
i  

 
 

 

 

Potential hepatoprotective effects of naringenin in 

Nucleoside Reverse Transcriptase Inhibitor-induced 

oxidative stress and apoptosis in hepatocytes in vitro 

 

 

 

KHMERA GOVENDER 

212505286 



ii  

Potential hepatoprotective effects of naringenin in 

Nucleoside Reverse Transcriptase Inhibitor-induced 

oxidative stress and apoptosis in hepatocytes in vitro 

By 
 

KHMERA GOVENDER 
 

212505286 
 

B.Pharm (UKZN) 

 

 

 

 
 

Submitted in fulfilment of the requirements for the degree 

of 

Master of Pharmacy (Pharmacology) 

 

 

 

 
Department of Pharmacology, Discipline of Pharmaceutical Sciences, College of Health 

Sciences University of Kwazulu-Natal, P.O. Box X5401, Durban, South Africa. 

 

 
Supervisor: Dr PMO Owira 

Date Submitted: 



iii  

Potential hepatoprotective effects of naringenin in 

Nucleoside Reverse Transcriptase Inhibitor-induced 

oxidative stress and apoptosis in hepatocytes in vitro 

By 
 

KHMERA GOVENDER 
 

212505286 
 

B.Pharm (UKZN) 

 

 
 

Submitted in fulfilment of the requirements for the degree 

of 

MASTER OF PHARMACY (PHARMACOLOGY) 

 

 

Department of Pharmacology 

Discipline of Pharmaceutical Sciences 

College of Health Sciences 

University of KwaZulu-Natal 

 
As the candidate’s supervisor, I have approved this dissertation for submission 

 

 

 

 
 

Signed: Name: Date: 



iv  

PREFACE 

 
The experimental work described in this dissertation was carried out in the Department of 

Pharmacology, Discipline of Pharmaceutical Sciences, College of Health Science, University 

of KwaZulu-Natal, Durban from April 2018 to March 2019 under the supervision of 

Dr PMO Owira. 

 
The study is an original work of the author and has been submitted in fulfilment of the 

academic requirements for obtaining a Master of Pharmacy Degree in Pharmacology. 

Information from other sources used in this dissertation has been duly acknowledged in the 

text and reference section. 

 

 
 

Khmera Govender 

 

 
 

Dr PMO Owira 



v  

DECLARATIONS 

DECLARATION: PLAGIARISM 

I, Khmera Govender declare that: 

 
1. The research reported in this thesis, except where otherwise indicated, is my original 

work. 

 
 

2. This thesis has not been submitted for any degree or examination at any other university. 

 

 
 

3. This thesis does not contain other persons’ data, pictures, graphs or other information, 

unless specifically acknowledged as being sourced from other persons. 

 
 
4. This thesis does not contain other persons' writing, unless specifically acknowledged as 

being sourced from other researchers. Where other written sources have been quoted, then: 

a) Their words have been re-written but the general information attributed to them has been 

referenced. 

b) Where their exact words have been used, then their writing has been placed in 

italics and inside quotation marks, and referenced. 

 
 
5. This thesis does not contain text, graphics or tables copied and pasted from the internet, 

unless specifically acknowledged, and the source being detailed in the thesis and in the 

References sections. 

 
 

Signed:    



vi  

ACKNOWLEDGEMENTS 

 
This work would not have been possible without the unwavering support of my family. I 

would like to thank my parents whose love and guidance are with me in whatever I pursue. 

They are my ultimate role models. I also wish to thank my amazing husband whose love and 

encouragement has always inspired me to be the best version of myself. 

I am grateful to my supervisor Dr Peter Owira for his invaluable guidance and wisdom 

throughout this project. 

My heartfelt thanks to Ms Kogi Moodley and the staff at the UKZN physiology department 

for their assistance as well as the National Research Foundation (NRF) for financial support. 



vii  

LIST OF ABBREVIATIONS 

 

 
 

ABC Abacavir 

 
ADP Adenosine diphosphate 

 
AIDS Acquired Immunodefiency syndrome 

 
ALAT Alanine transaminase 

 
APV Amprenavir 

 
AST Aspartate aminotransferase 

 
ATP Adenosine triphosphate 

 
AZT/ZDV Zidovudine 

 
Bak BC2-antagonist/killer 

 
Bax Bcl-2 associated X protein 

 
Bcl-2 B-cell CLL/Lymphoma 2 

 
cART Combination antiretroviral therapy 

 
CCl4 Carbon tetrachloride 

 
CCR5 C-C chemokine receptor type 5 

 
CD4 Cluster of differentiation 4 

 
COX-2 Cyclooxygenase-2 

 
CXCR4 C-X-C chemokine receptor type 4 

 
CYP Cytochrome 



viii  

d4T Stavudine 

 
ddC Zalcitabine 

 
ddL Didanosine 

 
DMSO Dimethyl sulfoxide 

 
DNA Deoxyribonucleic acid 

 
DP Diphosphate 

 
DRV Darunavir 

 
EFV Efavirenz 

 
ER Endoplasmic reticulum 

 
ETC Electron transport chain 

 
ETR Etravirine 

 
FADD Fas-associated protein with a death domain 

 
fAPV Fosamprenavir 

 
FFA Free fatty acids 

 
FTC Emtricitabine 

 
GCL Glutamyl cysteinyl ligase 

 
GPx Glutathione peroxidase 

 
GSH Glutathione 

 
GSSG Glutathione disulfate 

 
GST Glutathione S transferase 



ix  

HAART Highly Active Antiretroviral Therapy 

 
HIV Human Immunodeficiency Virus 

 
HIV-RT HIV reverse transcriptase 

 
HO-1 Heme oxygenase 1 

 
HRP Avidin-Horseradish Peroxidase 

 
IDV Indinavir 

 
iNOS Nitric Oxide Synthase 

 
INH Isoniazid 

 
LPV Lopinavir 

 
MAC Maraviroc 

 
Maf Musculoaponeurotic fibrosarcoma 

 
MAPK Mitogen-activated protein kinases 

 
MDA Malondialdehyde 

 
MP Monophosphate 

 
mtDNA Mitochondrial DNA 

 
mtRNA Mitochondrial ribonucleic acid 

 
MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide 

 
NADPH Nicotinamide adenine dinucleotide phosphate 

 
NfV Nelfinavir 

 
NNRTI Non-Nucleoside Reverse Transcriptase Inhibitors 



x  

NQO1 NAD(P)H Quinone Dehydrogenase 

 
Nrf2 Nuclear factor-erythroid 2 related factor 

 
NRTI Nucleoside Reverse Transcriptase Inhibitors 

 
NVP Nevirapine 

 
OATP Organic anion transporting protein 

 
OXPHOS Oxidative phosphorylation 

 
PBS Phosphate buffer solution 

 
P-gp p-glycoprotein 

 
PI Protease Inhibitors 

 
RAL Raltegravir 

 
RIF Rifampicin 

 
ROS Reactive oxygen species 

 
RPV Rilpivirine 

 
RTV Ritonavir 

 
SOD Super Oxide Dismutase 

 
SQV Saquinavir 

 
T-20 Enfuvirtide 

 
3TC Lamivudine 

 
TDF Tenofovir 

 
TNF Tumor necrosis factor 



xi  

TNF-α Tumor necrosis factor-α 

 
TPV Tipranavir 

 
TP Triphosphate 

 
UNAIDS United Nations Programme on HIV/AIDS 

 
UGT UDP-glucuronosyl transferase 

 
WHO World Health Organisation 

 
XO Xanthine oxidase 



xii  

LIST OF FIGURES 

Figure 1: NRTI mechanism of action shown by AZT .............................................................. 8 

Figure 2: Antioxidant defence system..................................................................................... 14 

Figure 3: Chemical structures of naringin and naringenin ...................................................... 17 

Figure 4: The principle of determining SOD activity ............................................................. 29 

Figure 5: SOD activity in cells treated with AZT and/or different concentrations of 

naringenin ................................................................................................................................ 35 

Figure 6: SOD activity in cells treated with d4T and/or different concentrations of 

naringenin ................................................................................................................................ 36 

Figure 7: Catalase activity in cells treated with AZT and/or different concentrations of 

naringenin. ............................................................................................................................... 37 

Figure 8: Catalase activity in cells treated with d4T and/or different concentrations of 

naringenin… ............................................................................................................................ 38 

Figure 9: GPx activity in cells treated with AZT and/or different concentrations of 

naringenin ................................................................................................................................ 39 

Figure 10: GPx activity in cells treated with d4T and/or different concentrations of 

naringenin ................................................................................................................................ 40 

Figure 11: Cell viability in cells treated with AZT and/or different concentrations of 

naringenin ................................................................................................................................ 41 

Figure 12: Cell viability in cells treated with d4T and/or different concentrations of 

naringenin ................................................................................................................................ 42 

Figure 13: Caspase-3 activity in cells treated with AZT and/or different concentration of 

naringenin ................................................................................................................................ 43 

Figure 14: Caspase-3 activity in cells treated with d4T and/or different concentration of 

naringenin ................................................................................................................................ 44 



xiii  

Figure 15: Caspase-9 activity in cells treated with AZT and/or different concentration of 

naringenin ................................................................................................................................ 45 

Figure 16: Caspase-9 activity in cells treated with d4T and/or different concentration of 

naringenin ................................................................................................................................ 46 



xiv  

LIST OF TABLES 

Table 1: Classes of medications currently used to treat HIV infections ................................... 3 



xv  

PULICATIONS 

 
1. Lutu MR, Nzuza S, Mato PEM, Govender K, Mphumelelo Gumede LM, Kumalo 

SI,Mlambo NN, Hurchund R, Owira PMO. DNA polymerase-γ hypothesis in nucleoside 

reverse transcriptase-induced mitochondrial toxicity revisited: A potentially protective role 

for citrus fruit derived naringenin? European Journal of Pharmacology. 2019; 852:159-166. 

2. Govender K, Mato PEM, Nzuza S, Kometsi L, Hurchand R, Gumede L, Kumalo SI. 

Potential hepatoprotective effects of naringenin in combination antiretroviral therapy. Journal 

of Pharmacy and Pharmacology, JPP-19-0358, 24-04-2019, Manuscript has been submitted. 



xvi  

TABLE OF CONTENTS 

 

Contents 
ACKNOWLEDGEMENTS ...................................................................................................... vi 

LIST OF ABBREVIATIONS .................................................................................................. vii 

LIST OF FIGURES ................................................................................................................. xii 

LIST OF TABLES .................................................................................................................. xiv 

PULICATIONS ....................................................................................................................... xv 

ABSTRACT ..........................................................................................................................xviii 

CHAPTER ONE ........................................................................................................................ 1 

Introduction ................................................................................................................................ 1 

1.1 HIV Epidemiology ............................................................................................................... 1 

1.2 Antiretroviral Drugs ............................................................................................................. 2 

1.3 Antiretroviral-associated hepatotoxicity .............................................................................. 5 

1.4 Nucleoside/Nucleotide Reverse Transcriptase Inhibitors: Mechanisms of hepatotoxicity .6 

1.5 Mitochondrial DNA polymerase-gamma hypothesis .......................................................... 7 

1.6. Pharmacogentics of Nucleoside Reverse Transcriptase Inhibitors ................................... 12 

1.7. Mitochondrial oxidative stress .......................................................................................... 12 

1.8 Antioxidants ....................................................................................................................... 13 

1.9 Naringenin.......................................................................................................................... 16 

1.9.1 Nuclear factor-erythroid 2 related factor hypothesis ...................................................... 20 

1.9.2 Naringenin and hepatocyte apoptosis ............................................................................. 21 

1.10 Hypothesis........................................................................................................................ 25 

1.11 Aims and objectives ......................................................................................................... 25 

CHAPTER TWO ..................................................................................................................... 26 

Materials and methods ............................................................................................................. 26 

2.1 Chemicals and reagents ...................................................................................................... 26 

2.2 Experiment ......................................................................................................................... 26 

2.2.1 Cell Culture ..................................................................................................................... 26 

2.2.2 Trypsinisation and cell counting ..................................................................................... 26 

2.2.3 NRTI and naringenin preparation ................................................................................... 27 

2.2.4 Cell exposure .................................................................................................................. 27 

2.2.4.1 Effects of NRTIs on cells ............................................................................................. 27 

2.2.4.2 Effects of naringenin on NRTI-exposed cells .............................................................. 27 

2.3 Biochemical assays ............................................................................................................ 27 



xvii 

 

2.3.1 Cell viability assay .......................................................................................................... 28 

2.3.2 Superoxide dismutase assay ............................................................................................ 28 

2.3.3 Catalase assay ................................................................................................................. 30 

2.3.4 Glutathione peroxidase assay .......................................................................................... 30 

2.3.5 Caspase-9 enzyme-linked immunosorbent assay (ELISA) assay ................................... 32 

2.3.6 Caspase-3 ELISA assay .................................................................................................. 33 

2.4 Statistics ............................................................................................................................. 34 

CHAPTER THREE ................................................................................................................. 35 

Results ...................................................................................................................................... 35 

3.1 Antioxidants assay ............................................................................................................. 35 

3.1.1 Superoxide dismutase (SOD) assay ................................................................................ 35 

3.1.2 Catalase activity .............................................................................................................. 36 

3.1.3 Glutathione-peroxidase (GPx) activity ........................................................................... 38 

3.1.4 Cell viability.................................................................................................................... 40 

3.2 Apoptosis Assays ............................................................................................................... 42 

3.2.1 Caspase-3 Assay ............................................................................................................. 42 

3.2.2 Caspase-9 Assay ............................................................................................................. 44 

CHAPTER FOUR .................................................................................................................... 47 

4.1 Discussion .......................................................................................................................... 47 

4.2 Conclusion ......................................................................................................................... 56 

REFERENCES ........................................................................................................................ 57 

APPENDICIES ........................................................................................................................ 68 

Appendix 1 ............................................................................................................................... 68 

Appendix 2 ............................................................................................................................... 69 



xviii  

ABSTRACT 

 
Introduction: Nucleoside Reverse Transcriptase Inhibitors (NRTIs) are known as the 

backbone of Combination Antiretroviral Therapy. Metabolic complications such as 

hyperlactatemia, steatosis, steatohepatitis, hepatomegaly, and abnormal liver functions have 

been associated with NRTI treatment, which potentially contribute to poor patient compliance 

and adherence. Studies suggest that NRTIs inhibit mitochondrial DNA pol-γ, generate 

reactive oxygen species and cause defective oxidative phosphorylation as the underlying 

mechanism of mitochondrial dysfunction in the liver and other tissues. Oxidative stress 

induced by NRTIs contributes to and initiates the progression of liver injury. Naringenin, a 

plant-derived flavanone has demonstrated antioxidant, and anti-apoptotic properties that may 

be useful in ameliorating NRTI-induced hepatocyte injury. 

Aim: To investigate the potential protective effects of naringenin in NRTI-induced oxidative 

stress and apoptosis in Chang cells. 

Methods: Chang cells in culture medium were exposed to steady state plasma concentrations 

of stavudine (4 μM), zidovudine (7.1 μM) and treated with or without naringenin (10-50 μM) 

for 24 hours, to determine the antioxidant and anti-apoptotic effects of naringenin on NRTI- 

exposed cells using Super Oxide Dismutase (SOD) assay, Catalase assay, Glutathione 

peroxidase (GPx) assay, MTT assay, and Caspase-3 and -9 assay respectively. 

Results: Cell viability, SOD, catalase and GPx activities were significantly reduced by AZT 

and d4T respectively. Treatment with increasing concentrations of naringenin significantly 

improved cell viability and increased SOD, GPx and catalase activities in cells treated with 

AZT and d4T. Furthermore, co-treatment with naringenin in AZT and d4T treated cells 

significantly reduced caspase-3 and caspase-9 activities. 
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Conclusion: AZT and d4T induce oxidative stress and apoptosis in Chang cells. Treatment 

with naringenin protected the cells against oxidative damage and consequently prevented 

apoptosis in a dose-dependent manner. Our results therefore suggest further investigation into 

being used naringenin as a reliable nutritional supplement that could ameliorate NRTI- 

induced   hepatic   injury   caused   by   oxidative   stress   and   apoptosis   in   HIV   patients. 
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CHAPTER ONE 

 
Introduction 

 

1.1 HIV Epidemiology 

 
According to United Nations Programme on HIV/AIDS (UNAIDS) reports, an estimated 

 

76.1 million people have been infected with Human Immunodeficiency Virus (HIV) since the 

Acquired Immunodefiency Syndrome (AIDS) epidemic began [1]. Recent statistics show that 

36.7 million people are living with HIV infections [1]. Majority of people living with HIV  

are from low and middle income countries [2]. Of the 36.7 million people infected with HIV, 

70% of people newly infected and living with HIV are from sub-Saharan Africa, more so, 

Eastern, Central and Southern Africa. Women are the most affected, accounting for 59% of 

the population living with HIV in sub-Saharan Africa, which accounts for 43% of the 

worldwide total of new HIV infections [1]. South Africa has the highest number of HIV 

patients despite the relatively low population. Statistics indicate that 20% of South Africa’s 

population are either newly infected or living with HIV [2]. Recent statistics show that there 

have been 110 000 AIDS related deaths in South Africa alone [3]. 

