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ABSTRACT 
Mycotoxins are chemical compounds produced by fungi that, when ingested, induce a variety of 

diseases including hepatotoxicity, nephrotoxicity, gastrointestinal toxicity, neurotoxicity, and 

immunotoxicity.  Patulin (PAT) is a common mycotoxin produced by Penicillium, Aspergillus, and 

Byssochlamys fungal species, and is commonly found in apples and its products. Researchers have 

reported that consumption of PAT-contaminated foods causes nephrotoxicity and hepatotoxicity; 

however, its effects on the heart are unknown. Following reports that PAT causes oxidative stress and 

epigenetic changes, this study assessed if PAT induces oxidative stress and global DNA methylation in 

C57BL/6 mice hearts. Methods included: (i) ten mice treatment with PAT (2,5mg/kg) and PBS (0,1M) 

for 24hr, five mice per treatment group, (ii) thiobarbturic acid reactive substances (TBARS) assay (lipid 

peroxidation), (iii)  quantitative polymerase chain reaction (gene expression of kelch-like ECH-

associated protein 1 (Keap1), nuclear factor erythroid 2-related factor 2 (Nrf2), glutathione peroxidase 

(GPx), superoxide dismutase 2 (SOD2), catalase (CAT), methyl-CpG binding domain protein 2 

(MBD2), DNA methyltransferases (DNMT1, DNMT3A, DNMT3B), (iv) western blot (protein 

expression of Nrf2, SOD2, CAT, MBD2, DNMT3A and DNMT1), (v) enzyme-linked immunosorbent 

assay (global DNA methylation levels). PAT caused an induction of oxidative stress as indicated by the 

significant increase in malondialdehyde (MDA) levels (0.52-fold, p = 0.005). PAT significantly 

increased gene expression of Nrf2 (1.20-fold, p=0.049), GPx (1.20-fold, p = 0.028), SOD2 (1.40-fold, 

p = 0.042) and CAT (0.90-fold, p = 0.038); and significantly decreased gene expression of keap1 (1.10-

fold, p = 0.007). PAT increased expression of Nrf2 protein, significantly (0.64-fold, p = 0.005), SOD2 

(2.40-fold, p = 0.020), and CAT (1.88-fold, p = 0.004). Additionally, PAT suppressed the gene 

expression of DNMT3A (0.41-fold, p = 0,0001) and MBD2 (0.45-fold, p = 0,0001) and increased the 

gene expression of DNMT1 (1.48-fold, p = 0,02) and DNMT3B (1.62-fold, p = 0,04).  PAT increased 

the protein expression of DNMT1 (0.68-fold, p=0.029); and significantly decreased the protein 

expression of MBD2 (0.48-fold, p=0.008) and DNMT3A (0.50-fold, p = 0.0001). The alterations in 

DNMTs and MBD2 led to PAT-induced global DNA hypermethylation (1.72-fold, p = 0,02). In 

conclusion, PAT induced oxidative stress and global DNA hypermethylation in C57BL/6 mice hearts 

and is toxic to the heart.    

 

 

Keywords: Patulin, oxidative stress, global DNA methylation, C57BL/6 mice heart, mycotoxin 
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 CHAPTER 1: INTRODUCTION 

The Food and Agriculture Organization (FAO) declared mycotoxin contamination of foods as a global 

issue with an estimated 25% in crops, an integral source of nutrition (Luo et al., 2021, He, 2011). This 

poses a threat to agriculture, the economy, health, and food security (Eskola et al., 2020). In areas such 

as South Africa, this issue is common as these areas are still developing and are often poverty-stricken 

and have malnutrition as an integral concern, thus consuming food that is contaminated with mycotoxin 

is an ultimatum (Stoev, 2024). New agricultural practices and rapid governmental screening have been 

implemented in the past years to reduce mycotoxin contamination; however, this issue has persisted. 

Hence, mycotoxin contamination is considered a recurring issue (Truong et al., 2023). 

. The potency, carcinogenicity, toxicity, and lethality of mycotoxins that are ingested by animals and 

humans demand proper attention to evaluate the levels of it contained in various foods that are 

commonly consumed (Awuchi et al., 2020). The most studied mycotoxins include aflatoxins, 

ochratoxin, zearalenone, fumonisins, trichothecenes and patulin. Transmission of these mycotoxins to 

humans is commonly through eating meat from animals that were fed contaminated diets or ingestion 

of spices while processing animal products (El-Sayed et al., 2022). Mycotoxins generally have a very 

low molecular weight of less than 1000 Da, which enables them to be unavoidable. Mycotoxicosis is a 

term used to define diseases caused by mycotoxins (Janik et al., 2020). 

Patulin (PAT) is a mycotoxin produced by a cluster of fungi mainly in vegetables and fruits, especially 

apples, grapes, and dry maize (Awuchi et al., 2022). A study showed that in an area of approximately 

800 000 hectares of cultivated fruits (11% are apples and 2% are grapes), where 7.05 million tons of 

the production, 1% is grapes and 8% is apples that were contaminated with PAT (Hussain et al., 2020). 

This accentuates a decline in agricultural production and may lead to serious economic risk. Moreover, 

the consumption of PAT-contaminated foods poses a serious health risk to humans and animals. It causes 

toxicities to the nervous system, immune system, and skin, leading to damage to organs, including the 

kidneys, liver and heart (Zhang et al., 2022b). It has a precursor known as 6-methyl salicylic acid that 

forms a part of derivatives of acetyl-CoA, both of which are polyketides and possible carcinogens. 

These derivatives can cause gene mutations (Awuchi et al., 2022).The heart is a vital organ with 

specialized protective tissues. It is one of the organs that are usually vulnerable to PAT toxicity when 

consumed because it regulates the body’s circulation. Previous studies have shown how cardiotoxicity 

can be a threat to human life, causing death at times (Zhang et al., 2022a). Research on PAT-induced 

cardiotoxicity is currently limited; however, studies on the kidney and liver suggested that PAT caused 

oxidative stress by depleting antioxidants (Pillay et al., 2020), and can alter epigenetics (Mazibuko et 

al., 2024).  

Oxidative stress is a relative generation of excessive reactive oxygen species (ROS) over antioxidants. 

This leads to serious health issues such as cardiovascular diseases, neurodegenerative diseases, and 
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diabetes mellitus, amongst others (Hayes et al., 2020). In the heart, the accumulation of ROS above the 

cellular threshold causes an imbalance in the tissue and leads to cardiac distress. Moreover, cardiac 

oxidative stress regulates a variety of genes involved in cellular homeostasis, including injury and 

antioxidant defence (Liu et al., 2023b), and dysregulation of this results in organ dysfunction.  

Epigenetic modifications refer to inherited gene activity alteration occurring without alterations to the 

DNA sequence itself (Davalos and Esteller, 2023). It plays an essential role in several biological 

processes and diseases (Zhao et al., 2020). Epigenetics helps us understand the depth and pathways of 

these modifications.  Previously, Liu et al found that regulating oxidative stress by targeting epigenetic 

modifications is a promising therapeutic mechanism to prevent cardiac-related diseases, notably cardiac 

fibrosis (Liu et al., 2023b). 

DNA methylation is a common epigenetic process (Lu et al., 2020). It primarily takes place at the 

cytosine residues within CpG dinucleotides and is regulated by DNA methyltransferases (DNMT1, 

DNMT3A, and DNMT3B) and methyl-CpG-binding domain 2 protein (MBD2) (Mazibuko et al., 2024, 

Sugiyama et al., 2021). Research has shown that oxidative stress has been involved in the damage of 

DNA, this lesion is usually due to the production of hydroxyl radical which rearranges the chromosome, 

breaks the DNA strand, and modifies and deletes bases. This interference has been shown to disrupt the 

function of DNA as a substrate for the DNMTs, resulting in hypomethylation (Franco et al., 2008). 

Studies have shown that PAT alters global DNA methylation in C57BL/6 mice kidneys and human 

embryonic kidney cells (Mazibuko et al., 2024, Pillay et al., 2021). 

1.1. Research questions  
- Does PAT induce oxidative stress in C57BL/6 mice hearts? 

- Does PAT alter NRF2-antioxidant signaling in C57BL/6 mice hearts? 

