


ii 
 

DECLARATION 

I, Kimera Tamzin Suthiram, declare as follows:  

 

1. That the work described in this thesis has not been submitted to UKZN or other tertiary institutions 

for purposes of obtaining an academic qualification, whether by myself or any other party. Where 

a colleague has indeed prepared a thesis based on related work essentially derived from the same 

project, this must be stated here, accompanied by the name, the degree for which submitted, the 

University, the year submitted (or in preparation) and a concise description of the work covered by 

that thesis such that the examiner can be assured that a single body of work is not being used to 

justify more than one degree.  

 

2. That my contribution to the project was as follows: This is followed by a concise description of the 

candidate’s personal involvement in and contribution to the project, in sufficient detail that the 

examiner is in no doubt as to the extent of their contribution.  

 

3. That the contributions of others to the project were as follows: This is followed by a list of all others 

who contributed intellectually to the project, each accompanied by a concise description of their 

contribution. This does not include people who ordinarily would be “acknowledged” as opposed to 

considered for authorship.  

 

 

4. Signed:                                   Date: 14/12/2023 

 

 

 

 

 

 

 

 

 

 



iii 
 

DEDICATION 

To my parents, Ramraj and Lilian Suthiram for making my dreams possible. 

 

“For the mountains may move and the hills disappear, but even then, my faithful love for you will 

remain. My covenant of blessing will never be broken, says the Lord, who has mercy on you”- Isaiah 

54:10 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



iv 
 

ACKNOWLEDGEMENTS 

To my family, 

You have been like my own personal army- through every battle, down in the trenches at times and 

celebrating on every mountaintop at other times. My commander in chief, my mother. You are my rock, 

my role model who has taught me perseverance and the value of education. Thank you for the late-night 

pep talks and early-morning motivation. You carried every burden so that I could pursue my dream. To 

my soldiers, Nastassia, Jerome, and Bradley. Thank you for playing the role of a therapist when needed, 

and doing the not so glamourous duties so that my studies would be smooth sailing. The laughs, the 

spoils and the advice have been a blessing. Thank you all, I cannot express the depth of my gratitude. 

 

To my supervisor, Prof. A.A. Chuturgoon 

You have taught me the value of never being stagnant in our growth. Thank you for every opportunity 

to aim higher and develop as an individual. I am forever grateful for the guidance and critiques, because 

through this, came a greater understanding of topics and results.  

 

To my supervisor and friend, Dr Terisha Ghazi 

I cannot express my gratitude for the support both academically and personally through this journey. 

The road was tough, full of challenges that I could not imagine facing alone, but you made the load 

much lighter. I know that you will go on to inspire others just as much as you have inspired me. Thank 

you for your wisdom, and friendship. 

 

To Medical Biochemistry Department 

Thank you all for your assistance and support through the years. To my lab partner, Ashmika, I could 

not have remained steadfast on my path to completion without your witty humour, and banter that kept 

my mind clear and my heart joyful. You continue to be a blessing. I appreciate your friendship. 

 

National Research Foundation (NRF) 

I would like to thank the NRF for their assistance with funding this project and allowing me to complete 

my research. 

 

 

 

 

 



v 
 

PRESENTATIONS 

1. Suthiram, K.T., Chuturgoon, A.A., Ghazi, T. Kojic acid induces mitochondrial stress in 

human melanoma (SK-MEL-1) cells. College of Health Sciences Research Symposium 2023, 

University of KwaZulu-Natal, Durban, South Africa, Poster presentation.  

 

2. Suthiram, K.T., Chuturgoon, A.A., Ghazi, T. Kojic acid induces mitochondrial stress in 

human melanoma (SK-MEL-1) cells. Laboratory Medicine and Medical Sciences (LMMS) 

Research Symposium 2023, University of KwaZulu-Natal, Durban, South Africa, Oral 

Presentation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 



vi 
 

TABLE OF CONTENTS 

LIST OF FIGURES ............................................................................................................................. viii 

LIST OF TABLES .................................................................................................................................. x 

ABBREVIATIONS ............................................................................................................................... xi 

 

ABSTRACT ............................................................................................................................................ 1 

 

CHAPTER 1 ........................................................................................................................................... 2 

1. INTRODUCTION .......................................................................................................................... 2 

1.1. Hypothesis............................................................................................................................... 5 

1.2. Aim ......................................................................................................................................... 5 

1.3. Objectives ............................................................................................................................... 6 

1.4. Experimental study design ...................................................................................................... 6 

1.5. Ethical approval ...................................................................................................................... 7 

2. LITERATURE REVIEW ............................................................................................................... 8 

2.1. The skin ........................................................................................................................................ 8 

2.1.1 Skin structure and function .................................................................................................... 8 

2.1.2 Melanocytes ........................................................................................................................... 8 

2.1.3. Skin diseases ......................................................................................................................... 9 

2.2. Kojic acid (KA) ............................................................................................................................ 9 

2.2.1. Chemical structure and properties...................................................................................... 10 

2.2.2. Regulations on kojic acid usage .......................................................................................... 11 

2.2.3. Kojic acid inhibits melanogenesis ....................................................................................... 11 

2.2.4. Additional effects of kojic acid ............................................................................................ 13 

2.3. Mitochondrion ............................................................................................................................ 16 

2.3.1. Mitochondrial function ....................................................................................................... 16 

2.3.2. Oxidative stress ................................................................................................................... 16 

2.3.3. Master regulators of redox homeostasis ............................................................................. 17 

2.3.4. Antioxidant responses- Nrf-2 activation ............................................................................. 17 

2.4. Mitochondrial homeostasis ........................................................................................................ 17 

2.4.1. LON proteases .................................................................................................................... 18 



vii 
 

2.4.2. Sirtuins ................................................................................................................................ 18 

2.5. Cell signalling pathways ............................................................................................................ 20 

2.5.1. Protein kinase signalling .................................................................................................... 20 

2.5.2. Role of cell signalling in Nrf-2 regulation .......................................................................... 23 

2.6. Inflammation .............................................................................................................................. 24 

2.6.1. NFκB inflammatory pathway .............................................................................................. 24 

2.6.2. Inflammasome ..................................................................................................................... 25 

2.6.3. Inflammation and skin ......................................................................................................... 26 

2.7. References .................................................................................................................................. 27 

 

CHAPTER 2 ......................................................................................................................................... 46 

Exploring the biochemical effects of kojic acid and its implications in humans .............................. 46 

 

CHAPTER 3 ......................................................................................................................................... 67 

Kojic acid induces oxidative, protein and mitochondrial stress in human melanoma (SK-MEL-1) 

cells ................................................................................................................................................... 68 

 

CHAPTER 4 ......................................................................................................................................... 85 

Kojic acid induces inflammatory responses independent of the Akt and MAPK signalling pathways

 .......................................................................................................................................................... 85 

 

CHAPTER 5 ....................................................................................................................................... 106 

5.1. CONCLUSION ............................................................................................................................ 106 

5.2. LIMITATIONS AND RECOMMENDATIONS ......................................................................... 108 

 

Addendum ........................................................................................................................................... 111 

Addendum A ....................................................................................................................................... 111 

Addendum B: Guidelines for thesis submission ................................................................................. 122 

Addendum C: Ethical approval letter .................................................................................................. 123 

Addendum D: Supplementary information ......................................................................................... 124 

 



viii 
 

LIST OF FIGURES 

 

CHAPTER 1 

Figure 1.1: Applications that exploit kojic acid attributes (Prepared by author) .................................. 10 

Figure 1.2: The chemical structure of KA (Prepared by author) .......................................................... 11 

Figure 1.3: Overview of tyrosinase inhibition by kojic acid in melanin production. Chemical structures 

were drawn using PubChem Sketcher Version 2.4 ............................................................................... 12 

Figure 1.4: The effect of KA in in vitro cancer cells (Prepared by author) .......................................... 13 

Figure 1.5: The effect of KA on oxidative stress markers (Prepared by author) .................................. 14 

Figure 1.6: Structure of Sirtuin proteins found in mammals (Yamamoto et al., 2007) ........................ 19 

Figure 1.7: The classical three-step cascade of reactions employed to activate ERK1/2 (Kong et al., 

2019) ..................................................................................................................................................... 22 

Figure 1.8: Schematic illustration of the role of ROS and signalling pathways in the KEAP-1 

independent regulation of Nrf-2 (Prepared by author) .......................................................................... 24 

Figure 1.9: The process of priming and activation of the NLRP3 inflammasome (Lin et al., 2021) ... 26 

 

CHAPTER 2  

Figure 2.1: Applications that exploit kojic acid attributes ................................................................... 50  

Figure 2.2: Overview of tyrosinase inhibition by kojic acid in melanin production. Chemical structures 

were drawn using PubChem Sketcher Version 2.4. ............................................................................ 52  

Figure 2.3: Summary of microbial applications of kojic acid. ............................................................ 57 

 

CHAPTER 3 

Figure 3.1: Mitochondrial output was assessed over a 24 h period; a) KA significantly increased cell 

viability and b) Intracellular ATP was significantly depleted in KA-treated cells. Results are represented 

as mean fold-change ± SD (n = 3), where ***p < 0.001, **p < 0.01 and *p < 0.05. ........................... 74 

Figure 3.2: MDA levels were significantly increased in KA-treated cells following a 24 h treatment. 

Results are represented as mean fold-change ± SD (n = 3), where ***p < 0.001 and **p < 0.01........ 75 

Figure 3.3: Nrf-2 expression was significantly increased in KA-treated cells following a 24 h treatment. 

Results are represented as mean fold-change ± SD (n = 3), where ***p < 0.001 and **p < 0.01........ 75 

Figure 3.4: Protein carbonyl levels were significantly increased in KA-treated cells following a 24 h 

treatment. Results are represented as mean fold-change ± SD (n = 3), where ***p < 0.001 and *p < 

0.05. ...................................................................................................................................................... 76 

Figure 3.5: KA altered responses to protein damage in KA-treated cells following a 24 h treatment; a) 

LON protease expression was significantly increased and b) Sirtuin 3 expression was significantly 

decreased. Results are represented as mean fold-change ± SD (n = 3), where **p < 0.01 and *p < 0.05.

 .............................................................................................................................................................. 76 



ix 
 

 

CHAPTER 4 

Figure 4.1: Kojic acid treatment resulted in alterations in Akt and GSK3β expression. Both the total Akt 

gene expression and phospho-Akt protein levels were significantly reduced (p < 0.0001). There was a 

significant decline in phospho-GSK3β protein expression. The findings are presented as mean fold-

change ± SD (n = 3) with ***p < 0.001, **p < 0.01, and *p < 0.05 denoting statistical significance. 

............................................................................................................………………………………..91  

Figure 4.2: Kojic acid significantly reduced the expression of ERK1/2.This reduction was particularly 

noteworthy at high treatment concentrations. The findings are displayed as the mean fold-change ± SD 

(n=3), where *p < 0.05 denotes a statistically significant difference and ***p < 0.001 indicates a highly 

significant difference. ......................................................................................................................... 92  

Figure 4.3: Kojic acid significantly decreased p38 expression. Results are represented as mean fold-

change ± SD (n = 3), where ***p < 0.001, and *p < 0.05 denotes statistical significance. ................. 93  

Figure 4.4: There was increased NFκβ protein and gene expression after a 24 h treatment. Additionally, 

IκB gene expression was increased. The results are represented as the mean fold-change ± SD (n = 3), 

indicating that statistical significance is denoted by **p < 0.01. ......................................................... 93  

Figure 4.5: Intracellular caspase 1 and NLRP3 expression was increased at all concentrations. IL-1β 

and IL-6 were increased significantly at the 100 μg/ml concentration. The results were expressed as 

mean fold-change ± SD (n = 3), where **p < 0.01 and *p < 0.05 denotes statistical significance. ..... 94 

 

CHAPTER 5 

Figure 5.1: The effect of kojic acid on mitochondrial homeostasis markers, protein kinases and 

inflammation in SK-MEL-1 melanoma cells ...................................................................................... 108 

 

 

 

 

 

 

 

 

 



x 
 

LIST OF TABLES 

CHAPTER 1 

Table 1.1: Functions of the layers in the skin ......................................................................................... 8 

Table 1.2: The effect of KA on inflammatory markers in different cell lines ...................................... 14 

 

CHAPTER 2  

Table 2.1: Advances in the toxicity profile of KA in different in vitro models ................................... 53 

 

CHAPTER 4 

Table 4.1: Advances in the toxicity profile of KA in different in vitro models .................................... 90 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xi 
 

ABBREVIATIONS 

 

ADP- Adenosine diphosphate 

Akt- Ak strain transforming  

AP-1- Activator protein 1 

ARE- Antioxidant-responsive element 

ASK-1- Apoptosis signal-regulating kinase-1  

ATP- Adenosine triphosphate 

bZIP- Basic region leucine zipper 

CCL-2 – Chemokine ligand-2 

CIR- Cosmetic Ingredient Review  

CRP- C-reactive protein 

DALY- Disability-adjusted life year  

DAMP- Damage associated molecular pattern 

DLK1- Dual leucine-zipper-bearing kinase-1 

ER- Endoplasmic reticulum 

ERK1/2- Extracellular signal-response kinase 1/2 

FADD- Fas-associated protein with death domain  

FDA- Food and Drug Administration 

GBD- Global Burden of Disease  

GPx- Glutathione peroxidase  

GSK3β- Glycogen synthase kinase 3β 

HCEC- Human corneal epithelial cell 

IARC- International Agency for Research on Cancer 

IFN-β- Interferon-β  

ILDS- International League of Dermatological Societies 

iNOS- Inducible nitric oxide synthase 

JNK- c-Jun N-terminal kinase 



xii 
 

KA- Kojic acid 

KEAP-1 - Kelch-like-ECH-associated protein-1 

MAPK- Mitogen activated protein kinase 

MEKK- MAPK/ERK kinase kinase 

MITF- Microphthalmia-associated transcription factor  

mTOR- Mammalian target of rapamycin 

MyD88- Myeloid differentiation primary response 88 

NAD+- Nicotinamide adenine dinucleotide 

NEMO- NFκB essential modulator 

NFκB- Nuclear factor kappa-light-chain-enhancer of activated B cells 

NLRP3- NLR family pyrin domain containing 3 

NO- Nitric oxide 

NOD2- Nucleotide-binding oligomerization domain 2  

Nrf-2 - Nuclear factor erythroid 2-related factor-2 

p53- Tumour suppressor protein 53 

PAMP- Pathogen associated molecular pattern 

PDK1- Phosphoinositide dependent kinase 1 

PGC-1α - Peroxisome proliferator-activated receptor gamma coactivator 1-alpha 

PI3K- Phosphoinositide 3 kinase 

PIP2 - Phosphatidylinositol (3,4)-bisphosphate 

PIP3- Phosphatidylinositol (3,4,5)-trisphosphate  

PRR- Pattern recognition receptors  

Prx- Peroxiredoxins  

PTEN- Phosphatase and tensin homolog 

RAGEs- Receptors for advanced glycation end products  

ROS- Reactive oxygen species 

SCCP- Scientific Committee on Consumer Products 

TAK1- Transforming growth factor β-activated kinase 1  



xiii 
 

TLR- Toll-like receptors  

TNF- Tumour necrosis factor 

TRIF- TIR domain-containing adaptor-inducing interferon-β 

UV- Ultra-violet  

WHO- World Health Organisation 

α-MSH- Alpha melanocyte-stimulating hormone 

β-TrCP- β-Transducing repeat-containing protein  

 

 

 



1 
 

ABSTRACT  

 

Kojic acid (KA), 5-hydroxy-2-(hydroxymethyl)-4H-pyran-4-one, is used in agriculture, food, and 

cosmetics. KA is known to have antimicrobial, antifungal, antioxidant, and anti-inflammatory 

properties. The cosmetic industry's increasing interest in KA is due to its ability to inhibit tyrosinase 

activity resulting in skin lightening. The mitochondria play a key role in maintaining homeostasis and 

ensuring efficient melanin production. Therefore, mitochondrial dysfunction has severe effects on the 

skin. This study investigates mitochondrial stress, antioxidant responses, protein kinase signalling and 

inflammation in human melanoma (SK-MEL-1) cells.  

 

The mitochondria are important in processing metabolites and supplying the cell with energy in the 

form of ATP. KA interacts with key mitochondrial homeostasis proteins. Our results found an increase 

in macromolecule damage specifically lipid peroxidation and protein oxidation. Due to oxidative 

conditions, increased Nrf2 expression was observed. LON protease is ATP-dependent and regulated by 

Sirtuin 3 expression. Mitochondrial function was affected illustrated by decreased ATP production 

leading to decreased LON protease and Sirtuin 3 protein expression.  

 

Following increased oxidative stress, KA suppressed the expression of protein kinases but increased 

inflammatory mediators. There was decreased expression of phospho-Akt, Akt, phospho-GSK3β, p38 

and ERK1/2. The mediation of the NLRP3 inflammasome involves priming and activation. At 

concentrations with high proliferation, NFκB gene and protein expression was activated. The protein 

kinase signalling pathways are known as mediators of inflammation; however, protein and gene 

expression of inflammatory mediators was increased following KA treatment. The inflammasome was 

subsequently activated as shown by an increase in intracellular caspase 1 levels as well as NLRP3, IL-

β and IL-6 expression.  

