ThermoFisher Scientific, K1652), 

cDNA was generated (Table 3.1). 

Table 3.1: Master Mix 1 recipe using the Maxima H minus first strand cDNA synthesis kit 

(ThermoFisher Scientific, K1652) 

 

Reagent Volume per reaction 

Oligo deoxythymidine (dT) 18 primer (18 

pmol) 

0. 25 µl 

10 mM Nucleoside triphosphate (dNTP) mix 1. 00 µl 

Nuclease free water 12.75 µl 

 

 

In micro-centrifuge tubes, 14 µl of master mix 1 and 1 µl of template RNA were added. The contents 

were mixed gently and incubated in a thermocycler (65°C, 5 min). Thereafter samples were left to 

chill on ice. Into the aforementioned micro-centrifuge tubes, 5 µl of master mix 2 was added to all 

samples and mixed gently (Table 3.2). 
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Table 3.2: Master Mix 2 recipe using the Maxima H minus first strand cDNA synthesis kit 

(ThermoFisher Scientific, K1652) 

 

Reagent Volume per reaction 

5x Reverse transcriptase buffer 4 µl 

Maxima H minus enzyme mix 1 µl 

 

 

The samples were then placed in the thermocycler, where they underwent incubation (65°C for 10 min 

followed by 50°C for 15 min and 85°C for 5 min). Following these time frames, 60 µl of nuclease-

free water was introduced to each sample and stored (-80°C). 

3.5. Polymerase chain reaction 

The inexpensive and time-saving technique, polymerase chain reaction (PCR) amplifies particular 

DNA sequences from template strands using primers that extend the target gene. PCR is made up of 

three primary steps (Delidow et al., 1993, Hays et al., 2024) (Figure 3.1): 

1) Denaturation (90°C) 

 

The double-stranded DNA template is denatured into single strands. 

 

2) Annealing (55°C-60°C) 

 

Primers are annealed to each original strand for new strand synthesis from the 3’ ends. 

 

3) Extension (72°C) 

 

Thermus aquaticus (Taq) DNA polymerase adds deoxynucleotide triphosphates (dNTPs) to the 3' end 

of the primers to extend a new double-stranded DNA. 
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Figure 3.1: The principle of the PCR assay (prepared by author using biorender.com). 

 

3.6. Quantitative PCR Protocol 

Original primer stocks are 100 µM. Primer stocks (25 µM) were prepared using 25 µl of primer and 

75 µl of nuclease-free water. A master mix was made up of the following reagents and volumes (Table 

3.3): 
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Table 3.3: The qPCR Master mix recipe 

 

Reagent Volume per reaction 

SYBR Green (Thermo Fisher Scientific, 

A25742) 

5 µl 

Nuclease-free water (Ambion®, AM9906) 2 µl 

Sense primer (25 µM) 1 µl 

Anti-sense primer (25 µM) 1 µl 

 

 

To a 96-well plate, 9 µl of the above master mix and 1 µl of cDNA were pipetted in triplicate. The 

plate was sealed using an adhesive plate seal and centrifuged (24°C, 10 000 xg, 1 min). The plate was 

placed in the QuantStudio™ 3 Real-Time PCR instrument (ThermoFisher Scientific, A28132) at the 

following conditions: 

The hold stage 

 

Step 1: Initial denaturation (95°C, 10 min) 

 

The PCR stages (for 40 cycles) 

 

Step 1: Denaturation (95°C, 15 seconds) 

 

Step 2: Annealing (65°C, 40 seconds) - specific temperatures for each primer in Table 3.4 Step 

3: Extension (72°C, 30 seconds) 

The melt curve stages 

 

Step 1: 95°C, 15 seconds 

 

Step 2: 60°C, 1 min 

 

Step 3: 95°C, 1 second (Dissociation) 
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The results were analysed using the QuantStudio™ Design and Analysis Software version 1.5.1. 

(ThermoFisher Scientific, Waltham, MA, USA). The mRNA expression fold changes were evaluated 

employing the comparative threshold cycle (Ct) method. 

Table 3.4: The qPCR annealing temperatures and primer sequences purchased from Inqaba 

Biotechnical Industries (Pty) Ltd. 

 

Gene Annealing 

temperatures (°C) 

Primer Sequence (5’- 3’) 

Alpha- 

adrenergic 

receptor 1A 

(α1A-AR) 

54.7°C F: 

CGGTGACTCACTACTACATTGTC 

R: 

GACGCTGTGCAGCATAAGAC 

Alpha- 

adrenergic 

receptor 2A 

(α2A-AR) 

57°C F: 

GTGACACTGACGCTGGTTTG 

R: 

CCAGTAACCCATAACCTCGTTG 

Alpha- 

adrenergic 

receptor 2B 

(α2B-AR) 

57°C F: 

TCTTCACCATTTTCGGCAATGC 

R: 

AGAGTAGCCACTAGGATGTCG 

Beta- 

adrenergic 

receptor 1 

(β1-AR) 

62°C F: 

CTCATCGTGGTGGGTAACGTG 

R: 

ACACACAGCACATCTACCGAA 

Beta- 

adrenergic 

receptor 2 

(β2-AR) 

62°C F: 

GGGAACGACAGCGACTTCTT 

R: 

GCCAGGACGATAACCGACAT 
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Beta- 

adrenergic 

receptor 3 

(β3-AR) 

62°C F: 

AGAAACGGCTCTCTGGCTTTG 

R: 

TGGTTATGGTCTGTAGTCTCGG 

PI3K 58°C F: 

CTCTCCTGTGCTGGCTACTGT 

R: 

GCTCTCGGTTGATTCCAAACT 

AKT 58°C F: 

CTTCCGTCCACTCTTCTCTTTC 

R: 

ATCCCCTCAACAACTTCTCAGT 

MAPK 58°C F: 

GGTTGTTCCCAAATGCTGACT 

R: 

CAACTTCAATCCTCTTGTGAGGG 

MAPK14 58°C F: 

TGACCCTTATGACCAGTCCTTT 

R: 

GTCAGGCTCTTCCACTCATCTAT 

ERK1 63°C F: 

TCCGCCATGAGAATGTTATAGGC 

R: 

GGTGGTGTTGATAAGCAGATTGG 

ERK2 63°C F: 

GGTTGTTCCCAAATGCTGACT 

R: 

CAACTTCAATCCTCTTGTGAGGG 

DNMT1 60°C F: 

AGAGACCAGGATAAGAAACGCA 

R: 

CTCCTTTGATTTCCGCCTCAAT 

DNMT3A 60°C F: 

GGCCGAATTGTGTCTTGGTG 

R: 
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  CCATCTCCGAACCACATGAC 

DNMT3B 60°C F: 

AGCGGGTATGAGGAGTGCAT 

R: 

GGGAGCATCCTTCGTGTCTG 

MBD2 58°C F: 

AGAACAAGGGTAAACCAGACCT 

R: 

ACTTCACCTTATTGCTCGGGT 

GAPDH Housekeeping 

Gene 

F: 

AGGTCGGTGTGAACGGATTTG 

R: 

TGTAGACCATGTAGTTGAGGTCA 

 

3.7. DNA isolation 

During RNA isolation, chloroform was introduced and centrifuged to divide the sample into three 

separate phases: an aqueous phase, interphase, and phenol-chloroform phase. The aqueous contains 

RNA while the interphase, and phenol-chloroform phase contains DNA and proteins. DNA was 

extracted from the interphase and phenol-chloroform phase by precipitating with 100% ethanol (150 

μl, RT, 3 min) and centrifuged (2000 xg, 4°C, 5 min). The supernatant was collected and stored for 

protein isolation. 