- Does PAT alter global DNA methylation levels in C57BL/6 mice hearts? 

- What is the effect of PAT on DNMT and MBD2 expression levels in C57BL/6 mice hearts?  

 

1.2.  The Aim  

To determine the effect of patulin on C57BL/6 mice hearts by assessing oxidative stress and global 

DNA methylation levels.  

 

1.3. Problem statement 

Cereals are an important source of food and are the most prone to mycotoxin contamination. This 

contamination is unavoidable because of the change in climate, which impacts fungal growth and 

the production of mycotoxins found in crops (Khodaei et al., 2021). This global issue calls for 
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resolutionas it has the potential to negatively impact the economy and food security. Patulin is a 

problematic food contaminant. Previous studies have revealed that PAT has various toxic effects in 

organs, tissues, and cells, including the stomach, kidneys, liver, skin, blood and neurons (Fan and 

Hu, 2024). A study by Zhang et al. revealed a rarely reported toxicity of PAT in the heart; this study 

concluded that PAT induced cardiotoxicity by potentially inducing oxidative stress and apoptosis 

(Zhang et al., 2022a). Another study by Mazibuko et al. reported that PAT induced global DNA 

methylation (Mazibuko et al., 2024) in kidney tissues. Therefore, this study evaluated the presence 

of PAT-induced oxidative stress and global DNA methylation in causing cardiotoxicity in C57BL/6 

mice, and the relationship between the two pathways. No data has been reported on PAT causing 

oxidative stress or DNA methylation in C57BL/6 mice hearts.  

 

1.4. Hypothesis 

PAT induces oxidative stress and global DNA hypermethylation in C57BL/6 mice hearts. 

1.5. Objectives 

- To assess the effect of PAT on oxidative stress by measuring the levels of malondialdehyde 

(MDA) utilizing the thiobarbituric acid reactive substances (TBARS) assay. 

- To investigate how PAT affects oxidative stress and global DNA methylation by evaluating 

the gene and/or protein expression of oxidative stress regulators (Keap1, Nrf2, SOD2, CAT, 

and GPx), DNA methyltransferases (DNMT1, DNMT3A and DNMT3B), and DNA 

demethylase (MBD2) using quantitative polymerase chain reaction (qPCR) and western 

blotTo assess the effects of PAT on global DNA methylation levels using enzyme-linked 

immunosorbent assay (ELISA).  
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CHAPTER 2: LITERATURE REVIEW 
 

2.1. Mycotoxins  
 

Food insecurity is an integral socio-economic issue in third-world economies, notably, in areas that 

largely depend on maize and its derivatives. Contamination of these crops threatens human life, the 

country’s economy and growth (Mamo et al., 2020, Hamad et al., 2023). Mycotoxins are mostly found 

in crops and food of animals, pre- and post-harvesting, under adverse environmental conditions 

(Yiannikouris and Jouany, 2002b). This calls for a need to implement simple and accessible agricultural 

practices which will decrease the amount of produce contaminated by mycotoxins (Aristil et al., 2020). 

Mycotoxins are naturally produced by fungi and are a threat to animal and human health (El-Sayed et 

al., 2022). The most common mycotoxin-producing fungi are Aspergillus, Fusarium and Penicillium 

(Figure 1) (Yiannikouris and Jouany, 2002b). Under optimal environmental conditions such as 

humidity, appropriate temperature and enough nutrients, fungi produce enormous amounts of  

mycotoxins (Ülger et al., 2020). Mycotoxins are produced in cereal grains, maize, fruits and vegetables 

throughout pre- and post-harvesting processes and during storage (Yiannikouris and Jouany, 2002a). 

Their very low molecular weight (less than 1000 Da) and their natural mode of production makes them 

unavoidable (Janik et al., 2020). The common studied mycotoxins, out of 400 discovered mycotoxins, 

are aflatoxins, fumonisins, zearalenone, patulin, ochratoxin and trichothecenes (Janik et al., 2020). 

Mycotoxins are potentially hazardous compounds which can invade the food chain either directly or 

indirectly (El-Sayed et al., 2022). Since these compounds can contaminate both crops and animal 

products, it poses a great threat in the food chain (Janik et al., 2020). They are classified in accordance 

with their effects in the human body, notably, tissues as hepatotoxins, nephrotoxins, immunotoxins, and 

neurotoxins (Ülger et al., 2020). Research shows that mycotoxins can also be genotoxic and/or 

carcinogenic and the severity of their effects relies mainly on the availability of vitamins in the body, 

energy and status of infectious disease, dose, species susceptibility, duration of intoxication (Furian et 

al., 2022, Ülger et al., 2020, Awuchi et al., 2020). 
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Figure 1: Commonly studied mycotoxins (Fernández-Cruz et al., 2010). 

 

Although mycotoxins are well known for their negative effects on animals and humans, they also exhibit 

positive effects under certain conditions. They may be pathogenic against bacteria, and in the presence 

of human immunodeficiency virus (HIV) or other risk factors of diseases, they become 

chemotherapeutic or immuno-suppressive drugs (Ülger et al., 2020). Some studies have shown that 

ingestion of mycotoxins reduces the production of both milk and eggs, influences behavioral changes 

and reduces growth in animals (Furian et al., 2022).  

Structurally, mycotoxins have diverse chemical structures with no single formula that suits them all. 

They merely function as a defensive response to the changing environment and in accordance with 
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Recent studies have suggested that PAT induces cardiotoxicity; however, the pathways by which it does 

this have not been fully elucidated (Fan and Hu, 2024). PAT has a precursor known as 6-methyl salicylic 

acid that forms a part of derivatives of acetyl-CoA, both of which are polyketides and possible 

carcinogens (Mahato et al., 2021). A research study suggested that PAT caused oxidative stress that led 

to dysfunctional cardiac cells and cell death (Zhang et al., 2022a). 

 

 

Figure 2: Patulin-contaminated apple (Li et al., 2024) 

 

PAT was initially discovered as a potential antimicrobial agent in 1943 and was given the name tercinin 

(Saleh and Goktepe, 2019). Later, PAT was discovered as a mycotoxin because of its genotoxic, 

hepatoxic, and immunotoxic effects (Luciano‐Rosario et al., 2020).  

 

 

2.2.1. PAT structure and decomposition 
 

PAT [4-hydroxy-4H-furo[3,2-c]pyran-2(6H)] is a β-unsaturated heterocyclic lactone (Figure 3) 

exhibiting heat-resistant properties and is stable in aqueous and acidic media (Notardonato et al., 2021, 

Luciano‐Rosario et al., 2020). It can also survive pasteurization and is not completely destroyed during 

fermentation in the process of making ciders (Luciano‐Rosario et al., 2020). Research has proven that 

even though PAT is soluble in many solvents including water, methanol, acetone, etc, and moderately 
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PAT has a strong affinity for sulfhydryl groups which are known to inhibit a variety of mammalian 

enzymes (Luciano‐Rosario et al., 2020). When the PAT-contaminated fruit is ingested, PAT interacts 

with the sulfhydryl groups of glutathione and inactivates it. This results in a significant decrease in 

glutathione resulting in a decrease in glutathione peroxidase enzyme activity. This leads to an 

overproduction of ROS therefore, increasing the susceptibility of the host to oxidative stress 

(Notardonato et al., 2021, Luciano‐Rosario et al., 2020). The induction of  oxidative stress is a common 

pathway through which mycotoxins cause toxicities (Fan and Hu, 2024, Hsu et al., 2023). 

 

2.3. Oxidative Stress 
 

The abundant generation of reactive oxygen species (ROS) above cellular antioxidants leads to 

oxidative stress. It is often linked with the alteration of gene expression, which results in a variety of 

pathologies including diabetes mellitus, cardiovascular diseases, and neurodegenerative diseases, 

amongst many more (García-Guede et al., 2020; Hayes et al. 2020). This is because the accumulation 

of ROS causes damage to biological molecules such as proteins, DNA, RNA, and lipids, which alters 

biological pathways and increases the possibility of individuals being susceptible to diseases. Oxidative 

stress has been linked with aging, autoimmune disorders and cancer due to ROS's disruptive abilities 

towards DNA strand breaks, mutations, base removal, translocations and deletions (Bayr, 2005). ROS 

reacts with lipids and causes lipid peroxidation, yielding the lipid peroxidation end-product 

malondialdehyde (MDA) (Wang et al., 2023a). It also attacks proteins and results in amino acids 

oxidation, notably, sulfur-containing amino acids including methionine and cysteine thereby, altering 

the structure of proteins, leading to degradation  and unwinding (Bayr, 2005, Juan et al., 2021). 