 

KA induced mitochondrial stress and suppressed mitochondrial homeostasis proteins. The increased 

Nrf2 expression could have further downregulated LON protease expression and increased 

macromolecule damage. Oxidative conditions could have activated the inflammasome pathway 

independent of protein kinase signalling.  In conclusion, KA displayed mitochondrial toxicity following 

acute exposure by suppressing mitochondrial homeostasis, protein kinase pathways and initiating 

inflammation. 
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CHAPTER 1 

 

1. INTRODUCTION 

The skin serves as the body's largest organ, acting as a defence barrier against chemical and physical 

harm (Blume-Peytavi et al., 2016). The International League of Dermatological Societies (ILDS) has 

concluded that ageing skin is a significant challenge to skin health (Blume-Peytavi et al., 2016). As the 

skin ages, it becomes more prone to dysregulation, leading to various skin conditions and an increased 

risk of developing skin cancers (Farage et al., 2009). Skin ageing is time-dependent and occurs because 

of intrinsic (natural) and extrinsic (environmental influences) factors (Blume-Peytavi et al., 2016).  

 

According to the World Health Organization (WHO), skin-lightening products are most popular among 

African and Asian populations (Chib et al., 2023). Kojic acid (KA) is a popular ingredient in skin-

lightening creams, with an estimated market of $31.2 billion by 2024 (Chib et al., 2023, Felipe et al., 

2023). Fungi belonging to the genera Aspergillus and Penicillium produce KA through the biosynthesis 

of γ-pyrone from sugar (Parrish et al., 1966, Mohamad et al., 2010, El-Kady et al., 2014, Phasha et al., 

2022, Rasmey and Abdel-Kareem, 2021).  Industrial production has been optimized to meet the high 

demand for KA (Chib et al., 2023, de Caldas Felipe et al., 2023).  

 

KA is a versatile compound used in the medical, food, and cosmetic industries. In the cosmetic industry, 

its weak acid properties and structure enable various applications, including anti-ageing and skin 

brightening. The KA structure is composed of a γ-pyrone ring, a hydroxymethyl group, and a methyl 

group. Research studies have shown that a safe concentration of KA is between 0.1% and 2% (Mann et 

al., 2018, Burnett et al., 2010a). According to the regulation set by the Scientific Committee on 

Consumer Products (SCCP) of the European Commission, the maximum permissible limit for KA as 

an ingredient is 1% (SCCP, 2021). For leave-in creams containing KA, the safe dose is 1% (Saeedi et 

al., 2019). The studies conducted did not find any instances of allergic reactions or sensitivity (Saeedi 

et al., 2019, Phasha et al., 2022). Moreover, KA has been classified as a group 3 carcinogen by the 

International Agency for Research on Cancer (IARC). However, there are contrasting regulations by 

the Food and Drug Administration (FDA), which states that KA should only be used with a prescription. 

On the other hand, the SCCP found no toxicity associated with KA (Saeedi et al., 2019). Studies have 

shown that the compound may cause damage to the skin through exposure to light and can also result 

in contact dermatitis (Saeedi et al., 2019). KA studies on the effects in humans are limited. KA has been 

used for hyperglycaemia (Singh et al., 2007), cancer (Fang et al., 2015, Kumari et al., 2018, Nakhi et 

al., 2012), excess proliferation (Peroković et al., 2020), oxidative stress (Niwa and Akamatsu, 1991, El-

Metwally et al., 2020), hyperpigmentation (Lajis et al., 2012a), and inflammation (Moon et al., 2001). 
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KA displays biochemical effects on different cell lines. KA is a known antioxidant (Van Tran et al., 

2019, Kumar et al., 2013). To avoid oxidative damage during mycelial degeneration, KA triggers the 

activation of antioxidant pathways (Zhang et al., 2017). KA has been found to possess free radical 

scavenging abilities in humans (Lajis et al., 2012a). Liver cells were found to have increased activity of 

nuclear factor erythroid 2-related factor-2 (Nrf2) following KA exposure (Suthiram et al., 2023), which 

agrees with the compound’s antioxidant potential. Additionally, KA displays anti-inflammatory effects. 

KA and its derivatives possess chelating properties that activate multiple pathways, resulting in 

favourable anti-inflammatory effects (Brtko et al., 2004a, Lee et al., 2019b, Li et al., 2021, Zhang et al., 

2017, Khan et al., 2021). In terms of the mitochondrial implications of its use, the only study to our 

knowledge focused on the chemo-sensitising of complex III inhibitors in fungi (Kim et al., 2013a). 

 

There is limited research into the effects of KA in pathways related to mitochondrial stress and 

inflammation, although many properties have been discovered and utilized in the prevention of 

hyperpigmentation. Our previous study assessed the antioxidant and inflammatory response in HepG2 

liver cells. Following a 24 h treatment, increased Nrf2 and Nuclear factor kappa-light-chain-enhancer 

of activated B cells (NFκB) responses were observed (Suthiram et al., 2023)(Addendum A). This study 

suggests that treatment with KA could lead to inflammation and antioxidant/oxidant imbalances. 

Studies investigating KA's role in mitochondrial stress, protein kinase signalling, and inflammation are 

not fully comprehended. In recent years, the use of KA has increased due to hydroquinone being 

prohibited in some countries and regulators discouraging its use. Therefore, by understanding the effect 

on key markers associated with skin disease and ageing, we can understand its role in alleviating or 

exacerbating disease. This is beneficial specifically to populations that use skin-lighteners daily and are 

prone to skin pathologies due to their use. 

 

Most skin diseases are exasperated by mitochondrial aberrations, oxidative stress, and inflammation. 

High concentrations of reactive species perturb mitochondrial functioning. High concentrations of 

reactive oxygen species (ROS) negatively affect cells resulting in oxidative stress (Schieber and 

Chandel, 2014, Mailloux, 2020). ROS is produced when electrons react with oxygen and escape the 

electron transport chain (Lennicke and Cochemé, 2021). A balance is required between the production 

and removal of ROS which is facilitated by antioxidant systems. Nrf2 enables the transcription of key 

antioxidant proteins involved in maintaining homeostasis. Residues between bound Nrf2 and Kelch-

like-ECH-associated protein 1 (KEAP-1) are oxidised to enable the release of Nrf2. This process 

activates the translocation of Nrf2 to the nucleus, where the transcription of genes for proteins such as 

manganese superoxide dismutase (MnSOD) takes place.  

 

Sirtuins in mammals are a family of seven members, namely Sirtuins 1-7. They are categorised based 

on the conserved catalytic core domain they possess (Schwer and Verdin, 2008a, Zhang et al., 2020). 
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Sirtuins are dependent on the cofactor, nicotinamide adenine dinucleotide (NAD+), that promotes 

deacetylation reactions (Someya et al., 2010). Sirtuin 3 eliminates oxidative stress by suppressing ROS 

production and inhibiting inflammation. Sirtuin 3 activates autophagy resulting in the suppression of 

the inflammasome (Zhang et al., 2020). Studies illustrate the relationship between Sirtuin 3 and protein 

kinases, Protein kinase B (Akt) and mitogen-activated protein kinase (MAPK) signalling. Sirtuin 3 

protects against liver fibrosis by limiting ROS production and activating glycogen synthase kinase 3β 

(GSK3β) (Sundaresan et al., 2015). Sirtuin 3 has been found to have beneficial effects against ROS in 

cardiac tissue through reactions with extracellular signal-regulated kinase 1/2 (ERK1/2) (Fan et al., 

2018). Sirtuin 3 deacetylation activity can both increase and decrease GSK3β activity. Furthermore, 

NFκB binds to the Sirtuin 3 promotor region and enhances its expression. All reactions facilitated by 

Sirtuin 3 in the mitochondria ensure metabolic stability (Neeli et al., 2020).  

 

Another role of Sirtuin 3 is to deacetylate LON protease resulting in the inhibition of tumorigenesis, 

therefore, regulating the lysosomal degradation of LON protease (Wu et al., 2023). LON is an ATP-

dependent protease that forms part of the mitochondrial protein quality control system. Under 

conditions of oxidative stress, LON protease degrades misfolded proteins. In this way, LON protease 

prevents the accumulation of damaged proteins (Hanson and Whiteheart, 2005, Voos and Pollecker, 

2020). 

 

Oxidative stress can be detrimental to macromolecules and promote inflammation (Yuan et al., 2022). 

Excess ROS has been known to activate inflammatory markers such as the NLR family pyrin domain 

containing 3 (NLRP3) inflammasome (Zhou et al., 2011). Inflammatory mediators can be activated by 

protein kinases. These protein kinases include Akt and the MAPK signalling pathway. The Akt 

signalling pathway occurs through a highly conserved multistep process. Activated receptors stimulate 

bound PI3K with regulatory proteins or adaptor proteins. The activation of PI3K leads to the conversion 

of phosphatidylinositol (3,4)-bisphosphate (PIP2) to phosphatidylinositol (3,4,5)-trisphosphate (PIP3). 

Akt binds to the PIP3 that is found on the plasma membrane. This process requires phosphoinositide-

dependent kinase 1 (PDK1) phosphorylation resulting in partial activation of Akt (Alessi et al., 1997, 

Hemmings and Restuccia, 2012). Proteins involved in downstream pathways such as the mammalian 

target of rapamycin (mTOR) fully activate Akt (Sarbassov et al., 2005). Activated Akt performs 

functions in metabolism, cell growth, cell proliferation, cell survival, angiogenesis, protein synthesis, 

transcription and apoptosis (Hemmings and Restuccia, 2012). 

 

MAPK signalling is an intracellular pathway involved in several processes such as cell proliferation, 

cell differentiation, apoptosis, angiogenesis, tumour metastasis and stress responses. MAPK proteins 

are dually phosphorylated through a cascade of reactions involving MAP3K, MAPKK and MAPK that 

activate downstream processes (Guo et al., 2020, Plotnikov et al., 2011, Wortzel and Seger, 2011). 
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Several studies have illustrated the relationship between MAPK proteins and NFκB expression. MAPK 

proteins include p38, c-Jun N-terminal kinase (JNK) and ERK1/2. MAPK p38 has been found to 

activate pro-inflammatory mediators (Saha et al., 2007) whereas ERK1/2 has been found to suppress 

inflammation (Pastore et al., 2005). Some cell lines display ERK1/2 as an initiator of inflammatory 

responses (Xiao et al., 2002). 

 

Inflammation occurs in response to factors such as infection or damage to cells and tissue (Lawrence, 

2009). NFκB responds to stimuli initiated by the ligand binding to receptors such as pattern recognition 

receptors, tumour necrosis factor (TNF) receptors, cytokine receptors, T-cell receptors and B-cell 

receptors (Zhang and Sun, 2015). NFκB has two mechanisms of activation, the canonical and non-

canonical pathways. The canonical pathway involves the degradation of IκB through the 

phosphorylation by the IκB kinase (IKK) complex (Oeckinghaus and Ghosh, 2009, Karin and Delhase, 

2000). IKK is activated by cytokines, growth factors, stress and microbial components (Israël, 2010). 

IKK facilitates the phosphorylation and degradation of IκB in the proteasome leading to the nuclear 

translocation of NFκB. NFκB plays a role in regulating the formation of the NLRP3 inflammasome 

(Sutterwala et al., 2014). 

 

The control of the NLRP3 inflammasome assembly requires a two-step process of priming and 

activation. The priming step results in the activation of NFκB signalling. The upregulation of NFκB 

expression transcribes NLRP3, pro-IL-1β and IL-18 leading to the activation of the inflammasome. 

Secondary signalling results in the assembly and secretion of mature IL-1β. Mitochondrial damage is a 

stimulus linked to NLRP3 activation (Liu et al., 2017). Activated NFκB delays the accumulation of the 

autophagy receptor p62 which binds to mitochondrial poly-ubiquitin chains and negatively regulates 

the inflammasome. IκB favours autophagy over inflammasome activation (Liu et al., 2017, Zhong et 

al., 2016, Criollo et al., 2010). 

 

1.1.  Hypothesis 

It was hypothesised that KA induced mitochondrial stress that will affect protein kinase and 

inflammatory pathways.  

 

1.2.  Aim 

The study aimed to investigate the role of KA in antioxidant/oxidant responses and inflammation in 

SK-MEL-1 cells.  
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1.3.  Objectives 

The mitochondrial toxicity and subsequent downstream implications were assessed by measuring 

cytotoxicity as well as protein and gene expression of mitochondrial stress proteins, protein kinases and 

inflammatory markers in SK-MEL-1 cells. The specific objectives of the study were as follows: 

 

• KA-induced cytotoxicity was assessed by measuring mitochondrial output (MTT and ATP 

luminometry) and mitochondrial homeostasis proteins specifically LON protease, Sirtuin 3 and 

antioxidant response protein Nrf-2. Confirmation of oxidative stress markers used lipid 

peroxidation, and protein carbonyl assay. 

 

• KA-induced regulation of protein kinase signalling (MAPK and Akt) pathways and inflammation 

was assessed by measuring intracellular caspase 1 concentrations using luminometry, protein 

expression (phospho-Akt, phospho-GSK3β, ERK1/2, p38, and NFκB) using Western Blot and gene 

expression (Akt, NFκB, Iκβ, NLRP3, IL-1β, IL-6) using qPCR. 

 

1.4.  Experimental study design 

Since the SK-MEL-1 cells produces melanin, it is an appropriate skin cell line to use when evaluating 

the safety and efficacy of KA. While the melanin inhibition mechanism of KA has already been 

established, we evaluated signalling proteins linked to tyrosinase activity. The cells used in the study is 

a tumorigenic cell line. The cell line originated from a 29-year-old white, male patient suffering from 

melanoma disease. This further allowed for the assessment of KA effects on cancer cells and subsequent 

pathways. Treatment conditions were selected due to applications of skin lighteners occurring once 

daily (0-500 µg/ml; 24 h). The study utilised methods to assess cell viability and intracellular ATP 

levels to determine mitochondrial output. This provided insight into concentrations that were suitable 

for use and lacked cytotoxic potential. These concentrations were used to investigate macromolecule 

damage with a specific focus on protein oxidation and lipid peroxidation. To further confirm the results, 

protein and gene expression of key markers involved in cell signalling and inflammation were 

evaluated. 

 

This thesis is being submitted according to the guidelines set out by the University of KwaZulu-Natal 

in the form of three manuscripts comprising one review paper and two experimental research papers 

(Addendum B): 

 

1. A comprehensive literature review was included in Chapter 1 with additional literature pertaining 

to the thesis. A review paper entitled “Exploring the biochemical effects of kojic acid and its 

implications in humans” based on the literature review was submitted to Toxicon (TOXCON-D-23-

00615) and included in Chapter 2. 
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2. Chapter 3 includes an experimental article focusing on kojic acid’s effect on mitochondrial 

homeostasis in SK-MEL-1 cells that was submitted to the Journal of Toxicology.  

 

3. Chapter 4 includes an experimental article focusing on the effect of kojic acid on protein kinase 

B/Akt and MAPK signalling resulting in the activation of inflammation in SK-MEL-1 cells that 

was submitted to Experimental Dermatology (EXD-23-0879). 

 

1.5.  Ethical approval  

The study obtained ethical approval from the Biomedical Research Ethics Committee (University of 

KwaZulu-Natal- protocol reference number: BREC/00005725/2023; Addendum C) for all work 

performed on SK-MEL-1 cells. 
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IL-6, IL-10, and TNF-α), chemokines (IL-8 and chemokine ligand-2 (CCL2)), transforming growth 

factor (TGF-β), catecholamines, eicosanoids, serotonin, alpha melanocyte-stimulating hormone (α-

MSH), and nitric oxide (NO) (Lu et al., 2002, Chen et al., 2022). IL-1, IL-6, and TNF-α inhibit 

melanogenesis, whereas eicosanoids and α-MSH increase melanogenesis (Slominski et al., 2004). 

 

2.1.3. Skin diseases 

Skin disease is the fourth most common in humans and affects one-third of the world. Skin diseases can 

have severe psychological, physical and financial effects (Basra and Shahrukh, 2009), however, this 

field of research is often neglected. The ‘burden of disease’ describes the loss of health because of 

illness and injury. This factor was based largely on the disability-adjusted life year (DALY) (Flohr and 

Hay, 2021). DALY refers to the loss of time due to premature death and disability. Among diseases 

measured by DALYs using the Global Burden of Disease (GBD), atopic dermatitis ranked 15th and is 

the highest among skin diseases (Laughter et al., 2021). Acne vulgaris is the most common 

inflammatory skin disease (Layton et al., 2021). Additionally, the World Health Organisation (WHO) 

identified psoriasis as a disfiguring disease that imposes a significant social, economic and 

psychological burden (Iskandar et al., 2021). Oxidative stress and inflammation are common pathways 

associated with skin disease.  

 

2.2. Kojic acid (KA) 

KA is produced by Aspergillus and Penicillium (Parrish et al., 1966, Mohamad et al., 2010, El-Kady et 

al., 2014, Phasha et al., 2022, Rasmey and Abdel-Kareem, 2021).  There are various applications for 

KA in the food, cosmetic, pharmaceutical, and agricultural sectors (Figure 1.1). KA is a pesticide and 

insecticide (Lee et al., 1950, Beard and Walton, 1969, Uher et al., 1994, Kim et al., 2012, Wu et al., 

2019). KA is frequently used as a flavour-enhancing ingredient and to preserve food by keeping fruit 

from discolouring (Chen et al., 1991, Burnett et al., 2010b, Deri et al., 2016). KA is used in Japanese 

traditional foods and beverages (Kotyzova et al., 2004).  

 

KA is mainly used as a tyrosinase inhibitor in cosmetics (Bentley, 2006, Hasil et al., 2020, Suryadi et 

al., 2022). The safety of cosmetic items is assessed by evaluating their toxicity. Medical applications 

exploit KA’s ability to inhibit inflammatory, oxidative stress, and cancer (Zilles et al., 2022, Suthiram 

et al., 2023). Human dysregulation of melanin synthesis is the root cause of many skin disorders. KA 

has demonstrated the ability to treat skin conditions such as leishmaniasis by lowering parasitic burden 

(Rodrigues et al., 2014, Saeedi et al., 2023, Brtko, 2022).  