To the pellets, 0.1 M sodium citrate in 10% ethanol (pH 8.5, 500 μl) was added and incubated (RT, 30 

min) before centrifugation (2000 xg, 4°C, 5 min). The supernatant was removed. These steps 

were repeated twice. A 1000 μl of 75% ethanol resuspended the pellets before incubation (RT, 20 

min) and centrifugation (2000 xg, 4°C, 5 minutes). The supernatant was removed. The pellets were 

air-dried (RT, 10 min). Subsequently, 100 μl of 8 mM sodium hydroxide (NaOH) buffer was added 

to the pellets. All insoluble materials were then removed by centrifugation (12000 xg, 4°C, 10 min). 

 

 

1 
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3.7.1. DNA quantification 

The ThermoFisher Scientific Nano-drop 2000 spectrophotometer was used to measure the DNA 

concentration and samples were standardised to 20 ng. The DNA purity was assessed by the 

A260/A280 absorbance ratio. At a ratio of 1.8, DNA was considered pure. 

3.8. Enzyme-linked immunosorbent assay (ELISA) - Global DNA Methylation 

3.8.1. Introduction 

ELISA recognises and measures antibodies that passively bind to solid surfaces (Lin, 2015). The 

conventional ELISA involves an antigen binding to a solid surface and introducing biological material 

including antigen-specific antibodies covalently coupled to an enzyme (Boguszewska et al., 2019). 

The DNA methylation ELISA is designed to identify methylated cytosine and assess the levels of 

methylation using antibodies produced against 5-mC (Kurdyukov and Bullock, 2016). 

A binding solution binds DNA to strip wells, therefore a high DNA affinity is achieved. Both a capture 

and detection antibody covalently coupled to an enzyme are needed to identify methylated DNA 

(Mazibuko et al., 2024). A colour shift results as the inclusion of a substrate activates 

enzymes (Figure 3.2). A microplate spectrophotometer measures DNA methylation through 

colorimetric analysis using absorbance measurements where the level of methylated DNA correlates 

to the optical density (Awad et al., 2020). 

 

 

 

 

 

Figure 3.2: The principle of ELISA (Prepared by author using canva.com) 
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3.8.2. Protocol 

The Methylated DNA Quantification Kit (Abcam, ab117128) measures methylated DNA. This 

assay quantified global DNA methylation levels (5-mC levels). 

The 1x wash buffer was prepared by adding 13 ml of 10x wash buffer to 117 ml of distilled water 

(dH2O). 

Single-point control preparation 

 

The positive control was diluted with 1x Tris-EDTA (TE) buffer to 5 ng/µl (1 ul of positive control and 

3 µl of TE). This control was further diluted to 10 ng/µl (5 ul of positive control and 5 µl of 1x TE). 

The positive control standards (0.5, 1, 2, 5, and 10 ng/μl) were prepared utilising the 10 ng/µl diluted 

positive control and the 1X TE Buffer (Appendix B). Before incubation (37°C, 90 min), binding 

solution (80 μl), positive control standards (1 µl), negative control (obtained from the kit, 1 µl), and 

DNA samples (8 µl) were added to strip wells in triplicate. Subsequently, the binding solution was 

then aspirated. Following all incubation periods, the strip wells were washed thrice with 1X Wash 

Buffer (150 μl). The control and PAT groups were then introduced to capture antibody (1: 1,000 (50 

μl), RT, 60 min), detection antibody (1: 2,000 (50 μl), RT, 30 min), and enhancer solution (1: 5,000 

(50 μl), RT, 30 min). All wells were incubated with developer solution (100 μl, RT, in the dark, 10 

min) and stop solution (50 μl). Adequate amounts of 5-mC cause the developer solution to turn blue. 

The stop solution initiates a blue-to-yellow colour change. 
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3.8.3. Global DNA methylation quantification 

Using the SpectroStar nano spectrophotometer (BMG Labtech) the absorbance was measured at 450 

nm. The percentage of 5-mC in total DNA was calculated and expressed as a percentage compared to 

the control. 

 

 

 

 

 Where S = input DNA (µl) 

 

3.9. Protein isolation 

3.9.1. Introduction 

Employing a non-ionic lysis Cytobuster Protein Extraction Reagent, the total protein was extracted 

from the samples. Cytobuster contains a variety of detergents including protease and phosphatase 

inhibitors that facilitate the successful isolation of soluble and functional proteins. Protease and 

phosphatase inhibitors preserve protein integrity by inhibiting the cell from secreting proteolytic and 

phosphatase enzymes (Mahmood and Yang, 2012). 

3.9.2. Protocol 

Mice livers were homogenised with Cytobuster™ Protein Extraction Reagent (500 μl) containing 

protease and phosphatase inhibitors. The samples were centrifuged (4°C, 10 000 xg, 10 min). The 

supernatant containing the crude protein was separated from the pellet and quantified. 

(𝑆𝑎𝑚𝑝𝑙𝑒 𝑂𝐷 − 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑛𝑡𝑟𝑜𝑙 𝑂𝐷) 
5𝑚𝐶 (𝑛𝑔) = 

(𝐺𝑟𝑎𝑑𝑖𝑒𝑛𝑡 𝑜𝑓 𝑡ℎ𝑒 𝑠𝑙𝑜𝑝𝑒 𝑥 2) 

5𝑚𝐶 (%) = 
5𝑚𝐶 𝑎𝑚𝑜𝑢𝑛𝑡 (𝑛𝑔) 

𝑆 
𝑥 100 % 
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3.10. Bicinchoninic acid assay - Protein quantification and standardisation 

3.10.1. Introduction 

The Biuret reaction is the basis for the bicinchoninic acid (BCA) assay (Cortés-Ríos et al., 2020). The 

BCA assay operates in an alkaline medium where Cu2+ is converted to Cu+1. This colorimetric assay 

measures protein quantities in samples by producing a purple Cu+1-(BCA) 2 complex at 562 nm 

(Cortés-Ríos et al., 2020). The resultant Cu+ indicates protein concentration and thus, protein content 

in samples is measured spectrophotometrically by comparing it to standards with a known 

concentration (Cortés-Ríos et al., 2020) (Table 3.5). 