The overall number of people living with HIV has increased, not only due to the number of 

new infections, but this is also attributed to the introduction of more widely obtainable 

antiretroviral therapy (ART) [2]. The increased availability of combination antiretroviral 

therapy (cART) has led to a dramatic rise in life expectancy in HIV-infected patients [4], 

which has averted approximately 5.2 million AIDS-related deaths in low- and middle income 

countries from 1995 to 2010 [5]. In South Africa, 56% of the population living with HIV are 

on ART [3]. 
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1.2 Antiretroviral Drugs 

 
Significant developments in the efficacy of and tolerability to antiretroviral (ARV) drugs has 

reduced plasma viral loads, prevented transmission, and slowed down the progression of HIV 

infection, thereby enhancing life expectancy and improving quality of life [2, 6]. Although 

there is no curative treatment available for HIV, the advent of ARV drugs has changed the 

HIV infection to a chronic and manageable condition, rather than a terminal illness [7]. 

Currently, there are 6 classes of ARV drugs available namely, Nucleoside/Nucleotide  

Reverse Transcriptase Inhibitors(NRTIs); Non-Nucleoside Reverse Transcriptase Inhibitors 

(NNRTIs); Protease Inhibitors (PIs); Fusion Inhibitors (FIs); Integrase Inhibitors and Co- 

Receptor/Entry Inhibitors [8] (Table 1). 



3  

Table 1: Classes of medications currently used to treat HIV infections [6, 9, 10, 11]. 
 

Classes of ARVs Drug name Mechanism of action 

Nucleoside/Nucleotide 

Reverse Transcriptase 

Inhibitors(NRTIs) 

Abacavir (ABC) 

Zidovudine 

Didanosine (ddI) 

(AZT/ZDV) 

Emtricitabine (FTC) 

Lamivudine (3TC) 

Stavudine (d4T) 

Tenofovir (TDF) 

Zalcitabine (ddC) 

Counterfeit incorporation 

mechanism leading to 

termination of viral cDNA 

chain elongation via inhibition 

of reverse transcriptase. 

Non-Nucleoside Reverse 

Transcriptase Inhibitors 

(NNRTIs) 

Efavirenz (EFV) 

Etravirine (ETR) 

Nevirapine (NVP) 

Rilpivirine (RPV) 

Inhibit viral reverse 

transcriptase by allosteric 

hindrance leading to 

termination of viral cDNA 

chain elongation 

Protease Inhibitors (PIs) Amprenavir(APV) 

Nelfinavir (NfV) 

Atazanavir(ATV) 

Ritonavir(RTV-booster) 

Darunavir (DRV) 

Fosamprenavir(fAPV) 

Saquinavir (SQV) 

Indinavir(IDV) 

Tipranavir (TPV) 

Lopinavir (LPV) 

Inhibit viral proteases, which 

cleave viral polyproteins into 

mature functional proteins 

hence they block viral 

maturation. 

Fusion Inhibitors (FIs) Enfuvirtide (T-20) Inhibits fusion of the viral 

envelope with CD4 cell’s 

membrane C-region gp41 

sequences 

Integrase Inhibitors Raltegravir (RAL) Block integration of proviral 

DNA into the CD4 cell 

chromosomal DNA 

Co-Receptor/Entry 

Inhibitors 

Maraviroc (MAC) Chemokine CCR5 receptor 

antagonist. Blocks entry of the 

viral RNA into the CD4 cell. 



4  

 

 

NRTIs are structural analogues of innate nucleosides which competitively bind to the active 

site of HIV reverse transcriptase. Hence, NRTIs terminate chain elongation by counterfeit 

incorporation mechanism [12, 13]. NNRTIs non-competitively bind to the hydrophobic 

pockets of the reverse transcriptase enzyme and induce conformational changes which  

reduces its catalytic activity thus preventing replication of the reverse transcriptase enzyme 

[14, 15]. Protease inhibitors bind to the substrate side of the HIV protease enzyme thus 

inhibiting the final maturation for the production of mature viral proteins which proceed to 

infect  other  cells  [16].  Integrase  inhibitors  block  the  active  site  of  Mg
2+   

within  HIV-1 

 

integrase, thus preventing the active site from binding to target genomic DNA strand. This 

prevents the integration of viral DNA in the host’s nuclear genome [17]. Fusion inhibitors 

block the fusion of the virus particles on the outer cell membrane by engaging in a coil-coil 

interaction with regions of viral glycoprotein gp41 [18]. Co-receptor Inhibitors or entry 

inhibitors bind to CCR5 or CXCR4 receptors. This prevents the interaction of viral  gp120 

and the CD4 receptor which is required in order to enter target cells [18, 19] (Table 1). 

cART involves the use of a combination of ARV classes to sufficiently suppress the viral 

replication of HIV within the host. The goal of cART is to reduce the plasma viral load to  

less than 50 HIV RNA copies and increase CD4 counts [14]. Current international guidelines 

for management of HIV use 3 classes of drugs, which includes two NRTIs combined with  

one NNRTI or PI or Integrase inhibitor [6, 20, 21]. NRTIs was the first class of ARVs to 

become approved for the treatment of HIV and remain the backbone of cART [14]. The use  

of FDC’s has improved adherence to therapy, lowered the cost of generic fixed-dose 

combinations, reduced pill burden and reduced the occurrence of opportunistic infections.  

The combination of NRTIs prescribed is based on patient tolerability profile as well as risk of 



5  

potential side-effects [12]. Several ARVs however, have been removed from therapeutic 

regimens due to the development of undesirable adverse-effects [6]. 

1.3 Antiretroviral-associated hepatotoxicity 

 
The use of cART is associated with toxicities and since patients are on chronic treatment with 

cART, adverse-effects are becoming a major safety concern. In particular, ARV-associated 

hepatotoxicity and related diseases are becoming increasingly more prominent in HIV- 

infected patients [22, 23]. Hepatotoxicity is one of the foremost causes of non-AIDS related 

deaths and accounts for approximately 13%-18% of all-cause mortality in people infected 

with HIV [24]. A study done on adverse-events of ARV drugs in 33 000 patients indicated 

that while viral infections are a major cause of liver disease, 2.3% of total non-AIDS related 

deaths in this study occurred due to cART treatment [25]. Clinical findings in a retrospective 

study done in South America in 6000 HIV-infected patients on ART found that while co- 

infection with viral hepatitis may have been a contributing factor, terminal liver failure or 

cirrhosis is the leading cause of death in 54 out of 130 deaths in this study [26]. A cohort 

study in 2365 HIV-infected individuals in Switzerland, in the absence hepatitis infection, 

found that 16% had chronically elevated Alanine transaminase (ALAT). Prolonged ART 

exposure was found to be one of the risk factors associated with elevated ALAT [27]. 

The liver is a vital organ which is responsible for the biotransformation of xenobiotics [28]. 

The incidence of hepatotoxicity has been noted with the use of all current ARV drug 

regimens [29]. Clinical presentations of hepatotoxicity range from asymptomatic elevations  

of ALAT or Aspartate aminotransferase (ASAT) levels to hepatic failure in HIV-infected 

patients [30]. Severe disintegration of liver functioning is associated with jaundice, 

coagulopathy, markedly elevated ALAT levels and even death [24]. Milder cases of ARV- 

associated hepatotoxicity are usually reversible and are characterized by abnormal serum 

aminotransferase levels with or without    clinical symptoms of hepatotoxicity [31]. There are 
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many factors which contribute to the hepatic effects of a particular drug, such as age, stage of 

HIV disease, comorbidities, concurrent use of alcohol as well as drug-drug interactions, 

hepatic metabolism and intrinsic hepatic effects [29, 32]. Mechanisms of liver injury in HIV 

patients caused by ARVs include mitochondrial injury, lipotoxicity, accumulation of toxic 

metabolites and oxidative stress [33]. 

In 2010 the WHO recommended the discontinuation of d4T in therapy, despite its superior 

virological efficacy, due to significant long term toxicity [34]. Fortuin-de Smidt M et al later 

reported that d4T had a 30.8 times more likelihood of experiencing treatment-limiting  

toxicity relative to patients on ABC [35]. The long term adverse effects associated with d4T 

use include lactic acidosis, severe hepatomegaly with steatosis and lipodystrophy. In addition, 

AZT has been associated with incidence of severe hepatotoxicity [36]. 

Common cART toxicities hamper the patient’s ability to adhere to therapy, yet adherence is 

essential in order to curb the increasing incidence of drug resistance. Identification and 

awareness of these toxicities are vital in order to facilitate patient adherence and to determine 

when an intervention in therapy may be required [37]. 

1.4 Nucleoside/Nucleotide Reverse Transcriptase Inhibitors: Mechanisms of 

hepatotoxicity 

NRTIs are known to cause cardiomyopathy, neuropathy, myopathies, hyperlactatemia, lactic 

acidosis, hepatic steatosis, insulin resistance, hepatomegaly and diabetic mellitus [38]. NRTI- 

associated hepatotoxicity was reported early in the epidemic and research continues to point  

to mitochondria as a target for injury [39, 40]. Mitochondria are responsible for the normal 

functioning of metabolic processes such as adenosine triphosphate (ATP) production, fatty 

acid metabolism, calcium signalling, cellular metabolism, steroid synthesis, heme production, 

apoptosis and autophagy in eukaryotic cells [41]. 
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NRTIs have been shown to exercise toxic effects on mitochondria and the extent of damage 

was observed during chronic exposure to NRTIs. Studies have reported the presence of 

different NRTI pathogenic mechanisms [42-44]. Hepatotoxicity is prominent as the liver has 

a relatively large number of mitochondria due to its high energy demand. The “DNA pol-γ 

hypothesis” together with oxidative stress and acquired mitochondrial DNA (mtDNA) 

mutations form the pathophysiological mechanisms involved in NRTI-induced hepatotoxicity 

[45]. In order for pathophysiological events to occur, damage would have to reach threshold 

in order to have a detrimental impact on organ function [46]. 

1.5 Mitochondrial DNA polymerase-gamma hypothesis 

 
Mitochondria possess their own DNA which encodes genes involved in the process of 

oxidative phosphorylation (OXPHOS), which produces energy in the form of ATP. 

Mitochondrial DNA (mtDNA) are more susceptible to damage possibly due to the absence of 

repair enzymes for mtDNA error excision, lack of histone protection, as well as mtDNA 

being in close subcellular proximity to reactive oxygen species (ROS) [46, 47]. Studies show 

that NRTIs inhibit the activity of mtDNA pol-γ (pol-γ) which is an enzyme responsible for  

the replication and repair of mtDNA [48-50]. These inhibitory effects are thought to be 

caused by the active metabolites of NRTIs. NRTIs are converted by intracellular 

deoxynucleotide kinases to their active moieties (“monophosphate (−MP), diphosphate 

(−DP), and triphosphate (−TP) nucleotides”) via the endogenous deoxynucleotide 

phosphorylation processes (Figure 1). The phosphorylation of NRTIs differs with the tissue 

and mitotic state of the cell [43]. This inhibition of mtDNA pol-γ is cumulative and toxic 

manifestations increase with prolonged exposure. The mechanism appears to be the 

competition of active NRTI nucleotide with innate nucleotide pools at the nucleotide binding 

site of DNA pol-γ [42, 51]. Therefore, competitive inhibition of DNA pol-γ leads to reduced 

mtDNA copies and an increase in mutations within mtDNA. The depletion of mtDNA and 
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the increase in mutated mtDNA causes inhibition of synthesis of adequate proteins required 

for OXPHOS. Interference with OXPHOS causes energy loss (decreased ATP production) 

and an increase in electron leakage from electron transport chain (ETC) into the 

mitochondrial matrix, which leads to a rise in ROS levels. The presence of ROS causes 

further oxidative damage [47]. The impairment of OXPHOS and oxidative damage to cellular 

components in addition to the delay in cell cycle progression, ultimately causes hepatocyte 

apoptosis [52]. 

 

 

 
 

 
Figure 1: NRTI mechanism of action shown by AZT [53] 
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Moreover, NRTIs terminate nascent mtDNA synthesis, as mtDNA lack a 3-OH group on 

their pentose rings, which prevents the subsequent incorporation of nucleoside analogues 

(Figure 1). This consequently inhibits the formation of phosphodiester bond formation, and 

terminates mtDNA chain elongation. The continuation of mtDNA polymerization is 

prevented. Termination of chain elongation decreases mtDNA copies. Reduced mtDNA 

copies and inadequate expression of mutated mitochondrial-encoded genes involved in ETC 

transport further contributes to defective OXPHOS [46, 54]. 

The introduction of mutations into mtDNA occurs during mitochondrial polymerization. 

Therefore, the accumulation of faulty mtDNA results in energy depletion which leads to a 

pathophysiological chain of events. This seems to be supported by the presence of MDA 

on/near mitochondrial membrane due to cross-linking or deletion errors in transcription or 

mtDNA polymerization [42]. Our laboratory has reported that NRTI therapy has been 

associated with an increase in ROS, MDA production and carbonyl proteins (end products of 

protein oxidation) and decrease in antioxidant enzyme activity [38]. Furthermore, NRTIs are 

removed from mitochondria at a slow rate and have been found to inhibit the activity of 3’-5’ 

exonucleases [55]. Exonucleases have proof reading activity during DNA replication and  

play a key role in maintaining genome stability [56]. Human pol–γ possesses 3’ and 5’ 

exonucleases which are able to remove nucleoside analogues to reduce the toxicity of a drug 

[57]. Studies have found that AZT-MP inhibits exonuclease functioning to a greater extent, 

thus pol-γ is unable to efficiently remove AZT from endogenous DNA, leading to the 

accumulation of high levels of AZT [46]. The accumulation of AZT in the mitochondria 

contributes to oxidative damage [58]. In addition, the azido group of AZT causes steric 

hindrance to the hydrogen bonding of Glu-200 with OH anion which leads to resistance of 

exonucleolytic cleavage. Moreover, faulty exonuclease activity leads to mutations in 

mitochondrial DNA, leading to impaired OXPHOS [59]. 
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A study by Lund et al [43] argued that it is becoming a norm to invoke the “DNA pol-γ 

hypothesis” in the absence of evidence representing the complete pathogenic mechanism 

involved in NRTI-induced hepatotoxicity, namely mtDNA depletion, mtRNA depletion and 

respiratory complex dysfunction, or oxidative stress [43]. Furthermore, studies have shown 

that AZT significantly increases ROS production but least depleted mtDNA, while ddC and 

ddl significantly depleted mtDNA without significantly increasing lactate or superoxide 

production. AZT exposure therefore caused increased oxidative damage which correlates  

with previous findings of AZTs pro-oxidant effects [47, 60]. This supports claims that AZT- 

triphosphates have a low affinity for mtDNA pol-γ, and instead acutely induces elevation of 

ROS and change the functionality of respiratory complexes I and III with long term exposure 

[43, 60]. 

Studies show that AZT causes chain termination and promotes ROS production leading to 

mtDNA depletion and inhibition of OXPHOS [47]. Oxidative stress can disrupt mtDNA 

replication by oxidizing mtDNA templates. In addition, DNA- pol-γ is very susceptible to 

oxidative damage [44]. In vivo and in vitro studies confirm these mechanisms as NRTI 

treatment has shown reduced antioxidant enzyme activity as well increased MDA production 

[38, 45]. This accounts for AZT-induced cytotoxicity without the involvement of pol-γ. 

Furthermore, d4T causes disruption of the mitochondrial respirator chain which leads to  

lactic acidosis [50]. 

Therefore, while the pol-γ hypothesis is a valuable model to depict hepatotoxicity, it is not  

the exclusive mechanism by which NRTIs exert adverse effects. The varying degree to which 

NRTIs inhibit DNA pol-γ is further proof that hepatotoxicity is exhibited via additional 

mechanisms as well as the differences in prodrug activation in varying tissues [43, 60]. 