 

Because KA was found in maize and chicken feed and co-existed with aflatoxins (a mycotoxin that is 

highly hepatotoxic), it was initially categorized as a mycotoxin (Parrish et al., 1966, Souza et al., 2013). 

Recent studies on KA have led some researchers to conclude that there is minimal risk of mycotoxin 
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exposure for humans (Bentley, 2006). The reason for KA's inconsistent classification could be due to a 

lack of studies on various areas of KA's effectiveness on human health. 

 

 

Figure 1.1: Applications that exploit kojic acid attributes (Prepared by author) 

 

2.2.1. Chemical structure and properties 

The chemical nomenclature for KA is 5-hydroxy-2-hydroxymethyl-γ-pyranone (C6H6O4). Saito (1907) 

first discovered KA, but Yabuta (1924) only later determined the structure. KA is a weak heterocyclic 

acid that has hydroxymethyl and hydroxyl groups, respectively, in the C2 and C5 positions (Figure 1.2) 

(Yabuta, 1924, Beelik, 1956, Ichimoto et al., 1965). Because of the compound structure, metals such as 

sodium, copper, zinc, calcium, nickel, and cadmium can chelate to produce salts (Beelik, 1956, 

Coupland and Niehaus, 1987, Saeedi et al., 2019). This characteristic has been used to suppress melanin 

production.  
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Figure 1.2: The chemical structure of KA (Prepared by author) 

 

2.2.2. Regulations on kojic acid usage 

Because of health concerns raised by published research on the relationship between KA and skin 

sensitivity, the European Commission’s SCCP established a maximum concentration of 1% KA in 

skincare products (SCCP, 2021). Moreover, the Cosmetic Ingredient Review (CIR) found that skin 

lightening and sensitization cannot occur at doses lower than 1% (Chib et al., 2023). 

 

2.2.3. Kojic acid inhibits melanogenesis 

Hormones, genes, and the immune system are among the intrinsic variables that drive melanogenesis; 

external factors include exposure to chemicals and ultraviolet light (Talebi et al., 2022). Melanin is 

primarily responsible for shielding the skin and eyes from harm. Melanogenesis occurs in stages. 

Melanocytes generate melanin, which is formed from tyrosine (Wawrzyk-Bochenek et al., 2023). 

Melanosomes in the epidermis contain the glycoprotein known as polyphenol oxidase or tyrosinase. 

Animal skin, eyes, and hair epidermal cells’ colour is determined by this enzyme (Pekkarinen et al., 

1999). Tyrosinase is a metalloprotein enzyme containing histidine residues that bind copper ions at its 

active site and is responsible for the biosynthesis of Levodopa (L-DOPA) (Pawelek and Körner, 1982, 

Mayer, 1986, Cabanes et al., 1994, Gillbro and Olsson, 2011). Tyrosinase catalyses two steps in 

melanogenesis: (1) hydroxylation of tyrosine to L-DOPA as monophenolase and (2) oxidation of L-

DOPA to dopaquinone (Figure 1.3) (Kim et al., 2003). The subsequent biosynthetic steps are non-

enzymatic, thus making tyrosinase a key enzyme in the rate-limiting steps. The differing factor between 

monophenolase and diphenolase activity is determined by the hydroxyl molecule found between the 

copper ions (Baber et al., 2023).  
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Figure 1.3: Overview of tyrosinase inhibition by kojic acid in melanin production. Chemical structures 

were drawn using PubChem Sketcher Version 2.4 

 

KA chelating properties are crucial in the inhibition of tyrosinase activity. Copper (Cu2+) and ferrous 

(Fe3+) transition metals are chelated by KA. In cosmetics, KA chelates the copper ion (II) in tyrosinase, 

inhibiting the process and reducing the amount of melanin produced (Chen et al., 2013). KA scavenges 

free radicals, therefore, it can function as an anti-ageing agent and potentially diminish wrinkles (Saeedi 

et al., 2023). 

 

Due to its hydrophilic nature, KA limits the compound's absorption in cosmetic applications. 

Permeability, bioavailability, and half-life of biological material are impacted by this characteristic 

(Saeedi et al., 2023). As a result of KA's inadequate skin penetration, solid lipid nanoparticles 

containing KA were created. Significant tyrosinase inhibition was observed in solid lipid nanoparticles 

compared to KA monotherapy (Khezri et al., 2020). Studies demonstrated that 3% KA was useful in 

lowering acne-related hyperpigmentation (Wawrzyk-Bochenek et al., 2023). Additionally, KA 

compounds with amides, triazole analogues, and phenol demonstrated reduced toxicity and more 

effective tyrosinase inhibition than KA alone (Noh et al., 2007, Noh et al., 2009, Ashooriha et al., 2019, 

Ashooriha et al., 2020). Other characteristics of KA may contribute to its anti-melanogenic action 

(Moon et al., 2001, Ma et al., 2011, Wawrzyk-Bochenek et al., 2023). 

 

Hydroquinone is a potent tyrosinase inhibitor. Although hydroquinone has long-term negative effects 

such as nephrotoxicity and cancer, it was once the drug of choice for treating hyperpigmentation 

(Findlay et al., 1975, Kooyers and Westerhof, 2004). Hydroquinone is not utilized as a therapy for 

hyperpigmentation because of safety concerns. The FDA prohibited the use of hydroquinone in 2000 
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in favour of naturally occurring substitutes such as KA (Kwon et al., 2016, Chib et al., 2023). Due to 

its strong suppression of tyrosinase, which is frequently utilized as a positive control in studies, KA has 

grown in popularity (Chang, 2009). 

 

2.2.4. Additional effects of kojic acid 

KA studies have investigated several pharmaceutical and medical properties to determine potential 

applications. KA is commonly referred to as an anticancer, antioxidant, and anti-inflammatory agent 

(Brtko, 2022, Saeedi et al., 2019).  

  

2.2.4.1. In vitro toxicity studies  

2.2.4.1.1. Cancer  

KA has been found to display anticancer properties (Nawarak et al., 2008, Lajis et al., 2012b, Chen et 

al., 2013, Suthiram et al., 2023). A summary of some of the effects of KA has been included in Figure 

1.4. 

 

Figure 1.4: The effect of KA in in vitro cancer cells (Prepared by author) 

 

2.2.4.1.2. Oxidative stress 

Oxidative stress is a causative factor of many diseases. Compounds found to alleviate the burden of 

oxidative stress are beneficial to the treatment of disease. Some of the effects of KA are highlighted in 

Figure 1.5 (Niwa and Akamatsu, 1991, El-Metwally et al., 2020). 
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hydroquinone. According to the findings, 28% of the participants observed improvement on the KA 

side and 21% found improvement on the hydroquinone side (Gupta et al., 2006).  

 

2.3. Mitochondrion 

2.3.1. Mitochondrial function 

Mitochondria are double membrane organelles that are present in eukaryotic organisms. The organelle 

can be divided into three sections, the outer membrane, the inner membrane, and the intermembrane 

space known as the matrix. The mitochondria are a hub for signalling pathways and play a crucial role 

in cellular respiration. Approximately 98% of oxygen inhaled is consumed by the mitochondria. 

Mitochondria supply energy, in the form of ATP, required for many processes such as muscle 

movement, maintenance of ionic gradients, and secretion of hormones and neurotransmitters. The 

production of free radicals by the mitochondria serves as a secondary messenger that initiates 

mechanisms to alleviate cellular stress. One of the major roles of the mitochondria is the generation of 

transmembrane potential across the inner membrane to form an energy gradient (Duchen, 2004, Sies et 

al., 2017). 

 

Several substrates (pyruvate, amino acids, products formed from β-oxidation of fatty acids) enter the 

mitochondria and are used in the tricarboxylic acid cycle and maintain reducing equivalent ratios 

(NADH/NAD+, FADH2/FAD). These reducing equivalents transfer hydrogen to oxygen and generate 

proton transfer across the mitochondrial inner membrane resulting in a proton gradient. This allows for 

ATP generation by driving ATP synthase conversion of adenine diphosphate (ADP) to ATP. ATP is 

then transferred to the cytosol via the adenine nucleotide translocase (Duchen, 2004). 

 

2.3.2. Oxidative stress  

The mitochondria are responsible for producing the highest amount of ROS in mammalian cells. The 

electron transport chain produces ROS through Complexes I and III. Mitochondrial ROS is only 

produced by these complexes (Chouchani et al., 2014). Superoxide can be converted into H2O2 with the 

help of superoxide dismutase (SOD) through a process called dismutation (Chen et al., 2021). 

Mitochondrial dysfunction resulting from excess ROS production can impair an organism's ability to 

sustain life, leading to disorders and diseases. Mitochondrial ROS serves as a signalling molecule, but 

high levels can damage DNA, protein, and lipids (Schieber and Chandel, 2014, Mailloux, 2020). 

Efficient cell functioning is required to regulate ROS production. 

 

Oxidative stress is defined as the imbalance of prooxidants and oxidants (Sies et al., 2017). Nitrous 

oxide or O2 superoxide generation in the mitochondria can both cause free radical production, which in 

turn can change the assembly of the electron transport chain or cause hyperproliferation (Hayes et al., 

2020). Increased ROS can inactivate tumour suppressor transcription factor (p53), which lowers SOD2 
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and glutathione peroxidase (GPx) expression (Hayes et al., 2020). The increased levels of ROS 

encourage the proliferation of cells by altering ERK, PI3K/Akt and NFκB signalling (Moloney and 

Cotter, 2018).  

 

2.3.3. Master regulators of redox homeostasis 

Biological systems possess redox switches enabling the activation or deactivation of redox signalling 

and redox sensing. Multiple H2O2 transcription factors sense changes in redox systems and modulate 

biological pathways. These transcription factors, referred to as master regulators, detoxify oxidized by-

products, repair, and control cellular function. Cellular homeostasis is stringently maintained by 

controlling cell proliferation, and apoptosis (Marinho et al., 2014, Espinosa-Diez et al., 2015). These 

master regulators include the Nrf-2 and NFκB signalling pathways. 

 

2.3.4. Antioxidant responses- Nrf-2 activation 

Nrf-2 forms part of a family of transcription factors responsible for the initiation of antioxidant 

responses via detoxification enzymes (Itoh et al., 1997, Sies et al., 2017). Under normal conditions, 

KEAP-1 regulates antioxidant responses by ubiquitinating and degrading Nrf-2. KEAP-1 contains 

sulfhydryl groups that detect oxidants (Dinkova-Kostova et al., 2002). Phosphorylation of KEAP-1 at 

the tyrosine 141 residue stabilises the protein. Under oxidative conditions, the cysteine residues of 

KEAP-1 are modified, altering the protein's ability to ubiquitinate Nrf-2. KEAP-1 is dephosphorylated 

in the presence of H2O2 leading to degradation of KEAP-1 and activation of Nrf-2 (Jain et al., 2008, 

Espinosa-Diez et al., 2015). 

 

When Nrf-2 accumulates in the nucleus, it leads to the transcription of genes responsible for producing 

antioxidants (Sporn and Liby, 2012, Sies et al., 2017). Studies evaluating KEAP-1 and Nrf-2 activity in 

KEAP-1 knockout mice found that mice died shortly after birth. The study further found that double 

knockout of Nrf-2 and KEAP-1 reversed the altered phenotype. This result shows that Nrf-2 responses, 

when either elevated or depleted in excess, can be detrimental (Wakabayashi et al., 2003, Espinosa-

Diez et al., 2015). 

 

2.4. Mitochondrial homeostasis 

Mitochondrial homeostasis is the balance between mitochondrial biogenesis and mitophagy. These two 

processes must be highly regulated to ensure efficient cell function. There are several proteins involved 

in the upkeep and maintenance of mitochondrial machinery (Popov, 2020). Another aspect of 

antioxidant defence is the removal of oxidised proteins. Free radicals interact with protein side chains 

resulting in altered function. Damaged proteins need to be removed before they aggregate and form 

complexes by cross-linking (Ngo and Davies, 2007). For our research, we focussed on LON protease 

and Sirtuin 3 functionality. 
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2.4.1. LON proteases 

LON protease is an ATP-dependent protein that is found in the mitochondria and peroxisomes of 

eukaryotes (Lee and Suzuki, 2008). When antioxidant responses are insufficient or bypassed, LON 

protease plays a key role in the removal of oxidised proteins in the mitochondria (Bota and Davies, 

2002, Ngo and Davies, 2007). 

 

Hydrophobic amino acids interact with the N-terminus of LON. Subsequently, ATP hydrolysis ensues 

allowing for the translocation of the protein substrate to the proteolytic chamber for protein cleavage. 

The proteasome is the most prominent proteolytic system in mammals (Ondrovicová et al., 2005). LON 

binds to the promotor region of mitochondrial DNA. The binding of LON to DNA is prevented when 

LON is bound to ATP. In the presence of oxidative conditions, DNA binding is weakened and oxidised 

proteins are the preferred substrate. The LON complex changes conformation and uses ATP to degrade 

the oxidised protein or unfolded peptides. In this way, LON can switch functions from nucleic acid 

binding to oxidised protein binding (Ngo and Davies, 2007). LON protease is in the mitochondrial 

matrix where there is a high free radical concentration. The mitochondria DNA and protein are 

particularly vulnerable to damage due to the proximity to the electron transport chain. LON acts as a 

sensor that regulates mitochondrial homeostasis (Ngo and Davies, 2007). LON protease is a stress 

response protein that is regulated by Sirtuin 3 (Gibellini et al., 2014). 

 

2.4.2. Sirtuins 

The Sirtuin family in mammals have seven members (Sirtuin 1-7) (Figure 1.6). They have a core domain 

consisting of 275 amino acids with an N-terminal and C-terminal of varying lengths (Michan and 

Sinclair, 2007). Sirtuins function in different sub-cellular locations such as the nucleus (Sirtuin 1, 6 and 

7), cytoplasm (Sirtuin 2), and mitochondria (Sirtuin 3, 4, and 5). Sirtuins require NAD+ to effectively 

function. Sirtuin 1 performs potent deacetylase activity and some cytoplasmic functions. Sirtuins 2 and 

3 deacetylate mitochondrial proteins and perform mono-ADP-ribosyl transferase activity (Carrico et 

al., 2018). Sirtuin 5 have weak deacetylase activity while Sirtuin 4 and 6 are mono-ADP-ribosyl 

transferases (Michan and Sinclair, 2007).  
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Figure 1.6: Structure of Sirtuin proteins found in mammals (Yamamoto et al., 2007) 

 

2.4.2.1. Sirtuin 3 

Sirtuin 3 performs several roles such as decreasing mitochondrial membrane potential, reducing free 

radical production, increasing cellular respiration and initiating global acetylation of mitochondrial 

proteins (Hebert et al., 2013). Moreover, Sirtuin 3 has an important role as a deacetylase in controlling 

several activities, including mitochondrial metabolism, oxidative stress and inflammation suppression, 

apoptosis and autophagy regulation, and mitochondrial homeostasis maintenance (Torrens-Mas et al., 

2019, Zhang et al., 2020, Schwer and Verdin, 2008b, Anderson et al., 2014). Sirtuin 3 exhibits both 

anti- and pro-tumour properties. The p53 protein can be deacetylated by Sirtuin 3. Deacetylation of p53 

can result in its breakdown, which allows cancer cells to proliferate (Xiong et al., 2018). On the other 

hand, Sirtuin 3 stimulates mitochondrial activity by initiating the deacetylation of pyruvate 

dehydrogenase. This lowers the rate of cancer cell proliferation (Yapryntseva et al., 2022). Sirtuin 3 

also upregulates the gene expression of uncoupling protein 1 (UCP1), peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha (PGC-1α), cytochrome c oxidase subunits II and IV, and ATP 

synthase (Michan and Sinclair, 2007).  

 

Regulation of the Sirtuin 3 protein is vital in ensuring efficient mitochondrial metabolism and reduced 

oxidative stress. Nrf-2 transcriptionally activates the expression of Sirtuin 3 in high oxidative conditions 

(Satterstrom et al., 2015). Sirtuin 3 is known to increase oxidative phosphorylation and inhibit the 

Warburg effect (Finley et al., 2011). A pH-dependent interaction occurs between Sirtuin 3 and ATP 

synthase in the mitochondrial inner membrane. If the pH changes and mitochondrial depolarisation 

occurs, Sirtuin 3 will not interact with ATP synthase, due to protonation of ATP50 subunits, but will 
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deacetylate mitochondrial proteins (Yang et al., 2016). The mitochondrial proteins will assist in 

restoring the mitochondria to normal condition. In this way, Sirtuin 3 aids in maintaining mitochondrial 

homeostasis (Wang and Lin, 2021). Additionally, Sirtuin 3 deacetylates and activates mitochondrial 

AceCS2. This enzyme is responsible for the conversion of acetate to acetyl CoA in the tricarboxylic 

acid cycle. NAD+ serves as a substrate for Sirtuin 3 deacetylation reactions (Carrico et al., 2018). NAD+ 

catalyses the transfer of electrons in oxidation-reduction reactions involved in glycolysis and the 

tricarboxylic acid cycle. The NAD+/NADH ratio dictates the efficiency of energy production (Stein and 

Imai, 2012). Therefore, Sirtuin 3 plays a key role in ATP generation (Yamamoto et al., 2007). 

 

2.5. Cell signalling pathways 

2.5.1. Protein kinase signalling 

Signalling pathways such as the MAPK (ERK 1/2 and p38), Akt and GSK3β phosphorylate MITF 

which influence melanin production. Protein kinases form a group of enzymes responsible for 

phosphorylating tyrosine, threonine/serine residues found in target proteins. Phosphorylation of these 

residues leads to altered function. Serine/threonine protein kinases containing cysteine are susceptible 

to modifications by ROS (Espinosa-Diez et al., 2015). This suggests that KA, a known tyrosinase 

inhibitor, could potentially affect these protein kinases (Perdomo et al., 2020). 