 

2.4. Antioxidant activation 
 

The nuclear-factor-erythroid 2-related factor 2 (Nrf2) is a master mediator and transcription factor of 

oxidative stress defense mechanism (Ngo and Duennwald, 2022). Its stability is regulated by Kelch-

like ECH-associated protein 1 (Keap1) which is tightly bound to it for regulation of its cellular 

distribution (Ulasov et al., 2022). Studies reported that Nrf2 interacts with the antioxidant response 

element (ARE) and activates oxidative stress response by transcribing for relative genes such as phase 

II detoxification enzymes and antioxidative enzymes (Nguyen et al., 2003b). The induced enzymes are 

regulated and mediated at the transcriptional level by ARE, found in the promoter region of the enzyme's 

gene (Nguyen et al., 2009, Adinolfi et al., 2023). Moreover, Nrf2 is controlled transcriptionally, 
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translationally, and post-translationally by epigenetic modifications (Nguyen et al., 2003a). The 

Nrf2/Keap1 regulatory system is depicted in Figure 4 (Song et al., 2021). 

 

 

Figure 4: Regulation of Nrf2 by Keap1 (Song et al., 2021). 

 

Under physiological conditions, Keap1 is bound to Nrf2 and represses its activation. Under high pH 

conditions, Keap1 ubiquitinates and localizes Nrf2 near the proteosome which enhances its chances for 

degradation inside the cytoplasm of cells (Liu et al., 2021b, Ngo and Duennwald, 2022). Under stressful 

cellular conditions where ROS levels are elevated above normal, the cysteine residues of Keap1 are 

oxidized, resulting in the separation of Nrf2 and Keap1, and Nrf2 translocates to the nucleus (Taguchi 

and Yamamoto, 2020). Inside the nucleus, Nrf2 becomes a constituent of  heterodimers known as Maf 

proteins (Adinolfi et al., 2023). Thereafter, Nrf2 transcribes the antioxidant genes by interacting with 

the regulatory DNA that is found in the ARE (Liu et al., 2022). ARE regulates the activities of 

antioxidants and their activation in the target gene sites (Ulasov et al., 2022). 

An activated form of Nrf2 is phosphorylated Nrf2 (pNrf2). This is facilitated by Protein Kinase C (PKC) 

at the level of Ser40 (Huang et al., 2002). The domain residue for Nrf2-Keap1 interaction is Ser40 

which is commonly reported as a constituent of the Neh2 (consisting of approximately 100 amino 
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cardiotoxicity were previously proven to be associated with the presence of oxidative stress (Zhang et 

al., 2022a).  

 

2.6. Epigenetics 
 

Epigenetic modification is a process in which gene expression is altered, however, the DNA sequence 

remains the same (Ashe et al., 2021). This modification contributes in the induction of diseases and cell 

maturation, and is achieved by various processes such as histone modifications, DNA methylation and 

non-coding microRNAs (Kowluru, 2023). Epigenetic modifications are  reversible and can be 

transmitted from generation to generation (Ashe et al., 2021). Commonly studied epigenetic 

mechanisms are promoter methylation, histone modifications and DNA methylation and they are well 

known for their functions in regulating gene transcription through alterations of chromatin structure and 

DNA accessibility (Davalos and Esteller, 2023, Moore, 2013). These are influenced by external 

environmental factors and result in a change in phenotype (Loscalzo and Handy, 2014). The role of 

epigenetics in cardiovascular diseases (Handy et al., 2011), cancer (Chen and Yan, 2021) and 

neurodegenerative diseases have all been elucidated; however, the research gap remains unfilled 

regarding the role of epigenetics in mycotoxin-induced diseases (section 2.7, page 22). 

 

2.6.1. Struture of chromatin 
 

Chromatin is comprised of the nucleosome, which has about 147 DNA base pairs that are wrapped 

around an octamer of core histones, condensed by winding around a polynucleosome fibre (Quina et 

al., 2006). The histone core is made up of two positively charged molecules comprised of H2A, H2B, 

H3 and H4. Each nucleosome is linked to the next by the DNA linker. Most chromatin is further 

condensed by winding around the polynucleosome that is stabilized through the binding of H1 histone 

to each nucleosome and to the linker DNA (Quina et al., 2006, Kim, 2021). The chromatin structure 

contributes to the stability of the genome and has dynamics to counter stress factors that may influence 

gene expression. It has two different forms (Figure 6) - heterochromatin and euchromatin. 

Heterochromatin is a transcriptionally inactive form, expressed by a closed and tightly compacted 

chromatin. Euchromatin is a transcriptionally active form with loosely packed chromatin (Kim, 2021, 

Handy et al., 2011). The entire structure is modulated by the post-translational modifications of histone 

tails and the DNA (Kim, 2021). 
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2.6.3. DNMTs structural composition 
 

The DNMT1 gene encodes for a 183 kDa protein at the level of translation and is located at 

chromosome 19 (19p13.2) in humans. This protein constitutes 1616 amino acids (aa), and three 

regions: the C-terminal region, lysine-glycine (KG)-repeats and an N-terminal region (Kikuchi et 

al., 2022). The N-terminal is a regulatory region with two bromo-adjacent homology (BAH1 and 

BAH2) domains, a DNMT-associated protein 1 (DMAP1) interaction domain, a cysteine-rich zinc 

(CXXC) binding domain, a proliferating cell nuclear antigen (PCNA) binding domain (PBD), a 

replication foci targeting domain (RFTD) and a nuclear localization signal (NLS) (Cheng and 

Blumenthal, 2008, Kikuchi et al., 2022). DNA methylation patterns are maintained during 

developmennt mainly because of the translocation of the transcriptional repressors to the replication 

foci by the DMAP1 domain. (Rojas et al., 2024). 

 

During the process of DNA replication, DNMT1 is recruited to the replication fork by the PBD 

domain which has a DNA-binding motif (Rojas, 2023). The NLS functions to import DNMT1 into 

the nucleus (Jones et al., 2021) whereas the RFTD domain functions to target DNMT1 to 

heterochromatin and the replication foci (Kikuchi et al., 2022). The CXXC domain functions to 

bind to unmethylated CpG dinucleotides (Ren, 2022), while BAH1 and BAH2 domains are 

responsible for DMNT1 folding (Tajima et al., 2022). The C- and N-terminal regions linkage is 

through KG-repeats that are capable of regulating the activity and stability of DNMT1 by 

experiencing post-translational modifications (Kikuchi et al., 2022). Mediation of all interactions 

between DNMT1 and SAM is catalyzed by the C-terminal region. It enhances DNMT1 binding to 

hemimethylated CpG dinucleotides and promotes DNMT1 activity (Kikuchi et al., 2022). 

Furthermore, DNMT1 has an allosteric site, which is commonly known for its independence from 

the catalytic domain. Moreover, it increases its affinity for DNA and SAM by binding to 5-

methylcytosine (Tajima et al., 2022). 

 

The DNMT3A and DNMT3B genes which are located on chromosome 2 (2p23.3) and chromosome 

20 (20q11.2), encode for 101 kDa and 130 kDa proteins during the translation process, respectively. 

The DNMT3A protein has 912 amino acids and DNMT3B protein has 853 amino acids.  