Phosphorylation of active AZT and d4T preferentially takes place in proliferating cells 

whereas ddC and ddI become activated in resting cells [60]. 
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Early research done to determine the mechanism of NRTI-induced mitochondrial toxicity 

found NRTI-TPs to be substrates for cellular DNA polymerases. The general inhibitory effect 

of NRTIs on polymerases relative to HIV-Reverse Transcriptase is HIV-RT ˃˃ DNA pol c > 

DNA pol b > DNA pol a = DNA pol e. NRTIs have the highest affinity for DNA pol-γ [61]. 

The “DNA pol-γ hypothesis” suggests that various factors play a role in the ability of NRTIs 

to cause long term mitochondrial toxicity such as (i) tissue-specific drug penetration and 

metabolism, (ii) tissue polymorphism in mitochondrial DNA pol c, (iii) the target tissue   

stores of natural nucleotides, and (iv) the dependency of a specific tissue on mitochondrial 

function. The incidence of NRTI-induced hepatotoxicity varies across the range of drugs. 

ddC, ddI, d4T, and AZT have a higher potential of inducing mitochondrial toxicity compared 

to 3TC, ABC, TDF or FTC [44]. The extent to which NRTIs deplete mtDNA showed an 

overall rank-order of ddC > ddI > d4T >> AZT ≥ 3TC = ABC = TDF which correlates with 

the potential of these drugs to impede DNA pol-γ activity [60, 61]. Venoff et al showed that 

NRTIs can be subdivided according to their ability to inhibit liver cell proliferation with or 

without inhibiting pol-γ in vitro [62]. ddC, ddL, and d4T have a higher affinity for pol-γ and 

impair mtDNA replication in hepatocyte to a greater extent as well as inhibit mtDNA- 

encoded respiratory chain subunits interfere with cell division, enhance lipid  levels  and 

lactate production [59]. Whereas the active metabolites of TFV, 3TC, FTC, AZT and ABC 

show much weaker interaction with DNA pol-γ which supports earlier reports [62]. 

NRTIs used in combination results in increased mitochondrial toxicity. FTC 5’-triphosphate 

has been found to be a weak inhibitor of mammalian DNA pol-γ [59]. Toxicity studies in 

vitro support the findings that 3TC and FTC mono-exposure is essentially not toxic [62]. 

However, NRTIs are usually administered in combination and 3TC was found to enhance the 

cytotoxic effects of AZT despite the lack of mitochondrial toxicity when 3TC is administered 

alone [59]. Venhoff et al observed that both cytidine analogues FTC and 3TC exacerbated the 



12  

toxicity of ABC and AZT in vitro [62]. The study proposed that the mechanism for 

comparatively early toxicity of AZT could be the binding of AZT to adenylate kinase and 

inhibition of the ADP-ATP translocator [62]. It has been reported that AZT inhibits  

thymidine phosphorylation in liver mitochondria and disrupts the synthesis and availability of 

natural pyrimidines which compete with AZT at DNA pol-γ as well as generate ROS  

resulting in oxidative damage [15, 63]. A review on the mechanisms of NRTI toxicity 

suggests that intramitochondrial transport, compartmentalization and phosphorylation to 

active moieties of NRTIs by host cell also play a subcellular role in pharmacological 

mechanisms [47]. 

1.6. Pharmacogentics of Nucleoside Reverse Transcriptase Inhibitors 

 
NRTI-induced mitochondrial toxicity is a complex phenomenon involving many factors. 

Genetic predisposition to hepatotoxicity is an emerging reality in pharmacogenetics. 

Pharmacogenetics refers to the effects of gene polymorphism on therapeutic drug outcomes. 

Factors such as usage of medication, gender, elevated CD4 counts and genetic factors play a 

role in the development of mitochondrial toxicity [64, 65]. Studies have found that ABC 

hypersensitivity has been strongly related to genetic allele HLA-B*57:01 [66]. NRTI uptake 

into the liver as well as intracellular phosphorylation influences the extent of mitochondrial 

toxicity [65]. Therefore, gene polymorphism on transport proteins such as p-glycoprotein (P- 

gp) and MRP2 and MRP4 are vital in determining intracellular concentrations of NRTIs [67]. 

Therefore, there is a need for additional investigations into genetic risk factors that are 

responsible for ARV-induced side effects such as hepatotoxicity. 

1.7. Mitochondrial oxidative stress 

 
Oxidative stress amplifies the pathophysiological and phenotypic effect of NRTI-induced 

mitochondrial toxicity. Oxidative stress plays a vital role in the pathophysiology of 

hepatotoxicity, whereby free radicals attack cell membranes, lipids and    proteins resulting in 



13  

cellular and tissue injury [46, 47]. ROS are involved in the regulation of cellular functions 

such as gene expression for growth and death promotion, signal transduction pathways and 

defence against invading microorganisms [68]. Superoxide (O
-2

), hydroxyl radicals (OH·), 

and peroxyl radicals as well as non-radicals such as hydrogen peroxide (H2O2), hypochlorous 

acid and o-zone are produced as by-products of normal aerobic metabolism, and are known   

as ROS [69]. Since liver plays an integral role in metabolic homeostasis, the high metabolic 

activity within the liver makes it a major target for attack by ROS [70]. 

Oxidative stress occurs when ROS overpowers the detoxification and scavenging ability of 

antioxidant defences, leading to damaged cell components [71]. Under normal physiological 

conditions the body has the ability to maintain homeostasis by removing ROS, in order to 

prevent lipid peroxidation, DNA strand breakage and indiscriminate oxidization of molecules 

in biological membranes. High levels of ROS induce cell death via necrotic and/or apoptotic 

mechanisms [69, 68, 72]. Parenchymal cells in the liver are often targets for oxidative stress- 

induced liver injury. Kupffer cells, hepatic stellate cells and endothelial cells  have been  

noted to be more sensitive to oxidative stress. Additionally, a variety of cytokines such as 

TNF-alpha induced by oxidative stress can be produced in Kupffer cells, resulting in 

increased inflammation and apoptosis [71]. Furthermore, lipid peroxidation caused by 

oxidative stress, prompts the proliferation and collagen synthesis of hepatic stellate cells [23]. 

1.8 Antioxidants 

 
Antioxidants are substances that are capable of delaying or inhibiting oxidation in low 

concentrations. They decrease the concentration of oxidants, neutralize metal ions to reduce 

the formation of ROS, convert peroxides into less reactive products, avoid initiation of chain 

reactions and end the formation of propagation of free radicals [68, 69]. The effects of ROS 

can be neutralized by enzymatic and non-enzymatic antioxidant mechanisms. These include 

low  molecular  weight  compounds  (such  as  ascorbic  acid  (vitamin  C),   alpha-tocopherol 
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(vitamin E) and glutathione (GSH)) and enzymes with antioxidant activity (superoxide 

dismutase, glutathione peroxidase and catalase) [32]. 

 

 

Figure 2: Antioxidant defence system [73]. 

 
Cytochrome C and carrier co-enzyme Q as well as four inner membrane associated  

complexes (complex I-IV) are responsible for electron flow across the mitochondrial ETC. 

The ETC produces ROS namely, superoxide, hydrogen peroxide and hydroxyl radical. 

Superoxide is continuously produced by ETC at ETC complexes I (NADH dehydrogenase) 

and III (umbisemiquinone). Superoxide is transformed by mitochondrial enzyme manganese 

superoxide dismutase (MnSOD) to hydrogen peroxide [74]. Consequently, hydrogen  

peroxide is converted by glutathione peroxidase (GPx) or catalase (CAT) to water molecule, 

resulting in the detoxification of the ROS. GPx converts H2O2 and other lipid peroxides to 

water and glutathione disulfate (GSSG) in the presence of GSH [68, 75]. GSSG is further 

catalysed   by   glutathione   reductase   (GST)   in   the   presence   of   nicotinamide  adenine 
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dinucleotide phosphate (NADPH) back to GSH (Figure 2). GSH is therefore an important co- 

factor of several detoxifying enzymes. GSH is further responsible for directly scavenging 

hydroxyl radicals and single oxygen to produce thiyl radicals via glutathione peroxidase; 

regeneration of antioxidants vitamin E and C to active forms and involvement of amino acid 

transport through plasma membrane. Increased generation of H2O2  causes the production   of 

OH· via Fenton reaction in the presence of ferrous (FE
2+

) and via Haber-Weiss reaction   [69, 
 

72]. If rapid detoxification of ROS does not take place, the ROS oxidize mitochondrial 

components causing protein cross linkage, DNA fragmentation, phospholipid peroxidation 

and activation of stress and inflammatory pathways [48]. 

NRTIs have been reported to induce oxidative stress [48]. Inhibition of DNA polymerase-γ  

by NRTIs results in the production of ROS and altered expression of protein components of 

the respiratory chain. It has been reported that NRTIs diminish OXPHOS due to inhibition of 

ETC complex proteins, particularly NADH-CoQ reductase and Cytochrome c Oxidase. 

Cytochrome c oxidase, the fourth ETC complex, is where the final coupling of electrons 

occurs, leading to the formation of water and ATP [75]. Our laboratory has previously 

reported that NRTIs inhibit Cytochrome c oxidase production and activity, suggesting 

mitochondrial toxicity [38]. Studies have established that exposure of mtDNA to ROS results 

in extensive DNA strand breakage and degradation of deoxyribose [48]. Lewis has previously 

suggested that mtDNA mutations on a large scale would possibly result in inactivation of 

complex I as mtDNA contributes largely to the composition of the ETC complex [46]. 

Deficiency of complex I would result in increased superoxide production and further increase 

oxidative stress. Oxidation of mtDNA by hydroxyl radical leads to the formation of oxidized 

base 8-hydroxydeoxyguanosine, which is present at a rate 16 times greater in hepatic mtDNA 

than nuclear DNA. Thus, indicating that mtDNA is more prone to oxidative damage 

compared to nuclear DNA [46, 68]. 
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It has been established that mitochondria produce ATP as a primary source of energy to 

hepatocytes. Any process which impairs mitochondrial functioning would therefore cause 

hepatic injury. Increased stress on the endoplasmic reticulum (ER) is the primary mechanism 

that leads to mitochondrial injury. This increased ER stress is triggered by various 

mechanisms, with a final common pathway which results in apoptosis and increased 

macrophage activation and beta-oxidation of accumulated fatty acids within the liver and 

increased production of inflammatory cytokines [76]. In addition, NRTIs directly cause 

mitochondrial toxicity by increasing lipid content of cell membranes leading to ER stress 

resulting in mitochondrial dysfunction [64, 76]. Lipotoxicity in the liver is due the deposition 

of free fatty acids (FFA). Peroxidation of these FFA leads to increased ROS and ER stress 

which results in liver damage and fibrosis [77, 78]. 

1.9 Naringenin 

 
Naringenin (4′,5,7-trihydroxyflavanone) is a natural flavanone found in grapefruit, tomatoes 

and related citrus species. Naringenin possesses diverse biological and pharmacological 

properties such as, anti-apoptotic, anti-diabetic, neuroprotective, hepatoprotective, anti- 

inflammatory, metal chelating, anti-microbial, anti-mutagenic, anti-cancer, free radical 

trapping, and antioxidant properties [79-82]. The distinct bitter taste of grapefruit juice is 

attributed to naringenin [83]. Moreover, naringenin has been shown to have no  known 

toxicity [84]. Studies on the acute toxicity of naringin have found that a dose of Carissa 

carandas extract, which has a high content of naringin, at 5000 mg/kg showed no deaths or 

toxic symptoms in rats [85]. When naringin is administered orally, it is hydrolysed in the gut 

by alpha- rhamnosidase and beta-glucosidase enzymes to yield an absorbable metabolite, 

naringenin [75]. 
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Figure 3: Chemical structures of naringin and naringenin [86]. 

 
Once naringin is hydrolysed by enteric microflora to aglyclone naringenin, it is subsequently 

absorbed in the intestinal barrier and metabolized by intestinal and liver cells to glucuronides 

and sulphoglucuronides [87, 88]. A review by Bharti et al [89] highlighted that naringin is 

concentrated in the liver and bile due to active transport. Research shows naringenin to be 

readily absorbed into cells by transcellular diffusion, due to its lipophilic nature [89]. 

Naringenin is also transported via an energy-dependent system mediated by multidrug 

resistance-associated protein 1 (MRP1) carriers and has an affinity for active efflux protein 

carriers P-glycoprotein (P-gp) and MRP2 [90]. Hernandez-Aquino et al [91] report that in the 

liver, naringenin enters hepatocytes via organic anion transporting protein-B (OATP -B) and 

is conjugated by UDP-glucuronosyl transferase (UGT), sulfotransferase and catechol-O- 

methyltransferase to naringenin-glucuronides before entering the blood circulation [91]. 

However, a study by Chabane et al [90] found that naringenin is not a substrate for OATP-B 

but rather modulates the expression of this protein carrier resulting in drug or food 

interactions. Interestingly, an in vivo study [80] using a rabbit model reported naringenin to 

possesses poor oral bioavailability of 4%. The hydrophobic ring structure accounts for the  

low solubility and minimal bioavailability [92].  In addition,  it  has  been  demonstrated   that 
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naringenin has a low bioavailability of 5.8% after 3.5 h of administration of 135 mg 

naringenin to six healthy volunteers which was attributed to the inter-individual variation in 

gut flora [88]. 

Naringenin has three hydroxyl substitutions which are capable of donating hydrogen to free 

radicals, thus scavenging ROS. Naringenin is stabilized by resonance due to the presence of 

aromatic, heterocyclic rings and multiple unsaturated bonds [93]. The B ring in the flavonoid 

structure can stabilize the hydroxyl, peroxyl and peroxynitrite radicals to form a stable 

flavonoid radical (Figure 3). The relationship between 5-OH and 4-oxo plays an integral role 

in naringenin’s ability to chelate heavy metal compounds [91]. Naringenin lacks the sugar 

moiety present on naringin, and is therefore more potent than naringin, as the sugar moiety 

causes steric hindrance to the scavenging group [83]. 

Naringenin is known to scavenge ROS, prevent free radical attack, thus improve oxidative 

stress [94, 95]. Oxidative stress amplifies the pathophysiological and phenotypic effects of 

NRTI-induced hepatotoxicity. Oxidative stress plays a vital role in the pathophysiology of 

hepatotoxicity, whereby free radicals attack cell membranes, lipids and proteins resulting in 

hepatocyte and tissue injury [72, 71]. Naringenin has been noted to upregulate SOD, CAT, 

GPx and GST enzymes [87, 96]. This is consistent with the hypothesis that naringenin 

increases protein content and mRNA levels of hepatic antioxidant enzymes which is essential 

for enzyme production [91]. Naringenin further increases GSH/GSSG ratio [96]. GSH is a 

non- enzymatic antioxidant which detoxifies ROS, and is involved in thiol disulphide 

exchange and storage and transfer of cysteine. GSH is therefore an important co-factor of 

several detoxifying enzymes. In addition, GSH is responsible for scavenging hydroxyl 

radicals and single oxygen directly producing thiyl radicals via GPx; regeneration of 

antioxidants vitamin E and C to active forms and involvement of amino acid  transport 

through plasma membrane [72]. 
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Another proposed mechanism for naringenin’s antioxidant effects is its ability to reduce cell 

membrane fluidity due to its lipophilic interaction with the polar heads of phospholipids. This 

lipophilic interaction stabilizes the cell membrane and decreases the interaction of free 

radicals and lipids, thus ameliorating lipid peroxidation [97] and protecting the cell  

membrane [75, 71]. Multiple studies have shown that naringenin is capable of reducing lipid 

peroxidation in the liver [94, 96, 98]. Therefore, the beneficial effects of naringenin against 

lipid peroxidation is an important consideration, as NNRTIs, NRTIs among other ARVs 

initiate lipid peroxidation, therefore triggering liver injury. 