 

2.5.1.1. MAPK signalling 

The mitogen-activated protein kinases (MAPKs) are serine/threonine kinases that catalyse gene 

expression, cell proliferation, and apoptosis (Espinosa-Diez et al., 2015). MAPK signalling is activated 

by a phosphorylation cascade involving threonine and tyrosine residues found within a tripeptide motif 

with dual specificity. 

 

MAPK can be activated by ROS through the inactivation and degradation of MAPK phosphatases. Free 

radicals (H2O2) oxidise catalytic cysteine residues which activate the enzyme resulting in the activation 

of MAPK signalling. Contrary to the findings, H2O2 can enhance the expression of MAPK phosphatase 

and inactivate MAPK proteins, JNK and p38. The dichotomy of studies highlights the role of ROS in 

acting as an inducer and suppressor of MAPK (Marshall, 1994, Zhou et al., 2006). The concentrations 

of ROS may play an integral part in the contrasting results, suggesting that cysteine residue’s redox 

sensitivity is key to MAPK phosphatase activity and subsequently MAPK signalling. 

 

MAPK signalling can activate Nrf-2 expression which in turn initiates the transcription of antioxidant 

response element-mediated genes. Examples of these MAPK-dependent pathways are: 

 

1) The upregulation of peroxiredoxins (Prx) I antioxidant responses due to the upregulating of p38 

signalling (Kim et al., 2013b). 
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2) The regulation of NFκB through the phosphorylation of IκB-alpha and p65 NFκB resulting in 

enhanced inducible nitric oxide synthase (iNOS) and activator protein-1 (AP-1) gene expression 

(Dhar et al., 2002). 

 

The regulation and activation of MAPK proteins may be cell-specific and ROS concentration-

dependent. In smooth muscle, intracellular ROS activates p38 and ERK 5 whereas ERK 1/2 activation 

is redox sensitive (Espinosa-Diez et al., 2015, Catarzi et al., 2011). 

 

2.5.1.1.1. p38 

The p38 protein is a stress-activated protein kinase that is activated by environmental and genotoxic 

factors. It is encoded by four genes, namely p38α (MAPK14), p38β (MAPK11), p38γ (MAPK12) and 

p38ζ (MAPK13) (Cuenda and Rousseau, 2007, Cuenda and Sanz-Ezquerro, 2017). The p38α and p38β 

isoforms are 75% similar and are expressed in all tissues whereas p38γ and p38ζ are 70% similar and 

expressed in specific tissues. The dual activation at threonine and tyrosine residues alters the folding of 

p38. MAP2Ks (MKK3 and MKK6) are responsible for the phosphorylation of p38 (Doza et al., 1995, 

Dérijard et al., 1995). These kinases are activated by MAP3Ks such as apoptosis signal-regulating 

kinase 1 (ASK1), dual leucine-zipper-bearing kinase-1 (DLK1), transforming growth factor β-activated 

kinase 1 (TAK1), MEKK (MAPK/ERK kinase kinase) and several other proteins (Martínez-Limón et 

al., 2020).  

 

2.5.1.1.2. Extracellular signal-regulated kinase 1/2 (ERK 1/2) 

There are five members of the ERK family (ERK1-5), with ERK1 and ERK2 being the most studied. 

These two members of the family share a 90% similarity in homology (Boulton and Cobb, 1991, Kong 

et al., 2019).  

 

Activation of ERK1/2 occurs through a three-step reaction involving MAPKKK (Raf), MAPKK 

(ERK1/2 kinase) and MAPK (ERK1/2) (Figure 1.7).  The ERK1/2 enzyme is located in the cytoplasm. 

Stimuli initiates the phosphorylation of ERK1/2 at serine/threonine residues resulting in the regulation 

of cell growth, proliferation, and differentiation. These stimuli include inflammation, growth factors, 

neurotransmitters, ischemia, and hypoxia. The classical ERK1/2 pathway is activated via receptors that 

will activate tyrosine kinases. These kinases will in turn activate Ras. Ras that is bound to GTP will 

activate Raf that will translocate from the cytoplasm to the membrane and activate MEK at its serine 

residue. Lastly, MEK will activate ERK1/2, which will activate target proteins and enter the nucleus to 

activate the transcription of specific genes. ERK1/2 plays a role in apoptosis, autophagy, proliferation, 

cell cycle, cell growth, cell differentiation, tumorigenesis, oxidative stress and inflammation (Kong et 
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al., 2019, Asati et al., 2016, Overmeyer and Maltese, 2011, Zaleśna et al., 2016, Coleman et al., 2004, 

Kim et al., 2014, Sivaprasad and Basu, 2008). 

 

 

Figure 1.7: The classical three-step cascade of reactions employed to activate ERK1/2 (Kong et al., 

2019) 

 

2.5.1.2. PI3K/Akt signalling pathway 

Akt is a serine/threonine kinase that catalyses growth factors involved in cell survival. Activated Akt 

leads to the suppression of apoptotic machinery. There are three Akt genes (Akt1, Akt2, and Akt3) in the 

human genome, with Akt1 being the primary gene for the modulation of apoptosis. Akt is activated by 

growth factors and cytokines at the threonine and serine hydrophobic motifs. Once activated, Akt 

follows a step process of inducing survival factors, translocating to the plasma membrane and finally 

phosphorylating downstream processes (Datta et al., 1999).  

  

Translocation of Akt from the cytoplasm to the cell membrane is important for Akt phosphorylation. 

This process relies on the phospholipids generated by PI3K, and PIP3 binding of Akt. When PIP3 directly 

binds to the amino terminus of Akt, a conformational change occurs, which allows PDK-1 to 
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phosphorylate the Thr308 residue. PIP3 is inhibited by PTEN which suppresses PI3K signalling 

(Revathidevi and Munirajan, 2019, Alessi et al., 1998).  

 

The downstream effects of Akt include the phosphorylation and activation of IKKα at its regulatory 

site, Thr23, resulting in the phosphorylation and ubiquitination of IκB. Therefore, NFκB is free to 

translocate to the nucleus to activate gene transcription of inflammation, cell cycle and apoptosis-related 

genes (Nidai Ozes et al., 1999, Revathidevi and Munirajan, 2019). Furthermore, Akt phosphorylates 

proteins involved in glucose metabolism. The most well-known substrate of Akt is GSK-3. GSK-3 is 

an enzyme that plays a role in glycogen synthesis in response to insulin, by regulating glycogen synthase 

which in turn regulates cellular metabolism. Akt shares an inversely proportional relationship with 

GSK-3 and can inactivate its phosphorylating ability (Pap and Cooper, 1998, Revathidevi and 

Munirajan, 2019, Welsh et al., 1996). 

 

2.5.2. Role of cell signalling in Nrf-2 regulation  

In facilitating an antioxidant response, Nrf-2 binds to a β-transducing repeat-containing protein (β-

TrCP) at the Neh6 domain. This binding can be phosphorylated by GSK-3β leading to the ubiquitination 

and degradation of Nrf-2, facilitated by Cullin 1. This is a KEAP-1-independent means of Nrf-2 

degradation (Figure 1.8). GSK-3β is activated by H2O2 and inhibited by phosphorylation facilitated by 

cell signalling proteins such as Akt, ERK and p38. There is also cross-talk between Nrf-2 and other 

pathways such as NFκB and p53 (Espinosa-Diez et al., 2015, Chowdhry et al., 2013, McMahon et al., 

2004).  
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Figure 1.8: Schematic illustration of the role of ROS and signalling pathways in the KEAP-1 

independent regulation of Nrf-2 (Prepared by author) 

 

2.6. Inflammation 

2.6.1. NFκB inflammatory pathway 

The activation of NFκB is a common inflammatory pathway employed in skin disease. The NFκB 

family are transcription factors that induce immune, inflammation and anti-apoptotic responses (Karin, 

2006).  The NFκB family is made up of five proteins: (1) NFκB1 (p50), (2) NFκB2 (p52), (3) Rel A 

(p65), (4) Rel B, and (5) c-Rel (Sun et al., 2013). NFκB is activated by canonical and non-canonical 

pathways that are both important for immune and inflammatory responses.   

 

The canonical pathway is activated by stimuli and ligands (cytokine receptors, TNF receptors, pattern 

recognition receptors (PRR), T-cell and B-cell receptors) (Zhang and Sun, 2015). NFκB is activated by 

the phosphorylation of the IKK complex and the ubiquitin-dependent degradation of IκBα in the 

proteasome. The IKK complex is made up of three subunits namely: two catalytic subunits, that are 

IKKα and IKKβ and a regulatory subunit, IKKγ, which is also termed NFκB essential modulator 

(NEMO). NFκB members, p50/Rel A and p50/c-Rel dimers leave the nucleus (Sun and Ley, 2008, Sun 

et al., 2013). 

 

The non-canonical pathway relies on NFκB2 (p100) rather than IκB degradation. The NFκB-inducing 

kinase activates IKKα and works together to phosphorylate NFκB, precursor protein, p100. This leads 



25 
 

to p100 ubiquitination and processing. The term processing encompasses the degradation of p100 at the 

C-terminal and the activation of p52/Rel B (Sun, 2012, Sun et al., 2013).  

 

The functions of the two pathways differ; the canonical pathway is involved in immune responses and 

the non-canonical pathway co-operates with the canonical pathway in regulating functions in the 

adaptive immune system (Liu et al., 2017). 

  

2.6.2. Inflammasome 

Pattern recognition receptors in tissue cells, such as innate immune cells, detect pathogens and damage 

and activate pathogen-associated molecular patterns (PAMPs) or damage-associated molecular patterns 

(DAMPs) (Medzhitov and Janeway, 1997, Matzinger, 1994, Groslambert and Py, 2018). Inflammatory 

cytokines, IL-6, tumour necrosis factor (TNF-α) and interferon-β (IFN-β) are transcriptionally regulated 

and secreted through the endoplasmic reticulum (ER)/golgi pathway. IL-1β and IL-18 are cytosolic 

precursors that are controlled by caspase 1, 4 and 5 in humans. NLRP3 acts as a sensor for cellular 

homeostasis and assembles a multi-protein inflammasome which activates caspases leading to the direct 

cleavage and maturation of pro-cytokines such as pro-IL-1β (Figure 1.9)  (Groslambert and Py, 2018).  

 

2.6.2.1. Control of NLRP3 assembly 

2.6.2.1.1 Signal 1- Priming 

Many cytokines and receptors control the assembly of the NLRP3 inflammasome. These receptors that 

prime NLRP3 for activation include Toll-like receptors (TLR), receptors for advanced glycation end 

products (RAGEs), and nucleotide-binding oligomerization domain 2 (NOD2) (Alexiou et al., 2010, 

Xiang et al., 2011, Fritz et al., 2006, Meylan et al., 2006, Mitchell et al., 2007). Priming of NLRP3 can 

occur via the immune system through anaphylatoxin (C3a and C5a) receptors, cytokines (IL-1 and TNF-

α) and ROS. Transcriptional priming is dependent on factors such as myeloid differentiation primary 

response 88 (MyD88), TIR domain-containing adaptor-inducing interferon-β (TRIF), caspase 8, Fas-

associated protein with death domain (FADD), NFκB and ROS (Gurung et al., 2014, Zhang et al., 2016, 

Bauernfeind et al., 2011). Upon the activation of TLR, caspase 1 and pro-IL-1β are highly expressed 

(Bauernfeind et al., 2009). Non-transcriptional priming relies on post-translational modifications 

(Groslambert and Py, 2018). In the priming stage, signalling pathways following the activation of 

receptors can follow some of the following fates. 

 

1) NLRP3 change due to post-translational modification leading to activation of the inflammasome. 

2) Late transcriptional activation of NLRP3, pro-IL-1β and several other regulators. 

3) Prolonged activation leads to a targeted suppression of inflammasome activators.  
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2.6.2.1.2. Signal 2- Activation  

Activation of the inflammasome is mediated under an array of conditions. The activation signals are 

classified according to the type of stress they initiate. The classes include agents that change the plasma 

membrane permeability e.g., pore-forming bacterial toxins (Cookson and Brennan, 2001), crystals e.g., 

asbestos (Hornung et al., 2008, Zhong et al., 2013), and particulates released from cells. The first class 

of activators performs their function by permeabilising the plasma membrane and opening ionic pores 

(Aglietti et al., 2016, Rühl and Broz, 2015). Crystals undergo phagocytosis but not degradation which 

causes the accumulation of crystals resulting in phagolysosome lysis, releasing of Ca2+ and cathepsin 

in the cytoplasm (Triantafilou et al., 2013, Murakami et al., 2012). Lastly, particulates expelled by 

pyroptotic cells (inflammasome specks) are released and inflammation is amplified (Baroja-Mazo et 

al., 2014, Franklin et al., 2014). Several other activators have been discovered to activate the 

inflammasome such as ultraviolet radiation. 

 

 

Figure 1.9: The process of priming and activation of the NLRP3 inflammasome (Lin et al., 2021) 

 

2.6.3. Inflammation and skin  

NFκB signalling transcribes proinflammatory molecules that can lead to inflammatory skin diseases. 

Many proinflammatory cytokines have NFκB binding sites. In the case of dermatitis, NFκB is 
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continuously activated due to deficient IκB levels (Sur et al., 2008). In elevated ROS conditions, the 

activation of MAPK proteins (ERK AND JNK) through MEK is heightened to increase the recruitment 

of c-Fos and c-Jun resulting in the activation of AP-1. This supplies the cell with antioxidant genes 

required for alleviating oxidative stress. Another important MAPK protein (p38) is involved in the 

activation of NFκB and regulates genes involved in antioxidant responses (Espinosa-Diez et al., 2015). 

 

C-reactive proteins (CRP) are a cytokine that interacts with the PI3K/Akt signalling pathway. It binds 

to cytokine receptors and activates PI3K which thereafter mediates protein kinase signalling. The 

activation of Akt initiates the phosphorylation of ERK, metabolism proteins and processes that 

influence cell proliferation, metabolism, and cell death (She et al., 2018, Revathidevi and Munirajan, 

2019). Similarly, the NLRP3 inflammasome plays a role in the release of cytokines, key causative 

agents in skin diseases such as vitiligo, alopecia, and psoriasis (Fetter et al., 2023). 
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CHAPTER 2 

Exploring the biochemical effects of kojic acid and its implications in humans 

 

This chapter includes a review of literature on the biochemical effects of kojic acid in humans. This 

chapter highlights the key role of kojic acid in oxidative stress, inflammation, and cancer. 

Furthermore, the review focuses on gaps in research and the need for more studies in human models 

to determine the compounds toxicity.  
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Abstract 

Kojic acid is known to inhibit melanin production, a property widely exploited in the cosmetic industry. 

Although well-known as a skin lightener, kojic acid has diverse applications in the food, agricultural, 

pharmaceutical, and medical industries. Kojic acid has been shown to possess antimicrobial properties 

favourable to the food and agricultural industry. However, many treatment options may be under-

reported in the pharmaceutical and medical industries.  In different models, kojic acid displayed 

favourable results against inflammation, oxidative stress, and cancer. KA displayed instability and low 

efficacy in some treatment applications. KA derivatives developed to overcome these shortcomings 

provide innovative prospects in targeting biochemical pathways.  This review assessed the advancement 

in kojic acid research in humans, evaluating common routes of exposure and the efficacy of its use. The 

body of literature reviewed showed low toxicity with many viable avenues for future research. 

 

Keywords: Inflammation, Kojic acid, Oxidative stress, Tyrosinase Inhibition, Cancer 

 

Introduction 

According to the World Health Organization (WHO), skin lighteners are popular among Asian and 

African populations. Statistics reflect that 60% of Indians, 41% of Chinese, and 77% of Nigerians 

regularly use skin lighteners (Chib et al., 2023). The popularity of kojic acid (KA) is rising due to the 

cosmetic industry promoting its use. The market for skin-lightening creams is expected to grow 

significantly, with an estimated value of $31.2 billion by 2024 (Chib et al., 2023). KA is a product of 

the biosynthetic conversion of sugar to γ-pyrone in genera Aspergillus and Penicillium (Parrish et al., 

1966, Mohamad et al., 2010, El-Kady et al., 2014, Rasmey and Abdel-Kareem, 2021, Phasha et al., 

2022).  Presently, KA's popularity has grown exponentially and is estimated to rise to be a $39 million 

industry (Felipe et al., 2023). With the increase in demand, production has been optimised to supply 

large quantities of KA (Chib et al., 2023, de Caldas Felipe et al., 2023). 

 

Although first described by Saito (1907), the first comprehensive study describing the production of 

KA by A. oryzae was from the fermentation of steamed rice(Yabuta, 1924, El-Aasar, 2006, Ayuhastuti et 

al., 2024). Carbon sources can produce KA, including arabinose, acetate, ethanol, glucose, sucrose, and 

xylose (Burdock et al., 2001). KA can be chemically produced by acetylation/deacetylation reactions 

(Lassfolk et al., 2019).  

 

KA has several uses in the agricultural, food, cosmetic, and medicinal industries (Figure 2.1). The broad 

span of uses can be attributed to its structural similarities with flavonoids, compounds found in many 

plants. KA has been used as a pesticide and insecticide due to its antifungal and antibacterial properties 

(Lee et al., 1950, Beard and Walton, 1969, Uher et al., 1994, Kim et al., 2012, Wu et al., 2019). KA is 

widely used to preserve food by preventing the discolouration of fruit and as a flavour-enhancing 
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additive (Chen et al., 1991, Burnett et al., 2010b, Deri et al., 2016). KA is a common ingredient in many 

Japanese traditional foods and beverages (Kotyzova et al., 2004). Consumption of KA was found to be 

safe, with no severe health concerns (Burdock et al., 2001). Studies have been carried out to determine 

the influence of Japanese diets on their longevity. It was found that the Japanese consume an array of 

fermented foods, largely koji (fermented rice), from A.oryzae or A. luchuensis (Machida et al., 2008). 