3.10.2. Protocol 

The 1 mg/ml bovine serum albumin (BSA) stock was prepared (5mg BSA in 5ml dH2O). Various 

standards ranging from 0 to 1 mg/ml were made. 

Table 3.5: BSA standards preparation 

 

Concentration Standards 

0 mg/ml 100 µl dH2O; 0 µl  5mg/ml BSA stock 

0.2 mg/ml 80 µl dH2O; 20 µl  5mg/ml BSA stock 

0.4 mg/ml 60 µl dH2O; 40 µl  5mg/ml BSA stock 

0.6 mg/ml 40 µl dH2O; 60 µl  5mg/ml BSA stock 

0.8 mg/ml 20 µl dH2O; 80 µl  5mg/ml BSA stock 

1 mg/ml 0 µl dH2O; 100 µl  5mg/ml BSA stock 

 

 

A working solution consisting of 0.8 µl CuSO4 and 39.6 µl BCA per well was prepared. In a 96- well 

plate, 40 µl of the working solution, in addition to 5 µl of standards, and samples were pipetted. The 

plate was incubated (37°C, 30 min) and read at an absorbance of 562 nm with the spectrophotometer 

(SpectroStar nano). 
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All protein samples were standardised to 1.2mg/ml and 200 µl (Appendix C). The samples were 

boiled (100°C, 5 min) in Laemmli buffer which consists of dH2O which facilitated dissolution and 

homogenisation, 0.5 M Tris-HCl (pH 6.8) to maintain the pH level, 10% sodium dodecyl sulphate 

(SDS) which denatured proteins. The addition of SDS generated an overall negative charge, glycerol 

as it enabled the protein sample to settle to the bottom of the well by providing density to the buffer, 

5% β-mercaptoethanol (2-mercaptoethanol) which facilitated protein denaturation by disrupting 

disulphide bridges and 1% bromophenol blue dye that determined protein migration on the gel (Sule 

et al., 2023). 

3.11. The western blotting assay 

3.11.1. Introduction 

 
In complicated mixtures of cells or tissues, western blotting identifies and measures specific proteins 

to evaluate protein levels. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

separates protein samples by molecular weight (Sule et al., 2023) (Figure 3.3). The introduction of a 

voltage causes negatively charged proteins on the gel to move towards the positive electrode. Smaller 

proteins move faster than larger ones, hence proteins are segregated by molecular weight (Mahmood 

and Yang, 2012) (Table 3.7). Proteins are transferred from the polyacrylamide gel onto a 

nitrocellulose membrane (Table 3.8). To avoid non- specific antibody binding to the membrane, it 

is incubated in a blocking buffer: 5% BSA in Tris buffer saline with Tween 20 (TTBS) (Mazibuko et 

al., 2024). By identifying antigen/antibody binding signals in biological samples, including cells and 

tissues, semi-quantitative or quantitative information on the protein of interest is provided (Sule et al., 

2023). Bands indicate protein expression when a specific primary and enzyme-conjugated secondary 

antibody binds to the target protein on the membranes (Mazibuko et al., 2024). 

The western blotting assay was used to determine the protein expression of p38, ERK1/2, PI3K, 

DNMT1, DNMT3A and MBD2. 

3.11.2. Protocol 

To commence the assay, the resolving and stacking gels were prepared as follows (Table 3.6): 
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Table 3.6: Western blot gel recipe for 4 resolving and stacking gels 

 

Reagent Resolving gel (10%) Stacking gel (4%) 

dH2O 15 800 µl 12 000 µl 

Tris 10 000 µl (1.5 M, pH 8.8) 5000 µl (0.5 M, pH 6.8) 

10% SDS 400 µl 200 µl 

Bis/Acrylamide 13 400 µl 2660 µl 

10% Ammonium persulfate 

(APS) 

200 µl 100 µl 

Tetramethylethylenediamine 

(TEMED) 

20 µl 20 µl 

 

 

The proteins (30 µl) were separated using SDS-PAGE (150 V, 90 min). 

 

Table 3.7: SDS-PAGE running buffer recipe 

 

Reagent Quantity 

Tris 3.03 g 

Glycine 14.4 g 

SDS 10 g 

Dissolve in dH2O 800 ml (top up to 1000 ml) 
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Figure 3.3: The principle of the SDS-PAGE (prepared by author using biorender.com) 

 

Thereafter the Bio-Rad Trans-Blot® Turbo Transfer System (25 V, 30 minutes) transferred the 

proteins onto nitrocellulose membranes. 

Table 3.8: Transfer Buffer recipe 

 

Reagent Quantity 

Tris 1.515 g 

Glycine 7.2 g 

Methanol 100 ml 

Dissolve in dH2O 300 ml (top up to 500 ml) 

 

 

All membranes were incubated and blocked (RT, 1 hr) using 5% BSA in 100 ml TTBS (150 mM 

NaCl, 3 mM KCl, 25 mM Tris, 0.05% Tween 20, distilled water, pH 7.5). Primary antibodies (1:5000 

µl) such as p38 (Cell signaling Technology, #9212) and ERK1/2 (Santa Cruz Biotechnology, #sc-93; 

1:5000), PI3 Kinase p110 Alpha (Proteintech, #67071-1-Ig, 1:5000), AKT (Cell Signaling 

Technology, 9272S, 1:5000), DNMT1 (D63A6) (Cell signaling Technology, #5032S, 1:5000), 

DNMT 3A (D23G1) (Cell signaling Technology, #3598S, 1:5000), and MBD2 (Abcam, ab188474, 

1:5000) were added to the membrane after blocking and incubated overnight 
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(4°C). Following incubation, the membranes were washed five times in TTBS (RT, 10 min) (Table 3.9), 

introduced to a secondary antibody conjugated to horseradish peroxidase (HRP) and incubated (1 h, 

RT) anti-rabbit (Cell Signalling Technology, #7074S, 1:5000) and anti-mouse (Cell signaling 

Technology, #7076P2, 1:5000). 

Table 3.9: Wash buffer- TTBS recipe 

 

Reagent Quantity 

NaCl 8, 005 g 

KCl 0.202 g 

Tris 3.001 g 

Dissolve in dH2O 800 ml (top up to 1000 ml) 

Tween 20 500 µl 

 

 

Post-incubation the membranes underwent four TTBS washes (10 min, RT) and their protein bands 

were viewed with the Clarity™ Western ECL Substrate Kit (Bio-Rad, #170-5060). The images were 

taken with the iBright™ Imaging System (ThermoFisher, Waltham, MA, USA) (Figure 3.4). Utilising 

32% hydrogen peroxide (H2O2) the membranes were stripped (37°C, 30 min), then washed once 

with TTBS (RT, 10 min), blocked with 5% BSA in TTBS and incubated (RT, 1 hr) with β-actin 

(Sigma-Aldrich, A3854, 1:5000) which serves as the housekeeping protein for normalisation against 

relevant proteins expressed. The protein bands were analysed using the iBright™ analysis software 

version 4.0.0 and the results were represented as relative band density (RBD) in comparison to the 

control. 
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Figure 3.4: A schematic representation of the western blotting assay (prepared by author using 

biorender.com and canva.com) 
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Chapter 4: Results 

 

4.1 PAT-modified α-adrenergic receptors mRNA levels 

The mRNA levels of α-AR 

 

The qPCR assay evaluated the mRNA levels of α-ARs in the livers of C57BL/6 mice that were fed 

PAT for 10 days. PAT altered the mRNA levels of the α-ARs by significantly increasing α1A- AR (p 

= 0,0012) (Figure 4.1a) and decreasing α2A-AR (p = 0,2293) (Figure 4.1b) and α2B-AR (p 

= 0,4697) (Figure 4.1c). 
 