Previous studies have shown that naringenin can protect against hepatotoxicity induced by 

arsenic by decreasing oxidative stress and also prevents ethanol-induced hepatotoxicity in a 

rat model [83 95]. Our laboratory investigated the antioxidant and free radical scavenging 

effects of naringin in mitochondrial toxicity caused by NRTIs in vivo [38]. NRTIs were noted 

to increase the production of mitochondrial ROS leading to the damage of lipids, amino acids 

and DNA components, which resulted in the formation of protein carbonyls, 4- 

hydroxynonenal, malondialdehyde (MDA) and advanced glycation end products, among 

others. Treatment with naringin however, significantly reduced MDA concentrations, and 

prevented the depletion of antioxidant enzyme activity and attenuated lipid peroxidation [38], 

similar to reports in other studies [45, 80, 71]. In addition, naringenin was found to protect 

against NRTI-induced apoptosis of hepatocytes. The study hypothesized that naringin 

improves the expression and/or the activity of Nuclear factor-erythroid 2 related  factor 

(Nrf2). Nrf2 is regulates antioxidant enzyme gene expression and plays a role in regulating 

the level of cellular oxidative stress. Consequently, increased expression of Nrf2 levels would 

reduce oxidative stress [72, 71]. 
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1.9.1 Nuclear factor-erythroid 2 related factor hypothesis 

 
Naringenin has been reported to reduce pro-inflammatory mediators such as nitric oxide 

synthase (iNOS), cyclooxygenase-2 (COX-2), and Tumor necrosis factor (TNF-α) via 

upregulating the anti-oxidative defence proteins heme oxygenase (HO-1) and Nrf2 [87, 99].  

In addition, naringenin showed anti-inflammatory properties as it maintained levels of  

nuclear factor kappa-light-chain-enhancer of activated B cells (NF-kB), Interleukin-1 (IL-1) 

and IL-10, which are key proteins involved in inflammation [75]. It has been reported that 

naringenin is capable of upregulating Nrf2 mRNA expression, thus resulting in an increase in 

Nrf2 proteins, which leads to transcriptional activation of detoxification and antioxidant 

proteins [38, 91]. Inactive Nrf2 in the cytoplasm interacts with Kelch-like ECH associating 

protein 1 (Keap1). Once released by Keap1, Nrf2 becomes active either by MAPK 

phosphorylation or by conformational change in Keap1 due to the presence of ROS. Free 

Nrf2 translocates to the nucleus to form a transcriptional complex with musculoaponeurotic 

fibrosarcoma (Maf) family proteins. This dimer binds to the promoter region of antioxidant 

response element (ARE) sequence resulting in coordinated transcriptional activation of 

antioxidant enzymes and detoxifying proteins, such as NQO1, GST and HO-1, GPx, CAT, 

SOD. Therefore, activation of Nrf2 may be a novel strategy to attenuate hepatotoxicity as 

Nrf2 is vital for the activation of detoxification genes and preventing oxidative stress [91,  

94]. Esmaeili et al [94] suggested that naringenin treatment enhanced nuclear expression of 

Nrf2 leading to increased activity of antioxidant enzymes in rats treated with CCl4 [94]. 

However, a review by Hernandez-Aquino et al [75] argued that increased Nrf2 protein levels 

may not necessarily translate to increased Nrf2 activity as Nrf2 must disassociate from Keap1 

and translocate to the nucleus in order to activate antioxidant defence systems. Therefore, 

naringenin may enhance translocation of Nrf2 to the nucleus from the cytoplasm [75]. A 

study  using  cardiomyocytes  corroborated  that  naringenin  increased  phosphorylation   and 
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translocation of Nrf2 to the nucleus and increased the mRNA expression of c-glutamyl 

cysteine as well as glutamyl cysteinyl ligase (GCL) resulting in increased expression of 

antioxidant GSH [99]. Moreover, naringenin was reported to increase mRNA and protein 

levels of antioxidant gene proteins [79]. 

Naringin supplementation was found to protect against liver injury in a high-fat-diet-fed rat 

model, possibly mediated by activation of AMPK, which restored antioxidant enzymes and 

prevented inflammation. Naringin was found to reduce the release of TNF and improve liver 

damage. It has been reported that naringin scavenges ROS and modulates expression of c- 

glutamylcysteine synthetase, the rate limiting step in the synthesis pathway of GSH [100]. 

GSH acts as a nucleophile which reacts with electrophilic species hence, and increase in GSH 

concentrations would translate to protection against oxidative damage [80, 100]. 

1.9.2 Naringenin and hepatocyte apoptosis 

 
Apoptosis is known as programmed cell death. It is an endogenous defence mechanism used 

to remove cells that are damaged, left unchecked however, apoptosis can lead to pathological 

conditions [70]. Apoptosis is a highly complex energy-dependent process which involves the 

activation of caspases which ultimately result in a cascade of events which lead to cell death 

[101]. An apoptotic cell generally appears smaller in size with a dense cytoplasm and tightly 

packed organelles. Most cells express caspases in an inactive proenzyme form. Caspase 

activation leads to activation of other procaspases which amplifies the apoptotic signalling 

pathway, thus causing rapid cell death. Caspase-2, -8, -9, and -10 are known as initiators 

while caspase-3, -6, -7 are known as executioners. Execution caspases are responsible for the 

morphological changes of apoptotic cells [102]. Caspase-3 is known as the most important 

caspase as it is activated by initiator caspase, which activates CAD resulting in degradation of 

chromosomal DNA. Hepatocytes may undergo apoptosis by intrinsic or extrinsic pathways 

[91]. 
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The extrinsic pathway involves the activation of the death domain which transmits the death 

signal from the death receptors on the cell surface to the intracellular signalling pathways. 

Upon binding of death ligands (TNF- α, TNF-related apoptosis-inducing ligand (TRAIL) and 

FasL) to receptors, conformational change occurs which recruits cytoplasmic adaptor proteins 

(Fas-associated protein with death domain (FADD)) and TRADD. FADD then associates  

with procaspase-8 which consequently forms a death-inducing signalling complex (DISC) 

thus leading to the activation of execution caspase cascade, ultimately leading to apoptosis 

[70, 102, 103]. 

The intrinsic pathway is activated by stimuli, such as ROS. These stimuli cause a change in 

mitochondria intermembrane space which releases pro-apoptotic proteins via mitochondrial 

permeability transition pores, into the cytoplasm. Pro-apoptotic protein cytochrome c bind to 

and activate Apaf-1 and procaspase-9 forming an apoptosome which activates the caspase 

cascade. The intrinsic pathway is regulated by Bcl-2 family proteins, namely anti-apoptotic 

proteins Bcl-2, Bcl-x, Bcl-XL and pro-apoptotic proteins Bcl-10, Bax, Bak and Bad. Anti- 

apoptotic proteins abort apoptosis by altering mitochondrial membrane permeability thus 

preventing the release of electron transport protein cytochrome c from the mitochondria [91]. 

Pro-apoptotic proteins translocate to mitochondria and aid the release of cytochrome c [70]. It 

has further been reported that Bcl-2 and Bcl-XL inhibit apoptosis by controlling activation of 

caspase proteases [102]. 

Increased levels of ROS has been associated with oxidative damage to mitochondrial DNA, 

thus inducing hepatocyte apoptosis [70]. Oxidative stress causes altered expression and signal 

transduction of pro-apoptotic and anti-apoptotic proteins [104]. Treatment with naringin 

reversed ROS-mediated apoptosis by caspase-3 activation in human polymorphonucleur 

neutrophils. Naringin was further found to inhibit apoptotic markers Bax and Bad in a  rodent 
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model [89]. Moreover, naringenin was found to increase the expression of anti-apoptotic 

protein Bcl-2, thus protecting against apoptosis [104]. 

Treatment with naringenin in an in vitro model was found to reduce apoptotic markers 

caspase-3, -8 and-9 [87, 99]. Another in vivo study by our laboratory found that naringin 

improved hepatocyte apoptosis and oxidative stress associated with NTRI-induced metabolic 

complications [45]. The study found apoptotic features upon ultrastructural examination of 

hepatocytes following AZT and d4T alone treatment. Naringin minimized mitochondrial 

damage and further mitigate the AZT and d4T-induced hepatocyte apoptosis by significantly 

decreasing the expression of pro-apoptotic protein Bax and significantly elevating the 

expression of anti-apoptotic protein Bcl-2 [45]. Kapoor et al [105] reported that ROS  

activates Bax resulting in the translocation of Bax to the outer mitochondrial membrane. This 

causes a decrease in mitochondrial membrane potential, resulting in mitochondrial membrane 

leakage, which triggers caspases and other pro-apoptotic agents, ultimately increasing the rate 

of apoptosis. Anti-apoptotic Bcl-2 conversely prevents apoptosis by binding to and inhibiting 

agents that promote apoptosis [105]. 

Naringin could be a useful supplement in protecting NRTI-induced hepatocyte apoptosis.  

This is in agreement with a recent study which suggested that naringenin significantly 

reduced the activity of caspase-3 activity induced by isoniazid (INH) and rifampicin (RIF) 

treatment in hepatocytes [106]. Naringenin was found to upregulate anti-apoptotic Bcl-2 

expression and downregulate pro-apoptotic Bax expression, thus markedly reducing 

hepatocyte apoptosis induced by INH and RIF. In addition, our laboratory reported that 

naringin supplementation prevented PI-induced apoptosis and reduced  metabolic 

complication associated with PIs. Naringin was found to markedly reduce the activity of 

caspase-9 in rodents treated with SQV and ATV [107]. 
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Naringenin can modulate hepatic expression of transporting protein OATP which may be 

involved in the metabolism of many drugs, thus drug-drug interaction is an important 

consideration which requires further investigation. Furthermore, HIV infection alone is 

associated with production of free radicals which cause oxidative damage and induce 

apoptosis by CD4 T cells [108]. Therefore, naringenin has demonstrated antioxidant, and 

anti-apoptotic properties that may be useful in ameliorating NRTI-induced hepatocyte injury. 
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1.10 Hypothesis 

 
Naringenin attenuates NRTI-induced oxidative stress and apoptosis in Chang cells in vitro. 

1.11 Aims and objectives 

 
1. To investigate whether naringenin could reverse NRTI-associated oxidative stress in 

hepatocytes in vitro. 

2. To investigate whether naringenin could reverse NRTI-associated apoptosis in hepatocytes 

 

in vitro. 



26  

CHAPTER TWO 

 
Materials and methods 

 

2.1 Chemicals and reagents 

 
Chang Liver cells were purchased from ATCC (Virginia, USA). NRTIs (d4T and AZT) were 

purchased from local pharmacy. Naringenin was purchased from Sigma Chemical (St Louis, 

MO). Superoxide Dismutase (SOD) assay, Catalase (CAT) assay, Glutathione peroxidase 

(GPx) assay, Cell viability assay, Caspase-3 and -9 assay was purchased from Whitehead 

Scientific (Johannesburg, South Africa). 

2.2 Experiment 

 
2.2.1 Cell Culture 

 
Chang liver cells were cultured in Eagle's minimal essential medium (EMEM) containing 5.5 

M glucose supplemented with 10% Foetal Bovine Serum (FBS), streptomycin 100 μg/ml and 

penicillin 100 units/ml maintained at 37ᵒC in humidified air with 5% CO2. Cells were plated 

in 75 cm
3 

culture flasks and subjected to treatment once the cells reached 80% confluence. 

Fresh cell culture medium was replenished every 24 hours after plating. 

2.2.2 Trypsinisation and cell counting 

 
Trypsinisation process is done to remove adherent cells from the culture surface after the   

cells became 80% confluent, as well as to subculture and seed the cells for various 

biochemical assays. Tripsinisation involves washing the cells twice with 0.1M PBS warmed 

to 37°C and incubating the cells with 1ml of trypsin-EDTA for 2 minutes. The cells were 

thereafter observed for detachment using an inverted light microscope (Olympus IXSI; 20 x). 

Once detachment was observed the trypsinisation reaction was terminated by the addition   of 

⁓ 5ml cell culture medium (CCM) containing FBS into the flask. The cells were aspirated and 

transferred to a 15 ml conical tube and centrifuges at 200 g for 5 minutes. The supernatant 
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was carefully discarded without disturbing the cell pellet. The cells were re-suspended using 

CCM and the homogenized suspension was calculated using a haemocytometer. Trypan blue 

(0.4%) was applied in a dye exclusion procedure in order to conduct a cell count. The concept 

of dye exclusion is built on the principle that sustainable cells possess intact cell membranes 

that exclude dye and remain unstained while damaged or dead cell membranes permit the 

entry of dye and stain blue. 

2.2.3 NRTI and naringenin preparation 

 
d4T and AZT were prepared in dimethyl sulfoxide (DMSO) at stock solution of 3 mg/ml  

(13.4 mM), and 1.0 mg/l (3.7 mM) respectively. Naringenin was dissolved in DMSO to a 

final concentration of 5 mM. 

2.2.4 Cell exposure 

 
2.2.4.1 Effects of NRTIs on cells 

 

To measure the effects of NRTIs on Chang liver cells, the cells were plated in 75 cm
3 

culture 

flasks (5.0 ˟ 10
5 

cells/flask) and grown to 80% confluence. Thereafter the cells were treated 

with d4T (4.0 μM), and AZT (7.1 μM), which correspond to steady state peak plasma 

concentration of patients receiving NRTI therapy [109], for 24 hours. 

2.2.4.2 Effects of naringenin on NRTI-exposed cells 

 
To measure the role of naringenin relative to NRTI-exposed cells, the cells exposed to d4T 

(4.0 μM), and AZT (7.1 μM) were consequently treated with or without naringenin (0.0, 10.0, 

20.0, 30.0, 40.0 and 50.0 μM) in culture medium for 24 hours. 

2.3 Biochemical assays 

 
For SOD assay, GPx assay, CAT assay, and Caspase-3 and -9 Assay the cells were grown to 

90% confluence in 75 cm
3 

flasks and treated with test compounds. For 3-(4,5- 

dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay the cells were plated  in 
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a 96- well microtiter plate, treated with test compounds and left to attach overnight. The cells 

were harvested and treated according to manufactures instructions for each assay for 

biochemical analysis. 

2.3.1 Cell viability assay 

 
MTT assay is a useful assay to measure cell proliferation and cell viability. This colometric 

assay uses the reduction of tetrazolium salt MTT to MTT formazan to determine cell 

metabolic activity. Viable cells contain NAD(P)H-dependent oxidoreductase enzymes which 

reduce MTT reagent to formazan, thus producing a characteristic purple colour. Thereafter, 

formazan crystals are dissolved by a solubilizing agent and absorbance is measured by a 

microtiter plate reader at 500-600nm. A darker solution is an indication that cells are viable 

and metabolically active. Cells (10 000) were seeded into a 96-well plates, treated with  

NRTIs with or without naringenin and incubated for 24 h at 37 °C. Media was removed and 

cells were rinsed with PBS. Stock MTT solution of 5.0 mg/ml (20 µl) was added to each well 

and incubated for 4h until purple formazan crystals appeared under the microscope. MTT 

solution was discarded and solubilizing solution (DMSO 100 µl) was added to each well.  

This was incubated at 37 °C for 1 h until the purple crystals completely dissolved. 

Absorbance was read at 540 nm with a EZ 400 microplate reader (Biochrom Ltd, Cambridge, 

UK) and calculations were done to determine cell viability. 

2.3.2 Superoxide dismutase assay 

 
SOD is an important antioxidant enzyme responsible for catalysing the reduction of 

superoxide anion into hydrogen peroxide or molecular oxygen. The SOD assay used in this 

study uses WST-1 method which produces a water-soluble formazan dye when the 

superoxide anion is reduced. The rate at which superoxide anion is reduced is directly related 

to the xanthine oxidase (XO) activity. This is inhibited by SOD. Therefore, the inhibition    of 



29  

SOD activity can be determined via colorimetric method. Using a commercial kit, following 

treatment, the Chang liver cells were trypsinized and centrifuged for 10 min at 1000 r/min. 

The supernatant was discarded and cells were resuspended with 1 ml of cold 0.1M Phosphate 

buffered saline (PBS), centrifuged and supernatant was discarded. Cold PBS was used to 

resuspend cells and cells were sonicated 3 times for 30 secs respectively with hand-operated 

in an ice water bath to break the cells. The homogenized solution (20 µl) which contained 

total SOD activity from cytosolic and mitochondria, was added to each well in a 96-well 

microplate. Substrate applied solution and enzyme working solution was prepared according 

to assay protocol. Substrate applied solution (200 µl) was added to the well followed by 20 µl 

of enzyme working solution and incubated at 37 °C for 20min. Absorbance was read at 450 

nm with a EZ 400 microplate reader (Biochrom Ltd, Cambridge, UK) and the % of SOD 

activity was calculated according to protocol. Sample concentrations were extrapolated using 

the standard curve and values were expressed in units of enzyme normalized to cellular 

protein in milligram (mg). 