The study found that KA has a large amount of glycosylceramide, which is digested by the intestinal 

microbial flora and increases Blautia coccoides (Hamajima et al., 2016). Microbial flora has shown an 

effect on individuals' health and can play a key role in longevity and good health. 

 

KA is primarily utilized in cosmetics. As a result, skin is particularly vulnerable to KA. The cosmetic 

industry’s increased interest in KA was sparked due to its ability to inhibit tyrosinase activity (Bentley, 

2006, Hasil et al., 2020, Suryadi et al., 2022). By assessing the compound’s toxicity, we can establish 

if the compound is safe for use in cosmetic products. Medical applications include anti-inflammatory, 

antioxidant, and anti-cancer activity (Zilles et al., 2022, Suthiram et al., 2023). Many skin conditions 

are caused by the dysregulation of melanin production in humans. KA has shown the potential to treat 

skin disorders such as leishmaniasis by decreasing the parasitic load (Rodrigues et al., 2014, Brtko, 

2022, Saeedi et al., 2023).  

 

At discovery, KA was classified as a mycotoxin due to its contamination of maize and poultry feed and 

co-occurrence with aflatoxins (Parrish et al., 1966, Souza et al., 2013). With the emergence of new 

research into KA, some researchers suggest that KA does not pose a mycotoxin risk to human health 

(Bentley, 2006). The lack of research in some aspects of the efficacy of KA on human health may be 

the reason for KA's varying classification. This draws attention to the need for more research into the 

health effects of KA. This review aims to assess the biochemical effects of KA by evaluating common 

routes of exposure.  

 



50 
 

 

Figure 2.1: Applications that exploit kojic acid attributes 

 

Chemical structure and properties 

KA is known by the chemical nomenclature 5-hydroxy-2-hydroxymethyl-γ-pyranone (C6H6O4). Saito 

(1907) first discovered KA, but Yabuta (1924) only later determined the structure. KA is a weak, 

heterocyclic acid with a hydroxymethyl group and a hydroxyl group in the C2 and C5 positions 

respectively (Yabuta, 1924, Beelik, 1956, Ichimoto et al., 1965). KA has a stable amylene oxide ring 

structure. The compound structure allows for the formation of salts by the chelation of metals such as 

sodium, copper, zinc, calcium, nickel, and cadmium (Beelik, 1956, Coupland and Niehaus, 1987, Saeedi 

et al., 2019). This attribute has been exploited in the inhibition of melanin. The formation of coloured 

iron complexes is irreversible (Friedemann, 1934). The compound is soluble in water, ethanol, or 

acetone (Burdock et al., 2001).  

 

Absorption, distribution, metabolism, and excretion (ADME) 

KA is absorbed and distributed in the body through the dermal, transdermal, and oral routes of exposure. 

An in vitro study on human dermatomed skin found that the percutaneous absorption of 2 mg/cm3 KA 

was 16.98% of the administered KA following 16 h incubation. This study was further validated in 

humans. Women who applied creams containing 1% KA to their skin for periods ranging from 0.5-24 

h were found to have 1 ng/ml KA in their plasma. This study found low penetration of KA into the 

bloodstream with no adverse effects being identified (Sansho Seiyaku Co., 2001). 

 

The consumption of fermented food containing undetermined quantities of KA showed blood plasma 

concentrations of 1-8 µg/ml within 12-24 h. This, as well as other studies, indicated that KA was 

absorbed by the gastrointestinal tract (Niwa and Akamatsu, 1991, Higa et al., 2000). According to the 

International Agency for Research on Cancer (IARC), studies looking into the metabolism of KA have 
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not been established. KA showed unfavourable absorption, distribution, metabolism and excretion 

potential (Emami et al., 2022). 

 

Regulations on kojic acid usage 

The European Commission's SCCP determined a maximum concentration of 1% KA in skincare 

products due to health concerns reflected in published work on the effect of thyroid and skin 

sensitisation (SCCP, 2021). Furthermore, the Cosmetic Ingredient Review (CIR) concluded that 

concentrations below 1% cannot lighten skin and cause sensitisation (Chib et al., 2023). KA’s use as a 

seafood preservative was found to have an approximate concentration of 0.25%-0.6% of KA. In terms 

of ingestion, KA is a fermentative by-product that is found in small quantities in food. Previous research 

has found the LD50 dose in mammals to be 1 g/kg (Brtko et al., 2004b). The absorption and distribution 

of KA were found to be negligible from dermal penetration. Therefore, the metabolism of KA will 

significantly lower the distributed concentration. 

 

Kojic acid inhibits melanogenesis 

Melanogenesis is controlled by several intrinsic factors such as hormones, genes and the immune 

system while extrinsic factors include ultraviolet and chemical exposure (Talebi et al., 2022). The 

primary role of melanin is to protect skin and eyes from damage. Melanogenesis is a multi-step process. 

Melanin is derived from tyrosine and is produced by melanocytes (Wawrzyk-Bochenek et al., 2023). 

Polyphenol oxidase (tyrosinase) is a glycoprotein found in melanosomes in the epidermis. The enzyme 

is responsible for the colour of epidermal cells in the skin, eyes, and hair of animals (Pekkarinen et al., 

1999). Tyrosinase is a metalloprotein enzyme containing histidine residues that bind copper ions at its 

active site and is responsible for the biosynthesis of L-DOPA (Pawelek and Körner, 1982, Mayer, 1986, 

Cabanes et al., 1994, Gillbro and Olsson, 2011). Tyrosinase catalyses two steps in melanogenesis: (1) 

hydroxylation of tyrosine to L-DOPA as monophenolase and (2) oxidation of L-DOPA to dopaquinone 

(Kim et al., 2003) (Figure 2.2). The subsequent biosynthetic steps are non-enzymatic, thus making 

tyrosinase a key enzyme in the rate-limiting steps. The differing factor between monophenolase and 

diphenolase activity is determined by the hydroxyl molecule found between the copper ions (Baber et 

al., 2023).  

 

KA chelating properties are crucial in the inhibition of tyrosinase activity. KA chelates transition metals 

such as ferrous (Fe3+) and copper (Cu2+). In cosmetics, KA inhibits the process by chelating the copper 

ion (II) found in tyrosinase hence decreasing melanin production (Chen et al., 2013). KA is a slow-

binding inhibitor that binds to active tyrosinase (Chang, 2009). KA could be used to reduce wrinkles 

because it scavenges free radicals allowing it to serve as an anti-ageing agent (Saeedi et al., 2023). 

KA is hydrophilic which limits the absorption of the compound in cosmetic applications. This attribute 

affects permeability, bioavailability and half-life in biological material (Saeedi et al., 2023). Due to 
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KA studies have investigated several pharmaceutical and medical properties to determine potential 

applications. KA is commonly referred to as an anticancer, antioxidant, and anti-inflammatory agent 

(Saeedi et al., 2019, Brtko, 2022).  

  

In vitro toxicity studies  

For the purposes of the review, a summary of in vitro studies was compiled to highlight the biochemical 

effects of kojic acid in different cell lines (Table 2.1). The in vitro studies illustrated KA’s potential role 

in cancer, inflammation, and oxidative stress. 

 

Table 2.1: Advances in the toxicity profile of KA in different in vitro models 

 In vitro model Biochemical effects References 

Cancer Epithelial cells  KA [8 µg/ml] (safe recommended 

concentration) was used to treat A375 cells 

for 24, 48, and 72 h. KA decreased proteins 

responsible for tumour growth and survival.  

(Nawarak 

et al., 2008) 

  KA-induced cytotoxic effects on B16F1 

melanoma cells at higher concentrations 

[125- 500 µg/ml] but not at lower 

concentrations [7.81- 31.25 µg/ml] after a 72 

h treatment.  

(Lajis et al., 

2012b) 

 Cervical cells HeLa cells, treated with KA (25 µg) for 48 h, 

did not induce cell cycle arrest in the absence 

and presence of 50 µM copper ion.  

(Chen et 

al., 2013) 

 

 Liver cells KA [0- 12.67 mM] dose-dependently 

decreased HepG2 cell viability following a 

24 h treatment.  

(Suthiram 

et al., 2023) 

Inflammation Epithelial cells Human transfected-HaCaT and SCC-13 cells 

treated with 10 mM KA for 24 h showed 

inhibition of NFκB activation. 

(Moon et 

al., 2001) 

  KA [100 µM] was found to have senescence 

inhibition potential through NFκB and p21 

pathways in human corneal epithelial cells 

(HCEC) following treatment for 1, 3, 5, and 

7 days 

(Wei et al., 

2019) 

 

  KA [0.2 mM] inhibited melanogenesis by 

stimulating interleukin-6 (IL-6) in 

(Choi et al., 

2012) 
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keratinocyte and melanocyte co-cultures 

following treatment for 3 days. 

 Immune cells KA [50 µg/ml] were not cytotoxic to 

monocytes and increased IL-6 production.  

(Da Costa 

et al., 2018) 

 Liver cells HepG2 cells treated with KA [8.02 mM] 

suppressed inflammatory marker, NFκB, 

following 24 h. 

(Suthiram 

et al., 2023) 

Oxidative 

stress 

Immune cells Neutrophils and lymphocytes showed 

reduced ROS following KA exposure [5 and 

20 µg/ml] in both xanthine oxidase systems.  

(Niwa and 

Akamatsu, 

1991) 

 

 Liver cells KA [10.34 µg/ml] displayed potent free 

radical scavenging ability in HepG2 cells. 

(El-

Metwally 

et al., 2020) 

 

In vivo toxicity studies 

To determine sensitivity, 107 patients with chloasma were treated with KA creams [2.5% KA] twice 

daily for an average of 9.5 months. Two individuals developed facial dermatitis due to hypersensitivity. 

No sensitivity was detected in 66 patients with chloasma (Nakayama, 1982) and 31 healthy subjects 

when treated with the cream [1% KA] (Hira et al., 1985). According to studies carried out by Nakayama 

(1982), no sensitivity was detected following the use of KA-containing creams. In a similar study, the 

frequency of sensitisation to KA was assessed in patch tests of 220 female patients with suspected 

cosmetic-related dermatitis. Of the total patients, 8 patients used one skin product with KA. Five reacted 

to one or more products containing 1% KA. Three remaining patients showed no reaction to products 

containing KA. The 212 patients who did not use KA previously showed no adverse results (Nakagawa 

et al., 1995). Another clinical trial showed the effectiveness of 1% KA in treating melasma and 

decreasing age spots and freckles (Mishima et al., 1994, Ando et al., 2010). There are scarce studies 

assessing the effect of solely KA treatment. 

 

One trial used a serum combination of 3% tranexamic, 1% KA and 5% niacinamide to topically treat 

melasma and hyperpigmentation (Desai et al., 2019). The combination treatment proved effective in 

treating melasma and post-inflammatory hyperpigmentation. Another combination treatment 

containing 2% KA, 2% hydroquinone and 10% glycolic acid was used to treat 40 women with melasma 

over 12 weeks. Results showed a reduction in melasma in 24 women (60%), who received KA 

treatment. The side effects experienced by these women were redness, exfoliation, and a stinging 

sensation (Lim, 1999, Tetali et al., 2020).   



55 
 

 

Combination treatment of vitamin C and KA was compared to hydroquinone when treating patients 

with dyschromia. It was found that the combination of vitamin C and KA yielded a more favourable 

outcome than that of hydroquinone over 12 weeks. Patients had improved skin tone and dyschromia 

with less side effects (Oresajo et al., 2008). A study by Draelos et al. (2010) assessed the efficacy of a 

combination of glycolic acid, Emblica plant extract and KA to 4% hydroquinone treatment on patients 

with dyschromia. The 12-week trial, comprising of 80 patients, found a similar result for both 

treatments. Hence, this combination treatment was as effective as hydroquinone and is a viable alternate 

treatment (Draelos et al., 2010, Tetali et al., 2020). In another 39-patient clinical trial, KA combination 

therapy was used to treat hyperpigmentation. The patients were treated with 5% glycolic acid and 2% 

KA on one half of their face whilst the other half was treated with 5% glycolic acid and hydroquinone. 

The results revealed that 28% saw improvement on the KA side and 21% saw improvement on the 

hydroquinone side (Gupta et al., 2006).  

 

Genotoxicity studies 

KA [1250, 2500, 5000 µg/ml] was used to treat wild-type p53 WTK1 and TK1 lymphoblast cells and 

showed DNA damage. KA induced DNA single-strand breaks (SSBs) (Kawaguchi et al., 2007). 

Thymidine kinase (TK) mutation assays revealed increased fractions of normal growth not mutant 

growth. This showed that point mutations at the TK locus occurred; however, structural changes that 

form chromosomal aberrations did not occur (Kawaguchi et al., 2007). Lastly, human keratinocytes 

(SVK14) treated with KA [1000, 2000, 4000 µg/ml] for 3 h with/without S9 and recovery for 48 h], 

KA [1000, 2000, 4000 µg/ml for 24 h without S9 and recovery for 48 h] and KA [1000, 2000, 4000 

µg/ml for 24 h with/without S9 and recovery for 72 h] showed no micronuclei was induced in all 

exposures (Nohynek et al., 2004). KA did not exert significant genotoxic effects. 

 

Research advancements in kojic acid derivatives 

As mentioned previously, KA's diverse applications and characteristics are beneficial in many 

industries. In the medical industry, many treatments have harmful side effects, and resistance to 

antibiotics is becoming more prevalent. By advancing research into easily accessible compounds with 

favourable characteristics and minimal toxicity, treatment options for disease can become more 

effective. Drawbacks of KA such as instability and low permeability have been solved by the 

development of KA derivatives. Halogen, chloro- and bis-KA derivatives exerted anticancer effects in 

leukaemia cells (Bransová et al., 1995, Bransová et al., 1997, Peroković et al., 2020), cervical cancer 

cells (Hudecová et al., 1996, Peroković et al., 2020), breast adenocarcinoma cells (Fickova et al., 2008, 

Ercan et al., 2020), glioma cells (Yoo et al., 2010), melanoma cells (Karakaya et al., 2018), 

hepatocellular carcinoma cells (Oncul et al., 2019), colorectal adenocarcinoma cells, and 
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bronchioalveolar carcinoma cells (Peroković et al., 2020). Other favourable effects of derivatives 

include anti-inflammatory properties (Rho et al., 2010, Lee et al., 2019a). 

 

Microbial effects of KA and KA-derivatives on bacteria, viruses, and fungi 

KA is an antimicrobial that has displayed antibacterial, antiviral, and antifungal effects (Figure 2.3). 

KA esters aid in extending periods of drug release in the form of nano-emulsions. These esters are 

trapped close to the cell membrane enhancing passive cellular absorption and antimicrobial activity 

(Syed Azhar et al., 2020). The antibacterial activity of KA was illustrated in foodborne pathogens, 

namely Listeria monocytogenes, Bacillus subtilis, Staphylococcus aureus, Escherichia coli, and 

Salmonella typhimurium (Liu et al., 2014b). It was found that the bacterial membrane integrity was 

altered as indicated by the leakage of intracellular enzymes and the release of potassium (K+). The 

Gram-negative bacteria displayed a higher degree of damage to the cell membrane (Wu et al., 2019). 

The properties and structure suggest a possible use in drug discovery and treatments due to its low 

toxicity.  

 

An increasing number of studies are exploiting KA as a pharmaceutical drug delivery system. 

Nanomedicine has become more prevalent in recent years to improve drug delivery and minimise side 

effects (Zhang et al., 2024). Research into KA and nanotechnology-based drug delivery systems used to 

treat ageing found favourable results with no cytotoxicity (Gonçalez et al., 2013). This shows the 

potential to increase efficacy in skin treatments. A study explored the potential medical applications of 

KA by using iron oxide magnetic nanoparticles loaded with KA. The study exploited KA’s 

antimicrobial properties against Gram-negative and Gram-positive bacteria. The nanoparticles were 

used to optimize drug loading and decrease microbial burden (Hussein-Al-Ali et al., 2014). Another 

study showed that Halloysite nanotubes combined with KA displayed antibacterial activity against 

pathogens  E.coli, K. pneumoniae, S. aureus, and E. faecalis (Patamia et al., 2023).   

 

KA's role in the immune response of the body was further studied in macrophage activation. It was 

determined that KA could activate macrophages by cytoskeleton rearrangement, increasing cell surface 

exposure, ROS production, and the enhancement of phagocytic activity (Rodrigues et al., 2011). The 

activation of immune responses by KA suggests the potential for the treatment of pathogen-induced 

conditions.  

 

Studies into KA and its derivatives found antiviral activity against RNA viruses (Parainfluenza-3 virus) 

(Aytemir and Özçelik, 2010). This provides insight into potential treatment options for eradicating 

diseases caused by viruses that are often hard to treat. The fermentation of Aspergillus species results 

in the production of koji. Koji contains KA ranging between 0-9.5 mg/g (Kitagaki, 2021). The effect of 

KA on coronavirus disease 2019 (COVID-19) has not been elucidated however, KA could potentially 
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influence SARS-COV-2. Pyranonigrin A is found in koji, which can potentially be used to inhibit 

protease inhibitors in SARS-COV-2 (Miyaki et al., 2007, Rao et al., 2020). 

 

Fungal infections in plants pose a risk to the agricultural and food industry affecting food quality and 

income. KA blocks the biosynthesis of melanin in soybean pathogens. KA in combination with 

carbendazim displayed a high protective ability against fungal pathogens. KA was highly stable in its 

function as an antifungal alone or in combination (Sun et al., 2022). However, human health can also 

be affected by fungal infections, especially skin infections. KA was found to have antifungal properties 

through its chemo-sensitising activity. KA disrupts fungi antioxidation systems and could be used as an 

antifungal agent in conjugation with other compounds to enhance its potency (Baláz et al., 1993, Kim 

et al., 2012).  