 

 

Figure 4.1: The mRNA levels of a) α1A-AR, b) α2A-AR, and c) α2B-AR in the livers of the control and 

PAT-fed C57BL/6 mice for 10 days. All data is presented as mean with SEM where (**p<0.005) was 

deemed significant. 
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4.2 PAT modified β-adrenergic receptors mRNA levels 

The mRNA levels of β-AR 

 

PAT had decreased the mRNA levels of all β-AR. PAT reduced the levels of β1-AR (p = 0,5942) 

(Figure 4.2a) whilst significantly decreasing the levels of β2-AR (p = 0,0008) (Figure 4.2b) and 

declining β3-AR (p = 0,4039) (Figure 4.2c). 

 

 

 

Figure 4.2: The mRNA levels of a) β1-AR, b) β2-AR, and c) β3-AR in the livers of the control and 

PAT-fed C57BL/6 mice for 10 days. All data is presented as mean with SEM where (**p<0.005) was 

deemed significant. 

4.3. PAT disrupts the MAPK/ERK signalling pathways 

PAT has dysregulated the MAPK/ERK signalling cascade by significantly increasing the mRNA 

levels of MAPK (p = 0,0262) (Figure 4.3a), MAPK 14 (p<0.0001) (Figure 4.3b) and ERK1 (p = 0, 

0198) (Figure 4.3c). PAT significantly decreased the mRNA levels of ERK2 (p<0.0001) (Figure 

4.3d). 
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Figure 4.3: The mRNA levels of a) MAPK, b) MAPK14, c) ERK1 and d) ERK2 in the livers of the 

control and PAT-fed C57BL/6 mice for 10 days. All data is presented as mean with SEM where 

(*p<0.05, ***p<0.0001) was deemed significant. 

4.4. PAT alters the protein expression of p38 and ERK1/2 

The western blot assay demonstrated a PAT-mediated dysregulation of this pathway. This was 

exhibited when PAT significantly increased and decreased the protein levels of p38 (p = 0,0473) 

(Figure 4.4a) and ERK1/2 (p = 0,0045) (Figure 4.4b) respectively. 
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Figure 4.4: The protein levels of p38 and ERK1/2 in the livers of the control and PAT-fed C57BL/6 

mouse for 10 days. All data is presented as mean with SEM where (*p<0.05, **p<0.005) was deemed 

significant. 

4.5. PAT dysregulates PI3K/AKT signalling 

PAT altered the mRNA levels of this pathway by decreasing PI3K (p = 0,4776) (Figure 4.5a) and 

significantly increasing AKT (p = 0,0139) (Figure 4.5b). 
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Figure 4.5: The mRNA levels of a) PI3K and b) AKT in the livers of the control and PAT-fed 

C57BL/6 mice for 10 days. All data is presented as mean with SEM where (*p<0.05) was deemed 

significant. 

4.6. PAT increases PI3K protein levels 

Due to the decline in mRNA levels of PI3K, the protein levels of PI3K were investigated. PAT 

significantly increased the protein levels of PI3K (p = 0,0373) (Figure 4.6). 
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Figure 4.6: The protein levels of PI3K in the livers of the control and PAT-fed C57BL/6 mice for 10 

days. All data is presented as mean with SEM where (*p<0.05) was deemed significant. 

4.7. PAT induces global DNA hypermethylation 

An ELISA assay was performed to measure global DNA methylation levels. PAT had significantly 

increased the global DNA methylation levels (p = 0,0416) (Figure 4.7). 
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Figure 4.7: Global DNA hypermethylation as represented by the percentage (%) of 5-mC in the livers 

of the control and PAT-fed C57BL/6 mouse livers for 10 days. All data is presented as mean with SEM 

where (*p<0.05) was deemed significant. 

4.8. PAT alters global DNA methylation in mouse livers 

Due to the resultant global DNA hypermethylation, the levels of the DNMTs were investigated. PAT 

dysregulated the mRNA levels of the DNMTs by increasing DNMT1 (p = 0,3076) (Figure 4.8a) and 

significantly decreasing DNMT3A (p< 0.0001) (Figure 4.8b) and DNMT3B (p< 0.0001) (Figure 4.8c). 
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Figure 4.8: The mRNA levels of a) DNMT1, b) DNMT3A and DNMT3B in the livers of the control and 

PAT-fed C57BL/6 mice for 10 days. All data is presented as mean with SEM where (***p<0.0001) 

was deemed significant. 

4.9. PAT increases DNMT protein levels 

The dysregulated mRNA levels of the DNMTs led to the further investigation of its protein levels. PAT 

significantly increased the protein levels of DNMT1 (p = 0,0402) (Figure 4.9a) and DNMT3A (p = 

0,6701) (Figure 4.9b). 
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Figure 4.9: The protein levels of DNMT1 and DNMT3A in the livers of the control and PAT-fed 

C57BL/6 mice for 10 days. All data is presented as mean with SEM where (*p<0.05) was deemed 

significant. 

4.10. PAT increases MBD2 levels 

To determine the level of demethylation, MBD2 mRNA and protein levels were investigated. PAT 

increased MBD2 mRNA (p = 0, 1942) (Figure 4.10a) and protein expression levels (p = 0,0501) 

(Figure 4.10b). 
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Figure 4.10: The mRNA and protein levels of MBD2 a) mRNA and b) protein in the livers of the 

control and PAT-fed C57BL/6 mice for 10 days. 
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Chapter 5: Discussion 

 
PAT is derived from several fungi and can infect numerous food products (Guerra-Moreno and 

Hanna, 2017). PAT has teratogenic, carcinogenic, and genotoxic properties (Qiu et al., 2022). 

Additionally, PAT exposure induces acute symptoms such as liver and renal toxicity (Chu et al., 

2021). This study investigated the effect of PAT on adrenergic receptor signalling and global DNA 

methylation. The limitations of this study include a small sample size and a lack of western blot data 

showing the protein expression of α and β-AR, AKT and DNMT3B.  