 

 
Figure 4: The principle of determining SOD activity by SOD assay (Elabscience 

protocol).http://www.elabscience.com/p- 

superoxide_dismutase_(t_sod)_colorimetric_assay_kit_(wst_1_method)-40320.html 

http://www.elabscience.com/p-
http://www.elabscience.com/p-
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2.3.3 Catalase assay 

 
Catalase is a vital antioxidant enzyme which is responsible for catalysing the reduction of 

H2O2 to water and oxygen. The assay is based on the principle that the decomposition of  

H2O2 by catalase can be quickly stopped by ammonium molybdate. catalase initially reacts 

with hydrogen peroxide to produce water and oxygen. The unconverted H2O2 reacts with 

ammonium molybdate to produce a yellow complex which that can be measured at 405 nm 

(Colorimetric method). Using a commercial kit, following treatment, the Chang liver cells 

were trypsinized and centrifuged for 10 min at 1000 r/min. The supernatant was discarded 

and cells were resuspended with 1 ml of cold 0.1M PBS, centrifuged and supernatant was 

discarded. Cold PBS was used to resuspend cells and cells were sonicated 3 times for 30 secs 

respectively with hand-operated in an ice water bath to break the cells. The homogenized 

solution was collected (0.1 ml) and added to 0.5 cm cuvette. Assay buffer solution (1 ml) and 

0.1  ml  of  substrate  solution  was  added,  mixed  fully  and  incubated  at  37°C  for  1 min. 

 

Thereafter 1 ml of chromogenic agent and 1 ml of clarificant was added into the sample, 

mixed and incubated at 25°C for 10 min to inhibit the activity of catalase in samples. 

Absorbance first set to zero using ddH2O and measured at 405 nm with a GENESYS 20 

spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). Calculations were 

performed to measure catalase activity. 

2.3.4 Glutathione peroxidase assay 

 
GPx is an enzyme which catalyses the reduction of hydrogen peroxide using GSH to produce 

water and oxidized GSH. Thus, protecting the cell membrane structure and maintaining 

membrane function integrity. The activity of GPx can be expressed via the rate of enzymatic 

reaction. H2O2 and reduced GSH can react in the absence of GPx. Therefore, the amount of 

GSH reduced via non-enzyme reaction can be subtracted. Thus the activity of GSH can be 

measured the  consumption of reduced GSH.  In  this assay, GSH  reacts with  dinitrobenzoic 
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acid to produce 5-thio-dinitrobenzioc acid anion which produces a stable yellow colour. 

Absorbance is measured using a spectrophotometer at 412 nm. The cells were seeded (1 x 

10
6
), centrifuged at 1000 r/min, and 0.4 ml PBS was added to cell sediment before being 

sonicated in an ice water bath 3 times for 30 secs respectively. Thereafter protein 

concentration was detected. Optimal dilution factor of samples was determined. To the   non- 

enzyme tube 0.2 ml of GSH was added and pre-heated for 5 min. Thereafter, 0.1 ml of 

reagent 1 application solution was added. This was reacted for precisely 5 min at 37 °C. 

Reagent 2 application solution (2 ml) was added, followed by 0.2ml of sample. To the  

enzyme tube, 0.2 ml of GSH and sample was added and pre-heated for 5min. 0.1 ml of 

reagent application solution was added and reacted at for precisely 5 min at 37 °C. Reagent 2 

application solution (2 ml) was then added. Both non-enzyme and enzyme tubes were mixed 

fully and centrifuged for 10 min. Thereafter, 1 ml of supernatant was removed for 

chromogenic reaction. To the blank tube 1 ml of GSH standard application solution, 1 ml of 

reagent 3 application solution, 0.25 ml of reagent 4 and 0.05 ml of reagent 5 application 

solution was added. To the standard tube 1 ml of GSH standard solution, 1 ml of reagent 3 

application solution, 0.25 ml of reagent 4 and 0.05 ml of reagent 5 application solution was 

added. To the non-enzyme tube 1 ml of supernatant, 1 ml of reagent 3 application solution, 

0.25 ml of reagent 4 and 0.05 ml of reagent 5 application solution was added. To the enzyme 

1 ml of supernatant, 1 ml of reagent 3 application solution, 0.25 ml of reagent 4 and 0.05 ml 

of reagent 5 application solution was added. All tubes were mixed fully and left to stand for 

15 min at room temperatures. OD values were first set to zero with double-distilled water and 

measured at 412 nm with a GENESYS 20 spectrophotometer (Thermo Fisher Scientific, 

Massachusetts, USA) with 1 cm diameter cuvette. Calculations were performed to measure 

glutathione peroxidase activity 
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2.3.5 Caspase-9 enzyme-linked immunosorbent assay (ELISA) assay 

 
Activation of caspase enzyme is responsible for initiation of apoptosis in mammalian cells. 

Cellular caspase -9 activity was measured using an ELISA assay kit which detects antibodies 

for specific human Caspase 9. Standards or samples are added to the micro ELISA plate 

together with specific antibodies. A biotinylated detection antibody specific for Human 

CASP9 and Avidin-Horseradish Peroxidase (HRP) are then added successively and 

incubated. Free components are washed away and substrate solution is added to each well. 

The wells which contain Human CASP9, biotinylated antibody and Avidin-HRP conjugate 

will appear blue in colour. Stop solution is added to terminate the reaction which results in  

the formation of a yellow solution. The absorbance read at 450 nm is proportional to the 

concentration of Human CASP9. Cell samples were washed with PBS, trysinized and 

centrifuges for 5 min at 1000 r/min. Supernatant was discarded and washed 3 times with  

PBS. Cells were resuspended in PBS and the freeze-thaw process was done to lyse the cells. 

Cells were centrifuged for 10 min at 1500 r/min at 4 °C and supernatant was collected. 

Reagents were prepared according to assay protocol. Sample or standard (100 µl) was added 

to each well and incubated for 90 min at 37 °C. Liquid was removed and 100 µl of 

Biotinylated Detection Ab working solution was added and incubated for 1 h at 37 °C. This 

was aspirated and washed 3 times before the addition of 100 µl of HRP Conjugate. This was 

incubated for 1 h at 37 °C. Thereafter the sample was aspirated and washed 5 times. Substrate 

reagent (90 µl) was added and incubated for 15 min 37 °C. Stop solution (50 µl) was added 

and OD was determined immediately at 450 nm using an EZ 400 microplate reader 

(Biochrom Ltd, Cambridge, UK). Calculations were performed to measure caspase activity  

by comparing OD of the samples to the standard curve. 
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2.3.6 Caspase-3 ELISA assay 

 
Activation of caspase enzyme is responsible for initiation of apoptosis in mammalian cells. 

Cellular caspase -3 activity was measured using an ELISA assay kit which detects antibodies 

for specific human Caspase 3. Standards or samples are added to the micro ELISA plate 

together with specific antibodies. A biotinylated detection antibody specific for Human 

CASP3 and Avidin-HRP are then added successively and incubated. Free components are 

washed away and substrate solution is added to each well. The wells which contain Human 

CASP3, biotinylated antibody and Avidin-HRP conjugate will appear blue in colour. Stop 

solution is added to terminate the reaction which results in the formation of a yellow solution. 

The absorbance read at 450 nm is proportional to the concentration of Human CASP3. 

Cellular caspase -3 activity was measured using an ELISA assay kit which detects antibodies 

for specific human Caspase 3. Cell samples was washed with PBS, trysinized and centrifuges 

for 5 min at 1000 r/min. Supernatant was discarded and washed 3 times with PBS. Cells were 

resuspended in PBS and the freeze-thaw process was done to lyse the cells. Cells were 

centrifuged for 10 min at 1500 r/min at 4 °C and supernatant was collected. Reagents were 

prepared according to assay protocol. Sample or standard (100 µl) was added to each well  

and incubated for 90 min at 37 °C. Liquid was removed and 100 µl of Biotinylated Detection 

Ab working solution was added and incubated for 1 h at 37 °C. This was aspirated and 

washed 3 times before the addition of 100 µl of HRP Conjugate. This was incubated for 1 h  

at 37 °C. Thereafter the sample was aspirated and washed 5 times. Substrate reagent (90 µl) 

was added and incubated for 15 min 37 °C. Stop solution (50 µl) was added and OD was 

determined immediately at 450 nm using an EZ 400 microplate reader (Biochrom Ltd, 

Cambridge, UK). Calculations were performed to measure caspase activity by comparing OD 

of the samples to the standard curve. 
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2.4 Statistics 

 
Experiments were done in triplicate and all data presented as mean ± SD. Statistical 

differences were determined by One Way Analysis of Variance (ANOVA) followed by 

multiple testing where applicable using Graph Pad Prism® Software version 8.0. A p-value  

of p < 0.05 was considered statistically significant. 
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CHAPTER THREE 

 
Results 

 

3.1 Antioxidants assay 

 
3.1.1 Superoxide dismutase (SOD) assay 

 
Total SOD activity in AZT and d4T exposed cells was significantly (p < 0.05) decreased 

compared to untreated control (Figure 5, 6). Treatment with concentrations of 40, 50 µM 

naringenin significantly (p < 0.05) increased SOD activity in AZT exposed cells compared to 

cells treated with AZT only. Treatment with increasing concentrations of 10 - 40 µM 

naringenin significantly (p < 0.05) increased SOD activity in d4T exposed cells compared to 

d4T only. 
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Figure 5: SOD activity in cells treated with AZT and/or different concentrations of 

naringenin. (
$
p < 0.05 when compared to control, *p < 0.05 when compared to AZT only) 
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Figure 6: SOD activity in cells treated with d4T and/or different concentrations of 

naringenin. (
& 

p < 0.05 when compared to control, 
# 

p < 0.05 when compared to d4T only) 

 

 

3.1.2 Catalase activity 

 
The catalase activity in AZT and d4T exposed cells was significantly (p < 0.05) decreased 

compared to the untreated control (Figure 7, 8). Treatment with increasing concentrations of 

10 - 50 µM naringenin significantly (p < 0.05) increased catalase activity in AZT exposed 

cells compared to cells treated with AZT only. Treatment with increasing 10 - 40 µM 

concentrations of naringenin significantly (p < 0.05) increased catalase activity compared to 

cells treated with d4T only. 
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Figure 7: Catalase activity in cells treated with AZT and/or different concentrations of 

naringenin. (
$
p < 0.05 when compared to control, *p < 0.05 when compared to AZT only) 
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Figure 8: Catalase activity in cells treated with d4T and/or different concentrations of 

naringenin. (
& 

p < 0.05 when compared to control, 
# 

p < 0.05 when compared to d4T only) 

 

 

3.1.3 Glutathione-peroxidase (GPx) activity 

 
The GPx activity in AZT and d4T exposed cells was significantly (p < 0.05) decreased 

compared to the untreated control (Fig 9, 10).  Treatment with increasing concentration of  50 

µM naringenin exhibited a significant (p < 0.05) increase in GPx activity in AZT exposed 

cells compared to cells treated with AZT only. In addition, treatment with increasing 

concentrations of 10 - 40 µM naringenin significantly (p < 0.05) increased GPx activity 

compared to cells treated with d4T only. 
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Figure 9: GPx activity in cells treated with AZT and/or different concentrations of 

naringenin. (
$
p < 0.05 when compared to control, *p < 0.05 when compared to AZT only) 
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Figure 10: GPx activity in cells treated with d4T and/or different concentrations of 

naringenin. (
& 

p < 0.05 when compared to control, 
# 

p < 0.05 when compared to d4T only. 

 

 
3.1.4 Cell viability 

 
The cell viability in AZT and d4T exposed cells was significantly (p < 0.05) decreased 

compared to untreated controls (Fig 11, 12). However, cells treated with increasing 

concentrations of 10-50 µM naringenin had significantly (p < 0.05) higher cell viability 

compared to cells treated with AZT only. Treatment with increasing concentrations of 30 and 

40 µM naringenin exhibited significantly (p < 0.05) higher cell viability compared to cells 

treated with d4T only. 
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Figure 11: Cell viability in cells treated with AZT and/or different concentrations of 

naringenin. (
$
p < 0.05 when compared to control, *p < 0.05 when compared to AZT only). 
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Figure 12: Cell viability in cells treated with d4T and/or different concentrations of 

naringenin. (
& 

p < 0.05 when compared to control, 
# 

p < 0.05 when compared to d4T only) 

 

 
3.2 Apoptosis Assays 

 
3.2.1 Caspase-3 Assay 

 
Caspase-3 activity significantly (p < 0.05) increased in cells treated with AZT and d4T alone 

compared to the control (Fig 13, 14). Treatment with increasing concentrations of 10 - 50 µM 

naringenin significantly (p < 0.05) reduced caspase-3 activity when compared to cells treated 

with AZT alone. Treatment with d4T plus increasing concentrations of 20 - 40 µM  

naringenin showed significantly (p < 0.05) reduced caspase-3 activity compared to cells 

treated with d4T alone. 
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Figure 13: Caspase-3 activity in cells treated with AZT and/or different concentration of 

naringenin (
$
p < 0.05 when compared to control, *p < 0.05 when compared to AZT only) 
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Figure 14: Caspase-3 activity in cells treated with d4T and/or different concentration of 

naringenin (
&

p < 0.05 when compared to control, #p < 0.05 when compared to d4T only) 

 

 
3.2.2 Caspase-9 Assay 

 
The caspase-9 activity was significantly (p < 0.05) increased in cells treated with NRTIs 

alone compared to control (Fig 15, 16). Treatment with increasing concentrations of AZT 

plus 10 - 50 µM naringenin significantly (p < 0.05) reduced caspase-9 activity compared to 

cells treated with AZT alone. Treatment with d4T plus increasing concentrations of 10 - 40 

µM naringenin exhibited significant (p < 0.05) reduction in caspase-9 activities compared to 

treatment with d4T alone. 
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Figure 15: Caspase-9 activity in cells treated with AZT and/or different concentration of 

naringenin (
$
p < 0.05 when compared to control, *p < 0.05 when compared to AZT only) 
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Figure 16: Caspase-9 activity in cells treated with d4T and/or different concentration of 

naringenin (
&

p < 0.05 when compared to control, #p < 0.05 when compared to d4T only) 
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CHAPTER FOUR 

 
4.1 Discussion 

 
NRTI administration has been known to be associated with metabolic disturbances such as 

cardiomyopathy, neuropathy, myopathies, hyperlactatemia, lactic acidosis, hepatic steatosis, 

insulin resistance, hepatomegaly and diabetic mellitus [15, 38, 39, 52, 110]. In this study we 

aimed to elucidate whether naringenin protects against NRTI-induced hepatocyte oxidative 

stress and apoptosis in Chang cells. Chang cells (CCL-13) are a human cell line derived from 

human hematoma cells [111]. Chang cells were originally thought to be derived from human 

liver tissue, however it was later discovered after isoenzyme analysis, that Chang cells in fact 

had HeLa marker chromosomes possibly due to cell line contamination. Studies however, 

have reported Chang cells to have similar metabolic functions to normal human liver cells in 

vitro [111, 112]. Therefore, Chang cells were chosen an appropriate hepatocyte model to 

investigate NRTI-induced oxidative stress and apoptosis in this study. Reduced cell viability, 

decreased antioxidant activity and increased pro-apoptotic activity were taken as markers of 

NRTI-induced oxidative stress and apoptosis. The results obtained in this study indicate that 

increasing concentrations of naringenin significantly reversed NRTI-induced oxidative stress 

and apoptosis. This was evident by the increase in cell viability and antioxidant enzyme 

activity as well as the decrease in caspase activity respectively. 

Naturally derived phytochemical compounds are increasingly being recognized as promising 

alternative treatments for various diseases [88, 113]. Naringenin a common dietary flavonoid, 

has previously been known to possess significant antioxidant and anti-apoptotic properties 

[80, 104, 114, 115]. It has been suggested that naringenin has potent antioxidant free radical 

scavenging properties, together with upregulation of antioxidant enzyme activity [79, 81, 94]. 

In the present study we observed the protective potential of naringenin against NRTI-induced 

oxidative stress and apoptosis in vitro. 
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In the current study we found that administration of AZT and d4T alone induced 

overwhelming oxidative stress due to the increased production of ROS consistent with 

findings by Banajaree et al [116]. Reports have implicated oxidative stress as a key factor in 

hepatic injury [94, 96]. Oxidative stress is known as the imbalance between the production of 

ROS and capacity of antioxidant enzymes. This imbalance has formed the basis of various 

pathological conditions. Overproduction of these highly reactive ROS, bind covalently to cell 

macromolecules, leading to damage of the cellular framework namely nucleic acid damage, 

lipid peroxidation and oxidized proteins [45, 96]. Oxidative stress has been known to induce 

antioxidant defence enzymes [94]. It is well documented that AZT induces oxidative stress in 

the liver causing damage to and depletion of mitochondrial DNA, possibly due to the mtDNA 

pol-γ hypothesis [116]. Our research shows that excess ROS is associated with depletion of 

antioxidant enzyme activity which in turn activates the caspases cascade. 