 

 

Figure 2.3: Summary of microbial applications of kojic acid. 

 

There are still gaps in KA research in terms of the potential of the compound in the medicinal and 

pharmaceutical industries. KA has been shown to have antioxidant, antibacterial, anticancer, antifungal, 

and anti-inflammatory effects. Research assessing KA's capabilities in diseases is limited (Brtko et al., 

2004b). A review of studies carried out showed low cytotoxicity. A drawback of KA monotherapy was 

the instability of the compound however, KA derivatives assessed are substantially more effective 

treatment options. 
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Kojic acid induces oxidative, protein and mitochondrial stress in human melanoma (SK-MEL-1) 

cells 

 

Kojic acid’s chelating ability led to an evaluation of the compound’s potential mitochondrial toxicity. 

KA chemo-sensitizes complex III inhibitors in the electron transport chain in fungi. This chapter 

investigates the mitotoxic potential of KA in human melanoma (SK-MEL-1) cells. The study explores 

the effect of KA on specific proteins involved in mitochondrial homeostasis and its implication on 

macromolecules and antioxidant response in SK-MEL-1 cells.  
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Abstract 

Kojic acid (KA, 5-hydroxy-2-hydroxymethyl-4-pyrone), a common skin lightener, chemo-sensitizes 

complex III inhibitors disrupting mitochondrial respiration in fungi; however, the mitochondrial effects 

of KA in humans have not been studied. This study determined the effect of KA on mitochondria in 

melanoma cells by assessing mitochondrial output (MTT assay and ATP luminometry), oxidative 

damage (protein carbonyls and TBARS), antioxidant responses and mitochondrial homeostasis proteins 

(Western Blot). KA increased cell viability and at 100 µg/ml displayed the greatest decrease in ATP 

levels. We assessed oxidative damage and the subsequent antioxidant responses to determine the reason 

for ATP depletion by KA. The oxidative stress marker (MDA) was increased at lower concentrations 

of KA (25 and 100 µg/ml); further, the antioxidant responses were initiated to reduce damage to 

susceptible macromolecules. KA-induced protein oxidation as evidenced by increased protein 

carbonyls and LON protease expression. Sirtuin 3 expression was decreased at all concentrations. In 

conclusion, KA caused lipid peroxidation and protein damage resulting in mitochondrial stress and 

initiated mitochondrial homeostasis. 

 

Keywords: Kojic acid, mitochondrial stress, Nrf-2, Sirtuin 3, LON protease, protein carbonyls 

 

Introduction 

Kojic acid (KA, 5-hydroxy-2-hydroxymethyl-4-pyrone) is a fungal metabolite produced by the genera 

Aspergillus and Penicillium (Burdock et al., 2001, Ermis et al., 2023). KA has diverse uses ranging 

from skincare to food preservation. One percent of KA is permitted in cosmetic products due to health 

concerns including skin sensitisation and hyperplasia in the thyroid (Nakagawa et al., 1995, Burnett et 

al., 2010b, SCCP, 2021).   

 

Several attributes of KA have been established by assessing the compound’s biochemical effects in 

different models. KA has been categorised as an antibacterial and antifungal agent (Lee et al., 1950, 

Kim et al., 2012, Wu et al., 2019). KA is an anti-inflammatory in humans (Moon et al., 2001, Suthiram 

et al., 2023). The most distinguished attribute of KA is the compounds’ ability to inhibit tyrosinase 

(polyphenol oxidase) activity (Choi et al., 2012, SCCP, 2021). KA is a chemo-sensitizing compound of 

complex III inhibitors that disrupts fungal mitochondrial respiration (Kim et al., 2013a). Additionally, 

KA elevated antioxidant responses (Khan et al., 2021) and displayed antitumor effects (Karakaya et al., 

2019a). The effect of KA on mitochondrial functionality in humans is largely unexplored.  

 

Humans require energy to sustain life; at the cellular level, this energy is produced in the mitochondria. 

Mitochondrial respiration involves a series of reactions that transfer chemical energy from consumed 



71 
 

food and oxygen into transmembrane electrochemical potential. The mitochondria facilitate the 

synthesis of ATP, calcium uptake, macromolecule biosynthesis and many other functions (Picard et al., 

2018).  

 

Complex I and III are known to solely produce mitochondrial reactive oxygen species (ROS) 

(Chouchani et al., 2014). Mitochondrial dysfunction due to excessive ROS production hinders the 

organism’s ability to sustain life and can lead to disorders and diseases. Mitochondrial ROS benefits 

cells when used as a signalling molecule but high levels of ROS causes DNA, protein, and lipid damage. 

Oxidative stress is caused by high ROS levels and can be detrimental to cells (Schieber and Chandel, 

2014, Mailloux, 2020).  

 

Cells activate nuclear factor erythroid 2-related factor-2 (Nrf-2) to enhance the transcription of 

antioxidant response proteins. Nrf-2 interacts with Kelch-like-ECH-associated protein 1 (KEAP-1). 

Under conditions of high ROS, cysteine residues are oxidised resulting in the dissociation of KEAP-1 

from Nrf-2. Nrf-2 is free to translocate to the nucleus and form heterodimer bonds with bZIP (basic 

region leucine zipper)-type transcription factors, such as small Maf proteins, and antioxidant-responsive 

elements (ARE) (Sporn and Liby, 2012, Schieber and Chandel, 2014).  

 

When antioxidant responses are insufficient or bypassed, LON protease plays a key role in the removal 

of oxidised proteins in the mitochondria (Bota and Davies, 2002, Ngo and Davies, 2007). Sirtuins 

require nicotinamide adenine dinucleotide (NAD+) to deacetylate mitochondrial proteins (Carrico et al., 

2018). Sirtuin 3 initiates global acetylation of mitochondrial proteins (Hebert et al., 2013). Additionally, 

Sirtuin 3 maintains low levels of ROS allowing efficient metabolic and genetic functioning. Sirtuin 3 

deacetylates LON protease resulting in the inhibition of tumorigenesis, therefore, regulating the 

lysosomal degradation of LON protease (Wu et al., 2023). 

 

There is limited data on the effect of KA on the mitochondria, specifically assessing key mitochondrial 

proteins and oxidative markers. Therefore, this study aimed to determine the effect of KA on 

mitochondria in SK-MEL-1 melanoma cells. This was done by evaluating the mitochondrial output, 

oxidative damage to macromolecules, membrane integrity, antioxidant responses, and mitochondrial 

homeostasis proteins. 

 

Materials and Methods 

Cell culture and treatment 

SK-MEL-1 cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium supplemented 

with 10% foetal calf serum, 1% penicillin-streptomycin-fungizone, and 1% L-glutamine in 25 cm3 cell 

culture flasks. The cells were grown in a 37°C humidified incubator with a constant supply of 5% CO2. 
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The stock solution of KA (20 mg/ml, Sigma Aldrich (CAS No 501-30-4)) was prepared in 0.1 M 

phosphate-buffered saline (PBS).  

 

Methyl thiazol tetrazolium (MTT) cytotoxicity assay  

An MTT assay was performed on SK-MEL-1 cells to determine the effect of KA on mitochondrial 

output following 24 h exposure. In a 96-well microtiter plate, SK-MEL-1 (20,000 cells/well) were 

seeded and treated with KA at various doses (0 – 500 µg/ml). MTT salt solution [20 µl; 5 mg/ml in 0.1 

M PBS] and RPMI 1640 (100 µl) were added to the cells and incubated (37ºC, 4 h). The MTT salt was 

removed from each well and dimethyl sulfoxide (100 µl/well) was added to solubilise the formazan 

crystals and incubated for 1 h at 37ºC. A Biotek µQuant Plate reader (Winooski, VT, USA) measured 

the optical density at 570 nm at a reference wavelength of 690 nm. GraphPad Prism V5.0 was used to 

analyse the absorbances obtained and concentrations [0, 25, 100, 500 µg/ml] were used for the following 

assays. 

 

ATP luminometry 

Intracellular ATP levels are measured using an ATP Cell Titre Glo® luminometry assay kit (Promega 

#G7570, Madison, USA). In a white 96-well microtiter plate, SK-MEL-1 cells (20,000 cells in 50 µl of 

0.1 M PBS in triplicate) were seeded and incubated with 20 µl of ATP Cell Titre Glo® reagent (30 min, 

room temperature (RT) in the dark). Luminescence was quantified and expressed as relative light units 

(RLU) using a Modulus™ microplate luminometer (Turner Biosystems, Sunnyvale, USA). RLU is 

proportional to intracellular ATP levels present in the sample.  

 

Lipid peroxidation assay 

The biomarker of lipid peroxidation, malondialdehyde (MDA), was measured using the thiobarbituric 

acid reactive substances (TBARS) assay. The respective supernatants (200 µl) were added in test tubes 

along with 0.1 M TBA/BHT solution (400 µl), 2% H3PO4 (200 µl), and 7% H3PO4 (200 µl). 

Additionally, a positive control containing 1% MDA (1 µl) and a negative control containing 3 mM 

HCl (400 µl) were prepared. Each sample was vortexed and 200 µl of 1 M HCl was added to lower the 

pH of the samples to 1.5. Samples were heated (100°C, 15 min) and allowed to cool to RT before 

butanol (1,500 µl) was added to each sample. The samples were vortexed and incubated to separate into 

two phases. The butanol phase (100 µl) was added to a 96-well microtiter plate in triplicate. The 

absorbance was measured using a Biotek µQuant spectrophotometer (Winooski, VT, USA) at 532 nm 

with a reference wavelength of 600 nm. MDA concentration (µM) was calculated by dividing the mean 

optical density by the absorption coefficient (156 mM-1). 

 

Protein damage assay 
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Protein isolation was performed as previously described by Suthiram et al. (2023). To separate insoluble 

material, samples were incubated (37ºC, 10 min) and centrifuged (2,000 ×g, 10 min, RT). The sample 

supernatant (100 µl) was added in triplicate into a 96-well microtiter plate (100 µl) and the absorbance 

was measured at 370 nm using a spectrophotometer. The average absorbance obtained from the blank 

was subtracted from the sample absorbance to determine the corrected absorbance. The protein carbonyl 

concentration was obtained by dividing the corrected absorbance calculated by the 2,4-Dinitrophenol’s 

(DNP's) extinction coefficient (22,000 l.M-1.cm-1). The results were expressed in nanomoles per 

milligram units. 

 

Protein isolation, quantification, and expression (Western Blot) 

Crude protein was isolated from treated SK-MEL-1 cells using CytoBuster™ reagent (200 µl, Novagen, 

71009) supplemented with protease (Roche, 05892791001) and phosphatase inhibitors (Roche, 

04906837001). Treated cells and the control were incubated on ice for 30 min. The cells were 

mechanically lysed and standardised to 1.5 mg/ml using a bicinchoninic acid assay. To each sample, 50 

µl of Laemmli buffer consisting of dH2O, 0.5 M Tris-Cl (6.8), bromophenol blue, β-mercaptoethanol, 

glycerol and 10% SDS was added and boiled for 5 min at 100ºC. Samples were electrophoresed in a 

4% stacking gel and 7.5% resolving gel at 150 V (Bio-Rad compact power supply) for 1.5 h. Using a 

Trans-Blot Turbo System (Bio-Rad), the proteins were transferred onto nitrocellulose membranes (20 

V, 30 min). To prevent non-specific binding, the membranes were incubated with 5% BSA for 1 h. 

Membranes were probed with primary antibodies (1:1,000, 1 h, RT) against LON protease/ PRSS15 

(28020S, Cell Signalling Technology), Nrf-2 (ab76026, Abcam), and Sirtuin 3 (ab217319, Abcam) and 

then incubated overnight at 4ºC. The membranes were washed five times (10 min each, RT) with Tween 

20 Tris-buffer saline [TTBS; 150 mM NaCl, 3 mM KCl, 25 mM Tris, 0.05% Tween 20, dH2O, pH 7.5]. 

Horse-radish peroxidase (HRP)-conjugated secondary antibody goat anti-rabbit (7074, Cell Signalling 

Technology) was added to the membrane and incubated (1:5,000, 2 h, RT). Band density analysis was 

carried out using Invitrogen™ iBright™ imaging systems and analysis software. Results were 

expressed as relative band density (RBD). 

 

Statistical analysis 

All statistical analyses were carried out using GraphPad Prism version 5.0 (GraphPad Prism Software 

Inc.). One-way analysis of variance (ANOVA) with Tukey multiple comparison tests (95% CI) was 

used to analyse data sets. The results were expressed as the mean ± standard deviation (SD) (n = 3). 

Statistical significance was considered at p < 0.05. 

 

Results 

The effect of KA on mitochondrial output in melanoma cells 
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Figure 3.4: Protein carbonyl levels were significantly increased in KA-treated cells following a 24 h 

treatment. Results are represented as mean fold-change ± SD (n = 3), where ***p < 0.001 and *p < 

0.05. 

 

 

Figure 3.5: KA altered responses to protein damage in KA-treated cells following a 24 h treatment; a) 

LON protease expression was significantly increased and b) Sirtuin 3 expression was significantly 

decreased. Results are represented as mean fold-change ± SD (n = 3), where **p < 0.01 and *p < 0.05. 

 

Discussion 

The mitochondria are associated with melanocyte survival and melanocyte-keratinocyte 

communication in melanogenesis (Kaushik et al., 2023). Organelles such as the mitochondria are 

susceptible to oxidative damage which can lead to several skin conditions. KA is a well-known 

tyrosinase inhibitor which alters melanin production in skin cells (Cabanes et al., 2011, Karakaya et al., 

2019b). This study investigated the impact of KA treatment on melanoma cells in terms of 

mitochondrial stress and the relevant antioxidant responses. This study bears importance due to KA’s 

growing use in the cosmetics industry and the emergence of new and innovative applications in the 

medical industry. Studies to date, have assessed the chemo-sensitizing nature of complex III inhibitors 

in the mitochondrial electron transport chain in fungi (Kim et al., 2013a); however, the evaluation of 

mitochondrial stress in melanoma (SK-MEL-1) cells remains unexplored. Furthermore, it has been 

suggested that KA has anti-tumour potential (Higa et al., 2007, Zilles et al., 2022), albeit the exact 

mechanism is still unknown. The study has the potential to shed light on the mitochondrial effect of KA 

in melanoma cells over 24 h – the usual time period for the use of skincare products. 

  

To evaluate the cytotoxic ability of KA, we used SK-MEL-1 cells, a tumorigenic cell line. The study 

found an increase in cell viability, an undesirable result due to the cell line’s cancerous nature. The 

study utilised an MTT assay which assessed the cell’s ability to metabolise MTT salt into insoluble 
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formazan product by the mitochondrial succinate dehydrogenase enzyme. Succinate dehydrogenase is 

found in complex II in the electron transport chain (Rustin et al., 2002). Concentrations obtained from 

Figure 3.1a were used to further assess mitochondrial output by measuring intracellular ATP levels. It 

was determined that there was a decrease in ATP levels after the 24 h incubation period (Figure 3.1b). 

Notably, the concentration that resulted in the highest cell survival also had the largest reduction in 

intracellular ATP. No studies have reported on the mitochondrial effect of KA in humans. Previous 

studies found interaction of KA at complex III inhibitors specifically in filamentous fungi (Kim et al., 

2013a). Our study showed that KA could be inhibiting the ETC at complex III which in turn affects 

complex V. ATP synthesis occurs at complex V (Rustin et al., 2002, Chen et al., 2023). Complex V 

may not occur due to the disruption of the proton gradient leading to decreased ATP synthesis. This 

accounts for an increase in cell viability and decrease in ATP levels. 

 

While cell survival remains unaffected, a decrease in ATP turnover can negatively affect processes such 

as macromolecule repair. To gauge the full extent of the effect of depleted ATP, we analysed the level 

of oxidative damage and the resulting initiation of antioxidant responses. Oxidative stress marker 

concentrations (MDA) were increased at lower concentrations (Figure 3.2). Previous studies state that 

KA is an antioxidant (Niwa and Akamatsu, 1991, Lajis et al., 2012a, Lobato et al., 2020). In the presence 

of oxidative stress, antioxidant responses are initiated to reduce damage to susceptible macromolecules. 

One such defence is initiated by Nrf-2 which activates proteins to alleviate oxidative stress. KA 

facilitated the increase of Nrf-2 protein expression at concentrations of elevated MDA production 

(Figure 3.3). This antioxidant response could be due to KA’s chelation of cysteine residues resulting in 

Nrf-2 release. Additionally, SK-MEL-1 cells are a melanin-producing cell line. Elevated Nrf-2 

expression results in reduced melanin production due to decreased tyrosinase and tyrosinase related-

protein 1 (TRP-1) activity (Shin et al., 2014). KA is known to inhibit tyrosinase activity. The results 

imply that KA increases Nrf-2 activity resulting in a decrease in melanin production. More research 

needs to be carried out to fully describe KA’s role in facilitating melanin reduction via the Nrf-2 

antioxidant pathway.  

 

Proteins are highly sensitive to oxidative stress causing aggregated, modified, or fragmented side 

chains. These proteins are involved in the onset and progression of disease (Estévez and Xiong, 2019). 

The use of KA caused protein oxidation at lower concentrations (Figure 3.4). Protein carbonyls 

produced correlated with the high MDA concentrations levels. KA forms salts by chelating metals 

(Beelik, 1956, Coupland and Niehaus, 1987, Saeedi et al., 2019). The compound’s weak acid properties 

could explain the oxidation of proteins. KA forms salts with metals such as sodium, copper, zinc, 

calcium, nickel, and cadmium (Beelik, 1956, Coupland and Niehaus, 1987, Saeedi et al., 2019). Another 

study found that KA binds to iron (III) and aluminium (III) to form complexes (Nurchi et al., 2011b). 