The liver possesses α1-AR and β2-AR (Chen et al., 2020). In the liver, α1-ARs regulate liver function 

by mediating the action of epinephrine and norepinephrine. In liver physiology, the ARs signalling 

modulates a variety of processes, notably liver regeneration, repair, fibrosis and innate immunity, 

hepatocyte proliferation, glycogenolysis and gluconeogenesis (Chen et al., 2020). The expression of 

the various subtypes is governed by multiple transcriptional and post-synthetic processes at the gene, 

mRNA, and protein levels (Strosberg, 1993). 

In C57BL/6 mouse livers, prolonged exposure (10 days) to PAT significantly increased the mRNA 

levels of α1-AR (Figure 4.1a). Following liver injury, the α1-AR regulates hepatocyte growth and 

liver regeneration (Aldaba-Muruato et al., 2017). As PAT primarily targets the liver and exerts its 

toxicity, the increase in α1A-AR levels may serve as a response to PAT-induced injury. The increased 

α1A-AR responds by initiating regenerative actions through hepatocyte proliferation, possibly 

attempting to repair any degree of harm induced by this deleterious mycotoxin. In Kupffer cells, by 

activating the α1-ARs the inflammatory cytokine generation was significantly increased (Huan et al., 

2017). It is plausible that the α1A-AR upregulation is an inflammatory response to PAT. This 

provides a possible mechanism of PAT-mediated liver injury. By maintaining α1A-AR activation, the 

liver is in a chronic state of inflammation. Liver fibrosis alters the adrenergic receptors 

(Schwinghammer et al., 2020). 

A protein sequence similarity of 44% was predominantly observed in the α1- and 2- AR            

membrane-spanning regions, in addition to other members of this receptor family (Insel, 1989). Thus, 

as these receptors are similar in nature, PAT binds and influences their levels possibly using a similar 

mechanism. The α2A and α2B-AR were not significant. This study observed a PAT-mediated 

decrease in the levels of α2A-AR (Figure 4.1b) and α2B-AR (Figure 4.1c). This strengthens the 

premise that PAT disrupts AR signalling. While most studies focused on β-AR, Link et al. observed 
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a similarity between human and murine α2A-ARs; that replacing Cys201 with Ser transmembrane 

(TM) region 5 resulted in the same antagonistic binding capabilities (Link et al., 1992). Interestingly 

PAT has mutagenic properties (Kumar et al., 2018a). This could account for the decline in α2A-AR 

levels, PAT may have mutated these residues in the TM region thus altering the structure of the AR 

and preventing its natural ligand from binding to the ARs. PAT can act as a ligand (Pillay et al., 

2020). By competing for binding sites, PAT acts as a ligand and binds to the ARs thus altering their 

structure and hindering its ability to transduce signaling. The AR subtypes can have different effects 

based on tissue location, even within the same class (Wu et al., 2021). The three α2-AR isoforms 

share comparable structures, pharmacology, and signalling processes, but differ in tissue distribution, 

despite having only about 50% amino acid sequence commonality (Pettinger and Jackson, 2020). 

Renal α-AR regulates metabolism, sodium reabsorption, and renal tone (Mazibuko et al., 2024). 

Recent studies have observed similar trends in AR signalling following PAT exposure in two 

different kidney models. A study by Mazibuko et al. investigated the effect of PAT on adrenergic 

receptor signalling and DNA methylation in C57BL/6 mouse kidneys for two timeframes acute (1 

day) and chronic (10 days). At 2.5 mg/kg, in both acute and chronic exposures, PAT resulted in a 

significant decline of α1A-AR, α2A-AR, and α2B-AR levels (Mazibuko et al., 2024). Pillay et al. 

investigated PAT's effect (2.5 µM) on the α-AR signalling in HEK 293 cells for 24 hrs (Pillay et al., 

2020). PAT significantly reduced the mRNA levels of α1A, α2A and α2B-ARs in HEK293 cells 

(Pillay et al., 2020). 

Mazibuko et al. suggested that the increase in α2-AR is the kidney’s response to the presence of PAT. 

Additionally, the activation of the α2-AR influences blood pressure through renal vasoconstriction 

thus affecting overall kidney function (Mazibuko et al., 2024). In HEK293 cells PAT had 

significantly decreased the protein level of α1A-AR (Pillay et al., 2020). 

Additionally, Pillay et al. employed computational methods to investigate the interaction between 

PAT and human α1A-AR (Pillay et al., 2020). The study's findings indicated that by using hydrogen, 

pi-pi, and pi-alky bonding, PAT binds and interacts with α1-AR residues. PAT interacts with 

the side chains of non-thiol amino acids, including Ser, tyrosine (Tyr), phenylalanine (Phe), glutamic 

acid (Glu), and lysine (Lys) thus binding to α1-AR (Pillay et al., 
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2020). Aspartic acid113 (Asp) is the most significant residue found in all adrenergic receptors (Dixon 

et al., 1988). Asp does not possess a thiol group (Anon., 2022). All adrenergic receptors possess key 

residues for ligand binding, namely Asp113, Ser204, and Ser207 which are found in the same locations 

(Dixon et al., 1988, Isin et al., 2013, Catte et al., 2022). Whilst there is no literature on this subject, 

this study postulates that the decline in the livers’α- and β-AR levels is attributed to PAT mutating 

the Asp residue, thus affecting the receptors' affinity and efficiency in ligand binding. Another 

possible explanation includes PAT binding to the Asp residue in the ARs, thus altering their 

expression level and disrupting their signalling. 

The disruption in adrenergic signalling trends is possibly due to epigenetic modifications, specifically 

altered DNA methylation levels which impact gene transcription and thus receptor levels. Liver 

injury can alter regular cellular activities and signalling pathways, hence the possibility of affecting 

the activity of the ARs in the liver. 

In the case of the β-ARs, PAT decreased the mRNA levels of all three β-ARs: β1 (Figure 4.2a), β2 

(Figure 4.2b) and β3 (Figure 4.2c). The β1 and β3-AR were not significant however, β2-AR exhibited a 

significant decrease. In NAFLD- induced fibrosis, all β-ARs are reduced during the early phases, but 

with increasing fibrosis/cirrhosis stages, their levels are significantly increased (Schwinghammer et 

al., 2020). Therefore, the decline in β-ARs levels observed in this study is a possible indicator of the 

liver experiencing the initial stages of fibrosis following PAT exposure. 

Interestingly, the presence of Cys residues in similar places within the β-AR is practically in all 

GPCRs, suggesting that their binding may be a common component of the R7G family of proteins 

(Strosberg, 1993). Therefore, the decrease in all three β-ARs may be attributed to PAT targeting Cys 

residues present in the ARs, as PAT has an affinity for Cys (Pal et al., 2017). 

Strosberg (1993) reviews the effects of mutations on the ARs. Ligand binding is altered when 

residues are mutated in various TM regions particularly Ser165 (TM4), Phe290 (TM6), and the four Cys 

residues Cys106, Cys184, Cys190, and Cys191 (Strader et al., 1987, Dixon et al., 1988). This correlates 

with the findings of Pillay et al. as PAT has interacted with the ARs through Ser and Phe residues 

(Pillay et al., 2020). 