Structurally, the two proteins show similarities, however, only their length varies (Cheng and 

Blumenthal, 2008). Unlike DNMT1, these proteins have only N-terminal and C-terminal regions 

(Figure 8) (Tajima et al., 2022). The N-terminal consists of a DNMT3L-type zinc finger (ADD) 

domain and an adaptable site, proline-tryptophan-tryptophan-proline (PWWP) domain (Tajima et 

al., 2022). The PWWP domain binds to DNA non-specifically and targets DNMT3A and DNMT3B 

at the center of  heterochromatin (Tajima et al., 2022, Cheng and Blumenthal, 2008). The protein-

protein interactions and binding to DNMT3L are mediated by the DNMT3L-type zinc finger and 
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the CXXC motifs found in the ADD domain. (Tajima et al., 2022). The DNMT3A and DNMT3B 

mediated de novo methylation is regulated by the catalytic domain found in the C-terminal region  

(Tajima et al., 2022). 

 

The DNMT3L gene, located on chromosome 21 (21q22.3), encodes a 44 kDa protein. The protein 

shows structural similarities to both DNMT3A and DNMT3B; however, it does not have the C-

terminal catalytic region nor the PWWP domain (Figure 8) (Kubo et al., 2024). 

 

 

Figure 8: DNMT proteins structure (Jeltsch and Jurkowska, 2016). 

 

2.6.4. DNMTs regulation 
 

DNMTs are integral regulators of DNA methylation thus their expression levels influence a variety of 

cellular activities and patterns of DNA methylation (Del Castillo Falconi et al., 2022). Research has 

proven that dysregulation or dysfunction of DNMTs has been associated with adverse pathologies, 

notably, cancer (Lu et al., 2020, Zhu et al., 2024). These include breast tumours, and pancreatic and 

lung cancers (Zhu et al., 2024, Wang et al., 2024, Liang et al., 2021). These DNMT expression changes 

and methylation patterns were all correlated to poor health of the patients affected (Tajima et al., 2022). 

 

 

2.6.5. Methyl-CpG binding domain proteins 
 

Methyl-CpG binding domain (MBD) proteins are nuclear proteins responsible for DNA methylation 

regulation and recruit remodelling complexes of the chromatin to the methylated DNA. They also have 

a high affinity for 5-methylcytosine (Coelho et al., 2022). MBD proteins include MBD1, MBD2, 
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MBD3, MBD4. MBD5 and MBD6, which all play a pivotal role in the development of mammals by 

regulating cell division and growth, genome stability, neurogenesis and cell specialization (Du et al., 

2015, Coelho et al., 2022). 

MBD protein structures all comprise of an MBD that binds to methylated CpG dinucleotides and 

supplementary domains including the CXXC domain of MBD1, responsible for MBD1 maintaining the 

heterochromatin state that represses binding of both unmethylated DNA and methylated one (Figure 9) 

(Coelho et al., 2022, Du et al., 2015). The transcriptional repressor domain (TRD) is located in both 

MBD1 and MBD2 and the coiled coil (CC) domain is located in both MBD2 and MBD3; both these 

domains regulate protein-protein interactions and recruit proteins that repress chromatin (Figure 9) 

(Coelho et al., 2022). MBD2 has an N-terminal glycine-arginine (GR) saturated domain which is 

subjected to modifications post-translationally (Figure 9). Moreover, MBD2 has the most common 

amino acid sequence as those found in MBD3; however, MBD3 does not have the GR-saturated domain 

and cannot of bind to methylated DNA because of phenylalanine that substitutes tyrosine at the level of 

MBD domain (Figure 9) (Magdinier and Wolffe, 2001, Coelho et al., 2022). MBD4 functions to repair 

mismatched DNA and has a C-terminal glycosylase domain (Figure 9) that enables it to perform its 

function (Coelho et al., 2022). Both MBD6 and MBD5 comprise of a proline-saturated domain and a 

PWWP domain that bind to histones that are methylated and regulate closed chromatin (Figure 9) 

(Coelho et al., 2022, Du et al., 2015). 

 

Figure 9: MBDs structure (Du et al., 2015). 
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2.6.6. MBD2 
 

The significant protein of the MBD family is MBD2. It attaches to methylated DNA to function as a 

DNA demethylase and a methylation-dependent transcriptional repressor (Wood and Zhou, 2016). This 

is the only MBD in the MBD family that can do this. It is associated with pro-metastatic gene activation 

(Schmolka et al., 2023) and its suppression results in inhibition of proliferation of cells while its 

overexpression results in tumorigenesis through DNA hypomethylation, disruption of the genome and 

silenced tumour suppressor genes (Magdinier and Wolffe, 2001, Wood and Zhou, 2016, Zhang et al., 

2023). Mouse studies have revealed that suppression of MBD2 results in defective neurogenesis and 

disruptive maternal behaviour (Hendrich et al., 2001). 

 

2.7.  Mycotoxicology and epigenetics 
 

Mycotoxin-contaminated food consumption has been rapidly reported to be associated with adverse 

health issues. After consumption, the breakdown of these mycotoxins leads to its conversion to toxic 

metabolites which react with different biomolecules, resulting in defects (Awuchi et al., 2022). Recent 

studies provided insights of mycotoxin effects on epigenetics (Chen and Yan, 2021, Li et al., 2023, 

Sugiyama et al., 2021, Zhu et al., 2021) 

PAT has been reported to be associated with causing nephrotoxicity by altering global DNA methylation 

and alpha-adrenergic receptor signalling in C57BL/6 mice (Mazibuko et al., 2024). Recently, in 2021, 

South Africa and its neighbouring countries, namely Zimbabwe, Zambia, Democratic Republic of 

Congo, Uganda, and Kenya, experienced a significant incident of PAT contamination in products sold 

by Pioneer Foods. This led to the recall of several apple juice products, including Appetiser, due to PAT 

levels exceeding the regulatory limit of 50 µg/L. The recall of these products negatively impacted the 

economy and increased the risk for adverse health effects in individuals that had already consumed 

these products.  

Fumonisin B1 is a chemical compound produced by the fungal species Fusarium and has been 

associated with global DNA hypermethylation through an increase in DNMTs activity (Sugiyama et al., 

2021). 

Aflatoxins are a group of mycotoxins that have a subgroup namely aflatoxin B1, which is produced 

mainly by Aspergillus flavus and Aspergillus parasiticus (Dai et al., 2017). Previous studies have shown 
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that aflatoxin B1 has been involved in causing epigenetic alteration, notably, DNA methylation by 

increasing DNMTs (Dai et al., 2017, Rotimi et al., 2021, Liu et al., 2023a). 

Ochratoxin A is a food-contaminating fungal toxin well known as a rat renal carcinogen (Ozawa et al., 

2024). It has also been previously proven to induce DNA methylation by altering the promoter-region 

methylation process in proximal tubular epithelial cells (Ozawa et al., 2023). 

Zearalenone is a mycotoxin produced by the species Fusarium and was reported to also show changes 

in DNA methylation by inducing genome toxicity (Feng et al., 2022).  

Therefore, knowing the in-depth mechanisms, through oxidative stress and DNA methylation changes, 

by which PAT affects human health is significant to help resolve the undying issue of mycotoxin 

contamination.
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CHAPTER 3: METHODOLOGY 

 

3.1. Materials 

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

Inqaba Biotechnical Industries (Pty) Ltd (Pretoria, South Africa). Methylated DNA quantification kit 

(catalogue no. ab117128) was purchased from Abcam (Cambridge, UK). All western blotting reagents 

and equipment were obtained from BioRad (Hercules, California, USA) and Cell Signalling Technology 

(Danvers, Massachusetts, USA). All other reagents were acquired from Merck (Darmstadt, Germany) 

unless stated otherwise. 

3.2.  Animal Treatment 

 

Ethics was obtained from the University of KwaZulu-Natal Animal Research Ethics Committee (ethics 

number: AREC/079/016; Appendix A). In accordance with ARRIVE guidelines, all experiments were 

conducted. Male C57BL/6 mice were housed at the Africa Health Research Institute under laboratory 

conditions of 40-60% humidity, 25°C, and a 12 hrs light-dark cycle. All mice were fed food and water 

for the duration of the study. The mice, each weighing 20-22g, were separated spontaneously into two 

groups (n=5 per group): (1) control group (administered with 0.1M PBS, 24 hrs) and (2) PAT treated 

mice (administered with 2.5 mg/kg PAT, 24 hrs). All treatments were orally administered by gavage. 