Antioxidant enzymes SOD, catalase, GPx and non-enzymatic antioxidant GSH are essential  

in order to maintain oxidative balance, therefore changes in their activity can used as 

biomarkers for oxidative stress [74, 96]. A decrease in the activity of antioxidant enzymatic 

proteins SOD, catalase and GPx has been consistently noted during oxidative stress [113]. In 

the present study, the activities of SOD, catalase and GPx were found to be significantly 

depleted in AZT and d4T alone treatment respectively compared to control which supports 

evidence that oxidative stress plays a key role in the pathophysiology of NRTI toxicity. 

Decreased activities of antioxidant enzymes leads to an accumulation of free radicals in 

hepatocytes, leading to the initiation and propagation of lipid peroxidation which has  

observed in rats treated with AZT [98, 116]. Administration of increasing concentrations of 

naringenin in this study however, significantly improved the activities of these antioxidant 

enzymes thus decreased lipid peroxidation. 
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The current study found naringenin to effectively neutralize ROS due to the presence of the 

phenolic structure. This free radical scavenging mechanism prevents oxidative damage 

thereby forms the basis of naringenin’s antioxidant activity [97, 96]. In this study we did not 

measure ROS concentrations, but cellular content of antioxidant enzymes such as SOD, GPx 

and CAT were used as acceptable indirect markers of oxidative stress induced by ROS. 

SOD is a metalloenzyme known as the first line of defence against ROS, and is responsible 

for the dismutation of superoxide radicals [74, 95, 107]. Our study shows that treatment with 

AZT and d4T alone resulted in a decrease of SOD activity compared to control possibly due 

to the influx of superoxide ions into cellular compartments exhausting SOD activity thus 

causing oxidative stress (Figures 5 and 6). We found that while AZT and d4T alone triggered 

oxidative stress, naringenin significantly improved SOD activity in AZT treated cells at 40 

and 50 µM concentrations respectively, while in d4T treatment, naringenin significantly 

improved SOD activity at 10 - 40 µM respectively. Our findings corroborated results from 

another study which found naringenin to significantly enhance hepatic SOD, CAT, and GPx 

levels and to reduce the overwhelming production of ROS [93]. 

Catalase acts as preventative antioxidant and is responsible for transforming harmful 

hydrogen peroxide produced by SOD to harmless products thus contributing towards better 

protection against hydrogen peroxide [96]. In line with increased SOD activity, co- treatment 

with naringenin in AZT treated cells significantly upregulated catalase activity at 

concentrations 10 - 50 µM respectively (Figure 7). In d4T treatment, naringenin significantly 

improved catalase activity at 10 - 40 µM respectively (Figure 8), which are in agreement with 

previous studies [94, 95, 105]. Another study demonstrated that naringenin treatment elevated 

SOD, GPx and catalase activities consistent with increased gene and protein expressions of 

these enzymes [74]. 
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Cells treated with AZT and d4T alone exhibited a significant decrease in GPx activity which 

may be attributed to free radical dependent enzyme deactivation or depletion of co-substrates 

such as GSH and NADPH. GPx catalyses the reduction of H2O2 to H2O and O2, utilizing two 

molecules of GSH to form GSSG [75]. The current study noted that GPx activity following 

naringenin treatment in AZT treated cells was significantly elevated at concentrations of 40 

and 50 µM respectively (Figure 9). Naringenin treatment in d4T treated cells was found to 

have significantly elevated GPx activity at concentrations of 10 - 40 µM, respectively (Figure 

10). Exposure to AZT and d4T treated cells triggered oxidative stress, thus depleting GSH 

levels and GSH synthesis leading to decreased GPx activity. Thus, naringenin increased gene 

expression of GPx in order to sufficiently attenuate excess oxidative damage due to hydrogen 

peroxide. Moreover, flavonoids have shown to modulate the expression of c-glutamylcysteine 

synthetase, the rate limiting enzyme in the synthesis pathway of GSH [80], thus increasing 

GSH capacity [117]. Reduction of hydrogen peroxide by GPx occurs in the presence of GSH 

as a co-enzyme [72]. Therefore, treatment with naringenin restored GSH levels and prevented 

decrement of GPx activity in AZT and d4T cells, similarly demonstrated by Hermean et al 

[80]. As shown in the present study, naringenin exhibits therapeutic effects in the early stages 

of NRTI-induced oxidative stress. 

The proposed molecular mechanism by which naringenin counteracts oxidative stress via 

upregulation of antioxidant enzymes appears to be the Nrf-2 hypothesis. Nrf-2 plays a key 

role in the transcriptional activation of detoxification and antioxidant proteins [45]. Inactive 

Nrf2 located in the cytoplasm, interacts with Keap1, becoming active due to the presence of 

ROS. Free Nrf2 translocate to the nucleus to form a transcriptional complex with Maf family 

proteins and consequently binds to ARE sequence resulting in coordinated transcriptional 

activation of antioxidant enzymes [91]. A study by Esmaeli et al reported that treatment with 

naringenin in a rat model enhanced nuclear expression of Nrf2 which is in accordance with 
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increased antioxidant enzyme activity observed [94]. In the current study protein expression 

of Nrf2 was not measured due to resource restraints, however, further investigations should  

be conducted to determine if increasing concentrations of naringenin induced Nrf-2 activation 

and attenuated oxidative stress. 

Current findings suggest that naringenin, by restoring antioxidant status upon treatment with 

AZT and d4T possesses potent hepatoprotective properties. Our findings are in line with 

earlier reports that naringenin significantly improves endogenous serum and antioxidant 

enzymes biomarkers in a dose-dependent manner and prevents the deleterious effects of 

oxidative stress [74]. We further showed that increasing concentration of naringenin 

counteracts oxidative stress at an optimum concentration of 40 - 50 µM. It appears that low 

concentrations of naringenin exhibited a milder effect seemly to be solely related to the 

scavenging of ROS, without exerting pro-oxidative properties. At higher concentrations, 

naringenin significantly increased antioxidant enzyme activity, which suggests that a higher 

dose of naringenin is required to boost antioxidant enzyme capacity. 

Apoptosis can be described as a form of cell death characterized by cell shrinkage, DNA 

fragmentation, chromatin condensation and formation of apoptotic bodies [105]. Our study 

found NRTIs to generate ROS, thus triggering the onset of apoptosis. Various studies have 

reported naringenin to protect against cellular apoptosis [93, 104, 105], therefore we 

investigated if naringenin alleviated NRTI-induced apoptosis by measuring caspase activity  

in Chang cells. 

Increased oxidative stress results in the depletion of antioxidant enzymes, leading to 

membrane lipid peroxidation which ultimately triggers extrinsic or intrinsic apoptotic 

pathways [93, 104]. Caspase-9 and -3 were chosen to measure the extend of apoptosis in this 

study as they are the rate limiting steps in the apoptosis signalling pathway and are known  as 
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initiator and executioner caspases respectively [102]. Extrinsic pathway for apoptosis can be 

triggered by the binding of ligands to death receptors which triggers caspases-8, which in turn 

activates caspse-3, which leads to apoptosis. The intrinsic pathway for apoptosis is activated 

by ROS, resulting in activation of caspases-9, resulting in the formation of the apoptosome 

complex (cytochrome c, Apaf-1 and caspase-9). The formation of the apoptosome 

sequentially activates caspase-3 leading to apoptosis [91, 118]. Once activated, the caspase 

cascade initiates cell apoptosis leading to cell membrane lysis and secondary necrosis [93]. 

Our data suggest that AZT and d4T activated caspase-3 and -9 activity, thus inducing 

hepatocyte apoptosis (Figures 13-16). Preventing or inhibiting caspase activity could 

therefore possibly prevent hepatocyte damage and hepatotoxicity. Previous studies found that 

pre-treatment with naringenin significantly inhibited the activation of caspase-3, -8, and -9, 

therefore preventing hepatocyte apoptosis [93, 106]. The current investigation found that 

naringenin mitigated caspase-3 and -9 activity and the subsequent caspase cascade in AZT 

and d4T treated cells. Our reports are supported by a number of previous studies which found 

naringenin to ameliorate apoptosis [104, 105]. Wang et al suggest that naringenin increases 

expression of anti-apoptotic factors such as Bcl-2 and down-regulated pro-apoptotic Bax 

expression thus markedly reducing hepatocyte apoptosis [105]. 

It is possible to speculate that naringenin due to its antioxidant effects prevents NRTI- 

induced apoptosis of Chang liver cells and may provide a useful anti-apoptotic intervention 

for NRTI-induced apoptosis. Kapoor et al reported that naringenin prevented the upregulation 

of caspase-3 and caspase-9 respectively similar to our study findings [105]. Naringenin 

therefore prevented ROS production, thus maintained mitochondrial membrane integrity, 

preventing activation of various apoptogenic factors from mitochondria. Naringenin  

protected the cells from NRTI-induced caspase-triggered cell death program which ultimately 

prevented cell necrosis. 
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We found that the expression of caspase activity correlates with cell viability, as treatment 

with naringenin at concentrations of 10 - 50 µM significantly improved cell viability in AZT 

treated cells (Figure 11). Treatment with 30 and 40 µM naringenin respectively was found to 

enhance cell viability in d4T treated cells (Figure 12). It is interesting to note that d4T had  

less deleterious effects on cell viability than AZT after 24 h exposure. Moreover, AZT was 

noted to deplete SOD, GPx activity as well as induce apoptotic enzymes caspase-3 and -9 to a 

greater extent compared to d4T. This suggests that AZT caused an overproduction of ROS 

leading to greater exhaustion of cellular antioxidant enzymes. 

NRTI –associated pathologies such as lactic acidosis has resulted in withdrawal of drugs such 

as d4T from first line therapy [41]. While mitochondrion are the targets for NRTI toxicity, 

mtDNA poly-γ theory is not the sole mechanism by which NRTIs exert their toxic effects  

[43, 44]. Evidence shows that AZT treatment has no effect on mtDNA [40]. We hypothesize 

that AZT induces greater oxidative stress (Figures 5, 7, 9) at an acute period compared to d4T 

which causes chronic oxidative stress resulting in progressive mitochondrial failure. This may 

be attributed to AZT’s chemical structure, which is the only NRTI that possess an azido  

group which is directly alludes to its pro-oxidant properties. The azido group is lipophilic in 

nature which enables AZT and its metabolites to target mitochondrial membranes and initiate 

lipid peroxidation [63, 119]. Nagiah et al further noted that after 24 h exposure to AZT, MDA 

levels were significantly higher than d4T treated cells [110], similarly reported by Banajaree 

et al [116], while d4T induced oxidative stress during prolonged exposure (120 h) [110]. 

While both drugs cause mitochondrial toxicity, chronic use of d4T plays a vital factor in its 

toxicity as mtDNA decrease continually over time [110]. Our research confirms, that AZT 

significantly reduced cell viability, depleted antioxidant enzymes and induced caspase  

activity to a greater extent than d4T after 24h treatment owing to acute oxidative stress rather 

than chemical cytotoxicity. A study conducted by Kline et al [54] found that acute AZT 
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exposure in endothelial cells resulted in significant oxidative stress and mitochondrial 

dysfunction whereas d4T did not [54]. Therefore, AZT and d4T toxicity are time-dependent.  

It can be concluded that AZT administration resulted in acute oxidative stress, exhausting 

antioxidant capacity, leading to hepatocyte demise. The spectrum of toxicities differs with 

different NRTIs. AZT and d4T have different toxicity profiles despite belonging to the same 

mechanistic class. The concentrations of NRTIs used in this study were chosen to mimic peak 

plasma concentration when administered at therapeutic doses. Naringenin appears to confer 

greater protective effects against AZT relative to d4T over 24 h exposure. 

AZT’s pro-oxidant properties are further attributed to lack of transportation of AZT-MP out  

of the mitochondrial matrix after formation which leads to continual accumulation of ROS 

[120]. Nagiah et al found an increase in intracellular ROS after 24 h exposure to AZT [104]. 

NRTIs cause mitochondrial toxicity due to incorporation with endogenous mtDNA, altering 

mtDNA pol-γ and mitochondrial activity resulting in mitochondrial depletion [40]. 

Mitochondrial toxicity may occur due to reduced mitochondrial replication or due to 

increased degradation of mtDNA. Saitoh A et al postulated that mtDNA dysfunction may be 

attributed to oxidative stress, uncoupling of proteins, and depletion of deoxyribonucleotide 

triphosphate pools in mitochondria in addition to mtDNA poly-γ hypothesis [39]. We 

observed that AZT-induced mitochondrial toxicity is due oxidative stress, similar to findings 

by an in vitro study which showed that AZT increased rather than decreased hepatic mtDNA 

levels [39, 43], supporting the claim that AZT interacts weakly with mtDNA replication 

enzyme [62]. 24 h treatment with AZT has shown oxidative damage similar to rats acutely 

treated with AZT [60]. Therefore, mitochondrion accumulation of ROS by AZT caused 

mtDNA dysfunction, without involving pol-γ for which it has a low affinity [43]. Another 

mechanism for AZTs comparatively acute toxicity may be AZT binding to adenyl cylase and 

inhibiting ADP-ATP translocator. The difference in toxicity profiles of AZT and d4T is   due 
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to differences in pro-drug activation, tissue specificity [60]. In addition, AZT exhibits a slow 

rate of removal from polymerase-γ as AZT metabolites inhibit exonuclease activity. The 

accumulation of an increased concentration AZT metabolites in the mitochondria matrix 

further contribute mitochondrial oxidative stress [121]. AZT-induced inhibition of 

exonucleases leads to defective proofreading during DNA replication, thus altering 

mitochondrial gene transcription, leading to mtDNA mutations and impaired OXPHOS [122]. 

AZT incorporation and chain termination contribute to the production of ROS, leading to 

mtDNA depletion and loss of OXPHOS [48]. d4T along with ddL and ddC are known to 

impair mtDNA replication in hepatocytes which in turn induces pro-apoptotic caspase which 

is evident over prolonged exposure [62]. The severity of antioxidant enzyme depletion upon 

treatment with AZT and d4T provides a plausible basis for mitochondrial toxicity induced by 

oxidative stress which supports findings by other studies [54, 110, 116]. We conclude that 

oxidative stress could be the fundamental pathophysiological pathway which causes damage 

to cellular machinery in AIDS and its treatment similar to findings by Lewis et al [46]. 

In addition, naringenin has the ability to reduce cell membrane fluidity due to its lipophilic 

interaction with polar phospholipids, consequently stabilizing the cell membrane and 

decreasing interaction of free radicals with mitochondrial membrane thus ameliorating lipid 

peroxidation due to inhibition of NRTI with mtDNA [71]. 

Our laboratory has found overwhelming evidence that naringenin ameliorates oxidative stress 

by boosting antioxidant enzyme defence systems, improving non-enzymatic antioxidant  

levels such as GSH, directly quenching ROS and reducing pro-apoptotic activity thus 

reversing apoptosis [21, 38, 45, 107]. We conclude that naringenin can abrogate NRTI- 

induced hepatotoxicity such as steatosis, lactic acidosis, steatohepatitis and liver failure by 

abrogating oxidative stress. 
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4.2 Conclusion 

 
Attenuation and prevention of NRTI-induced adverse effects would improve the efficacy of 

HIV treatment and improve the quality of life for HIV patients. Our research has highlighted 

the role of NRTI-induced oxidative stress and apoptosis as well as confirmed the antioxidant 

and anti-apoptotic capacity of naringenin in hepatocyte protection. There is an urgent need  

for safe and reliable antioxidant treatment that is capable of reducing oxidative stress-induced 

damage by NRTIs to improve the clinical outcome of HIV infected patients. Naringenin is a 

natural, synthetic antioxidant which provides a reasonable therapeutic approach for the 

prevention and treatment of hepatotoxicity due to NRTI-induced oxidative stress and 

apoptosis. 

Our research provides evidence that naringenin may improve the adverse effects of and 

adherence to HIV treatment and possibly improve the quality of life of HIV infected patients. 

Naringenin administration blunted NRTI-associated oxidative stress and apoptosis due to 

ROS. ROS was either directly quenched by naringenin or neutralized by the increase in 

endogenous antioxidant enzyme production. 