Position 113 of the receptors are critical for its function. Substituting aspartate with serine results in 

catechol esters interacting with the residue's hydroxyl group through a hydrogen bond 
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thus serving as agonists for the mutated receptor (Strader et al., 1991). Therefore, it is plausible for 

PAT to alter the AR structure and its function in activating downstream signalling. 

GPCRs can stimulate the MAPK/ERK signalling cascades (Moon and Ro, 2021). An investigation 

on α1-AR-ligand binding revealed that receptor engagement can directly activate or induce parallel 

stimulation of MAPK/ERK1/2 (Pillay et al., 2020). The MAPK/ERK and PI3K/AKT pathways 

require both α1 and α2-ARs to function properly (Mazibuko et al., 2024). Studies have demonstrated 

that activating β-AR enables the formation and stimulation of signalling cascades, notably MAPK 

pathways (Vasudevan et al., 2011). Consequently, any AR dysregulation impacts the cascades as 

mentioned above. 

The mRNA and protein levels of the MAPK/ERK/PI3K/AKT pathways utilised by the adrenergic 

receptors were investigated in C57BL/6 mouse livers. 

A wide range of substrates are phosphorylated by MAPK/ERK signalling in the cytoplasm and 

nucleus, facilitating various biological functions (Wen et al., 2022). Injuries swiftly trigger 

MAPK/ERK signalling pathways. Subsequently, this pathway has a significant role in organ 

regeneration by stimulating cell survival, migration, transcription/translation, growth and 

proliferation (Wen et al., 2022). PAT significantly increased the mRNA levels of MAPK (Figure 

4.3a), MAPK14 (Figure 4.3b) and ERK1 (Figure 4.3c). This significant upregulation is a possible 

response to PAT-mediated injury and an initiation of liver regeneration. 

However, PAT significantly downregulated ERK2 mRNA levels (Figure 4.3d). PAT decreased the 

protein ERK1/2 level significantly (Figure 4.4b). Essential biological functions including cellular 

differentiation proliferative actions and cellular signalling are governed by ERK1 and ERK 2 

during healthy and pathological circumstances (Guo et al., 2020). Small variations in ERK 1/ERK2 

expression can affect global ERK levels. Comparing ERK1 and ERK2 morpholinos revealed that 

ERK2 substantially decreased the global expression of phospho-ERK (Buscà et al., 2016). This 

explains how a PAT-mediated reduction of ERK2 mRNA levels decrease the overall ERK1/2 protein 

expression. Any abnormalities in the ERK cascade exert deleterious effects on cells and the organism 

(Guo et al., 2020). Dysfunctional signalling cascades are linked to the onset of cancer (Bahar et al., 

2023). This is a possible mechanism of how PAT induces liver injury which may result in liver cancer. 
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Additionally, PAT further disrupted the MAPK/ERK signalling cascade by significantly increasing 

the protein levels of P38 (Figure 4.4a). The kinase p38 is multifunctional, modulating various 

physiological activities by engaging with an array of substrates. These activities include cell 

growth, differentiation, stress response, apoptosis, and cell migration and survival (Martínez-Limón 

et al., 2020). Maintaining p38 activation can result in cell death, senescence, and the terminal 

differentiation of cells, while cell survival is promoted by low p38 activity (Martínez- Limón et al., 

2020). Therefore, the p38 activation could be attributed to PAT-mediated apoptosis or a response to 

the stress induced in the liver upon PAT administration. Increased p38 MAPK activation is associated 

with liver cancer progression (Burton et al., 2021). Additionally, a PAT- mediated increase in p38 in 

the liver may be an example of PAT’s carcinogenic properties. 

Mazibuko et al. reported that in acute and chronic timeframes, PAT significantly increased the mRNA 

and protein levels of MAPK (Mazibuko et al., 2024). While the mRNA levels of MAPK 14 exhibited 

a PAT-mediated increase in acute and chronic exposures (Mazibuko et al., 2024). Additionally, in 

these timeframes, PAT significantly elevated the protein level of ERK1/2, which they attribute to α1-

AR mediated activation through endocytic mechanisms (Mazibuko et al., 2024). In addition to the 

effect of PAT on ARs, Pillay et al. (2020) investigated the effect of PAT (0.2, 0.5, 1 µM) on the 

MAPK/ERK/PI3K/AKT pathways in HEK293 cells. Their study reported that 1 µM of PAT 

significantly reduced and raised total ERK1/2 and pERK1/2 protein levels, respectively. This was 

associated with changes in α1-AR expression (Pillay et al., 2020). 

Various mechanisms can cause liver injury, but abnormal signalling is a key factor (Vinken et al., 

2009). Regulatory variables, including growth factors, cytokines, epigenetic alterations, ligand- 

receptor relationships, oncogenes and subcellular compartment localisations, affect MAPK/ERK 

signalling activity (Guo et al., 2020, Wen et al., 2022). As exhibited by Pillay et al. PAT acts as a 

ligand and binds to the ARs, thus the adrenergic receptor levels and their signalling cascades are 

disrupted (Pillay et al., 2020). Insufficient or dysregulated signalling activity in mammalian cells 

contributes to impaired regeneration capabilities (Wen et al., 2022). Therefore, as PAT disrupts these 

signalling cascades, liver regeneration is possibly impaired and may ultimately lead to liver failure. 

Additionally, aberrant cell actions occur when the MAPK/ERK pathway is abnormally regulated, 

comprising accelerated cellular proliferation, longevity and reverse differentiation, thereby promoting 

cancer (Moon and Ro, 2021). 
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Studies have reported that the PI3K/AKT pathway is predominantly stimulated by MAPK/ERK 

crosstalk (Pillay et al., 2020). Therefore, any abnormalities in the MAPK/ERK pathway disrupt this 

cascade’s downstream targets, particularly PI3K/AKT. 

The PI3K/AKT signalling pathway regulates the body's physiological processes for suitable 

cellular responses to several triggers (Shamsan et al., 2024). This cascade influences survival, 

proliferation, cell growth, and metabolism as well as promotes liver regeneration. PI3K regulates 

AKT. Stimulated PI3K promotes PIP2 to PIP3 conversion, which promotes PDK1 and AKT 

activation (Xue et al., 2021). AKT activation leads to reduced inflammation as well as better repair of 

liver fibrosis (Shamsan et al., 2024). Thus, indicating a directly proportional or dependent relationship 

between PI3K and AKT. The PI3K/AKT pathway regulates the progression and attenuation of liver 

fibrosis thus exhibiting its duality (Shamsan et al., 2024). Activating PI3K/AKT reduces fibrosis 

indicators and improves liver function significantly; however, dysregulation of this pathway induces 

and exacerbates liver fibrosis (Shamsan et al., 2024). This study reports that PAT has disrupted the 

PI3K/AKT pathway. The PI3K mRNA levels had decreased but were not significant (Figure 4.5a). 