The treatments for control and experimental animals were not repeated; this was in keeping with the 

ethical approval from the University of KwaZulu-Natal. After a once off treatment, the mice from both 

groups were sacrificed by cardiac puncture.  The hearts were rinsed in 0.1M PBS after their harvest and 

stored in 500 µl Cytobuster reagent (Novagen, San Diego, CA) for protein isolation and 500 µl Qiazol 

reagent (Qiagen, Hilden, Germany) for RNA isolation. An overview of the mice treatments is depicted 

in Figure 10. All samples were stored in (-80⁰C) until ready to be assayed. An overview of the 

experimental design is depicted in Figure 10. 
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Figure 10: Mice treatment and mice sacrifice (Prepared by author) 
 

3.3. Tissue Preparation  

 

The harvested mice were thawed, and each heart was homogenized using a Dounce homogenizer. The 

homogenates were centrifuged (10000 xg, 4⁰C, 10 min) and the supernatants were retained for RNA 

and protein isolation and stored at -80⁰C, which were later used for qPCR and western blot.  

 

3.4. Gene expression 
 

Introduction 

Quantitative polymerase chain reaction (qPCR) rapidly amplifies and quantifies a specific gene from a 

template strand (Hunter et al., 2010). The thermocycler machine is used in this protocol for incubation 

at three different steps and corresponding different temperatures and is measured in cycles. The three 

steps involved are denaturation, annealing and extension (Figure 11). During denaturation, a natural 

form of DNA unfolds, and separate resulting is singular DNA strands at. During annealing, the template 

DNA is recombined with primers complementary to the target sequence. During extension, DNA 

polymerase (Taq DNA Polymerase) extends the annealed primers. A complete cycle is composed of all 
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three stages and each cycle amplifies the target copy. Each cycle is repeated 30-40 times for sufficient 

amplification (Pestana et al., 2010) resulting in over 10X fold of amplification from the template DNA.  

For PCR to take place, the following needs to be present: 

 A DNA template constituting the sequence of interest. 

 A buffer system which will maintain the optimized pH of PCR  

 The sense and antisense primers which will adhere on the 3’ terminals of both the sense and 

antisense strands of the sequence of interest. 

 MgCl2 which will stabilize the DNA and ensure optimized Taq polymerase functioning by 

acting as a cofactor of Taq polymerase. 

 A Taq polymerase which will add nucleotides onto the terminals of the primers that underwent 

annealing process, catalysing the composition of a new complementary DNA strands to the 

sequence of interest. 

 Deoxynucleotide triphosphatases (dNTPs) which will facilitate the composition of new strands 

(these are the building blocks).  

The qPCR method can quantify the amplicons of PCR and measure them as they are generated during 

each cycle (Pestana et al., 2010). The amplicons are detected with SYBR® Green, a DNA-intercalating 

dye. The intensity of the dye gets stronger when attached to the shallow grooves found in the double 

stranded DNA. Therefore, the intensity of fluorescence and the present double stranded DNA are 

directly proportional (Pestana et al., 2010).  

Samples are analysed for the expression of the gene of interest and the housekeeping gene. In each 

sample, the total target DNA is expressed in correspondence with the total housekeeping gene. The 

analysis of gene expressions is then performed employing the Livak and Schmittgen (2-ΔΔCT) method 

and presented as fold change relative to the control. 
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Figure 11: DNA amplification - PCR cycle (Prepared by author). 

 

3.4.1. RNA Isolation 
 

Protocol 

 

The supernatant from samples that were previously stored in Qiazol and homogenized were thawed at 

room temperature and chloroform (100 µl) was added. The samples were shaken vigorously for 

approximately 15 seconds, then incubated for 2-3 minutes at room temperature followed by 

centrifugation for 15 minutes at 12000 xg, 4°C. The aqueous solutions that have crude RNA were 
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transferred into fresh 1.5 ml microcentrifuge tubes. Each 1.5 microcentrifuge tube was added with 

isopropanol (250 µl) and flicked well to mix. An incubation (1 hr, -80°C) of samples was followed by 

centrifugation (20 min, 12000x g, 4°C). The supernatants were removed, and the pellets were washed 

with 500 µl of 75% cold ethanol. The samples were centrifuged (15 min, 7400 xg, 4°C) and ethanol 

was thoroughly removed so that the pellets dry off (approximately for 30 minutes). Each RNA pellet 

was resuspended to nuclease-free water (15 µl) incubated for 2-3 minutes, and stored at -80°C (Ghazi 

et al., 2022). 

 

3.4.2. cDNA synthesis 
 

Protocol 

 

RNA samples were quantified using a Nanodrop2000 spectrophotometer (Thermo-Fisher Scientific, 

Waltham, US) and standardized to 1000 ng/µl. cDNA was synthesised using the Maxima H Minus 

cDNA Synthesis Kit (Thermo-Fisher Scientific, Waltham, US) (Ghazi et al., 2022). A master mix was 

prepared by adding nuclease-free water (12.75 µl) to 10 mM dNTP mix (1 µl) and Oligo (dT)18 primer 

(25 mol, 0.25µl). In five fresh 200 µl micro-centrifuge tubes, 14 µl of the master mix was added with 1 

µl of template RNA. This was mixed and incubated for 5 minutes at 65°C using a thermo-cycler. 

Samples were then chilled on ice before adding 5X RT buffer (4 µl) and maxima H minus enzyme mix 

(1 µl). The samples were incubated for 10 min at 25°C, followed by 15 min at 50°C. This reaction was 

terminated by heating at 85°C for 5 min using a thermo-cycler. Nuclease-free water (60 µl) was added 

to the samples, and stored at -80°C. 

 

3.4.3. Qualitative Polymerase Chain Reaction (qPCR) 
 

Protocol 

 

Using the PowerUpTM SYBRTM Green Master Mix (Thermo-Fisher Scientific, Waltham, US), the gene 

expression analysis was conducted (Ghazi et al., 2022). The mRNA expressions of Keap1, NRF2, GPx, 

SOD2, CAT, MBD2, DNMT1, DNMT3A and DNMT3B were determined using the sense (forward) 

and antisense (reverse) primers listed in Table 2. A housekeeping gene, GAPDH was utilized to 

normalize the genes. SYBR green (5 μl), sense primer (1 μl), antisense primer (1 μl), nuclease-free 
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DNA concentration was determined using the Nanodrop 2000 spectrophotometer and the 260/280 nm 

absorbance was used to determine sample purity. A ratio of 1:8 was considered pure.  

 

3.5.3. ELISA procedure 
 

The quantification of global DNA methylation was carried out using an ELISA kit (ab117128, abcam, 

Cambridge, UK) (Ghazi et al., 2019). Binding solution (80 µl) was added to every strip well in a 96-

well plate that was to be used. Thereafter, 1 µl of negative control (from the kit) and 1 µl of the positive 

control standards (prepared as per Table 3), and 4 µl of sample DNA were plated. It was covered and 

incubated for 90 minutes at 37°C. Afterwards, the binding solution was discarded from all wells and 3 

washes were performed with 150 µl of 1X wash buffer.  

A 50 µl diluted capture antibody (1:1000 with 1X wash buffer) was added to each well and the plate 

was sealed for incubation at room temperature for 60 minutes. The diluted capture antibody was then 

removed and 50 µl of the diluted detection antibody (1:2000 with 1X wash buffer) was added and 

incubated for 30 minutes at room temperature. The detection antibody was then removed, and each well 

was washed 4 times with 150 µl of 1X wash buffer. A 50 µl diluted enhancer solution (1:5000 with 1X 

wash buffer) was added to each well and the plate was covered for 30 minutes of incubation at room 

temperature. It was then removed from each well and all wells were washed 5 times with 150µl of 1X 

wash buffer.  

 

Each well was filled with 100 µl of developer solution and the plate was incubated for 1 to 10 minutes 

away from the light, monitoring the colour change in all wells. The developer solution turned blue 

(which usually happens in the presence of methylated DNA) and 100 µl of stop solution was added to 

stop the enzyme reaction. The colour then changed to yellow, and absorbance was read at 450 nm within 

2-15 minutes using the microplate reader. 