These metalloproteins are found in the body and play a crucial role in several pathways. 
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LON protease is activated by oxidative stress (Ngo and Davies, 2009). LON protease is an ATP-

dependent serine protease that functions as a chaperone that removes damaged proteins and regulates 

mitochondrial pathways (Pinti et al., 2016).  LON protease expression was significantly increased at all 

concentrations due to increased protein carbonyls (Figure 3.5a). Decreased ATP levels could cause 

deficient LON protease functionality resulting in increased protein carbonyls. LON protease is a stress 

response protein that is regulated by Sirtuin 3 (Gibellini et al., 2014).  

 

Sirtuin 3 is a significant deacetylase found in the mitochondria that play a crucial role in regulating 

various processes such as mitochondrial metabolism, suppressing inflammation and oxidative stress, 

regulating apoptosis and autophagy, and maintaining mitochondrial homeostasis (Schwer and Verdin, 

2008b, Anderson et al., 2014, Torrens-Mas et al., 2019, Zhang et al., 2020). Sirtuin 3 can display pro- 

and anti-tumour effects. Sirtuin 3 can deacetylate tumour suppressor transcription factor (p53). When 

p53 is deacetylated, it can lead to its degradation, which in turn leads to the proliferation of cancer cells 

(Xiong et al., 2018). Conversely, mitochondrial activity is stimulated by Sirtuin 3 which initiates the 

deacetylation of pyruvate dehydrogenase. As a result, cancer cell proliferation is reduced (Yapryntseva 

et al., 2022). NAD+ serves as a substrate for Sirtuin 3 deacetylation reactions (Carrico et al., 2018). 

NAD+ catalyses the transfer of electrons in oxidation-reduction reactions involved in glycolysis and the 

citric acid (TCA) cycle. The NAD+/NADH ratio dictates the efficiency of energy production (Stein and 

Imai, 2012). KA potentially disrupted mitochondrial functionality by reducing NAD+ levels. This, in 

turn, decreased Sirtuin 3 expression and could account for depleted ATP levels following treatment. 

Sirtuin 3 is activated by oxidative stress and facilitates superoxide dismutase (SOD) antioxidant activity 

(Chen et al., 2011). Decreased Sirtuin 3 expression leads to an increase in ROS production.  

 

Sirtuin 3 expression was decreased at all concentrations (Figure 3.5b). This is expected due to the 

inversely proportional relationship between Sirtuin 3 and LON protease. Sirtuin 3 has a zinc-binding 

motif (Zhang et al., 2020). Sirtuin 3 structure may play a vital role in the suppression of the protein’s 

expression. Moreover, Nrf-2 can act as a transcriptional regulator of LON expression (Pinti et al., 2011). 

Increased Nrf-2 expression could have limited Lon protease functionality, resulting in an increase of 

protein oxidation. 

 

Conclusion 

KA causes damage to proteins which leads to stress in the mitochondria. However, KA was not 

cytotoxic to SK-MEL-1 melanoma cells. The study showed KA’s ability to interact with key 

mitochondrial proteins. The efficient functioning of mitochondria in skin cells is highly regulated due 

to its role as a barrier to entry and the production of melanin. Perturbed mitochondrial function and 

increased protein oxidation can lead to aberrant processes within the cell. This study supplies sufficient 
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data to suggest concentration-dependent changes in mitochondrial protein expression. This highlights 

the need for regulation of the concentration of KA in cosmetic products. One limitation of our study 

was that we only conducted an in vitro assessment of KA's impact on mitochondrial stress. Although 

the study findings are relevant to the use of KA, validation of results should be carried out in an in vivo 

model which simulates a more accurate environment. Further research should be conducted on how KA 

contributes to the Nrf-2 antioxidant pathways and its effect on reducing melanin production. The 

mitochondria have been implicated in many diseases in humans. This discovery brings focus to the 

levels of KA present in skin care products and how it impacts the functioning of mitochondria. The 

study highlights the potential of KA in diseases related to mitochondrial dysfunction and homeostasis. 
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CHAPTER 4 

Kojic acid induces inflammatory responses independent of the Akt and MAPK signalling 

pathways 

 

Kojic acid is known to interact with inflammatory mediators. Chapter 4 evaluated the effect of KA 

macromolecule damage and mitochondrial stress on protein kinase pathways and inflammation. Due to 

KA’s use in cosmetics, we evaluated the impact of KA treatment on NFκB and NLRP3 inflammasome 

activation in SK-MEL-1 cells.  
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Abstract 

Inflammation and protein kinases are known mediators of inflammatory conditions in the epidermis. 

Kojic acid is widely used to treat hyperpigmentation due to its chelating properties.  Due to the growing 

popularity of its use, we assessed the effect of kojic acid on inflammation through common cell 

signalling pathways namely Protein kinase B/Akt and Mitogen activated protein kinase (MAPK). 

Protein and gene expression of Akt, phosphorylated glycogen synthesis kinase 3β (GSK3β), MAPK 

(p38 and ERK1/2), NFκB, IκB, NLRP3, interleukin-1 beta (IL-1β) and interleukin-6 (IL-6) were 

assessed using Western Blot and qPCR. Intracellular caspase 1 levels were measured using 

luminometry. KA decreased the protein kinase expression of ERK1/2 (p < 0.0001), p38 (p < 0.0001), 

total Akt (p = 0.0149), phosphorylated Akt (p < 0.0001) and phosphorylated GSK3β (p = 0.0004). 

Inflammatory mediators such as NFκB and the NLRP3 inflammasome were upregulated in a 

concentration-dependent manner. NFκB gene and protein expression were increased (p = 0.0007 and p 

= 0.3648, respectively) by KA.  The inhibitor of NFκB (IκB) was increased at high concentrations (p = 

0.1758).  Inflammasome machinery caspase 1 (p = 0.0168) and NLRP3 (p = 0.2993) expression was 

also increased which facilitated the increase of IL-1β (p = 0.0205) and IL-6 (p = 0.472) release. 

Inflammatory markers and interleukins were increased although KA perturbed protein kinase signalling. 

The findings illustrate that KA is a potent inhibitor of protein kinases and induces inflammation in SK-

MEL-1 cells. 

 

Keywords: Kojic acid, inflammation, MAPK, protein kinase, NFκB, NLRP3 inflammasome 
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Introduction 

Kojic acid (KA) is a chelator used extensively in the cosmetic industry due to its role in suppressing 

polyphenol oxidase (tyrosinase) activity (Lima et al., 2014, Azami et al., 2017). While KA has a wide 

range of applications, its role in tyrosinase inhibition, oxidative stress, inflammation, and cancer has 

been the most studied (Niwa and Akamatsu, 1991, Lee et al., 2019a, Wei et al., 2019, Lachowicz et al., 

2022, Zilles et al., 2022).   

 

Inflammation triggers and exacerbates many skin diseases. Regulating inflammatory mediators is 

crucial in preventing and treating these conditions as well as maintaining healthy skin. To better 

understand the role of KA in inflammation, we conducted an evaluation of its effects on several different 

factors, including protein kinase B (Akt), mitogen-activated protein kinase (MAPK), nuclear factor 

kappa beta (NFκB), and NLR family pyrin domain containing 3 (NLRP3) inflammasome.  

 

The phosphatidyl-inositol-3 kinase (PI3K) pathway involves serine/threonine kinases that maintain 

homeostasis in epidermal cells. It is associated with immune-related inflammatory diseases such as 

acne, atopic dermatitis, alopecia, psoriasis, and vitiligo (Park et al., 1997, Roy et al., 2023). The PI3K 

structure contains a catalytic domain and a regulatory domain.  

 

Activation of the PI3K signalling pathway by PIP3 results in recruitment of Akt to the plasma membrane. 

Subsequently, receptor-binding activates PI3K, which in turn activates PDK-1 and Akt (Chamcheu et 

al., 2019). The Akt protein undergoes phosphorylation, which enables it to regulate genes that prevent 

cell death. Additionally, Akt has an impact on the expression of NFκB, a transcription factor involved 

in immune response (Roy et al., 2023). The activity of tyrosinase in cells is regulated through the PI3K 

signalling pathway, which is mediated by the expression of the microphthalmia-associated transcription 

factor (MITF). MITF plays a crucial role in melanocyte differentiation, proliferation, survival, and 

pigmentation. Skin pigmentation is determined by the presence of tyrosinase, as well as the proteins 

tyrosinase-related protein-1 (TRP-1) and tyrosinase-related protein-2 (TRP-2). MITF dictates the 

expression of key melanin-regulating proteins. The Akt pathway enhances MITF expression, increasing 

melanogenesis (Yin et al., 2017). Moreover, Akt stabilizes β-catenin by phosphorylating and 

inactivating glycogen synthesis kinase-3β (GSK-3β). β-catenin, in turn, binds to the promoter region of 

the MITF gene, thereby increasing MITF expression. This increase in MITF expression leads to 

elevated expression of tyrosinase and other related proteins, which results in enhanced melanin 

synthesis (Zang et al., 2019, Roy et al., 2023). 

 

The MAPKs are a group of kinases that catalyse gene expression, cell proliferation, and apoptosis 

(Espinosa-Diez et al., 2015). ERK1/2 and p38 are dual phosphorylated at tyrosine/threonine residues. 

The dual activation at threonine and tyrosine residues alters the folding of p38. The isoforms p38α and 
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p38β are highly expressed in epidermal cells (Liu et al., 2014a). MAP2Ks (MKK3 and MKK6) are 

responsible for the phosphorylation of p38 (Doza et al., 1995, Dérijard et al., 1995). Activation of 

ERK1/2 occurs through a three-step process involving MAPKKK, MAPKK, and MAPK (Coleman et 

al., 2004, Sivaprasad and Basu, 2008, Overmeyer and Maltese, 2011, Kim et al., 2014, Asati et al., 

2016, Zaleśna et al., 2016, Kong et al., 2019, Lu and Malemud, 2019). Previous studies have found that 

phosphorylation of Akt, ERK, and p38 upregulates MITF expression, which increases melanin 

production. 

 

The NFκB, MAPK, and Akt pathways activate cytokines and interleukins to stimulate immune and 

inflammatory responses (Jeon et al., 2013). NFκB resides in the cytoplasm, bound to an inhibitor of 

NFκB (IκB). Under normal conditions, NFκB remains inactive due to the binding of IκB. However, 

when the cell receives certain stimuli, such as infection or oxidative stress, IκB is degraded and NFκB 

is released. This allows NFκB to move into the nucleus and activate the transcription of genes involved 

in immune and inflammatory responses (Hayden and Ghosh, 2012, Jeon et al., 2013). NFκB is also 

controlled by the MAPK and PI3K/Akt signalling pathways (Qi et al., 2012). MAPK and Akt signalling 

regulate cellular responses, and persistent activation can lead to inflammation and disease. 

 

NLRP3 inflammasome regulates inflammatory responses and mediates interleukin-1 beta (IL-1β) 

maturation (Yoon et al., 2013). The NLRP3 inflammasome is composed of the NLRP3 protein, ASC 

adaptor, and pro-caspase 1 (Elliott and Sutterwala, 2015). It has been found that NFκB and MAPK 

signalling are crucial during the activation of the inflammasome (Fang et al., 2020). NFκB mediates the 

expression of tumour necrosis factor alpha (TNFα), IL-1β, interleukin-6 (IL-6) and interleukin-8 (IL-8) 

responses (Tak and Firestein, 2001, Fang et al., 2020). KA is known for its anti-inflammatory properties, 

but its mechanism remains unclear. In addition, KA studies on protein kinases are limited. We evaluated 

the gene and protein expression of key protein kinases and inflammatory mediators to better understand 

their role. 

 

Materials and methods 

Materials 

The SK-MEL-1 cell line was obtained from the American Type Culture Collection (ATCC; 

Johannesburg, South Africa). Cell culture supplies were purchased from Lonza Biotechnology (Basel, 

Switzerland). Caspase 1 luminometry kits were sourced from Promega (Madison, WI, USA) and 

Western Blot reagents were purchased from Bio-Rad (California, United States). Unless otherwise 

stated, all additional reagents and consumables were purchased from Merck (Darmstadt, Germany).  

 

Cell culture and treatment 
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SK-MEL-1 melanoma cells (1.0 x 106) were cultured in complete culture medium (CCM consisting of 

Roswell Park Memorial Institute (RPMI) 1640 medium, 10% foetal calf serum (FCS), 1% penicillin-

streptomycin-fungizone, and 1% L-glutamine). A stock solution of KA (20 mg/ml) was prepared in 0.1 

M phosphate-buffered saline (PBS) and the cells were incubated in a 37°C humidified incubator with a 

constant flow of 5% CO2 at varying concentrations [0, 25, 100 and 500 µg/ml]. The concentrations were 

obtained from our previous work (Addendum D, Figure S1) 

 

RNA isolation and quantitative PCR 

Treated cells were washed in 0.1 M PBS and incubated in 500 µl Trizol and 500 µl 0.1 M PBS for 5 

min at RT. The cells were mechanically lysed using a cell scraper and cell lysates were stored overnight 

(-80°C). Following incubation, 100 µl of chloroform was added to thawed cell lysates and centrifuged 

(12,000 x g, 4°C, 10 min). The RNA-containing aqueous phase was transferred into a new 

microcentrifuge tube and 100% cold isopropanol (250 µl) was added to each sample and incubated 

overnight (-80°C). Samples were centrifuged (12,000 x g, 4°C, 20 min) and the RNA pellets were 

washed with 75% cold ethanol (500 µl). Lastly, the samples were centrifuged (7,400 x g, 4°C, 15 min), 

the ethanol was removed, and the resultant pellets were air-dried (30 min, RT).  

 

The air-dried pellets were resuspended in nuclease-free water (15 µl).  Isolated RNA from each 

treatment was quantified using the Nanodrop 2000 spectrophotometer (Thermo-Fischer Scientific, 

Waltham, USA) and standardised to 1,000 ng/µl. To determine RNA purity, the A260/A280 ratio was 

used. Complementary DNA (cDNA) was synthesized from standardised RNA using the Maxima™ H 

Minus cDNA synthesis kit (ThermoFisher Scientific, K1652). Thermocycler conditions were 25ºC for 

10 min, 50ºC for 15 min, and 85ºC for 5 min. 

 

The gene expression of Akt, NFκβ, IκB, NLRP3, IL-1β, and IL-6 was investigated using the PowerUP 

SYBR® Green Master Mix (ThermoFisher Scientific, A25742) and primers. Reaction volumes were 

prepared using SYBR green (5 µl), nuclease-free water (2 µl), forward primer (1 µl), reverse primer (1 

µl), and cDNA template (1 µl). Each reaction was carried out in triplicate. 

 

The CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) was used to amplify samples using 

the following cycling conditions: initial denaturation (8 min, 95ºC) followed by 40 cycles of 

denaturation (15s, 95ºC), annealing (40s, temperatures in Table 4.1) and extension (30s, 72ºC). The 

housekeeping gene, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was used to normalise gene 

expression. The (2-∆∆Ct) method described by (Livak and Schmittgen, 2001) was used to assess the 

relative change in gene expression. 
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primary antibodies (anti-phospho-Akt (ab81283, Abcam), anti-phospho-GSK3β (9336, Cell 

Signalling), anti-p38 (#9212, Cell Signalling), anti-ERK1/2 (#9102, Cell Signalling), anti-NFκβ 

(#8242, Cell Signalling); 1:1,000) for 1 h at RT) and overnight at 4ºC. The membranes were washed 

five times with Tween 20 Tris-buffer saline (TTBS; 25 mM Tris, 0.05% Tween 20, 50 mM NaCl, 3 

mM KCl, dH2O, pH 7.5; 10 min each, RT). Horse-radish peroxidase (HRP)-conjugated secondary 

antibody (goat anti-rabbit (7074, Cell Signalling); 1:5,000) was added to the membrane and incubated 

overnight at 4ºC. Membranes were quenched with 5% hydrogen peroxide (37°C, 30 min), washed with 

TTBS, blocked with 5% BSA and incubated in HRP-conjugated antibody for β-actin (A3854, Sigma-

Aldrich). Band density analysis was performed using Invitrogen™ iBright™ imaging systems and 

analysis software. Results were expressed as relative band density (RBD).  

 

Statistical analysis 

GraphPad Prism version 5.0 (GraphPad Prism Software Inc.) was used for all statistical analyses. One-

way analysis of variance (ANOVA) with Tukey multiple comparison tests (95% CI) was used to analyse 

data sets. Unless otherwise indicated, the results were expressed as the mean ± standard deviation (SD) 

(n = 3). Statistical significance was considered at p < 0.05. 

 

Results 

Kojic acid altered the protein kinase B signalling pathway 

The study investigated the effect of KA on total Akt gene and phospho-Akt protein expression. The 

results indicated a significant reduction in both total Akt expression and phospho-Akt expression (Figure 

4.1A, p = 0.0149; Figure 4.1B, p < 0.0001) after KA treatment. There was also a decrease in phospho-

GSK3β expression (Figure 4.1C, p = 0.0004) by KA. The results show that Akt signalling was 

downregulated after 24 h of exposure.  
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Figure 4.1: Kojic acid treatment resulted in alterations in Akt and GSK3β expression in SK-MEL-

1 cells. Both the (A) total Akt gene expression and (B) phospho-Akt protein levels were significantly 

reduced. (C) There was a significant decline in phospho-GSK3β protein expression. The findings are 

presented as mean fold-change ± SD (n = 3) with ***p < 0.001, **p < 0.01, and *p < 0.05 denoting 

statistical significance. 