Future investigations should be done to contribute towards establishing and maintaining 

reasonable therapeutic approaches of international standards which will improve the adverse 

effects of NRTIs. These studies should look at the mechanisms of NRTI-induced oxidative 

stress and apoptotic pathways and supplements to mitigate ARV associated side effects. 
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A B S T R A C T 
 

Nucleoside reverse transcriptase inhibitors (NRTIs) form the backbone in combination antiretroviral therapy 

(cARVs). They halt chain elongation of the viral cDNA by acting as false substrates in counterfeit incorporation 

mechanism to viral RNA-dependent DNA polymerase. In the process genomic DNA polymerase as well as mi- 

tochondrial DNA (mtDNA) polymerase-γ (which has a much higher affinity for these drugs at therapeutic doses) 

are also impaired. This leads to mitochondrial toxicity that manifests clinically as mitochondrial myopathy, 

peripheral neuropathy, hyperlactatemia or lactic acidosis and lipoatrophy. This has led to the revision of clinical 

guidelines by World Health Organization to remove stavudine from first-line listing in the treatment of HIV 

infections. Recent reports have implicated oxidative stress besides mtDNA polymerase-γ hypothesis in NRTI- 

induced metabolic complications. Reduced plasma antioxidant concentrations have been reported in HIV po- sitive 

patients on cARVs but clinical intervention with antioxidant supplements have not been successful either due to low 

efficacy or poor experimental    designs. 

Citrus fruit-derived naringenin has previously been demonstrated to possess antioxidant and free radical 

scavenging properties which could prevent mitochondrial toxicity associated with these drugs. This review re- visits 

the controversy surrounding mtDNA polymerase-γ hypothesis and evaluates the potential benefits of naringenin as 

a potent anti-oxidant and free radical scavenger which as a nutritional supplement or therapeutic adjunct could 

mitigate the development of mitochondrial toxicity associated with these drugs. 

 
 

 
 

1. Introduction 

 
Human immunodeficiency virus (HIV) infections cause Acquired 

Immune-Deficiency Syndrome (AIDS) which has remained a serious 

global health problem since the epidemic began in 1983. Close to 1/3 of 

the approximately 60 million people infected with HIV globally have 

since died (Maartens et al., 2014; UNAIDS, 2016). Combination Anti- 

retroviral Therapy (cARV) was introduced to reduce morbidity and 

mortality by increasing the CD4+ cell counts and reduce viral loads and 

prevent opportunistic infections that cause AIDS (Anuurad et al., 2010; 

Bekker et al., 2014). Current World Health Organization (WHO) and 

international guidelines for the treatment of HIV infections re- commend 

cARV containing any 2 of Nucleoside/Nucleotide Reverse Transcriptase 

Inhibitors (NRTIs) as a backbone, and any 1 of Non- 

 
Nucleoside Reverse Transcriptase (NNRTIs) or a Protease Inhibitor (PI), 

(ritonavir-boosted) or integrase/fusion (entry) inhibitor as a base, de- 

pending on safety, tolerability and efficacy (Aid for Aids, 2016; Gardner 

et al., 2014; World Health Organisation, 2002), (Table 1). NRTIs act as 

false substrates to HIV-1 reverse transcriptase which lack an essential 

motif, a 3’-hydroxyl group which after incorporation into a growing 

cDNA cannot mount nucleophilic attack on the incoming dNTP. This 

leads to abortion of proviral cDNA chain elongation process 

(Apostolova et al., 2011; Barbaro, 2006; El Safadi et al., 2007) (Fig. 1). 

NRTIs are initially activated intracellularly by tri-phosphorylation 

(except tenofovir, which already has an attached phosphate group, 

hence is classified as nucleotide and only undergoes bi-phosphoryla- 

tion) (Fig. 1). In case of AZT, the second phosphorylation step is the rate-

limiting one while tenofovir disoproxil fumerate (TDF) is  already 
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Table 1 

Antiretroviral  drugs,  their mechanisms  of  action  and  common side-effects.  Where side-effects  are specific to  class  components are indicated. 

Class drugs Antiretroviral 

agents 

Mechanism of action Common side-effects 

 
Nucleoside/nucleotide 

 
Abacavir (ABC) Counterfeit incorporation which 

 
Lipoatrophy (d4T, AZT) hyperlactatemia (d4T, ddI, AZT), peripheral neuropathy 

reverse transcriptase 

inhibitors (NRTI) 

Didanosine (ddI) terminates viral cDNA chain 

elongation 

(d4T, AZT, ddI), steatohepatitis (d4T, AZT), Macrocytosis mild anemia and neutropenia 

(d4T, AZT), pancreatitis (d4T, 3TC, ddI), rare hypersensitivity (ABC), renotocixicity 

(TDF) rare red cell hyperplasia (3TC), hyperpigmentation (ABC): 

 
 
 
 

 
Non-nucleoside reverse 

transcriptase inhibitors 

(NNRTIs) 

Emtricitabine (FTC) Propensity to cause hyperlactatemia in the decreasing order of    magnitude: 

Lamivudine (3TC) *dT4=ddI > > AZT > 3TC=ABC=TDF=FTC 

Stavudine (d4T) Tenofovir 

(TDF)* Zidovudine (AZT) 

*Nucleotide 

Nevirapine (NVP), Non-competitively inhibit Hypersensitivity presenting as skin rash which may be self-limiting or   life 

threatening as in Steven Johnson   Syndrome: 

Efavirenz (EFV) RNA-dependent DNA *NVP > EFV=ETV=RVP 

Etravirine (ETV) Polymerase by allosteric Rash-associated hepatitis (NVP), neuropsychiatric side-effects (EFV),   self- 

Rilpivirine (RVP) Hindrance 

Protease inhibitor (PI) Atazanavir (ATV) Inhibits viral proteases that  cleave 

viral polypeptides into functional proteins hence preventing formation of mature infectious viruses. 

limiting gynaecomastia (EFV) 

Lipohypertrophy, dyslipidemia (LPV/r*, DRV, IDV, SQV/r*), glucose intolerance, 

insulin resistance, hepatitis (LPV/r*), Nausea, vomiting and diarrhoea (LPV/r*, SQV/r*, 

DRV), skin rash (DRV), unconjugated hyperbilirubinemia (ATV, IDV), nephrolithiasis 

and diabetes  (IDV). 

Darunavir (DRV) *Administered with RTV as a  booster/pharmacokinetic enhancer 

Fosamprenavir 

(fAPV) 

Indinavir (IDV) Nelfinavir (NFV) Ritonavir (RTV) 

Saquinavir (SQV) Tipranavir (TPV) Ritonavir (RTV)- 

booster only 

Entry inhibitor Maraviroc (MAC) Inhibits the binding and entry of  HIV 

by blocking the host chemokine receptor-5 

Fusion inhibitor Enfuvirtide (T-20) Blocks the attachment,  binding, and 

entry of the viral capsid into the host CD4+   cell. 

Limited experience with long term exposure but viral tropism to CCR-5 needs to be 

monitored/determined 

 
Limited experience with long-term exposure but cutaneous injection site reactions, 

fatigue, insomnia, nausea, and diarrhea have been    reported. 

Integrase inhibitor Raltegravir (RAL) Block integration of proviral Headache, nausea and vomiting, rare Steven Johnson Syndrome, hepatitis    and 

Dolutegravir (DTG) DNA into the CD4 cell 

genomic DNA by inhibiting DNA integrase 

Rhabdomyolysis (RAL, DTG), raised serum creatinine  (DTG). 

 
 

 

monophosphorylated to avoid the first rate-limiting phosphorylation 

step (Anderson et al., 2004). AZT, ddC, d4T, 3TC and TDF unlike FTC 

and ABC have unmodified bases to enhance base-pairing with the 

template strand and also avoid steric hindrances with the reverse 

transcriptase active site (El Safadi et al., 2007), (Table 1). 

NRTIs therefore compete with the natural nucleotides for binding to the 

reverse transcriptase active site despite their relatively low in- 

tracellular concentrations [El Safadi et al. (2007)]. However, NRTIs not 

only  inhibit  genomic DNA replication,  but also mitochondrial   DNA 

(mtDNA) polymerase-γ, which is responsible for mtDNA replication and 

repair. mtDNA polymerase-γ which is responsible for the synthesis of 
critical enzymes that control mitochondrial oxidative  phosphorylation 

and ATP production has higher affinity for NRTIs at therapeutic doses 

and is therefore more sensitive after chronic/acute exposure to these 

agents (Apostolova et al., 2011; Pe´rez-Matute et al., 2013). The affinity 

of r prokaryotic/eukaryotic DNA polymerases for NRTIs has been de- 

termined and ranked in the decreasing order of magnitude as HIV re- 

verse    transcriptase > > DNA    polymerase-γ > DNA-polymerase- 

β > DNA polymerase-α = DNA polymerase-ε (Kakuda, 2000). 
Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTIs) inhibit 

reverse transcriptase by directly binding to the enzyme and causing 

allosteric hindrance (Marie-Pierre de Béthune, 2010). Protease In- 

hibitors (PIs) inhibit the HIV-1 enzyme proteases, which excise long 

chains of HIV proteins into smaller peptides hence preventing the as- 

sembling of new virus particles (Loonam and Mullen, 2012). Entry in- 

hibitors bind to the host Chemokine Receptor type 5 (CCR5), therefore 

preventing interaction of viral gp120 and host CCR5 which are neces- 

sary for the entry into the host cell (Dorr and Perros, 2008). Fusion 

inhibitors prevent entry of viral nucleic acid into the host CD4 cell by 

disrupting the HIV-1 molecular machinery at the final stage of fusion 

with the target cell, preventing infection (Jacob et al., 2003). Integrase 

Inhibitors (IIs) block the integration of viral cDNA to the host genome 

by binding to the active site containing Mg2+ within HIV-1 integrase, 

thus blocking it from binding to target DNA strand (Pommier et al., 

2005;  Summa  et  al.,  2008)  (Table 1). 

The current clinical treatment guidelines evolved from mono- therapy 

with AZT {which was originally developed in 1964 as an an- ticancer 

agent and later approved by FDA for HIV treatment in 1987 (Gardner et 

al., 2014)}. HIV treatment was later escalated, to Highly Active 

Antiretroviral Therapy (HAART) combination therapy (Rodríguez-

Nóvoa et al., 2006), and now cART regimen, (which is formulated into a 

single fixed-dose combination pill) to enhance patient compliance and 

increase efficacy (Clinicians Society, 2013; Gandhi and Gandhi, 2014; 

Mitsuya et al., 1985). Even though the introduction of cARV has led to 

profound reduction in morbidity and mortality asso- ciated with HIV 

infections, chronic exposure to these agents has re- portedly been 

associated with increased risks of metabolic disturbances. The use of 

NRTIs for example, is known to cause mtDNA damage leading to 

mitochondrial myopathy, neuropathy, cardiomyopathy, life threatening 

hyperlactatemia/lactic acidosis, and lipodystrophy syn- drome (Duong 

et al., 2006; Estrada and Portilla, 2011; Hernández Pérez, Dawood, 2010; 

Mallal et al., 2000; Sagar et al., 2010;   Saint-Marc 
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Fig. 1. Mechanism of action of NRTIs as illu- strated by 3’-azido-2’,3’-deoxythymidine (zidovudine:AZT). Upon entry to into the CD4 cell, AZT is rapidly phosphrylated 

by in- tracellular kinases to AZT-triphosphate which  is incorporated by RNA-dependent DNA poly- merase into the growing viral cDNA strand. But since the 

incorporated AZT lacks 3’-OH group, another nucleotide cannot be attached hence chain elongation is aborted. Integration of proviral cDNA with genomic DNA cannot 

take place hence the life cycle of HIV virus is in- terrupted. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
et al., 1999), (Table 1). These are known risk factors for diabetes and 

cardiovascular diseases. Despite recent advances in understanding the 

precise molecular mechanisms by which NRTIs cause metabolic dis- 

turbances, there is no consensus on the detailed pathological process 

involved even though mtDNA hypothesis occupies a central theme. This 

review focuses on the mtDNA polymerase-γ and the alternative hy- 

potheses and discusses citrus fruit-derived naringenin as a potential 

agent against NRTI-induced mitochondrial myopathy. Oxidative stress 

plays a critical role not only in HIV pathogenesis but also in the me- 

tabolic complications associated with NRTI therapy. Experimental 

evidence adduced in our laboratory suggests a potentially protective 

role for naringenin in this regard. 

 
2. MtDNA  polymerase-γ hypothesis 

Mitochondrial toxicity commonly occurring in the liver, and skeletal 
muscles has been recognized as the most common metabolic compli- 
cation associated with NRTIs (El Safadi et al., 2007). The efficiency of 

incorporation of NRTI triphosphates by mtDNA polymerase-γ leading to 

mtDNA depletion has been linked to mitochondrial toxicity (Johnson et 
al., 2001; Kakuda, 2000; Lee et al., 2003; Moyle, 2005). Not all NRTIs 
cause mitochondrial toxicity to the same extent depending on the cell 
types but they are generally ranked in the decreasing order of magni- 
tude   of   ddC   (discontinued) > ddI > d4T   (withdrawn) >  > AZT≥ 
FTC = ABC = TDF (Kakuda, 2000; Lim and Copeland, 2001; Mallon, 
2007; Venoff et al., 2007;). Consequently, despite its superior viral load 
suppressing capacity, d4T has been withdrawn as a first-line therapy for 
HIV infections (Liu et al., 2017; World Health Organisation, 2010;). In 
vitro studies have previously shown that triphosphorylated forms of 

ddC, d4T and 3TC are better substrates of mtDNA polymerase-γ than 
AZT, TDF and ABC, while 3TC is a stronger substrate for mtDNA 

polymerase-γ exonuclease hence is more rapidly removed leading to 
lower mitochondrial toxicity (Birkus et al., 2002; Johnson et al., 2001; 
Lim and Copeland,  2001;  Martin et al.,  1994). 

In  the  MtDNA  polymerase-γ  hypothesis,  it  was  postulated that 

 

triphosphorylated NRTIs inhibit mtDNA polymerase-γ leading to im- 

paired mtDNA replication and depletion. This causes diminished 

mtRNA, impaired oxidative phosphorylation, reduced ATP production 

and mitochondrial apoptosis (Lewis and Dalakas, 1995; Lewis et al., 

2003). This is further exacerbated by the inefficiency of DNA poly- 

merase-γ exonuclease in removing the incorporated nucleotides (El 

Safadi et al., 2007; Eriksson et al., 1995;). Experimental and clinical 

evidence have supported this hypothesis even though it is not yet un- 

derstood why some patients are more prone to NRTI mitochondrial 

toxicity than others. A number of host factors such as female sex, older 

age, hepatitis B or C co-infection, nadir CD4+T cell counts and di- 

minished renal function have been identified as predisposing factors to 

mitochondrial toxicity in patients treated with NRTIs (Bonnet et al., 

2003; Currier, 2007; Fleischer et al., 2004; Galli et al., 2003; Gervasoni   et 

al., 1999; Lichtenstein et al., 2003). Hyperlactatemia for example has 

been reported more in women than men treated with d4T (Bolhaar and 

Karstaedt,  2007;  John  and  Mallal, 2002). 

NRTIs have been shown to cause mutations of mtDNA due to in- 
hibition of critical enzymes of the electron transport chain and reduced 

fidelity of the DNA polymerase-γ exonuclease repair activity leading to 

mitochondrial myopathy (Martin et al., 2003). Mutations in the mtDNA 

have been reported to be over 10 times higher than that of the nuclear 
DNA (Wallace, 1992) making mitochondria more vulnerable to oxida- 
tive damage. Other than somatic mutations caused by NRTIs, there 
could also be genetic predisposition to NRTI toxicity but clinical evi- 

dence is missing. This could largely be due to the fact that such studies 
have mostly been done on Single Nucleotide Polymorphism (SNPS) 
without evidence from multivariate large scale data. A few cases of 
genetic predisposition to NRTIs that have clinically been defined in- 
clude the polymorphism in the HLA-B gene and hypersensitivity reac- 

tions to abacavir, which nevertheless occurs in a small number of po- 

pulation groups (Hetherington et al., 2001). Polymorphism in the Pol γ 

coding sequence has been linked to the d4T-mediated mitochondrial 
toxicity (Bailey et al., 2009; Yamanaka et al., 2007). In this particular case, 
an HIV positive patient treated with d4T presented with lactic 
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acidosis and was found to harbor a homozygous R964C mutation in the 

Pol γ gene (Bailey et al., 2009; Yamanaka et al., 2007;). Furthermore, 

E1143G Poly γ gene polymorphism has been linked to d4T-associated 
lipodystrophy  (Chiappinin et al.,  2009) but the underlying  molecular 

mechanisms have not yet been determined. A mutation in the nuclear 

gene encoding mtDNA polymerase-γ has been described in a patient 
treated with d4T suggesting that pre-existing nuclear gene mutation can 
be a predisposing factor in NRTI-associated mitochondrial toxicity 
(Yamanaka et al., 2007). Age-related mtDNA mutations could also be 
predisposing factors to NRTI-associated mitochondrial toxicity con- 
sidering long cumulative exposure (Chan, 2006; Hugan et al., 2005). 
Clearly, there appear to be as yet unknown complex pathophysiological 
processes relative to pharmacogenetics of NRTI-induced mitochondrial 

toxicity other than mtDNA polymerase-γ hypothesis. 