 

To quantify the amount of DNA that was methylated, the standard curve was plotted using the OD 

values = of the positive control standards. The slope of the standard curve was determined using the 

linear regression. Then the percentage of the methylated DNA (5-mC) in total DNA, using the formulae 

below, was calculated: 

 

 5-mC (ng)= (𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑂𝑂𝑂𝑂−𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 𝑂𝑂𝑂𝑂)
𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝑋𝑋 2

 

 5-mC % = 5−𝑚𝑚𝑚𝑚 𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 (𝑛𝑛𝑛𝑛)
𝑆𝑆

 𝑋𝑋 100% 

Key: S= amount of sample DNA in ng 
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Protocol 

 

The C57BL/6 mice hearts were homogenized in PBS and supernatants were retained for TBARS assay. 

Ten test tubes, each with 200 µl of supernatant were prepared. In addition to that, a 1 µl MDA (positive 

control) and 400 µl 3 mM HCl (negative control) was prepared.  Prepared 200 µl of 7% phosphoric acid 

was added to all tubes as well as 400 µl TBA/BHT and solutions were vortexed. The addition of 

TBA/BHT was not included to the negative control. The pH was lowered to 1.5 by adding 200 µl 1 M 

HCl and all samples were boiled in a water bath at 100°C for 15 minutes. Tubes were left to cool before 

adding 1500 µl of butanol and vortexed for 30 seconds to enable the separation of two heterogeneous 

phases. Thereafter, 100 µl of the butanol supernatants were plated into a 96-well microtiter plate in 

triplicates for each sample and absorbance was measured at 532 nm with a reference wavelength of 600 

nm (Suthiram et al., 2023). MDA levels were calculated using the equation: MDA levels (µM) = 

(Absorbance/156mM) x 1000 to measure lipid peroxidation/oxidative stress in the cell. 

 

3.6. Western Blotting 
 

Western blot is a qualitative method that uses the antigen-antibody binding principle for the detection 

and quantification of specific proteins in samples (Eslami and Lujan, 2010). This technique firstly 

separates proteins according to their molecular weight in the sodium dodecyl sulphate polyacrylamide 

gel electrophoresis (SDS-PAGE). During this process, an applied voltage causes the proteins to drift 

toward the electrode through a gel matrix. This is because the proteins have a negative charge in them 

and the electrode has a positive charge (Smith et al., 2022). Following completion of the electrophoresis 

process, electro-transferring of proteins is conducted to transfer them onto a nitrocellulose membrane 

which will be blocked in a buffer deterring attachment of non-specific proteins. Thereafter, 

immunoblotting of the membrane is conducted with the desired primary antibody and their 

corresponding enzyme-conjugated secondary antibody to form bands representing the protein 

expression. This makes the target proteins easily detectable and quantifiable in a sample with a variety 

proteins (Sule et al., 2023). Western blot assessed the expression of the MBD2, DNMT3A, DNMT1, 

NRF2, GPx, CAT, and SOD2 proteins.  

Protein isolation, standardization, gel preparation, SDS-PAGE, transfer, blocking and immunoblotting 

was performed as previously published (Ghazi et al., 2019). 
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3.6.1. Isolation of proteins 
 

Introduction 

 

Crude protein was isolated directly from the C57BL/6 mice hearts using the non-ionic Cytobuster™ 

Protein Extraction Reagent (catalogue no. 71009, Novagen, San Diego, CA). Cytobuster consists of 

detergents that lyse the cell membranes and result in emission of proteases and phosphatases that destroy 

proteins of the cell. Degradation of proteins by these enzymes is avoided by supplementation of the 

Cytobuster reagent with protease and phosphatase inhibitors that inactivate proteolytic and phospholytic 

enzymes. This increases the protein integrity and prevent their denaturation. 

 

Protocol 

 

The C57BL/6 mice control and PAT-treated hearts were homogenized in 500 µl Cytobuster (Novagen, 

catalogue no. 71009) supplemented with phosphatase (Roche, catalogue no. 04906837001) and protease 

inhibitors (Roche, catalogue no. 05892791001) and centrifuged (10 000 xg, 4oC, 10 min). The 

supernatants with crude protein extracts were transferred into 1.5 ml microcentrifuge tubes. Pellets were 

discarded.  

 

3.6.2. Standardisationof proteins and quantification 
 

Introduction 

 

The bicinchoninic acid (BCA) assay was employed to quantify total crude protein and was initially 

invented in 1985 by Paul K. Smith. 

Principle 

 

This is a colorimetric assay based on the biuret reaction in which cupric (Cu2+) ions are converted to 

cuprous (Cu+) ions in an alkaline medium (He, 2011). The Cu2+ ion reacts with the peptide bonds in the 
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reduces the proteins and exacerbates their denaturation. Samples were then cooled to RT before storing 

at -20oC until loaded in the SDS-PAGE gel. 

 

 

3.6.3. Gels preparations for SDS-PAGE 
 

Introduction 

 

The polyacrylamide gels are a 3D polymer prepared using acrylamide and cross-linker namely N, N’ -

methylene bis-acrylamide catalysed by ammonium persulfate (APS). SDS-PAGE uses two types of 

agarose gels to separate proteins based on their molecular weights. The bottom gel, known as the 

resolving gel, has a pH of 8.8 with intense polyacrylamide content that enables the SDS-PAGE gel to 

have narrow holes that facilitate protein separation based on their sizes (Hnasko and Hnasko, 2015). 

The top gel, known as the stacking gel, has a pH of 6.8 and less polyacrylamide concentration that 

enables the SDS-PAGE gel to have large holes in which proteins are poorly separated. Instead, the 

stacking gel enables the formation of sharply defined protein bands which are further separated by the 

resolving gel as they migrate (Kim, 2017).  

Protocol 

The Mini-PROTEAN Tetra Cell casting stand (Figure 15) was used to prepare the gels. A 10% resolving 

gel was made [dH2O, 1.5M Tris-HCl (pH 8.8), 10% (w/v) SDS, 30% acrylamide/bis, 10% APS (freshly 

prepared daily), TEMED] and added between the glass plates. Isopropanol was added on top of the 

resolving gel to ensure a smooth surface, and it was allowed to set for 60 minutes. Once the gel was set 

and the gel-isopropanol phases were distinct, isopropanol was removed using filter paper. A 4% stacking 

gel [dH2O, 0.5M Tris-HCl (pH 6.8), 10% (w/v) SDS, 30% acrylamide/bis, 10% APS, TEMED] was 

added on top of the resolving gel in between the glass plates and a 1 cm plastic comb (Bio-Rad) (Figure 

15) was immediately placed in the stacking gel to form sample loading wells (Figure 16). It was allowed 

to set for 40 minutes.  
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3.6.4. SDS-PAGE 
 

After the gels had set, they were taken out of the casting stands and transferred to the electrode assembly 

inside the electrode tank. The electrode tank (Mini-PRPTEAN Tetra Cell System, Bio-Rad, Hercules. 

CA) was filled with running buffer (192 mM glycine, 25 mM Tris, 0.1% SDS). Using a loading guide, 

5 µl of molecular weight marker (catalogue no. #161-0373, Bio-Rad, Hercules, CA) and 25 µl of protein 

samples were loaded into sodium dodecyl sulphate-polyacrylamide gels, and the apparatus was sealed. 

The tank was connected to a Bio-Rad compact power supplier to apply 150V for 60 minutes. Proteins 

were separated and the run was monitored to ensure that the tracker dye does not exceed the bottom of 

the gel. 

 

3.6.5. Transfer of proteins 
 

Gels were then transferred into transfer buffer (20% methanol, 25 mM Tris, 192 mM glycine; pH 8.3) 

after being carefully removed from glass plates allowing gel and protein equilibration. Excess transfer 

buffer soaked the fibre pads and nitrocellulose membrane for 10 minutes. The fibre pad had 

nitrocellulose membrane laid on top of it, and the SDS-PAGE gel was laid on top of the nitrocellulose 

membrane. The whole set up was then covered with another fibre pad to make a gel sandwich. A plastic 

roller was used to remove any trapped air bubbles which could reduce the efficiency of transfer. 

Utilizing the TransBlot® Turbo Transfer System (25V, 30 min), proteins were electro-transferred onto 

a nitrocellulose membrane. 