 

Kojic acid decreased the expression of MAPK ERK1/2 and p38 signalling pathway 

Inflammatory responses are influenced by the MAPK proteins (ERK1/2 and p38). After a 24 h 

treatment, the expression of ERK1/2 was significantly reduced across all concentrations of KA (Figure 

4.2, p < 0.0001). Additionally, the expression of p38 was significantly lower than the control group 

(Figure 4.3, p < 0.0001). 

 

 

 

Figure 4.2: Kojic acid treatment suppressed ERK1/2 protein expression in SK-MEL-1 cells. Both 

the protein expression of (A) ERK1 & (B) ERK2 was significantly reduced. This reduction was 

particularly noteworthy at high treatment concentrations. The findings are presented as mean fold-

change ± SD (n = 3) with ***p < 0.001 and *p < 0.05 denoting statistical significance. 
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Figure 4.3: Kojic acid treatment altered p38 protein expression in SK-MEL-1 cells. There was a 

significant decrease in p38 protein expression. The findings are presented as mean fold-change ± SD (n 

= 3) with ***p < 0.001 denoting statistical significance. 

 

Kojic acid exerted inflammatory effects on melanoma cells 

The expression of inflammation markers was analysed due to KA’s suppression of protein kinases (Akt, 

phospho-GSK3β, ERK1/2 and p38). Exposure to KA resulted in increased protein and gene expression 

of NFκB (Figure 4.4A, p = 0.0007; and Figure 4.4B, p = 0.3648) and IκB gene expression (Figure 4.4C, 

p = 0.1758) after 24 h exposure.  

 

The activity of caspase 1 plays an integral part of the inflammasome. Results showed that lower 

concentrations of treatment led to an increase in caspase 1 and NLRP3 expression after 24 h (Figure 

4.5A, p = 0.0168; and Figure 4.5B, p = 0.2993). IL-1β and IL-6 were increased specifically at the 100 

µg/ml concentration (Figure 4.5C, p = 0.0205; and Figure 4.5D, p = 0.472), which increased NFκB 

expression.  
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Figure 4.4: Kojic acid treatment increased NFκB expression in SK-MEL-1 cells. There was 

increased (A) NFκB protein and (B) NFκB gene expression. (C) Additionally, IκB gene expression was 

increased. The findings are presented as mean fold-change ± SD (n = 3) with **p < 0.01 denoting 

statistical significance. 

 



96 
 

 

Figure 4.5: Kojic acid treatment altered the expression of key NLRP3 inflammasome mediators 

in SK-MEL-1 cells. (A) Intracellular caspase 1 and (B) NLRP3 expression was increased. (C) IL-1β 

and (D) IL-6 were increased significantly at the 100 µg/ml concentration. The findings are presented as 

mean fold-change ± SD (n = 3) with **p < 0.01, and *p < 0.05 denoting statistical significance. 

 

Discussion 

As the largest organ of the body, the skin is exposed to both extrinsic and intrinsic factors that can affect 

its health. The production of melanin, which gives colour to the skin, is the responsibility of 

melanocytes. This process involves a complex network of highly regulated signalling pathways. KA is 

known for its ability to interact with tyrosinase residues, which leads to a reduction in melanin 

production (Hussein-Al-Ali et al., 2014, Hashemi and Emami, 2015, Azami et al., 2017, Chen et al., 

2019, Khezri et al., 2020). This function is enabled by the compound’s capacity to chelate metals 

(Emami et al., 2007). In this study, we evaluated the impact of KA on protein kinases that play a crucial 

role in maintaining optimal cell functioning. Furthermore, we evaluated NFκB and key players in the 

NLRP3 inflammasome pathway. These protein kinases, such as Akt and MAPK, initiate inflammatory 

responses (Dong et al., 2002, Harikrishnan et al., 2018). Inflammation is important in activating the 

body’s defence; however, excessive, and prolonged activation leads to adverse effects and must be 

highly controlled. This study investigated protein kinases and inflammatory mediators to assess KA’s 

potential role in skin pathologies. 

 

We used concentrations determined in our previous work to assess protein and gene expression of key 

signalling pathways and inflammatory mediators. We initially investigated the Akt/GSK3β signalling 

axis. Research into the relationship between Akt and NFκB revealed contrasting results. In monocytes, 

the decrease of PI3K/Akt signalling leads to an increase in NFκB activation (Guha and Mackman, 2002); 

however, mouse macrophages and human endothelial cells show that PI3K signalling activates NFκB 

responses (Ojaniemi et al., 2003, Li et al., 2003). We found that KA treatment resulted in the 

downregulation of Akt gene expression and phosphorylated Akt protein levels. A study carried out in 

mouse melanoma cells showed KA derivatives (1-60 µM) increased activated Akt expression which in 
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turn decreased melanin production. This contrasts with the results of previous studies in human 

melanoma cells (Chen et al., 2019). Furthermore, phospho-GSK3β was subsequently decreased (Figure 

4.1). Under normal conditions, decreased Akt expression increases activated GSK3β expression. 

GSK3β post-translationally phosphorylates MITF and increases melanin synthesis (Fu et al., 2019). 

Following KA treatment, the decrease in phospho-GSK3β corresponds with KA’s role in melanin 

synthesis inhibition (Lajis et al., 2012a, Zilles et al., 2022).  The results depict KA inhibition of the 

Akt/GSK3β axis. Additionally, some studies state KA is a useful anti-ageing compound for reducing 

the appearance of wrinkles; however, little research assessed the biochemical pathways or associated 

proteins related to KA’s anti-ageing potential. Inhibition of GSK3β activates fibroblasts and increases 

collagen release (Bergmann et al., 2011). More research studies, focussed on GSK3β inhibition will be 

beneficial to elucidate KA’s anti-ageing potential.   

 

Previous studies show that Akt pathways directly target MAPK signalling (Zimmermann and Moelling, 

1999, Blum et al., 2001, Guha and Mackman, 2002, Galetic et al., 2003). In recent years, the cosmetic 

industry has targeted MAPK proteins due to their regulation of melanin synthesis in hyperpigmentation. 

Some studies have shown an inhibition of ERK signalling is due to Akt interaction (Rommel et al., 

1999, Galetic et al., 2003, Schabbauer et al., 2004). We observed a significant dose-dependent decrease 

in the protein expression of ERK1/2 (Figure 4.2). We observed that the downregulation of Akt could 

have led to the downregulation of MAPK expression. GSK3 is a monomeric serine/threonine kinase 

that is regulated and decreased by ERK1/2 expression (Ding et al., 2005). The decrease in ERK1/2 

expression could have potentially resulted in a decrease in GSK3β. 

 

The p38 protein, a stress-activated protein kinase, functions in cellular processes such as cell 

proliferation, apoptosis, and inflammation (Cuadrado and Nebreda, 2010). Due to the SK-MEL-1 cell 

type and the dualistic nature of p38 in cell death and cell survival (Liu et al., 2014a), we conclude that 

a decrease in p38 expression potentially increased cell proliferation (Figure 4.3). This is consistent with 

the findings illustrating a relationship between p38 expression and tumours (Qiang et al., 2013). 

Previous research on liver cells demonstrated that KA directly increases p38 protein expression at high 

concentrations (Suthiram et al., 2023). Results showed that at low concentrations p38 expression is 

downregulated in melanoma cells.  

 

The impact of downregulated protein kinase was further investigated by examining the gene and protein 

expression of inflammatory markers. It was discovered that the reduction in Akt resulted in an increase 

in NFκB gene and protein expression (Figure 4.4). GSK3 is a potent regulator of pro- and anti-

inflammatory effects (Hoffmeister et al., 2020).  GSK3 can act as a potent pro-inflammatory agent and 

inhibit these pathways by phosphorylating serine residues or terminating pro-inflammatory pathways 

(Hoffmeister et al., 2020). One such mechanism was illustrated by increased phosphorylation of the 
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NFκB inhibition site and decreasing phosphorylation of NFκB active sites. The results show an increase 

in NFκB with low IκB expression (Hoffmeister et al., 2020). Recent studies indicate that the proteins 

involved in MAPK signalling exhibit unique and varying forms of interaction with each other. MAPK 

p38 signalling initiates pro-inflammatory mediators in human and mouse models (Branger et al., 2002, 

Branger et al., 2003), whereas ERK1/2 suppresses the expression of pro-inflammatory mediators in 

keratinocytes (Pastore et al., 2005). This contrasts with HeLa cells where both ERK1/2 and p38 inhibit 

the expression of pro-inflammatory mediators including AP-1 and NFκB (Xiao et al., 2002). The results 

showed a concentration-dependent increase in inflammatory responses with a biphasic response to 

increasing treatment. 

 

We observed that KA perturbed protein kinase signalling and increased cytokine release. Results 

showed elevated IL-1β and IL-6 release at lower KA concentrations. The NLRP3 inflammasome was 

only activated at KA concentrations that was shown to display proliferation in our previous studies 

(Figure 4.5). There was a significant increase in the levels of intracellular caspase 1, which is necessary 

for the formation of the NLRP3 inflammasome. The efficient formation of inflammasomes leads to a 

subsequent increase in interleukin IL-1β and IL-6. Other studies have shown that p38 can regulate 

cytokines TNFα and IL-6 post-transcriptionally (Hochdörfer et al., 2013). Our research finds IL-6 to 

display a hormetic response, similar to other inflammatory markers tested. However, unlike those 

markers, IL-6 did not show a significant increase in activity at concentrations where the others did. This 

could be attributed to the decrease in p38 expression. KA has displayed anti-inflammatory properties 

by suppressing NFκB (Dung et al., 2014, Li et al., 2021, Khan et al., 2021), however, other studies show 

an increase in IL-6 expression (Choi et al., 2012, Montazeri et al., 2019). Additionally, some studies 

show that Akt suppresses NLRP3 activation and cytokine production (Zhao et al., 2020). Other kinases 

such as GSK3β act as initiators of inflammatory responses (Wang et al., 2020). NFκB plays a role in 

the priming step of NLRP3 inflammasome formation by increasing the expression of key components 

in the inflammasome and pro-IL-1β (Fetter et al., 2023). 

 

Conclusion 

In light of the results, we find that decreased protein kinases resulted in increased NFκB signalling and 

NLRP3 inflammasome formation and activation. Notably, these inflammatory responses were 

dependent on the concentrations used. This draws attention to the concentrations of KA present in 

cosmetic products. Inflammation is an exacerbator of many skin diseases therefore the regulation of 

KA concentrations is important specifically due to the observed biphasic responses. There are gaps in 

research regarding the toxicity and implications associated with the use of KA. We acknowledge that 

this study serves as a foundation for more exploratory research into the role of protein kinases and 

inflammation in the mechanism of skin lightening and anti-ageing. It would be beneficial to further 
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investigate the relationship between protein kinases and inflammatory mediators by assessing the role 

of microRNAs and regulation on the epigenetic level. Research focused on these pathways in this 

context will be beneficial for KA use in cosmetics. 
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CHAPTER 5 

 

5.1. CONCLUSION 

 

Skin-lightening products are a regular component of skin care routines in Asia and Africa. Most 

skincare products use KA due to its lightening properties. Therefore, it is important to determine KA’s 

toxicity to ensure safe use. Following KA exposure, an assessment of key markers involved in the 

maintenance of good skin health helps to effectively treat and prevent disease. In recent years, the 

increase of KA uses due to other skin lighteners proving unfavourable brings to light the lack of research 

in terms of the biochemical effects of its use and its role in the ageing of the skin. KA has varying 

classifications in terms of being classified as a mycotoxin. The IARC states that KA is a group 3 

carcinogen. This implies that there is no carcinogenic risk associated with its use. Most studies carried 

out on mice and rat models showed thyroid hyperplasia and skin sensitisation (Fujimoto et al., 1999, 

Tamura et al., 1999, Mitsumori et al., 1999, Higa et al., 2002, Tamura et al., 2006). Studies have also 

investigated KA's potential as an antioxidant, anti-inflammatory agent, and tyrosinase chelator. 

 

There are gaps in research regarding the toxicity and implications associated with the use of KA. The 

study serves as a preliminary study demonstrating altered expression of key regulatory pathways (Nrf2 

and NFκB) required for cellular responses and signalling following KA exposure. 

 

KA induced protein oxidation in melanoma cells. Nrf2 is responsible for regulating the levels of ROS 

in the body, ensuring that they remain at non-toxic concentrations. This study highlights KA’s ability 

to regulate antioxidant responses within melanoma cells.   In light of the results obtained, we find that 

KA initiated antioxidant response proteins and altered mitochondrial dynamics. On the one hand, 

increased Nrf2 expression protects cells from oxidative stress damage; on the other hand, prolonged 

Nrf2 expression can be harmful by accelerating the development of cancer (Jaramillo and Zhang, 2013). 

Although it is unfavourable that cancer cells can ‘hijack’ Nrf2 to facilitate cell survival, Nrf2 activation 

is necessary to maintain low oxidative conditions and inhibit the progression of inflammatory disease 

(Kim and Keum, 2016). Upregulation of Nrf2 is important in skin metabolism due to its role in the 

protection of cells during melanogenesis (Gęgotek and Skrzydlewska, 2015).  Additionally, elevated 

Nrf-2 expression has been shown to play a role in melanin inhibition (Shin et al., 2014). Dysregulation 

in Nrf2 activation can lead to cancer or cell death. Nrf2 was insufficient to counteract the accumulation 

of ROS resulting in protein damage.  

 

Nrf2 binds to response elements found in DNA to facilitate cellular defence responses (Taguchi et al., 

2011). Nrf2 is crucial for the regulation of more than one hundred genes such as LON protease and 

NFκB (Heiss et al., 2001, Pinti et al., 2011). LON protease is ATP-dependent and acts as a chaperone 
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for oxidised proteins. Altering LON protease expression results in protein carbonyl accumulation. KA 

post-transcriptionally regulated LON protease expression by increasing Nrf2 protein expression. 

Increased oxidative stress will initiate mitochondrial machinery to assists in maintaining homeostasis. 

Sirtuin 3 is a crucial element of mitochondrial homeostasis machinery. Sirtuins are NAD+ dependent. 

The decrease in Sirtuin 3 protein expression suggests that NAD+ levels could potentially be disrupted. 

Studies illustrate KA’s chelation ability and interaction with the electron transport chain (Murakami, 

1962, Nurchi et al., 2011a, Kim et al., 2013a). KA can target key complexes in the electron transport 

chain thereby affecting NAD+ levels. This suggests that KA was mitotoxic to melanoma cells following 

acute exposure. 

 

In response to oxidative conditions, KA increased NFκB expression in melanoma cells. Intracellular 

signaling pathways play a role in mediating the cytoprotection activity of Nrf2 (Kim and Keum, 2016). 

Considering KA interacts with residues present in enzymes, as seen in tyrosinase inhibition, protein 

kinase (MAPK and Akt) signalling was assessed. Oxidative stress is also an activator of cell signalling 

pathways. There was a suppression of MAPK proteins (p38 and ERK1/2) as well as Akt signalling. KA 

downregulated protein kinase expression in melanoma cells. Lastly, the activation of inflammation was 

independent of protein kinases. This suggests that oxidative conditions (lipid peroxidation and protein 

carbonyls) stimulated downstream inflammatory pathways. The increase in key activators of the 

NLRP3 inflammasome resulted in the release of IL-1β and IL-6 causing inflammation  (Figure 5.1).  In 

conclusion, KA activated Nrf2 and NFκB expression which impacted downstream protein kinase 

targets. This is promising for future research related to skin-related therapies. Elevated Nrf2 expression 

and the subsequent regulation of downstream signalling could potentially contribute to KA’s efficient 

skin lightening. The study assessed a range of KA concentrations to determine cytotoxicity in melanoma 

cells, whilst some concentrations displayed unfavourable effects. The concentrations that displayed 

beneficial effects could be utilised for future work to assess other related pathways that have not been 

studied as yet. 
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Figure 5.1: The effect of kojic acid on mitochondrial homeostasis markers, protein kinases and 

inflammation in SK-MEL-1 melanoma cells 

 

5.2. LIMITATIONS AND RECOMMENDATIONS 

 

The study found that acute KA exposure results in the oxidation of proteins and initiation of 

inflammatory responses, however, other studies found that prolonged exposure at differing 

concentrations leads to antioxidant and anti-inflammatory effects (Mohammadpour et al., 2013, Lee et 

al., 2019a, Khan et al., 2021, Li et al., 2021). Due to the use of a cancerous cell line, a primary cell line 

can be used to verify results as well as prolonged exposure to KA (greater than 24 h). The current 

preliminary study was in vitro SK-MEL-1 cells which evaluated KA’s ability to mediate antioxidant 

responses. The SK-MEL-1 cell line was suitable due to its role in melanin production. However, an in 

vitro study does not accurately simulate the interactions between different cell lines in multicellular 

organisms. Therefore, the study can be replicated in in vivo research, followed by clinical trials in 

humans to determine the safety of KA use. This research bears importance as it evaluates, Nrf2, a key 

regulator of cell function and homeostasis. Many drug therapies targeting Nrf2 have been used in skin 

disease treatment. Understanding the role of KA in enhancing Nrf2 expression can aid in safe compound 

use. 
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Addendum  

 

Addendum A:  

The following study, “Kojic acid induces oxidative stress and anti-inflammatory effects in human 

hepatocellular carcinoma (HepG2) cells” provided insight into potential adverse effects of KA and set 

the foundation for the current study. 
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Addendum B: Guidelines for thesis submission 
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Addendum D: Supplementary information 

The following graph displays MTT results for concentrations used to treat SK-MEL-1 cells. 

 

 

Figure S1: Cell viability was increased at all concentrations over a 24 h period. Results are represented 

as mean fold-change ± SD (n = 3), where ***p < 0.001, **p < 0.01 and *p < 0.05. 

 