PAT significantly increased AKT expression (Figure 4.5b). AKT and mTOR- dependent feedback 

reduce receptor synthesis and signalling, which limits the PI3K signal (Mukherjee et al., 2021). The 

increase in AKT could serve as a negative feedback loop resulting in the decline of AR and PI3K 

levels.  

Additionally, PAT significantly increased the protein expression of PI3K (Figure 4.6). Compared to 

the mRNA levels, the protein levels are more preserved in species, which could account for the lack 

of correlation in the expression (Jiang et al., 2023). It is possible that the dysregulation of this pathway 

induced liver fibrosis and another mechanism was employed for PAT-mediated toxicity. AKT 

serves as an effector in the PI3K pathway. It favours cell viability by phosphorylating 

and hindering proteins that promote apoptosis including BAD and caspase-9 (Shamsan et al., 2024). 

Therefore, following PAT administration, liver cancer may result through AKT-mediated anti-

apoptotic actions. 

After translation, the genome is regulated by small non-coding RNAs called microRNAs (miR) 

(Segal and Slack, 2020). The miRs downregulate mRNA by binding to sites often found in the target 

mRNA's 3'-untranslated region (UTR) but can also exist in the 5'UTR (Lytle et al., 2007). 
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The PI3K/AKT/mTOR pathway can be miR-regulated (Rahmani et al., 2020a, Rahmani et al., 2020b). 

The miR-519a targets PI3K/AKT in hepatocellular carcinoma (Tu et al., 2016). Tu et al. demonstrated 

an increase in the mRNA and protein levels of phosphatase and tensin homolog (PTEN) by inhibiting 

miR-519a (Tu et al., 2016). The PI3K/AKT cascade is negatively influenced by the membrane-bound 

lipid phosphatase, PTEN (Nie et al., 2018). By inhibiting PI3K activity, PTEN hinders PIP2 

transformation to PIP3 (Acosta-Martinez and Cabail, 2022). Hence PAT may downregulate miR-519a 

which indirectly influences PI3K levels by directly upregulating PTEN. To validate this inverse 

relationship, Wan et al. reported that in vitro models of non-small cell lung cancer (NSCLC), at 

elevated levels of miR-142-5p reduced the protein levels of PTEN while increasing PI3K, p-Akt 

expression (Wan et al., 2018). 

Furthermore, dysregulated PI3K/AKT/mTOR signalling is crucial in carcinogenesis (Jiang et al., 

2020, Liu et al., 2020). In lung adenocarcinoma, miR-200 is upregulated and promotes tumour 

proliferation by stimulating AKT through insulin receptor substrate-1 (Guo et al., 2015). In their 

study, Nie et al. reported PTEN as a direct target of miR-217 in cardiac hypertrophy (Nie et al., 2018). 

An upregulation of miR-217 leads to decreased PTEN and increased AKT levels (Nie et al., 2018). 

Therefore, a possible explanation for the elevated mRNA levels of AKT, despite the decline in the 

mRNA levels of PI3K, is that PAT indirectly activates AKT by upregulating miR- 200 or miR-217. 

Furthermore, this upregulation of miR-200 could increase the proliferation of aberrant liver cells, thus 

initiating tumorigenesis. 

Similarly, in mouse kidneys, the acute and chronic exposures resulted in PAT significantly decreasing 

and increasing the mRNA levels of PI3K and AKT, respectively (Mazibuko et al., 2024). In contrast 

to this study and Mazibuko et al, the findings of the western blot assay, performed by Pillay et al. 

reported a significant reduction in PI3K (p110γ), pAKT and AKT expression (Pillay et al., 2020). 

PAT-reduced PI3K/AKT activation possibly inhibits kidney metabolism and proliferation as a means 

of energy conservation (Pillay et al., 2020). 

Multiple studies have observed mycotoxins altering DNA methylation patterns (Zhu et al., 2014, 

Ghazi et al., 2020, Sugiyama et al., 2021, Li et al., 2023, Mazibuko et al., 2024). During an ELISA, PAT 

significantly increased global DNA methylation (Figure 4.7). Therefore this study investigated the 

levels of the DNMTs and MBD2 using the qPCR and western blotting assay. 
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Regarding the expression of DNMTs, PAT elevated the mRNA levels of DNMT1 but not significantly 

(Figure 4.8a). In inflammatory disorders, DNMT1 and MBD2 mRNA levels increase (Mazibuko et 

al., 2024). This possibly indicates that inflammatory processes are triggered as a response to the 

presence of PAT in the liver. 

However, PAT significantly reduced the expression of DNMT3A (Figure 4.8b) and DNMT3B (Figure 

4.8c). The chromatin structure can be modified by epigenetic alterations thus altering transcription 

levels even when the stressor is removed (Kumar et al., 2018b). The buildup of SAH hinders DNMT 

activity and impedes DNA methylation mechanisms (Ghazi et al., 2020). 

However, PAT increases the protein expression of DNMT1 significantly (Figure 4.9a) however the 

protein levels of DNMT3A did not significantly increase (Figure 4.9b). The difference in mRNA and 

protein levels is possibly attributed to the Western blotting assay’s ability to detect particular amino 

acids in post- translationally modified proteins such as methylated proteins that arise from 

physiologically altered normal and diseased cells (Sule et al., 2023). Chromatin modification is 

mediated through post-translational modifications including DNA methylation; thus, genes and 

proteins are influenced by epigenetic changes (Bind et al., 2022, Shu et al., 2023). Research by Fabbri 

et al. demonstrates a negative correlation between the levels of miR-29b and DNMT 3A and -3B 

mRNA levels in lung cancer tissues (Fabbri et al., 2007). DNMT 3A and DNMT 3B are targeted by 

miR-29b (Ghazi, 2019). Some studies have reported that the upregulation of miR-29b leads to a 

reduction in the mRNA levels of DNMT3A and DNMT3B (Fabbri et al., 2007, Ghazi, 2019). 

Therefore, it is plausible that a PAT-mediated upregulation of miR-29b reduces DNMT3A and 

DNMT3B mRNA levels. 

The mRNA and protein levels of MBD2 exhibited a PAT-induced increase (Figure 4.10a) although 

not significantly. Demethylation homeostasis is achieved by elevated levels of DNMT1, DNMT3A 

and DNMT3B which are responsible for activating and preserving methylation and the 

occurrence of the MBD proteins (Menezo et al., 2016). Given the PAT-mediated dysregulation of 

DNA methylation, a possible explanation for the resultant global DNA hypermethylation 

includes raised homoCys levels, defective DNMT3B, or the direct inhibition of the transmethylase, 

methionine synthase (Bönsch et al., 2006). 
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DNMT1 maintains global methylation post-replication (Ghazi et al., 2020). It is possible that despite 

the downregulation in DNMT3A and DNMT3B mRNA levels, the elevated DNMT1 mRNA and protein 

levels account for the global DNA hypermethylation observed. 