The voltage applied produces an electric current that is perpendicular to the gel surface, this results in 

the migration of the negatively charged proteins from the gel onto the nitrocellulose membrane.  

 

3.6.6. Blocking and antibody incubation 
 

Membranes were subsequently blocked in 5 ml of 5% BSA in Tris-buffered saline with 0.05% Tween 

20 [TTBS; 150 mM NaCl, 3 mM KCl, 25 mM Tris, 0.05% Tween 20, dH2O, pH 7.5] for 60 minutes at 

RT with gentle shaking preventing the non-specific binding of proteins. They were then incubated in 

primary antibodies (Table 4) against MBD2, DNMT3A, DNMT1, NRF2, GPx, CAT, and SOD2 and 

incubated for 60 minutes at RT by shaking gently and further incubated overnight (4°C). Following the 

overnight incubation, they were equilibrated to RT and washed with 10 ml TTBS (5 times for 10 

minutes) to remove unbound primary antibody. Membranes were then probed with horseradish 
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Hydrogen peroxide (5 ml) (5%) was used to quench the membranes for 30 min at 37oC. TTBS was used 

to conduct one wash (10 min, RT) and BSA (5%) was used for blocking for 60 minutes at room 

temperature. Membranes were then probed for β-actin (Sigma-Aldrich, MO, US; HRP-conjugated, 

1:5000, 30min) (Table 2) to normalize the protein expression. The iBright Analysis Software V4.0.0 

was employed to analyse protein expression and the results were presented as a fold change and relative 

band density (RBD). Protein expression was normalized by dividing the RBD of the protein of interest 

by the RBD of β-actin.  

 

3.7. Statistical Analysis 
 

All statistical analyses were conducted using GraphPad Prism 7. The unpaired t-test with Welch’s 

correction assessed the significance between the control and PAT groups. A p < 0.05 was considered 

statistically significant. Tests were run in triplicate for each mouse and three times independently. The 

data was displayed as mean ± standard deviation.  
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CHAPTER 4: RESULTS 
 

4.1. PAT Induced Oxidative Stress 
 

4.1.1. PAT increased MDA levels 
 

The TBARS assay quantified MDA levels, which is a biomarker of lipid peroxidation and oxidative 

stress. PAT significantly increased MDA levels (p = 0.005, control: mean ± SEM = 0.533 ± 0.049; PAT: 

mean ± SEM = 1.040 ± 0.137, 0.52-fold) in mice hearts (Figure 18). Results were expressed as MDA 

levels (µM) relative to the control and they suggest that PAT induced oxidative stress.  

 

Figure 18: PAT significantly increased MDA levels in C57BL/6 mice hearts (*p < 0.005). 

 

4.1.2. PAT Altered NRF2, Keap1, SOD2, CAT and GPx 
 

Quantitative polymerase chain reaction (qPCR) showed that PAT induced oxidative stress by decreasing 

keap1 expression (p = 0.007, control: mean ± SEM = 1.100 ± 0.022; PAT: mean ± SEM = 0.855 ± 0.077, 

1.10) and significantly increasing NRF2 (p = 0.049, control: mean ± SEM = 1.100 ± 0.022; PAT: mean 

± SEM = 1.425 ± 0.149, 1.20-fold), SOD2 (p = 0.042, control: mean ± SEM = 1.100 ± 0.022; PAT: 

mean ± SEM = 1.447 ± 0.126, 1.40-fold), CAT (p = 0.038, control: mean ± SEM = 1.100 ± 0.022; PAT: 

mean ± SEM = 1.565 ± 0.194, 0.90-fold), and GPx (p = 0.028, control: mean ± SEM = 1.100 ± 0.022; 

PAT: mean ± SEM = 2,056 ± 0.377, 1.20-fold) gene expressions (Figure 19). Gene expressions were 

normalized against the housekeeping gene, GAPDH, and expressed as relative-fold change relative to 

the control.  
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Figure 20: PAT significantly increased proteins NRF2, SOD2, and CAT in C57BL/6 mice hearts (*p < 
0.05, **p < 0.001). 

 

4.1. PAT induced global DNA methylation 
 

4.2.1. PAT induced global DNA hypermethylation in C57BL/6 mice hearts 
 

ELISA quantified global DNA methylation. PAT significantly increased 5-methylcytosine levels (p = 

0.020, control: mean ± SEM = 0.157 ± 0.018, PAT: mean ± SEM = 0.270 ± 0.017, 1.72-fold); this 

suggested that PAT induced global DNA hypermethylation compared to the control samples (Figure 

21).  

 



44 
 

 

Figure 21: PAT caused global DNA hypermethylation (*p < 0.05) in C57BL/6 mice hearts. 

 

4.2.2. PAT altered DNA methyltransferases 
 

The qPCR assay assessed gene expression of DNMTs and MBD2 (Figure 22). Results showed PAT 

induced a significant increase in DNMT1 (p = 0.022,  control: mean ± SEM = 1.100 ± 0.022; PAT: mean 

± SEM = 1.631 ± 0.205, 1.48-fold) and DNMT3B (p = 0.041, control: mean ± SEM = 1.100 ± 0.022; 

PAT: mean ± SEM = 1.766 ± 0.265, 1.62-fold), whereas it decreased MBD2 (p = 0.0001, control: mean 

± SEM = 1.100 ± 0.022; PAT: mean ± SEM = 0.497 ± 0.028, 0.45-fold) and DNMT3A (p = 0.0001, 

control: mean ± SEM = 1.100 ± 0.022; PAT: mean ± SEM = 0.453 ± 0.113, 0.41-fold) expression.  
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Figure 22: PAT significantly increased DNMT1 and DNMT3B and significantly decreased DNMT3A 
and MBD2 (*p < 0.05, ****p < 0.0001). 

 

Western blot quantified DNMTs and MBD2 protein expression levels (Figure 23). Results showed that 

PAT caused DNA hypermethylation by significantly increasing DNMT1 (p = 0.029, control: mean ± 

SEM = 0.309 ± 0.075; PAT: mean ± SEM = 0.687 ± 0.099, 0.68-fold) and significantly decreasing 

MBD2 (p = 0.008, control: mean ± SEM = 1.469 ± 0.204; PAT: mean ± SEM = 0.530 ± 0.084, 0.48-

fold) and DNMT3A (p = 0.0001, control: mean ± SEM = 1.744 ± 0.063; PAT: mean ± SEM = 0.537 ± 

0.103, 0.50-fold).  
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CHAPTER 5: DISCUSSION 

5.1. Oxidative stress  
 

Patulin is commonly found in spoilt fruits, especially apples and apple products (Mahato et al., 2021). 

PAT consumption is toxic to both humans (et alMahato et al., 2021, Pillay et al., 2023, Li et al., 2023) 

and animals (Zhang et al., 2024), additionally, it is toxic to plants (Li et al., 2024) . 

Growing research has reported that PAT induces adverse health implications after consumption (Fan 

and Hu, 2024, Mahato et al., 2021). However, the mechanism by which it does this remains unclear. 

Some studies have shown that PAT exerts its toxicity on organs by depleting antioxidants and inducing 

oxidative stress (Pillay et al., 2020, Wei et al., 2020).  

This study aimed to assess the mechanism by which PAT causes toxicity over 24 hours in C57BL/6 

mice hearts by investigating oxidative stress and global DNA methylation.  

Under physiological conditions, antioxidants balance the production of ROS from biological cell 

processes (Birben et al., 2012, Reische et al., 2002). Disruption of this balance by an overproduction of 

ROS leads to damage to organelles and biomolecules and may lead to cell death (Sies, 2020, Da Silva 

et al., 2018). Lipids are one of the affected biomolecules by ROS attack (Juan et al., 2021). This leads 

to the production of malondialdehyde (MDA) which can be measured and detect oxidative stress 

occurrence. The significant increase of MDA levels in the hearts of C57BL/6 mice treated with PAT 

compared to the control depicts the level of lipid peroxidation (Figure 18), which may be due to the 

overproduction of ROS induced by PAT, as research has proven that PAT induces oxidative stress (Hsu 

et al., 2023, Notardonato et al., 2021, Saleh and Goktepe, 2019). ROS overproduction yields oxidative 

stress (Wang et al., 2023a). These highly reactive oxygen species include superoxide, hydroxyl radical 

and hydrogen peroxide, which all can react with biomolecules and cause damage to them (Juan et al., 

2021, Sesti et al., 2012). Studies have shown that excess ROS attacks cell membranes, causing lipid 

peroxidation, which also may lead to cell death (Su et al., 2019). 