2.1. Beyond the mtDNA polymerase-γ hypothesis 

The realization that the affinity of mtDNA polymerase-γ and their 
propensity to inhibition by NRTIs does not linearly correlate with mi- 

tochondrial clinical toxicity led to the conclusion that there could be 
other mechanisms by which NRTIs cause mitochondrial toxicity. For 
example, of all the NRTIs, AZT is not the most potent inhibitor of 

mtDNA polymerase-γ yet it causes the most adverse mitochondrial 

toxicity (Cihlar and Ray, 2010). AZT is less efficiently incorporated into 
mtDNA but has been suggested to be an inhibitor of mtDNA poly- 

merase-γ exonuclease activity (Lim and Copeland, 2001). Other in vitro 

studies have suggested that AZT suppresses complex IV of the mi- 
tochondrial oxidative phosphorylation chain without mtDNA depletion 

or impaired ATP synthesis (Barile et al., 1997, 1998; Birkus et al., 2002; 
Pan-Zhou et al., 2000). Collectively, these observations do suggest that 
AZT may additionally be causing electron leakage into the matrix and 
decreasing mitochondrial oxidative phosphorylation due to increased 
reactive oxygen species generation and oxidative damage (Wallace, 

1999; Yamaguchi et al., 2002). It has also been hypothesized that in- 
hibition of mitochondrial telomerase by NRTIs is associated with mi- 
tochondrial toxicity and premature aging in HIV patients treated with 
NRTIs  (Bollman, 2013). 

That not every case of mtDNA depletion or reduced expression of 

oxidative phosphorylation enzymes results from altered mitochondrial 

gene expression or impaired oxidation phosphorylation capacity, sug- 

gests that NRTIs could be affecting mitochondrial function by other 

means  (Mallon  et al.,  2005;  Stankov  et al., 2010). 

 
2.2. The role of oxidative stress in NRTI-associated metabolic complications 

 

mtDNA polymerase-γ is nuclear encoded and is the only polymerase 

found in the mitochondria hence its inhibition amongst others causes 

enhanced production of ROS (Brinkman et al., 1998; Lewis and Dalakas, 

1995). Mitochondria are the main cellular source and targets of reactive 

oxygen species (Apostolova et al., 2011; Stankov et al., 2008). NRTI- 

associated mitochondrial toxicity is hardly reversible and is often life 

threatening. But beyond the mtDNA polymerase-γ hypothesis, oxidative 

stress appears to play a significant role besides other suggested me- 

chanisms such as mtRNA polymerase depletion and direct inhibitory 

effects on mitochondrial proteins controlling oxidative phosphorylation 

(Galluzzi et al., 2005; Pe´rez-Matute et al., 2013). AZT for example has 

been shown in vitro to directly inhibit mitochondrial adenylate cyclase 

and adenosine nucleotide translocator in the mitochondria, promote 

oxidative stress and impair mitochondrial oxidative phosphorylation 

(Côté, 2005; Feeney and Mallon, 2010; Pe´rez-Matute et al., 2013). NRTIs 

have been reported to inhibit mitochondrial oxidative phos- phorylation 

complexes I and IV and AZT has been shown in vivo to induce 

mitochondrial oxidative stress and cause cardiomyopathy (Côté, 2005; 

Lund and Wallace, 2008; Maagaard and Kvale, 2009; Pe´rez- Matute. et 

al., 2013;). mtDNA polymerase-γ is known to be sensitive to 
oxidative  stress  which  alters  its  amino  acid  sequence  leading      to 

decreased polymerase activity and DNA binding affinity (Blas-Garcia et 

al., 2011; Day and Lewis, 2004; Graziewicz et al., 2002). cART has been 

linked to reactive oxygen species-associated increased incidence of 

cardiovascular diseases, central nervous system disturbances, in- 

flammation, metabolic and lipodystrophy syndromes (Kline et al., 2009; 

Manda et al., 2011; Trifunovic and Larsson, 2008). ROS therefore is 

central to cARV-associated metabolic complications and any attempts to 

neutralize their production could potentially mitigate the develop- ment 

of these pathological manifestations. Oxidative stress is defined as an 

imbalance between reactive oxygen species elements (super oxide, 

hydrogen peroxide, lipid peroxides hydroxyl radicals and peroxynitrite) 

and antioxidant defense systems. Limiting its effects is therefore an 

attractive option in reducing cARV-induced mitochondrial toxicity. 

Oxidative stress can impair mtDNA replication by oxidizing mtDNA 

templates, reducing oxidative phosphorylation by causing electron 

leakage and reduced ATP production, ultimately leading to mitochon- 

drial myopathy (Kohler and Lewis, 2007). Mitochondria are known to be 

protected from oxidative damage by antioxidant enzymes such as 

manganese superoxide dismutase (MnSOD), and glutathione peroxidase 

(Kohler and Lewis, 2007) but these may be damaged or depleted during 

increased reactive oxygen species production. 

Compliant HIV-1 infected patients that are maintained on intensive 

cARV therapy are deemed to have profoundly suppressed viral activity 

hence increased oxidative stress that causes mitochondrial toxicity is 

largely due to cARV therapy as opposed to viral pathogenesis (Mandas 

et al., 2009). Would reducing reactive oxygen species production or 

boosting antioxidant capacity in these patients reduce mitochondrial 

toxicity? An in vitro study by Smith et al. (2017) has suggested that N- 

acetylcysteine mitigates NRTI-induced oxidative stress in C. elegans 

following previously failed attempts to use antioxidants such as vitamin 

E, beta-carotene, N-acetylcysteine and nutritional supplements with 

mitochondrial co-factors like carnitine, riboflavine and coenzyme Q to 

reduce hyperlactatemia in HIV patients treated with cARVs (Lopez    et 

al., 2003). Changes in antioxidant profile in HIV positive patients on 

cARV therapy have previously been described (Mandas et al., 2009; 

Sundaram et al., 2008) and it has been suggested that therapeutic in- 

terventions to maintain oxidative balance in HIV positive patients on 

cARV therapy could mitigate the development of mitochondrial toxicity 

(Aukrust et al., 2003; Pe´rez-Matute et al., 2013). It is therefore be- 

coming apparent that natural compounds with antioxidant capacities 

could be beneficial not only in preventing oxidative damage caused by 

HIV infection itself, but also, in cARV-associated oxidative stress. A 

previous study by Chandra et al. (2009) has shown that thymoquinone, 

an active ingredient of black seed oil protected pancreatic β-cells against 

nelfinavir-induced oxidative damage. Protective effects of fla- vonoid 

resveratrol against PI-induced sarcoplasmic/endoplasmic re- ticulum 

stress in human myoblasts have been described (Touzet and Philips, 

2010). Our own laboratory has recently reported that naringin, a citrus 

fruit-derived flavonoid abrogates HIV-1 protease inhibitors-in- duced 

atherogenic dyslipidemia and oxidative stress in vivo (Nzuza and Owira, 

2019). We have also shown that naringin prevents HIV-1 pro- tease 

inhibitors-induced metabolic complications in vivo (Nzuza et al., 2017). 

Our in vitro studies have suggested that naringin protects against HIV-1 

protease inhibitors-induced pancreatic β-cell dysfunction and apoptosis 

(Nzuza et al., 2016). Previously, we reported that nar- ingin ameliorates 

HIV-1 NRTI-induced mitochondrial toxicity (Adebiyi et al., 2016), 

improves AZT- and d4T-induced skeletal muscle compli- cations in rats 

(Adebiyi et al., 2017). Prior to that, we showed that naringinreversed 

hepatocyte apoptosis and oxidative stress associated with HIV-1 NRTI-

induced metabolic complications (Adebiyi et al., 2015). We are hereby 

convinced that naringin unlike vitamins E or C which previously failed 

as dietary supplements against oxidative stress caused by cART, is a 

stronger antioxidant owing to the fact that it cannot only directly 

quench free radicals but also boost antioxidant capacity in conditions of 

metabolic stress. In this review, we argue a 

case for naringenin, which is a naringin aglycone that has been reported 
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to be having more potent antioxidant properties owing to the lack of the 

glucose molecule that causes steric hindrance (Adil et al., 2016; Jung    et  

al.,  2003). 

 

3. Putative protective antioxidant effects of naringenin 

 
Naringenin (4’,5, 7-trihydroxy flavone) found mostly in citrus fruits, is 

very lipophilic and is readily absorbed through intestinal epithelium by 

passive diffusion (Nait et al., 2009). It enters general circulation through 

multidrug resistance associated proteins (Mrp1) or can be ex- truded 

from the enterocytes by P-glycoprotein and Mrp2 back into the lumen 

(Nait et al., 2009). Naringenin is metabolized in the intestines, colonic 

epithelium and also by phase II hepatic metabolism by con- jugation to 

UDP-glucuronyl transferase (UGT), sulfotransferase, and catechol-O-

methyl transferase (Bredsdorff et al., 2010; Scalbert et al., 2002; Simons et 

al., 2010). Naringenin does not therefore affect phase I hepatic 

metabolism of xenobiotics. Naringenin distributes well in body tissues 

and just like its metabolites, binds avidly to plasma albumin (Bolli  et al., 

2010;  El Mohsen  et al.,  2004;  Khan et al., 2011;  Simons   et al., 2010; 

Zou et al.,     2012;). 

Naringenin owes its potent antioxidant effects to its OH groups, which 

have high affinity for reactive oxygen species and reactive ni- trogen 

species (Heim et al., 2002; Rice-Evans et al., 1996), (Fig. 2). Naringenin 

therefore has been demonstrated in vivo and in vitro to possess 

antioxidant effects by directly scavenging free radicals hence preventing 

oxidative stress (Chen et al., 2014). Besides its demonstrated antioxidant 

potential, naringenin has also been shown to block lipid peroxidation in 

multiple organs (Al-Dosari et al., 2017; Ali et al., 2017; Al-Roujayee, 

2017; Miler  et  al.,  2016;  Pari  et  al.,  2006;  Ramprasath et al., 2014;) by 

reducing plasma membrane fluidity (Kaneko et al., 1994). 

Naringenin reduces oxidative stress not only by directly quenching free 

radicals but also by boosting antioxidant system following upre- 

gulation of the cellular expression of antioxidant enzymes such as su- 

peroxide dismutase (SOD), catalase (CAT), glutathione peroxidase 

(GPx) and glutathione transferase  (GST)  (Al-Roujayee,  2017;  Miler  et 

al., 2016; Nzuza et al., 2016; Pari and Gnanasoundari, 2006). We  have 

observed in vitro that in hyperglycemia-induced oxidative stress, 

glutathione (GSH) levels initially increases in the presence of PIs then 

decrease and steadily decline in controls but in the presence of nar- 

ingin, this decline is opposed despite increased oxidative stress (Nzuza 

et al., 2016). This suggests in our view that GSH is inducible and that 

naringin by either directly quenching reactive oxygen species relieves 

the oxidative burden and allows the cells to express GSH similarly to 

other findings (Al-Dosari et al., 2017; Ali et al., 2017). GSH is a tri- 

peptide (L-γ-glutamyl-L-cysteinyl-glycine) that acts as an antioxidant, 
detoxifies oxygen-derived ROS, facilitates thiol disulfide exchange and 
storage/transfer of cysteine (Hernández-Aquino and Muriel, 2018). 
GSH can directly scavenge ROS or function as a co-substrate of GPx (in 
H2O2 reduction to molecular oxygen and water) and of GST in the 
biotransformation of xenobiotics then it gets oxidized to GSSG,   hence 
 

Fig. 2. Chemical structure of naringenin showing the 3 OH groups that have  high 

affinity for ROS and RNS species to which they donate electrons. They also chelate  

positively  charged compounds. 

redox balance is maintained by GSH/GSSG ratio (Kretzschmar, 1996; 

Yuan and Kaplowitz, 2009). SOD catalyses conversion of molecular 

oxygen to H2O2, which is then neutralized by CAT hydrolysis to water 

and oxygen (Davies,  2000). 

 

3.1. Molecular Mechanisms of naringenin antioxidant  effects 

 
The precise mechanisms involved in naringenin antioxidant effects are 

still elusive. It has been suggested that naringenin influences cel- lular 

expression of microRNAs (miRNA) and nuclear factor-erythroid 2 

related factor 2 (Nrf2) (Hernández-Aquino and Muriel, 2018). Nar- 

ingenin has been reported to inhibit the expression of miR-17-3p genes 

which suppress the expression of antioxidant enzymes SOD and GPx 

(Curti et al., 2017; Xu et al., 2010;). 

Furthermore, naringenin has been shown to increase Nrf2 protein 

expression by promoting its translocation to the nucleus after phos- 

phorylation by Mitogen Activated Protein Kinases (MAPK) (Chen et al., 

2015; Cullinan et al., 2003; Dong et al., 2015; Lee et al., 2012; Liu et al., 

2011; Lou et al., 2014; Podder et al., 2014; Ramprasath et al., 2014;). It 

may also facilitate Nrf2 conformational changes that dissociate it from 

Kelch-like ECH associating protein 1 (keap1) in response to increased 

oxidative stress (Hernández-Aquino and Muriel, 2018). Activated Nrf2 

then binds to antioxidant response element sequences in the nucleus to 

induce transcription of antioxidant enzymes such as GST, SOD and CAT 

and detoxification proteins  (Ooi et al., 2017;  Tang et al.,  2014; Tebay  et  

al.,  2015;). 

Even though naringenin many not be the most potent natural an- 

tioxidant compared to other flavonoids such as quercetin (Hernández- 

Aquino and Muriel, 2018) its ability to regulate transcription factors 

with antioxidant effects makes it superior as a first choice in mitigating 

oxidative stress that causes metabolic disturbances. There is no known 

toxicity of naringenin to both humans and experimental laboratory 

animals. 

 

4. Clinical perspectives 

 
This review has presented compelling evidence why NRTI-mi- 

tochondrial toxicity is not just a phenomenon of mtDNA-γ polymerase 

hypothesis, but a consequence of complex interplay between host ge- 

netic factors and oxidative stress. We have presented evidence why 

naringenin should strongly be considered as either a dietary supplement 

or adjunct therapy for the management of metabolic complications 

associated with NRTIs. In this respect, naringenin could be formulated 

as a separate adds-on pill or compounded with the single pill in cARV to 

ameliorate these deleterious side-effects. Even though the newly de- 

veloped drugs that are incorporated as components of cARV are largely 

devoid of these metabolic complications, their long-term side-effects are 

not known as most of them seem to become apparent only during post 

licensing exposure and not during drug development. With new 

revelations that naringenin could actually possess antiviral properties 

(Goldwasser et al., 2011; Khachatoorian et al., 2012), this approach could 

potentially benefit HIV positive patients with HCV/HBV   co-in- 

fection. Large-scale clinical trials to determine, efficacy and dosage 

formulations of naringenin are suggested. 
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Appendix 2: Manuscript Draft, ‘Potential hepatoprotective effects of naringenin in 

combination antiretroviral therapy’. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 



  

 

 

 

 

 

 



  

 

 

 
 

 

 



  

 

 

 
 

 

 

 



  

 

 

 
 

 

 



  

 

 

 

 
 

 

 

 



  

 

 

 
 

 

 



  

 

 

 
 

 

 

 



  

 

 

 
 

 

 



  

 

 

 
 

 

 

 



  

 

 

 
 

 

 

 



  

 

 

 
 

 

 

 



  

 

 

 
 

 

 



  

 

 

 
 

 

 



  

 

 

 
 

 

 

 



  

 

 

 
 

 

 

 



  

 

 

 
 

 

 

 



  

 

 

 
 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