Epigenetic alterations can result in the onset of disease (Shu et al., 2023). DNA methylation was 

discovered to serve a crucial function in mycotoxin-induced tumorigenesis (Li et al., 2023). 

Aberrant DNMTs lead to incohesive DNA methylation trends which have been linked to various 

illnesses as well as cancer aetiology (Ghazi, 2019). It is a valid epigenetic marker for the detection of 

cancer (Li et al., 2023). 

DNA methylation is greatly dysregulated (Ghazi et al., 2020). Previous research has indicated that 

mycotoxins impair DNMT expression and activity (Zhu et al., 2014, Ghazi et al., 2020, Sugiyama et 

al., 2021, Mazibuko et al., 2024). Regarding the epigenetic mechanism, PAT affects DNA 

methylation in C57BL/6 mice kidneys during acute and chronic timeframes. PAT significantly 

increased the mRNA levels of DNMT1 and decreased DNMT3A (Mazibuko et al., 2024). PAT 

significantly decreased DNMT3B mRNA levels in acute and chronic exposures. In mice kidneys, PAT 

elevated MBD2 levels during these timeframes (Mazibuko et al., 2024). As a result, global DNA 

hypomethylation was observed in both exposures in C57BL/6 mice kidneys, due to the increased 

DNMT1 and MBD2 levels (Mazibuko et al., 2024). 
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Chapter 6: Conclusion 

 
PAT contaminates apples and apple-based products, which threatens food safety and security. This 

study exhibits the detrimental effects of PAT on the liver if the concentration is raised to 2.5 µM. At 

2.5 µM, PAT disrupts α and β-AR levels and their MAPK/ERK/PI3K/AKT signalling pathways in 

C57BL/6 mouse livers. The dysregulation of these signalling cascades has been associated with liver 

injury, exacerbation of liver fibrosis and carcinogenesis. PAT-induced global DNA hypermethylation 

in C57BL/6 mouse livers. Aberrant DNA methylation has been linked to the pathophysiology of 

diseases, including cancer. 

Therefore, PAT exerts its toxic effects in the liver by dysregulating the adrenergic receptors, 

MAPK/ERK/PI3K/AKT signalling pathways, as well as DNA methylation patterns. Alterations in 

these pathways have an overall negative impact on human health, specifically when exposed to food 

and beverages with PAT levels that exceed the regulatory limits of 50 µg/kg. Future studies should 

undertake more research on the effects of PAT on the protein levels of α and β-AR, AKT, and DNMT 

3B, using western blotting. However, further investigations are required to determine a direct link 

between liver injury and particular changes in adrenergic receptor function and expression, in addition 

to the following pathways: inflammation, fibrosis, and cancer. Furthermore, investigating the effects 

of PAT on AR promoter methylation would provide insight into how PAT affects adrenergic receptor 

expression at the epigenetic level.
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Appendix B: ELISA 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 5: The standard curve illustrating 5-mC concentrations (ng) against average optical 

densities (OD) 
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Appendix C: BCA assay 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6: The BCA assay standard curve illustrating concentration standards (mg/ml) against 

average absorbances 
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Appendix D: Omitted results 

 
A ten-eleven translocation (TET) family enzyme namely 2-oxoglutarate-dependent-cytosine- 

dioxygenase facilitates active DNA demethylation by oxidatively altering cytosine (Bind et al., 2022). 

The TET enzymes convert 5-mC into 5-hydroxymethylcytosine (5-HmC), 5- formylcytosine (5-fC), 

and 5-carboxylcytosine (5-caC) via oxidation processes. These altered bases could be DNA 

demethylation intermediates (Menezo et al., 2016). DNA demethylation requires 5-HmC, a product 

of oxidised cytosine. Oxidised cytosine is either degraded by enzymes or eliminated during replication 

(Bind et al., 2022). 

Utilising the qPCR assay, the mRNA levels of TET 1, 2 and 3 were investigated. 

 

Table 5: TET primer sequences purchased from Inqaba Biotechnical 

 

TET 1 58°C F: 
ACACAGTGGTGCTAATGCAG 

 

R: 
AGCATGAACGGGAGAATCGG 

TET 2 58°C F: 
AGAGAAGACAATCGAGAAGTCGG 

 

R: 
CCTTCCGTACTCCCAAACTCAT 

TET 3 58°C F: 
GTGGTCGGACAGTGAACACAA 

 

R: 
GTTGGGCTGGTTGAGGTTCTT 

 

 

PAT increased the levels of TET 1 (p = 0,3485) (Figure 7a), significantly increased TET 2 (p<0.0001) 

(Figure 7b), whilst significantly decreasing TET 3 (p = 0,0326) (Figure 7c). 
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Figure 7: The mRNA levels of the TET proteins a) TET1, b) TET2 and c) TET3. All data is 

represented as mean with SEM where (*p<0.05, ***p<0.0001) was deemed significant. 

 

 

The mRNA levels of TET1 were not significantly increased. PAT however significantly increased and 

decreased TET2 and TET3 respectively. 
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Appendix E: Summary Comparison Table 

 
Table 6: The different effects of PAT on adrenergic receptor signalling and global DNA 

methylation in the kidney and the liver of C57BL/6 mice 

 

 The effects of 10-day PAT 

administration in the kidney 

The effect of 10-day PAT 

administration in the liver 

α1A-AR Significant ↓ mRNA levels Significant ↑ mRNA levels 

α2A-AR Significant ↓ mRNA levels ↓ mRNA levels 

α2B-AR Significant ↓ mRNA levels ↓ mRNA levels 

β1 N/A ↓ mRNA levels 

β2 N/A Significant ↓ mRNA levels 

β3 N/A ↓ mRNA levels 

MAPK Significant ↑mRNA levels 

Significant ↑ protein 

expression 

Significant ↑ mRNA levels 

MAPK14 Significant ↑ increased 

mRNA levels 

Significant ↑ mRNA levels 

P38 N/A Significant ↑ protein levels 

ERK 1 N/A Significant ↑ mRNA levels 

ERK 2 N/A Significant ↓ mRNA levels 

ERK 1/2 Significant ↑ protein 

expression 

Significant ↓ protein 

expression. 
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PI3K Significant ↓ mRNA levels ↓ mRNA levels 

 

Significant ↑ protein 

expression 

AKT Significant ↑ mRNA levels Significant ↑ mRNA levels 

DNMT 1 Significant ↑ mRNA levels ↑ mRNA levels 

 

Significant ↑ in protein levels 

DNMT 3A Significant ↓ mRNA levels Significant ↓ mRNA levels 

 

↑ protein expression 

DNMT 3B Significant ↓ mRNA levels Significant ↓ mRNA levels 

MBD2 Significant ↑ mRNA levels ↑ mRNA levels and protein 

expression 

GLOBAL DNA 

METHYLATION 

Significant ↓ in global DNA 

methylation levels 

(hypomethylation) 

Significant ↑ in global DNA 

methylation levels 

(hypermethylation) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 