Under physiological conditions, Kelch-like ECH-associated protein 1 (Keap1) is attached to nuclear 

factor erythroid 2-related factor 2 (Nrf2) until there is a disturbance in the equilibrium of ROS and 

antioxidants (Juan et al., 2021, Ngo and Duennwald, 2022). In the occurrence of oxidative stress, the 

two dissociate and Nrf2 transcribes for antioxidant enzymes (Blaner et al., 2021, Sies, 2020). The 

expression of antioxidants can indicate the cellular oxidative stress status (Reische et al., 2002). In this 

study, Nrf2, superoxide dismutase 2 (SOD2), and catalase (CAT) all significantly increased following 

PAT treatment (Figure 19), which might have been because of the increased levels of MDA and 

oxidative stress occurrence.  
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Keap1 attaches to NRF2 to inactivate it and inhibit transcription of antioxidants (Song et al., 2021). 

Upon oxidative stress occurrence, this attachment breaks and Keap1 is degraded (Ulasov et al., 2022). 

The significant decrease in Keap1 levels by PAT indicates an increase in NRF2 in response to oxidative 

stress. This is substantiated by a significant increase in NRF2 expression by PAT. Nrf2 is a key regulator 

of antioxidants (Adinolfi et al., 2023, Liu et al., 2022). Elevated levels of NRF2 subsequently increased 

SOD2 and CAT expression (Figure 20) in the hearts of C57BL/6 mice treated with PAT. PAT also 

increased GPx expression in C57BL/6 mice hearts.  

Superoxide dismutase functions to scavenge superoxide ions to oxygen and hydrogen peroxide (Zheng 

et al., 2023). Elevated levels of SOD2 gene expression indicate the presence of oxygen radicals (Zheng 

et al., 2023) and may result in the expression of their corresponding protein (Sies, 2020). Catalase 

functions to further convert hydrogen peroxide to water and oxygen (Baker et al., 2023). Increased gene 

function of CAT may result in its protein expression elevation too (Reische et al., 2002). GPx functions 

to reduce hydrogen peroxide to water (Pei et al., 2023) and its gene expression may result in protein 

expression (Sies, 2020) 

5.2. DNA methylation  
 

DNA methylation is an epigenetic modification that plays a role in biological processes and in disease; 

however, its precise need has not been fully studied (Mattei et al., 2022, Kobayashi et al., 2012). A 

recent study by Smith et al. suggests that DNA methylation is associated with gene repression, which 

may lead to health issues when it is unregulated (Smith et al., 2020). Gene repression may lead to the 

suppression of antioxidants and exacerbate health issues, notably, oxidative stress and its relative 

malignancies (Franco et al., 2008). PAT induced global DNA hypermethylation in C57BL/6 mice hearts 

by elevating DNMT3B and DNMT1 expression (Figure 22 and Figure 23). DNMT3B and DNMT3A 

plays a pivotal role in installing new DNA methylation patterns in previously unmethylated CpG 

dinucleotides (Okano et al., 1999). Inactivation of DNMT3A and DNMT3B has been associated with 

hypomethylation (Smith et al., 2020, Dodge et al., 2005). DNA hypermethylation has been associated 

with wound healing resistance as the genes for healing and skin repairing might be silenced (Singh et 

al., 2022, J. Dabrowski and Wojtas, 2019).  

DNMT1 is associated with progressing and already established DNA methylation pattern (Kikuchi et 

al., 2022) and play an important role in maintaining DNA methylation throughout generations (Tajima 

et al., 2022). Its downregulation has been linked with hypomethylation which has been associated to 

adverse health implications in many studies (Novakovic et al., 2010, Wang et al., 2022). PAT 

upregulated DNMT1 and progressed the methylation patterns instigated by DNMT3B, leading to DNA 

hypermethylation. DNA hypermethylation has been associated with the progression of cancer and 
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enhance metastasis (Ren, 2022). In addition, DNMT1 is responsible for inactivation of the X-

chromosome and gene imprinting (Okano et al., 1999) 

DNA demethylation is as important as methylation as it ensures the amount of methylation happens in 

the CpG dinucleotide strands (Cheishvili et al., 2014). It is selective in binding to DNA that is 

methylated (Okano et al., 1999) and maintains required levels of methylation. Downregulation of 

MBD2 results in hypermethylation, which has previously been associated with cancer amongst many 

other malignancies in so many studies (Lax et al., 2023, Mahmood et al., 2024). PAT significantly 

decreased MBD2 and increased the C57BL/6 mice heart to susceptibility to hypermethylation. 

Previous research studies have proven that PAT is involved in the induction of oxidative stress and 

which has led to various health issues (Liu et al., 2007, Zhang et al., 2015). This includes kidney toxicity 

(Han et al., 2021), cytotoxicity (Hsu et al., 2023), gastrointestinal toxicity (Qiu et al., 2022) and 

cardiotoxicity (Zhang et al., 2022a), which have been involved in chronic diseases such as cancer 

(Turkmen et al., 2021). Likewise, in this study, PAT was involved in inducing oxidative stress in 

C57BL/6 mice hearts. 

Furthermore, patulin influences the progression of DNA methylation (Mazibuko et al., 2024). It either 

leads to hypermethylation or hypomethylation, which both have a role in cancer-causing processes 

(Tebbi, 2021, Kiruthiga and Devi, 2021). In this study, patulin induced global DNA hypermethylation 

in C57BL/6 mice hearts.  
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5. CONCLUSION  
Mycotoxin contamination is a global issue that has persisted after a lot of control measures being taken, 

it is negatively impacting the economy and food security (Mamo et al., 2020, Ghazi et al., 2019). Patulin 

is commonly linked with a variety of spoilt fruits & vegetables, notably, spoilt apples (Tang et al., 2018, 

Pillay et al., 2020, Wei et al., 2020). It has gained popularity in the research field after being reported 

in several cases to be involved with genotoxicity, immunotoxicity, gastrointestinal toxicity, and renal 

toxicity (Awuchi et al., 2020, Zhang et al., 2024). A study by Zhang suggested that PAT induced 

cardiotoxicity, however, there hasn’t been reported data up to date elucidating the mechanism by which 

PAT induces toxicity (Zhang et al., 2022a). 

It is vital and recommended to understand the mechanisms by which PAT induces a variety of toxicities. 

This is to help reduce and avoid the level of contamination and life-threatening diseases it causes. 

Emphasis on these implications applies in developing countries as they are more prone to contamination 

and insecurity of food. 

In the present study, there is an elevation of MDA levels which is a biomarker of lipid peroxidation 

suggesting that OS occurred. In response to relatively increasing ROS induced by PAT, there was an 

activation of the antioxidant response system. Nrf2 increased and transcription of OS genes and relative 

proteins including SOD2, and CAT were activated.  

PAT induced global DNA hypermethylation by decreasing MBD2 and increasing DNMT3A. 

This study was limited to a small number of mice (n = 5) per experimental group, which may have 

affected the variability and validity of the findings. Additionally, studies using more mice are required 

to verify these results. Another limitation was the short period of PAT exposure and lack of NRF2 

promoter methylation data, thus future studies need to further investigate PAT under prolonged period 

of exposure in mice hearts and investigate the NRF2 promoter methylation. Moreover, evaluation of 

other mechanisms beyond oxidative stress and DNA methylation such as apoptosis, microRNA 

expression levels and histone modification are required.   
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APPENDIX B 

Bicinchoninic Acid (BCA) Assay 

 

Figure 25: Standard curve showing known concentrations of BSA that was used to calculate the 
concentration of crude protein present in each sample. 
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APPENDIX D 

Quantification of Global DNA Methylation 

 

Figure 27: Standard curve used to determine the percentage of 5-methylcytosine in DNA. 
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